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SUMMARY

The crystal and molecular structures of methyl 2,6-dimethyl-5-nitro-4-(2-trifluoro-
methyiphenyl)- 1,4-dihydropyridine-3-carboxylate and ethyl 4-(2-difluoromethoxy-
phenyl)- 1,4,5,7,-tetrahydro-2-methyl-5-oxofuro[3,4-bjpyridine-3-carboxylate, which are
analogs of the calcium channel antagonist nifedipine reported to have agonist activity,
have been determined. The conformations of these two agonists are compared with the
conformational features shown by nifedipine and related 1,4-dihydropyridine calcium
channel antagonists. Common conformational features shown by these agonists and
antagonists allow both to bind to the same plasma membrane receptor while subtle
differences in hydrogen-bonding activity of the amine group, and ester group orientation
and hydrophobic fit, may control the availability of channel open and closed states.

INTRODUCTION

Nifedipine (I, Fig. 1) and related DHP1 calcium chan-
nel antagonists are important cardiovascular drugs which
inhibit smooth and cardiac muscle contraction by block-
ing the influx of calcium ions through plasma membrane
channels (1-3). All 1,4-dihydropyridine antagonists ap-
pear to act at a common DHP membrane-binding site
and show competitive inhibition of binding of various
radiolabeled analogs such as [3B]nitrendipine (II) (4-9).
Correlations between pharmacologic and membrane-
binding activities establish that these binding sites are
pharmacologically relevant (2, 8, 9). These drugs do not
bind specifically to other well known membrane recep-
tors (2, 8) which have been characterized for neurotrans-
mitters, modulators, and hormones. Furthermore, other
well known non-DHP calcium channel antagonists such
as verapamil and diltiazem act at cell membrane-binding
sites, which are structurally distinct from, but linked to,
the DHP receptor (5-il).

Methyl 2,6-dimethyl-5-nitro-4-(2-trifluoromethyl-
phenyl)1,4-dihydropyridine-3-carboxylate (III, BAY K

8644) is a potent analog of nifedipine which produces
positive inotropic and pressor responses in tissues of the
cardiovascular system (12-15). These effects are pro-
duced at concentrations comparable to those required of
nifedipine and its related equipotent 2-trifluoromethyl-
phenyl analog (IV) (16-18) to produce cardiac and
smooth muscle relaxation. Competitive interactions be-
tween (III) and DHP antagonists, seen in pharmacologic
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and radioligand-binding assays, indicate that they bind
to the same DHP calcium channel receptor (14, 15, 19).
Ethyl 4-(2-difluoromethoxyphenyl)-l,4,5,7-tetrahydro-
2 - methyl-5 -oxofuro[3,4-b]pyridine-3-carboxylate ( V,
CGP 28 392) has been also reported to possess agonist
activity similar to III, although it is somewhat less potent
(15, 20). Thus, 1,4-dihydropyridines that are closely re-
lated in structure can generate agonist or antagonist
activities at the calcium channel. Recent direct measure-
ments of calcium channel currents in single cells (21, 22)
have indicated that agonist binding promotes an open
state of the receptor-channel complex while antagonist
binding increases the probability that the channel will
remain closed. Diffraction analyses of III and V were
undertaken in an attempt to identify those molecular
characteristics which permit these two agonists and re-
lated antagonists to bind to the same DHP receptor and
yet evoke opposite pharmacologic responses.

MATERIALS AND METHODS

Crystals of III obtained from the evaporation of ethyl acetate are

monoclinic P21/c with a = 10.769(2), b = 12.762(2), c = 12.603(2) A, fi
= 108.61(2)”, Z = 4, volume = 1641 A3. A total of 4394 intensity data

were measured with MoKa radiation (A = 0.7107 A) at 9(Y K in the
automated 0-20 scan mode on a Syntex/Nicolet P3 four-circle diffrac-

tometer, of these, 4059 were observed with Fl > 2�(F). The crystal

structure was determined by multisolution procedures (23) and refmed
by full matrix least squares methods. Hydrogen coordinates were re-

fined with isotropic temperature factors; non-hydrogen atoms were
assigned anisotropic thermal values in the refinement. The final resid-
uals were R = 0.064 and R� = 0.072. The average estimated standard

deviations of the non-hydrogen bond lengths and angles are ±0.0025 A
and ±0.1�. The range, mean, and computed standard deviation of the

14 refined C-H bonds are 0.87-1.02 and 0.95 ± 0.04 A, which compares
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FIG. 1. Molecular formulae of the various nifedipine analog compounds

Compounds I, II, IV, and VI are potent antagonists while compounds III and V are agonist dihydropyridines. The R enantiomer of compound
VII possesses antagonist activity as opposed to the S enantiomer which exhibits agonist activity.

FIG. 2. Orthogonal perspective views of the molecukir conformation
of compound III

Enlarged bond angles and short fluorine contact distances charac-
terize the intramolecular steric overcrowding of the CF3 group.

2 The fractional atomic coordinates for compounds III and V have

been deposited in the Cambridge Crystallographic Database. Copies
may be obtained from the Cambridge Crystallographic Data Centre,
Cambridge, England CB2 1EW by citing this journal article.

3 Composed on the National Institutes of Health PROPHET com-

puter system.
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well with the estimated standard deviation of ±0.03 A derived from the

full matrix least squares refinement.

Compound V was crystallized from acetone as monoclinic diamond-
shaped plates: P21/c, a = 11.436(3), b = 10.941(2), c = 14.361(4) A, � =

108.40(3)”, Z = 4, volume = 1705 A�. A total of3541 data was measured
at room temperature with CuKa radiation (A = 1.5418 A) on a Nonius
CAD-4 diffractometer; of these, 2103 were observed with Fl > 2i(F).

The final least squares residuals were R = 0.080 and R� = 0.087, and

the average estimated standard deviations of the non-hydrogen bond

lengths and angles are ±0.006 A and ±0.3”. The range, mean, and

computed standard deviation of the 16 C-H bonds are 0.85-1.09 and
0.97 ± 0.07 A, compared with the estimated standard deviation of ±
0.06 A determined from the least squares refinement.

RESULTS

The molecular structures2 of III and V shown3 in Figs.
2 and 3 clearly depict the flatness of the expected boat
conformation of the DHP ring and the restriction of aryl

ring rotation to the DHP vertical N1-C4 symmetry plane
for both of these compounds. The restricted aryl ring
orientation of III is largely due to overcrowding contacts
between the CF3 fluorine atoms and the carbonyl ester
and nitro oxygen atoms which are directed toward the
H4 bowsprit side of the DHP ring. Prior examination of
molecular models of III suggested that the CF3 group
should adopt a staggered orientation to position adjacent
fluorines on either side of the C4 hydrogen atom, and
cause either or both the ester and nitro groups to rotate
significantly from their normal plane of attachment to
the DHP ring. This staggered orientation would avoid
an untenable B4-F contact of less than 1.4 A which
would result if the CF3 group were rotated to eclipse one
of the fluorine atoms with the B4 position. However, the
CF3 group was found to be in the eclipsed orientation
(Fig. 2). The model bond angles at C7, C12, and C13
each increased by more than 6#{176}to extend the B4-F
contact to 2.2 A. The severity of the fluorine contacts
with the bowsprit carbonyl ester and nitro oxygen atoms
is greatly reduced when CF3 is eclipsed, and although the
aromatic ring is virtually locked to within 6#{176}of the
vertical DHP symmetry plane, these contacts are not
sufficient to force the ester or nitro groups to rotate out
of the plane of the DHP ring.

The DHP rings of III and V were both found to be
flatter than had previously been noted for nifedipine and
other potent DHP antagonists (24, 25). The sum of the
magnitudes of the DHP ring torsion angles of III and V
are only 39#{176}and 47#{176},respectively, as compared to the
minimum value of 52#{176}observed for the very potent
antagonist methyl 2,6-dimethyl-4(pentafluorophenyl)-
1,4-dihydropyridine-3,5-dicarboxylate ( VI) (25). The
flatness and 5-nitro substitution of the DBP ring of

molecule III appear to permit a delocalization of elec-
trons from the amine toward the nitro group. This ob-

servation is supported by perturbations of indicated bond
lengths further illustrated by canonical forms in Fig. 4.
The N1-C2 and C3-N3 bond lengths are significantly
shorter and the C2-C3 bond longer [1.350(3), 1.404(3),
1.375(2) A] than their normal respective average values
[1.380(6), 1.471(4), 1.359(7) A] seen in the seven most
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FIG. 3. Perspective views of the molecular conformation of compound V
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FIG. 4. Chemicalbond lengths and regions ofmolecular bond planar-

ity suggest that the dihydropyridine double bonds of compound III have
been delocalized as is indicated by the canonicalform on the right

Similar bond length perturbations in compound V may indicate an

analogous resonance situation as is depicted.

accurately refined nifedipine analog crystal structures
(24, 25). Such charge delocalization may be anticipated

in structures in which a nitro group substitutes directly
adjacent to a localized double bond, as has been previ-
ously observed in a comparison of the crystal structures
of uracil and 5-nitrouracil (26). Given that the plane of
the nitro group of III is within 2.8#{176}of the plane of the
C2-C3 bond, these data suggest that the amine group of
III is significantly more acidic and capable of forming
stronger hydrogen donor bonds than the undelocalized
amine functions of DHP antagonists. The crystal struc-
ture of compound III discloses that the amine group of
the molecule is found to have the potential to enter into
any one of three geometrically favorable hydrogen-bond-
ing arrangements, depending on whether the amine is
sp2 hybridized, as observed, or sp3 hybridized with the
hydrogen either above or below the DHP plane. Com-
pound V is found to crystallize with the amine nitrogen
forming a single hydrogen bond. An examination of the
crystal structures of the 15 previously analyzed DHP
antagonists (24, 25) reveals that the amine functions of

these molecules always form a single hydrogen bond in
those crystal structures.

Quantitative structure-activity relationships have
been derived for nifedipine analogs (17) in which antag-
onist potency correlates with large values of the mini-
mum width Verloop (27) Sterimol parameter, B1, of the
ortho- or meta-aryl substituent and the lipophilic and

steric factors of the ester group substituent. The corre-

lation with the Verloop parameter supports an earlier
hypothesis (16) that bulky ortho substituents restrict the

rotational orientation of the aryl ring to be perpendicular
to the DHP ring, with the ortho substituent sandwiched

between the ester oxygen atoms which flank the bowsprit
end of the molecule. Subsequent diffraction studies (24,
25) confirmed this hypothesis and showed that the DHP
ring assumed a flattened boat conformation with the
phenyl ring positioned above the boat in a “flagpole”

(axial) conformation and the aryl substituent preferen-
tially positioned on the outside “bowsprit” side of the
molecule; meta-substituted antagonists were found to
possess this same overall conformation to indicate that
dipole effects rather than steric factors influence the
same aryl ring orientation above the DHP ring. The
diffraction studies revealed a stronger correlation be-
tween DHP ring flatness and antagonist activity than
was found in terms of the degree of aryl ring rotational
restriction to the N1-C4 vertical plane of the DHP ring.
The more active antagonists have aryl ring substituents
which tend to both restrict the aromatic ring to the DHP
vertical plane and flatten the DBP ring. That these
conformational requirements are shared by the agonists

reported here is consistent with the thesis that agonists
and antagonists interact at the same site.

The role of the ester groups in the activity profile of
the 1,4-DHP ligands requires further clarification. Quan-
titative structure-activity relationships studies under-

score the importance of lipophilicity and steric factors of

the ester group (17) to conform to hydrophobic pockets
in the DHP receptor. The observed tissue selectivities
(28-33) and chiral preferences (32-35) of certain dissym-

metric ester analogs call attention to differences in the
sizes and dispositions of these hydrophobic pockets be-
tween different tissues. It has yet to be established to
what extent this selectivity may be based on chiral hand-
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edness imposed by differences between cis and trans

orientations of the ester groups.
The majority of the antagonist analogs of nifedipine

(13 of 16) are found to have both a cis and trans ester
group orientation whereby the carbonyl bond of one ester
function is oriented cie to one of the DHP ring double
bonds, and the carbonyl bond of the second ester group
is directed trans relative to the second ring double bond.
The cis ester positions the ester group forward to the
bowsprit (C4) side of the DHP ring adjacent to the face
of the aryl ring while a trans ester places the ester group
far to the “port” or “starboard” sides of the DBP boat.
A smaller number of these antagonists (3 of 16), which
represent three of the most active analogs, show a cis-cis

ester geometry. No antagonist compounds are known to
crystallize with a trans-trans ester arrangement. The
significance of ester orientation to pharmacologic activ-
ity remains to be determined. However, the fact that
conformationally constrained nifedipine analogs which
have a c#{252};ester group covalently linked to the distal ortho
side of the phenyl ring are active antagonists, provided
that the connecting chain is long enough to permit the
phenyl group to position itself near the N1-C4 vertical
plane of the molecule (36), indicates that at least one cis

ester group is tolerated for antagonist activity. Similar
studies utilizing trans-restricted analogs have yet to be
devised to ascertain whether specific ester conformations
offer necessary or sufficient conditions for calcium chan-
nel antagonism. That compounds III and V are the first
pharmacologically active nifedipine analogs which lack a
potential for two cis ester groups suggests that the ques-

tion of ester group conformation should be more thor-
oughly investigated to conclude whether it is conforma-
tion or the lack of an ester group substituent which is
crucial for the determination of agonist versus antagonist
activity.

Receptor binding of both activator and antagonist
analogs of nifedipine requires aryl ring substituents
which restrict that ring to the DHP vertical plane and
subsequently flatten the DHP boat conformation. The
differentiation of agonist versus antagonist response by
the receptor may be dictated by differences in the hydro-
gen-bonding strength of the amine group and discrimi-
nation between the bonding loci and orientations of the
ester groups. Asymmetric occupancy of binding sites for
the 3- and 5-substituents of the 1,4-DHP ring is likely
to be an important determinant for agonist/antagonist
activity because the R and S enantiomers of isopropyl
4-(2,1,3-benzoxadiazol-4-yl)-1,4-dihydro-2,6-dimethyl-5-
nitropyridine-3-carboxylate ( VII) exhibit antagonist and
activator properties, respectively (37). The opposing ac-
tivities of these enantiomers suggest that differences in
hydrogen-bonding strengths of the amine groups are not
required to differentiate between agonist and antagonist
responses.
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