
J.  Med. Chem. 1986, 29, 635-640 635 

Bipyridine Cardiotonics: The Three-Dimensional Structures of Amrinone and 
Milrinonel 

David W. Robertson,* E. E. Beedle, John K. Swartzendruber, Noel D. Jones, T. K. Elzey, Raymond F. Kauffman, 
Harve Wilson, and J. Scott Hayes 

The Lilly Research Laboratories, Eli Lilly and  Company, Indianapolis, Indiana 46285. Received July 11, 1985 

The cardiotonic drug milrinone (1,6-dihydro-2-methyl-6-0~0- [3,4'-bipyridine]-5-~arbonitrile) is superior to its analogue 
amrinone (5-amino-[3,4'-bipyridin]-6(lZf)-one) by virtue of its greater potency and reduced side effect profile. We 
confirmed initial reports on the potencies of milrinone and amrinone and found that after intravenous administration 
to phenobarbital anesthetized dogs, the drugs had cumulative inotropic ED,,'s of 37 and 1891 Fg/kg, respectively; 
relative effects on heart rate and blood pressure were comparable. There are two structural differences between 
amrinone and milrinone: (1) milrinone has a pyridone 2-methyl substituent and (2) the pyridone 5-amino substituent 
of amrinone is replaced with a nitrile in milrinone. We confirmed structure-activity studies that indicated that 
the 2-methyl substituent appears to be primarily responsible for the dramatic difference in the potencies of amrinone 
and milrinone. A plausible explanation for the effect of the methyl substituent is an altered molecular topology 
resulting from its steric interaction with the 3',5'-hydrogen atoms. Consequently, we probed the three-dimensional 
structures of these two compounds by X-ray crystallography. The dihedral angle between the planes formed by 
the two aromatic rings of amrinone was 1.3'. In marked contrast, the corresponding angle for milrinone was 52.2'. 
Moreover, 'H NMR studies revealed conformational differences in solution. Whereas the 2-methyl substituent 
undoubtedly produces some electronic and hydrophobic perturbations in the bipyridine cardiotonic series, the most 
significant effect, from a global viewpoint, is the altered molecular topology. 

Although diuretics and vasodilators are widely used to 
ameliorate symptoms of congestive heart failure, cardiac 
glycosides still represent the cornerstone of therapy.2 This 
is despite their relatively weak inotropic efficacy3 when 
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R compared to intravenous inotropes such as dopamine and CH3 

(CH3)zN - CH(OCHdz l o  dobutamine and their narrow therapeutic index.4 De- 3 

velopment of orally and chronically effective digitalis re- 
placements has received considerable attention over the 
past decade. Of particular interest is a new class of drugs 
that displays both inotropic and peripheral vasodilator 
activities; these dual activities enhance cardiac output by 
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simultaneously augmenting cardiac contractility and re- HN CN (CH&N 0 

ducing impedence to ventricular ejections5 0 

1. H,SO, 
2. Br,, NaOH I Amrinone (5-amino-[3,4'-bipyridin]-6(lH)-one) was the 

progenitor of this new class of cardiotonics.6-s This bi- 
pyridine cardiotonic has stimulated considerable research 
to define its mechanism of action, pharmacology, and role 
in the management of congestive heart failure. Although 
results of short-term clinical studies were promi~ing ,~- l~  
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long-term investigations with the oral form of the drug 
revealed that it was associated with a variety of adverse 
effect~. l~-~ '  These included thrombocytopenia, fever, 
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Table I. Structures and Properties of Bipyridine Cardiotonics 

Robertson et al. 

no. R, R2 formula mp, "C solvent anal. -- 
2 (milrinone) Me CN C12H9N30 >300" DMF/HZO C, H, N 
6 H CN CllH7N30 >3OOb DMF/HzO C, H, N 
7 Et CN C13H11N30 287-290 dec' DMF/H,O C, H, N 
8 n-Pr CN CL3H13N30 232-234d DMF/H20 C, H, N 
9 Me "2 CllHl2N3O 283-285 dec' DMF/H,O C, H, N 

"Lit. mp (ref 35) >300 "C. bLit. mp (ref 38) >300 "c. 'Lit. mp (ref 35) > 300 "C. dLit. mp (ref 35) 232-234 "C. 'Lit. mp (ref 35) >300 
"C. 

Table 11. Biological Activities of Bipyridine Cardiotonics 
anesthetized dog" 

ED,, for PDEase 111 
no. contractility: lg/kg, iv increase in HR decrease in MAP n inhibition: ICho, WM 

1 (amrinone) 1891 f 239 13 f 2 16 f 2 4 150 (95-230)* 
2 (milrinone) 37 f 9 14 f 4 10 f 3 3 12  (8.3-18) 
6 3134 f 598 1 2  f 1 7 f l  3 380 (245-590) 
7 120 f 26 19 f 3 12  f 5 2 12 (8.1-19) 
8 748 f 124 25 f 11 20 f 2 2 38 (33-44) 
9 55 f 10 9 f l  10 f 2 3 31 (15-63) __ 

a EDm's were determined by least-square linear regression analysis and are reported as the mean f SEM of experimental values. Heart 
rate (beats/minute) and mean arterial blood pressure (mmHg) values are those recorded at  the inotropic ED,,'s. Control values were as 
follows: contractility, 50-g tension; heart rate (HR), 142 f 5 beats/min; mean arterial blood pressure (MAP), 104 f 4 mmHg. bValues in 
parentheses are 95% confidence limits derived from regression analysis of the logit transformation as described in ref 51. 

anorexia, abdominal pain, nausea, emesis, and some in- 
dications of increased mortality. Because of the unac- 
ceptably high incidence of severe side effects, studies with 
the oral form of the drug were terminated; however, the 
intravenous form is now available for t.he acute manage- 
ment of refractory heart failure. 

Arnrinone, I Miirinone, 2 

Milrinone (1,6-dihydro-2-methyl-6-0~0- [ 3,4'-bi- 
pyridine] - 5 - ~ a r b o n i t r i l e ) , ~ ~ ~ ~ ~  an analogue of amrinone, is 
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currently undergoing extensive clinical evaluation. Mil- 
rinone is reported to be superior to amrinone by virtue of 
its 20-50-fold greater potency and reduced propensity to 
produce side  effect^.^@^^ 

We reasoned that a plausible explanation for the in- 
creased potency of milrinone is an altered molecular to- 
pology resulting from an interaction of the 2-methyl sub- 
stituent with the 3',5'-hydrogen atoms. Consequently, we 
probed the three-dimensional structures of amrinone and 
milrinone by X-ray crystallography and lH NMR spec- 
troscopy. We also conducted some highly focused struc- 
ture-activity relationship (SAR) studies to confirm pre- 
viously reported data35 that indicated that the 2-methyl 
substituent, rather than the 5-nitrile moiety, was primarily 
responsible for the increased potency of milrinone. 
Results and Discussion 

Chemistry. Most of the milrinone and amrinone ana- 
logues synthesized in these studies were prepared by minor 
modification of the general procedures of 
(Scheme I). In each case 4-picoline (3) was metalated with 
LDA and then treated with the appropriate ester to pro- 
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Figure 1. Dose-dependent effects of bipyridine cardiotonics in 
phenobarbital-anesthetized dogs. Drugs were administered at 
5-min intervals and peak responses were recorded. Each point 
is the mean & SEM of experimental values. Control contractility 
was 50-g tension. 

vide the pyridyl ketones 4a-c. Reaction with dimethyl- 
formamide dimethyl acetal followed by treatment with 
cyanoacetamide in the presence of base produced the py- 
ridylpyridones 2 ,7 ,  and 8. Partial hydrolysis of milrinone 
to the 5-carboxamide followed by a Hoffman reaction 
provided the 5-amino analogue of milrinone (9).37 The 
5-cyano analogue of amrinone (6) was prepared from 4- 
picoline according to the reported p r o c e d ~ r e . ~ ~  Physical 
properties of these compounds are compiled in Table I. 

Pharmacology. Instrumented phenobarbital anesthe- 
tized dogs were used to quantitate the inotropic potencies 
of these compounds. Intravenous administration of 1891 
pg/kg amrinone resulted in a 50% increase in contractility 
that was accompanied by a 13 beatjmin increase in heart 
rate and a 16 mmHg decrease in mean arterial blood 
pressure (Table 11, Figure 1). Inotropic ED5,'s of 6 , 8 , 7 ,  
9, and milrinone (2) were 3134,748,120,55, and 37 pg/kg, 
respectively (Figure 1, Table 11). These data indicate 
milrinone is 51-fold more potent than amrinone, which 
agrees with the results of other  investigator^.^^^^^ There 
are two structural differences between amrinone and 
milrinone: (1) milrinone has a pyridone 2-methyl sub- 
stituent and (2) the pyridone 5-amino substituent of am- 
rinone is replaced with a nitrile substituent in milrinone. 
The data of Figure 1 and Table I1 clearly indicate that the 
substituent difference at the 5-position of the pyridone ring 
is not the principal reason for the dramatic differences in 
the inotropic activities of amrinone and milrinone. The 
cyano analogue of amrinone (6) was 65% less potent than 
amrinone (ED,,'s = 3134 and 1891 pg/kg, respectively), 
whereas milrinone was 46% more potent than 9, the amino 
analogue of milrinone. Thus, whether the amine-nitrile 
interchange makes the bipyridine cardiotonic more or less 
active is compound dependent and appears to be unpre- 
dictable; in any event the magnitude of the potency change 

(37) For analogous reactions used in the preparation of I4C-labeled 
amrinone, see: Gubitz, F. W. J .  Labelled Comp. Radiopharm. 
1981, 18, 755. 

(38) Lesher, G. Y.; Opalka, C. J., Jr. US. Patent 4072 746, February 
7, 1978. 

(39) Pastelin, G.; Mendez, R.; Kabela, E.; Farah, A. Life Sci. 1983, 
33, 1787. 

N5" 

Amrlnone Mllrinona 

Figure 2. Computer-generated space-filling representations of 
amrinone and milrinone. These were produced from three-di- 
mensional X-ray crystallographic coordinates. 

is 2-fold or less. Thus, the 2-methyl substituent of mil- 
rinone appears to be primarily responsible for its 51-fold 
potency advantage relative to amrinone. These studies 
confirmed those of Lesher and co-worker~,~~ who demon- 
strated that incorporation of an alkyl substituent at the 
2-position of the pyridone ring led to a 10-100-fold increase 
in inotropic potency, regardless of the nature of the 5- 
position substituent. 

The mechanism of action of several recently discovered 
noncatecholamine, nonglycoside cardiotonic agents appears 
to involve, a t  least in part, the selective inhibition of the 
low K,, cyclic AMP specific phosphodiesterase (PDEase 
111) that is present in myocardial  cell^.*^,*^ Consequently, 
we investigated the ability of these amrinone analogues 
to inhibit PDEase I11 (Table 11). All analogues were in- 
hibitors of PDEase 111, and a relationship between ino- 
tropic activity and PDEase inhibition was apparent. 
Milrinone was 13-fold more potent as a PDEase I11 in- 
hibitor than amrinone (IC50)s = 12 and 150 pM, respec- 
tively). However, milrinone was only 2.5 times more potent 
than the amino analogue of milrinone (9, ICso = 31 pM), 
indicating that the methyl group of milrinone, rather than 
the cyano substituent, is the most important structural 
difference between amrinone and milrinone relative to 
PDEase I11 inhibition. The correlation between in vitro 
PDEase I11 IC5,,% and in vivo inotropic ED5<s was highly 
significant ( r  = 0.98, p C 0.01). Bristol and co-workers have 
reported a similar correlation involving a variety of ino- 
tropes from different chemical classes.42 

X-ray Studies. To determine whether this pronounced 
difference in potency might result from alterations in 
molecular topology induced by the 2-methyl substituent 
of milrinone, X-ray crystallography was employed to map 
the three-dimensional structures of these bipyridine car- 
diotonics. The dihydrochloride salt of amrinone crystal- 
lized from ethanol as yellow prisms in the monoclinic space 
group P2,. A total of 962 unique reflections were mea- 
sured. The structure was solved by direct methods and 
refined to a final R = 0.0696. Milrinone hydrochloride 
crystallized from ethanol/water as orange prisms in the 
orthorhombic space group Pna2,. Intensities of 754 unique 
reflections were measured. The structure was solved by 
direct methods and refined to a final R = 0.0947. 

(40) Weishaar, R. E.; Quade, M.; Boyd, D.; Schenden, J.; Marks, S.; 
Kaplan, H. R. Drug Deu. Res. 1983, 3, 517. 

(41) Weishaar, R. E.; Cain, M. H.; Bristol, J. A. J .  Med. Chem. 
1985, 28, 537. 

(42) Bristol, J. A.; Sircar, I.; Moos, W. H.; Evans, D. B.; Weishaar, 
R. E. J .  Med. Chern. 1984,27, 1009. 
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Table 111. IH and 13C NMR Assignments (ppm) for Bipyridine Cardiotonics 
amrinone (1) 9 6 milrinone (2) 

C no. " 13c C no 'H C no. " 13c C no. " 
2 7.25 119.08 2 2 8.41 140.7 2 
a 115.9 3 3 115.7 3 

I 3 104.5 5 
4 6.89 108.0 4 6.51 

144.4 5 
6 157.3 6 6 160.0 6 
2' 8.60 149.9 2' 8.60 2' 8.60 150.0 2' 8.63 
3 '  7.50 119.3 3' 7.39 3' 7.74 120.4 3' 7.44 
4' 138.8 4' 4' 142.9 4' 
5' 7.50 119.3 5' 7.39 5' 7.74 120.4 5' 7.44 
6' 8.60 149.9 6' 8.60 6' 8.60 150.0 6' 8.63 

2-Me 2.15 5-CN 116.4 2-Me 2.33 

4 8.72 147.8 4 8.19 

_____ __-_ 
Three-dimensional structures are depicted in Figure 2, 
using computer-generated space-filling representations. As 
can be readily discerned, dihedral angles between the 
planes formed by the aromatic rings of amrinone and 
milrinone are dramatically different. In the crystal state, 
amrinone is virtually a planar molecule, with a dihedral 
angle of 1.3'; this high degree of molecular planarity 
presumably allows significant conjugation between the two 
pyridine rings. In marked contrast, the corresponding 
dihedral angle of milrinone is 52.2', reflecting the steric 
interaction between the methyl substituent and the 
3',5'-hydrogen atoms which skews the aromatic rings from 
planarity. 

These X-ray crystallographic data 
provided evidence for dramatic conformational differences 
between these two bipyridines in the solid state. However, 
the conformation of biaryls in the solid state is not always 
predictive of conformation in solution. For example, bi- 
phenyl is planar in the crystalline state whereas in solution 
the deviation from planarity is estimated to be 23°;43 
consequently we employed lH NMR to determine whether 
conformational differences between amrinone and milri- 
none occur in solution. 

The lH NMR spectra of amrinone (l) ,  9, 6,  and milri- 
none (2) are displayed in Figure 3, panels A, B, C, and D, 
respectively. As shown in panel A the AX pattern of the 
pyridine ring protons of amrinone occurs as doublets a t  
8.60 (C-2', C-6') and 7.50 (C-3', (2-5') ppm with a coupling 
constant of 5.83 Hz. The resonances of the C-2 and C-4 
pyridone protons appear at  7.25 and 6.89 ppm with a 
typical meta coupling constant of 2.26 Hz. If the solution 
conformation of the 2-methyl analogue of amrinone (9) 
mimics that of milrinone (2) in the crystalline state, then 
its (2-4 proton should be partially in the shielding zone of 
the pyridine ring anisotropic current and resonate further 
upfield than the corresponding proton in amrinone. Thus, 
the chemical shift of the C-4 proton can be used as a 
conformational reporter for this pair of analogues. The 
same reasoning applies to milrinone and the 5-cyano 
analogue of amrinone (6). 

To calculate the magnitude of the upfield shift produced 
by methyl-induced topological perturbation, the crucial C-2 
and C-4 resonances of amrinone (1) and 6 had to be rig- 
orously assigned. Thus, 'H and I3C NMR spectra of 1 and 
6 were fully assigned by employing lH to 'H spin-spin 
decoupling, 'H to 'H difference NOE, selective 'H to 13C 
decoupling, and 2D NMR analysis of long-range (3 bond) 
I3C to lH couplings.44 The 'H NMR spectra of 9 and 2 

(43) Lambert, J. B.; Shurvell, H. F.; Verbit, L.; Cooks, R. G.; Stout, 
G. H. "Organic Structural Analysis"; Macmillan: New York, 
1976; p 365. 

(44) Bax, A. "Two Dimensional Nuclear Magnetic Resonance in 
Liquids"; Delft University Press, D. Reidel Publishing Co.: 
Delft, Holland, 1982; pp 51-54. 

NMR Studies. 
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Figure 3. 'H NMR spectra of amrinone, 9, 6, and milrinone, 
(panels A, B, C, and D, respectively). Spectra were obtained in 
Me2SO-d6 on a Bruker WM-270 spectrometer in the FT mode. 

were unambiguously assigned by inspection. A complete 
summary of the 'H and I3C chemical shift assignments is 
presented in Table 111. 

Difference NOR was used to tentatively assign reso- 
nances for the C-2 and C-4 protons of amrinone. When 
the pyridone NH of amrinone (11.8 ppm) was irradiated, 
a NOE was observed a t  the 7.25 ppm proton resonance, 
thus assigning the proton of C-2. Spin-spin decoupling 
then demonstrated that the 6.89 ppm proton was meta 
coupled to the C-2 proton, thus assigning it as the C-4 
proton. To confirm this NOE assignment we demon- 
strated 'H to 13C coupling from the pyridone NH to C-2 
by obtaining a gated 13C spectrum; addition of D20 should 
eliminate C-NH coupling. Slight sharpening was indeed 
seen at  the 119.08 ppm carbon, whereas no change was 
observed at  the 108.0 ppm carbon. Therefore, these res- 
onances represent carbons 2 and 4, respectively. Selective 
'H to I3C decoupling revealed that the 7.25 and 6.89 ppm 
protons were bonded to carbons 2 (119.08 ppm) and 4 
(108.0 ppm), respectively. With the C-4 proton resonance 
of amrinone assigned, we could then calculate the mag- 
nitude of the anisotropically induced shift in 9. As shown 
in Figure 3 (panel B) and Table 111, the singlet of the C-4 
proton of 9 resonates a t  6.51 ppm, a 0.38 ppm upfield shift 
relative to the corresponding resonance of a m r i n ~ n e . ~ ~  

Assigning the spectra of 6 was straightforward. Two- 
dimensional analysis revealed that the cyanocarbon at  

(45) Although these NOE and 'H to 13C coupling experiments 
support the reported C-2 and C-4 assignments, they are not 
incontrovertible due to the small magnitude of the NOE and 
peak sharpening; however, if our C-2 and C-4 assignments were 
reversed, it would simply increase the magnitude of the upfield 
shift from 0.38 to 0.74 ppm. 
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116.4 ppm is 3-bond coupled to the 8.72 ppm proton; thus 
the 8.72 and 8.41 ppm resonances correspond to the C-4 
and C-2 protons, respectively. The C-4 proton of milrinone 
(2) resonates a t  8.19 ppm, which represents a 0.53 ppm 
upfield shift relative to the C-4 proton of 6. Thus, these 
NMR data strongly suggest there are conformational 
differences in solution between the methylated and un- 
methylated amrinone analogues.46 

Conclusions 
Our SAR studies confirmed a previous report35 that 

indicated that the cyano-amino interchange in bipyridine 
cardiotonics cannot be responsible for the 51-fold differ- 
ence in inotropic potency between amrinone and milrinone. 
Therefore, the predominant portion of the difference is 
contributed by the methyl substituent at C-2 of milrinone. 
The same effect of a similarly disposed methyl group has 
been noted in the dihydropyridazinone cardiotonics CI-914 
and CI-93042 (12 and 13, respectively) and platelet aggre- 
gation inhibitors 14 and 15.47 The methyl-substituted 

x&. N-NH 

12: X = 1-imidazolyl, R = H (CI-914) 
13: X = 1-imidazolyl, R = Me ((3-930) 

15: X = CH3CONH, R = Me 
14: X = CHSCONH, R = H 

analogues are, in each case, considerably more potent than 
their desmethyl analogues, and Bristol et al.42 attributed 
this substituent effect to a methyl-sized lipophilic pocket 
in the active site of PDEase 111. The methyl-induced 
increase in activity of bipyridine cardiotonics could result 
from similar hydrophobic interactions, from electronic 
effects of the methyl group, from altered molecular to- 
pology, or a combination of these three factors. However, 
the electronic effects of the pyridone substituents appear 
to be relatively unimportant as evidenced by the inter- 
changability of the cyano and amino substituents. Hy- 
drophobic and topological effects of the C-2 methyl sub- 
stituent are difficult to dissect experimentally, but the 
most significant, from a global viewpoint, is the altered 
topology. Furthermore, as the methyl group is extended 
to ethyl or propyl, inotropic activity decreases significantly 
(Table 11), indicating that hydrophobicity (at least beyond 
K = 0.56) can be a deleterious feature of substituents at 
C-2 of bipyridine cardiotonics. 

These studies demonstrated that there are dramatic 
crystal-state conformational differences between amrinone 
and milrinone. Furthermore, ‘H NMR data indicated that 
these differences also occur in solution. Highly focused 
SAR studies indicated that the methyl substituent, which 
produces conformational perturbations, rather than the 
cyano substituent, is the cardinal reason for the increased 
potency of milrinone as a PDEase I11 inhibitor and as a 
positive inotrope. 

It could be argued that the upfield shift of the C-4 resonance 
in the methyl-substituted analogues results solely from in- 
ductive effects of the methyl group rather than topological 
perturbations. However, the upfield shift produced by the 
inductive effects of the meta methyl substituent would be 
expected to be no more than 0.09 ppm, assuming the substit- 
uent parameters of a methyl group on a pyridine and benzene 
are similar. See: ref 43; pp 42-43. 
Thyes, M.; Lehmann, H. D.; Gries, J.; Konig, H.; Kretzschmar, 
R.; Kunze, J.; Lebkucher, R.; Lenke, D. J.  Med. Chem. 1983, 
26, 800. 
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Experimental Section 
Methods. Melting points were determined on a Thomas- 

Hoover capillary melting point apparatus and are not corrected. 
Proton magnetic resonance (lH NMR) spectra were obtained with 
a Bruker WM-270 spectrometer. 13C NMR spectra were obtained 
with a Bruker WM-270 spectrometer operated a t  67.9 MHz; 2D 
NMR spectra were obtained with a Bruker WM-250 instrument. 
Solutions were prepared in either MezSO-ds or Me2SO-ds con- 
taining D,O; the sample temperature during data acquisition was 
ambient (-23 “C). Difference NOE (nuclear Overhauser effect) 
spectra were obtained by substracting free induction decays ac- 
cumulated with the decoupler off-resonance from similar accu- 
mulations with particular resonances irradiated, followed by 
Fourier transformation of the difference signals. The procedure 
was not optimized for maximum NOE measurement; the usual 
irradiation period was 2.0 s, followed by a preaccumulation delay 
of 0.03 s. Two-dimensional NMR studies were conducted as 
described by B ~ X . ~  Chemical shifts are reported in ppm downfield 
from a tetramethylsilane internal standard (6 scale). The ‘H NMR 
data are presented in the form: (solvent in which spectra were 
taken), 6 value of signal (peak multiplicity, integrated numbers 
of protons, coupling constant (if any), and assignment). Mass 
spectra were recorded from a Varian MAT CH-5 spectrometer 
a t  the ionization voltage expressed in parentheses. Only the peaks 
of high relative intensity or of diagnostic importance are presented 
in the form: m/e (intensity relative to base peak). Microanalytical 
data were provided by the Physical Chemistry Department of the 
Lilly Research Laboratories; only symbols of elements analyzed 
are given and they were within 0.4% of theoretical values unless 
indicated otherwise. 

Except where noted, a standard procedure was used for product 
isolation. This involved quenching by addition to water, filtration 
or exhaustive extraction with a solvent (washing of extract with 
aqueous solutions, on occasion), drying over an anhydrous salt, 
and evaporation of solvent under reduced pressure. Particular 
solvents, aqueous washes (if needed), and drying agents are 
mentioned in parentheses after the phrase “product isolation”. 

Amrinone (free base) was obtained from Sterling-Winthrop. 
Other bipyridine cardiotonics used in this study were synthesized 
by procedures outlined by Lesher.35z36*38 Hydrochloride salts were 
formed by adding an  excess of ethanol that  was saturated with 
hydrogen chloride to an ethanol solution of the drug. 

X-ray Crystallography. The dihydrochloride salt of amrinone 
crystallized as the monohydrate from ethanol as yellow prisms 
in the monoclinic space group P2,, with two molecules in a unit 
cell having the dimensions a = 16.810 (9) A, b = 6.860 (2) A, c 
= 10.787 (7) A, and 0 = 150.85 (2)”; calculated density was 1.426 
g ~ m - ~ .  Intensities of 962 unique reflections with 28 less than 
116.0° were measured on a four-angle diffractometer using 
monochromatic copper radiation. Positions of the atoms were 
obtained by interpretation of an E map phased by the direct 
methods routine SOLV of the SHELXTL program.& The structure 
was refined by the least-squares method with anisotropic tem- 
perature factors for all atoms except hydrogens, which were in- 
cluded at  calculated positions with isotropic temperature factors. 
The final R factor was 0.0696 for 851 observed reflections. Tables 
V-IX (see supplementary material paragraph) show the atomic 
coordinates, bond lengths, bond angles, anisotropic temperature 
factors, and hydrogen atom coordinates, respectively. 

The hydrochloride salt of milrinone crystallized from etha- 
nol/water as orange prisms in the orthorhombic space group R ~ a 2 ~  
with four molecules in a unit cell having dimensions a = 7.588 
(2) A, b = 10.743 (5) A, c = 14.026 ( 5 )  A. The calculated density 
was 1.439 g ~ m - ~ .  Intensities of 754 unique reflections with 28 
less than 116.0° were measured on a four-angle diffractometer 
using monochromatic copper radiation. Positions for most atoms 
were determined by interpretation of an E map phased by the 
direct methods routine SOLV of the SHELXTL program;48 the 
remainder were located from successive E maps. The structure 
was refined by the least-squares method with anisotropic tem- 
perature factors for all atoms except hydrogens, which were in- 
cluded at  calculated positions with isotropic temperature factors. 
The final R factor was 0.0947 for 520 observed reflections. Tables 

(48) Purchased from Nicolet, originator: Sheldrick, G. M. 
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X-XIV (see supplementary material paragraph) show the atomic 
coordinates, bond lengths, bond angles, anisotropic temperature 
factors, and hydrogen atom coordinates, respectively. 

Syntheses.  The synthetic methods used in this study are 
illustrated by the preparation of 4b, 5b, 7, and 9. 

1-(4-Pyridyl)-2-butanone (4b). n-Butyllithium (280 mL of 
a 1.15 M solution in hexane, 322 mmol) was added to a solution 
of diisopropylamine (34.2 g, 339 mmol) in 300 mL of T H F  with 
cooling by an ice/ethanol bath; temperature was not allowed to 
rise above 20 "C during the addition. The reaction was stirred 
15 min a t  0 "C, whereupon 4-picoline (30 g, 322 mmol) in 130 mL 
of THF' was added in a dropwise fashion resulting in a deep red 
solution. After addition was complete, 4 mL of HMPA was added, 
and the reaction was stirred for 30 min at  0 "C. Ethyl propanoate 
(32.9 g, 322 mmol) in 130 mL of T H F  was added in a dropwise 
fashion over a period of 45 min, and then the reaction was warmed 
to room temperature and stirred for 90 min. The reaction was 
cooled to 0 "C whereupon acetic acid (38 mL, 660 mmol) was 
added. Solvent was removed in vacuo, and the residue was 
dissolved in water and extracted with chloroform. The organic 
layer was washed with brine, dried (Na2S04), and evaporated in 
vacuo to provide 44 g of a dark oil. Preparative HPLC (silica gel, 
0-60% ethyl acetate in hexane gradient) afforded 14.5 g (30%) 
of 4b as a yellow oil with: 'H NMR (CDCl,) 6 1.07 (t, 3, J = 8 
Hz, CH3), 2.5 (4, 2 ,  J = 8 Hz, CHzCH3), 3.71 (s, 2 13, Ar CHJ, 
7.13 (d, 2 H,  J = 6 Hz, Ar H /3 to N), 8.53 (d, 2 H,  J = 6 Hz, Ar 
H CY to N). This intermediate was used in the following reaction 
without further characterization. 

1,6-Dihydro-2-ethyl-6-0~0-[ 3,4'-bipyridine]-5-~arbonitrile 
(7). A solution of 1-(4-pyridyl)-2-butanone (4b; 14 g, 94 mmol) 
and dimethylformamide dimethyl acetal (37 g, 310 mmol) in 140 
mL of DMF was heated a t  50-65 "C for 4.5 h and then cooled 
to ca 5 "C overnight. Removal of solvent in vacuo provided 20.4 
g of 5b as a dark oil that  was homogeneous by TLC: 'H NMR 
(Me2SO-ds) 6 0.92 (t, 3, J = 7 Hz, CH2CH3), 2.36 (q, 2, J = 7 Hz, 
CH2CH3), 2.70 (s, 6, NCH,), 7.1 (d, 2 , J  = 5.4 Hz, Ar H P t o  N), 
7.6 (s, 1, =CHN(CH3)2, 8.44 (d, 2, J = 5.4 Hz, Ar H CY to N); mass 
spectrum (70 eV), m/e (re1 intensity) 204 (46, M'), 175 (loo), 132 
(53). This intermediate was used in the following reaction without 
further characterization. 

A mixture of the unpurified enamine 5b (5 g, 24.5 mmol), 
2-cyanoacetamide (2.26 g, 27 mmol), and sodium methoxide (2.8 
g, 52.5 mmol) in 50 mL of DMF was heated to 90-100 "C for 2.5 
h, cooled, and maintained a t  ca. 5 "C overnight. Solvent was 
removed in vacuo, and the residue was dissolved in 100 mL of 
pH 7 phosphate buffer. Hydrochloric acid was used to adjust the 
pH to 6 and the solution was cooled to 5 "C. The precipitate was 
filtered and recrystallized from DMF/water to provide 2.5 g (45% 
for two steps) of 7 as a light tan solid with mp 287--290 "C dec. 
(lit.35 mp >300 "C). Anal. (C13HllN30) C, H ,  N. 

1,6-Dihydro-2-methyl-6-0~0-[ 3,4'-bipyridine]-5-~arbox- 
amide.37 Concentrated sulfuric acid (3.7 mL, 66 mmol) was added 
to milrinone (2; 1 g, 4.7 mmol), and the solution was heated on 
a steam bath for 15 min. The solution was then cooled to 0 OC, 
whereupon concentrated ammonium hydroxide and ice were 
added to bring the volume to ca. 75 mL and the pH to ca. 10. The 
resulting precipitate was filtered and dried to provide 1.04 g (95%) 
of product. Analytical HPLC (1% ammonium acetate in 15% 
acetonitrile/water) indicated a purity of 98.9%. The product 
displayed the following: 'H NMR (Me,SO-d,) 6 2.36 (s, 3, CH,), 
7.43 (d, 2, J = 5.4 Hz, Ar H to N),  8.23 (s, 1, Ar H of pyridone 
ring), 8.63 (d. 2, J = 5 4 Hz, Ar €I 01 to N); mass spectrum (70 eV), 
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m/e (re1 intensity) 229 (100, Mt), 213 (71), 184 (77). This in- 
termediate was used in the following reaction without further 
characterization. 
5-Amino-2-methyl-[3,4'-bipyridin]-6(lH)-one (9).,' A 

mixture of 1,6-dihydro-2-methy1-6-0~0-[3,4'-bipyridine]-5- 
carboxamide (1.0 g, 4.4 mmol) and 1 N sodium hydroxide (27.5 
mL, 27.5 mmol) was heated on a steam bath to achieve homo- 
geneity. The solution was cooled to 0 O C  and bromine (270 wL, 
5.2 mmol) was added in a dropwise fashion. The reaction was 
heated on a steam bath for 3 h,  filtered, acidified to pH 7 with 
1 N hydrochloric acid, and cooled to  ca. 5 "C for 2 h. The 
precipitate was filtered and recrystallized from 10% DMF/water 
to yield 500 mg (57%) of product with mp 283-5 OC dec. A small 
portion was recrystallized again from DMF/water to provide the 
analytical sample: mp 283-285 "C dec (lit.35 mp >300 "C). Anal. 

Pharmacological Methods. Experiments in  Anesthetized 
Dogs. Male beagle dogs (8.0-20.0 kg) were anesthetized with 
sodium thiopental (15 mg/kg, iv) and maintained with sodium 
phenobarbital (100 mg/kg, iv). A positive pressure pump provided 
ventilation through a cuffed endotracheal tube (18 strokes/min, 
20 mL/kg per stroke) and a heating pad maintained the body 
temperature a t  37-38 OC. Both vagus nerves were sectioned 
through an incision in the neck. Cardiovascular measurements 
were made as previously described.49 Test compounds were 
dissolved and injected in deionized water. Doses were given at  
5-min intervals. 

Prepara t ion  a n d  Assay of Isozymes of Canine  Cardiac 
Phosphodiesterase (PDEase). Fractionation of the three major 
isozymes of PDEase from canine ventricular muscle was carried 
out essentially as described by Thompson et aL50 PDEase activity 
was assayed by minor modification of the method described by 
Thompson e t  aL50 ICso's and 95% confidence limits (Table 11) 
were calculated as previously d e ~ c r i b e d . ~ ~  Precise details on the 
fractionation and assay are provided as supplementary material. 
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