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Abstracts

A structural study of 4-aryl substituted S5-alkoxycarbonyl-6-methyl-3,4-dihydropyridones (4a-d) and
hexahydrofuro-[3,4-b]-2-(1H)-pyridones (Sa-d) has been carried out using X-ray analyses, semiempirical
(AM 1) calculations, NOE experiments and coupling constants. From the two favoured conformers (A and B),
conformation A bearing the phenyl ring in a pseudoaxial position turned out to be the most stable both in the
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needed for exhibiting an antagonist calcium effect and an agonist effect should be expected for compounds

Sa-d. © 1998 Published by Elsevier Science Ltd. All rights reserved.
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Introduction

There is unabated interest in the study of 4-aryl-1,4-dihydropyridines (DHPs) as a
consequence of their pharmacological activity as the most important class of calcium channels
modulators [1-3]. Since the earlier crystallograohic studies by Triggle et al/ [4-5] directed to

the definition of a structure-activityv relationshin for these tvnes of comnounds. a th effort has
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been devoted to the synthesis of differently substituted DHPs [6]. In addition to the chemical
modification carried out on the periphery of the parent nifedipine (1), other analogues that
would possess significant calcium antagonist activity have been prepared by modification of
the 1,4-DHP ring. Thus, 3 5-bls(alkoxycarb0nyl) 2-aryl-1,4- dlhydropyrazmes (2), the 4-aza
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DHPs as calcium channel modulators [8].

as other 3- aza-analogues of DHPs
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The above chemical modifications have allowed an expansion of the existing structure-
activity relationships and have allowed some insight into the molecular interactions at the

receptor level.
Since more data is still needed for knowledge of stereochemical/conformational requirements
for activity [6], the geometry and conformational study of other analogues of the DHP ring are

of interest. Here we report the computational study on the geometry of 4-ary! substituted 5-
alkoxycarbonyi-6-methyi-3,4-dihydro-2(1H)-pyridones 4) and its derivatives

hexahydrofuro[3,4-b]-2(1H)-pyridones (5). In order to have a reliable computational method,
the theoretical calculations (AM1) are compared with geometries obtained by X-ray
crystallographic analvsm of comnounds 4a and 5a. In addition, we have also carried out 'H-

J nts in order to determine the conformation of compounds
4 and § in solution.

It has recently been proposed that the antagonist or agonist activity in DHPs is dependent on
the absolute configuration at C-4 (R- versus S-enantiomer) acting as a molecular switch [8].
Other structural requirements are that the substituted phenyl ring occupies an axial posmon

bond is also needed for a high activity[8] (Figure 1).

In principle, compounds 4 present all the requirements needed for an antagonist behaviour,
since they are endowed with the essential substituents (ester and methyl groups) on the left-
hand side of the molecule, the substituents on the right-hand side bemg c0n51dered as non-
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group frans to the olefinic double bond should exhibit an :
interesting to determine the geometrical parameters of co
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most stable conformations in solution, in order to evaluate their potential interest as calcium

channel modulators.
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Figure 1. Conformational requirements for the DHP and DHPM rings for an antagonist effect [6,7]. Gisa
hydrogen bond receptor.

Results and discussion

We recently reported the synthesis of compounds 4b-d from Meldrum's acid, B-ketoester and
oshatibndad mmnnnadt T A Le. Ay fin tlin snnnmnmsi i o mettaes sz ioes  ssssiabesfisn s o) el n e
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solvent [12]. Lactonization of 4 was accomplished by using pyridinium bromide perbromide
as brominating reagent and subsequent cyclization afforded to compounds Sb-d [12].

We have also recently reported the synthesis of other tricyclic DHPs [13] and acridine
derivatives related to the 1,4-DHPs [14], as well as the first asymmetric synthesis of 1,4-DHPs
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In our previous paper [12], we described the conformational study by AMI semiempirical
calculations of 4-Aryl substituted 5-alkoxycarbonyl-6-methyl-3,4-dihydropyridones (4b-d)

and found two favoured conformations for these compounds, labelled A when the aryl

substituent at C-4 lies in a pseudoaxial position, and B when the aryl substituent lies in a
neantdnamintarinal  macitinn Tn hath ~ncac 4-1. Ao .- ng chmwved A tuictad kot
povuuvuvyuaivlial puditivil. 1l DUl vaded Ui € pyuuuuc 5 SHUWCU d LWIdIil vuadl
conformation. In that paper, we reported the calculated AMI heat of formation, showing that

conformation A was more stable than conformation B by about 2-4 kcal/mol.

Since pyridone molecules 4 have not been subjected to experimental structure examination
untll now, the aim of the work described in this paper is to obtam rehable structure
experimental X-ray and NMR spectroscopic techniques.

Now we have synthesised the parent member of the series S-methoxycarbonyl-6-methyl-4-
phenyl-3,4-dihydro-2(1H)-pyridone (4a) and calculated the heat of formation for the two
possible conformations. Conformation A (-90.3 kcal/mol) was found to be 2 kcal/mol more
stable than conformation B (-88.3 kcal/mol). Even though no conclusions can be made at this

!

pOim, this is evidence that conformation A is the ma_le OCCUITIN 1g i SOome pusaluw
equilibrium involving these two favoured conformations. The two optimised geometries are
shown in Figure 2.

The X-ray structur
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angles of compound 4a.

Although predicted values compare, in general, quite well with the experimental data, it 1s
important to note some interesting deviations from the predictions of the theoretical model.
Thus AMI1 calculations overestimate the N1-C2 distance and underestimate the C4-C5

distance, both bonds belonging to the dlhydropyrldone ring (see Table 1). On the other hand
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the X-ray structure shows a more pronounced boat-type conformation o
ring than predicted by the theory {see in Tabie 1 the internal dihedrai angies of the
dihydropyridone ring (Z|p| [5])}. In particular, the C-4 and N-1 atoms are placed further
above the plane of the pyridone ring than predicted by AMI calculations. (See dihedral angles

C4: C2-C3-C4-C5, C3-C4-C5-C6, and N1: C5-C6-N1-C2, C6-N1-C2-C3). This
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fact has also been observed for other DHP and DHPM rings (3) {8]. Similar
ring [8], compounds 4 show a slightly distorted boat conformation as a
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(~114%) is close to that of sp” hybridisation and, consequently, C-3 protrudes from the

dihydropyridone plane, resulting in a more stable twisted boat conformation.
As has already been stressed in the introduction, another important factor related to the
nharmamlnmcal activ t of DHPs (I\ and DHPMs (3\ is the geometry and orientation of th

carbony! group [8-10]. Interestingly, the conjugated ester group in compounds 4 is coplanar
with the endocyclic double bond, with the carbonyl group in a cis disposition with oniy
minimal deviation of the dihedral angle O1-C-C5-C6 (see Table 1).

o~
(¢

Table 1.
Most Relevant Bond Distances, Valence Angle
nAd nnala
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and Dihedral Angles for both conformations (A and B) of compound 4a°. Bond
i Oli

idard Deviations in parenthesis).
42 AM1 (A} AM1(B) X-ray
Bond Distances
N1-C2 1.398 1.396 1.362(5)
C2-C3 1.508 1.507 1.495(6)
C3-C4 1.525 1.527 1.527(6)
C4-C5 1.496 1.495 1.521(5)
C5-Cé6 1.373 1.370 1.342(5)
C6-N1 1.390 1.3%1 1.403(5)
C4-C1’ 1.502 1.500 1.522(5)
Valence Angles
C2-N1-Coé 122.45 122.i6 125.6(3)
C3-C4-C5 112.30 111.89 110.0(3)
Dihedral Angles
N1-C2-C3-C4 -25.59 29.95 -31.6(5)
C2-C3-C4-C5 40.00 -26.62 44.5 (6)
C3-C4-C5-C6 -24.99 26.13 -31.4(5)
C4-C5-C6-N1 3.20 -2,95 3.4(6)
C5-C6-N1-C2 8.92 -8.15 13.5(6)
C6-N1-C2-C3 3.64 -8.52 1.72(6)
lelb 106.34 102.32 126.1
02-C2-N1-Cé6 -179.61 176.33 178.9(4)
01-C-C5-C6 -11.68 -37.44 -10.8(%)
H3a-C3-C4-H -85.71 -161.57 -77.9(6)
H3b-C3-C4-H 32.48 -43.34 40.2(7)
Co6-C5-C4-C1” 96.06 i38.24 94.37(4)
C2'-C1’-C4-CS -55.00 -38.56 -57.2(5)

*The numbering scheme is shown in Figure 3.
°Zlp| Sum of the modular values of internal dihedral angles of dihydropyridone ring.

or conformers A and B is
kcal/mol), the lowest energy conformation was always found to be conformation A
(compounds 4a-d) in which the ester group is cis oriented. It should be pointed out that
compounds 4 fulfil most of the geometrical features found for other related DHPs and
DHPMs [8-10] exhibiting remarkable pharmacological activity.

As shown in Table 1, the values calculated for conformation A are in good agreement with
those found by X-ray analysis. These findings suggest the utility of the AM1 methods for
predicting conformational features on these types of compounds. AM1 calculations have been
recently suggested as the method of choice for structural and conformational studies on

DHPM systems [8].
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was stablished taking into consideration the NOEs observed on irradiation of protons HI,
H3a, H3b, H4, H;C-C6, (Table 2).

Table 2. A
NOE:s obscrved for 4a by irradiating to diffcrent protons. o 'LUL
{H} () ' Detected NOEs (5) H" Y ~H €
1 (8.5) 2°(7.2) 3a(2.7) Me-C6 (2.4) e M _COOCH,
3a(2.9) 4(42) 3b(2.7) - 3bH |
3b(2.7) 4(4.2) 3a27) - AL
4(4.2) 2°(7.2) 3a(2.9) 3b Q2.7 ol N™ 8 7°CH,
Me-C6 (2.4) 1(8.5) 2° (7.2) 3a(2.9) A
{H} irmadiaied proton.
Taking into account the distances between nonbonding atoms involved in the observed N

for both favoured conformations A and B (see Table 3), and

i considering that only those being

less than 4 A can be detected, it is possible to establish the most favoured conformation

present in solution.

Table 3
Interatomic distances for the proton involved in NOE experiments for compound 4a°.
Proton Conformation H2’ Hé6’ H3a H3b Me-Cé6
A 3.36 6.50 4.16 3.86 2.28
1 B 5.i6 8.52 3.84 4.18 2.29
X-ray 3.11 6.09 3.88 3.55 2.49
A 3.33 352 - 1.82 5.83
3a B 3.84 5.65 - 1.81 4.78
X-ray 327 337 - 1.56 5.53
A 421 4.11 1.82 - 4.87
3b B 4.18 5.29 1.81 - 5.81
(-ray 3.94 4.06 1.56 - 4.71
A 3.83 2.25 2.66 230 4.70
4 B 4.18 461 3.09 2.29 438
X-ray 3.56 2.25 247 2.26 4.56
A 3.85 6.32 5.83 4.87 -
Me-C6 B 4.43 8.05 4.78 5.81 -
X-ray 3.77 6.22 5.53 471 -

® The numbering scheme is shown in Table 2.

The most remarkable proximity observed between protons H1 and H2" (Table 3) 3.36 A (3.11
A experimental) is in good agreement with the observed NOE effect and strongly suggests

that conformation A_ 1S

» re+ -1 3 A

[i6] and Aliona’s

conformations A and B (see Table 4).
The calculated *Jy for conformation A is in agreement with the experimental coupling
constants (see Table 5). This result also supports the conclusion that this conformation (A) is

tion. This result was also confirmed by comparing

the
b

— <

0

observed in solution. Thus, we have unambiguously established by different routes the

favoured conformation both

1 in solid stz
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(4). These results validate the semiempirical (AM1) method for further structural and
conformational investigations on these readily available heterocyclic systems.
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Table 4.
Calculated dihedral angles for conformations A and B* of compounds 4a-d.
Comp. Dihedral angle Conformation A Conformation B
4a H3a-C3-C4-H -85.71 -161.57
H3b-C3-C4-H 32.48 -43.34
4k H3a-C3-C4-H -84.00 -159.50
H3b-C3-C4-H 34.17 -41.38
4c H3a-C3-C4-H -85.75 -153.55
H3b-C3-C4-H 31.81 -35.45
4d H3a-C3-C4-H -84.72 -164.32
H3b-C3-C4-H 33.63 -45.83
* The numbering scheme is shown in Figure 3.
Tabie 5
Experimental and calculated vecinal coupling constant for compounds 4a-d. .
Comp. Conform. *Jur Karplus >Jgn Altona 3 Y gn exp.
J3a4 Jab.4 Jaa4 J3p.4 J3aa J3b,a
4a A 2.0 83 1.0 7.4 1.98 7.96
B 12.0 6.6 114 59
4b A 2.0 80 1.0 7.2 1.69 8.32
B 11.7 6.9 11.1 6.2
dc A 20 8.4 1.0 7.5 1.85 9.11
B 10.9 7.8 103 7.2
4d A 2.0 81 1.0 72 13 8.10
B 12.2 6.2 11.6 5.5

We have also carried out the structural and conformational study of the novel compound 5-

4,5,7-hexahydrofuro[3,4-b]2(1H)pyridone (5a) obtained by following the
procedure prev1ously reported for other aryl substituted derivatives (Sb-d) [12]. The most
remarkable structural difference of compound 5 related to the above 3,4-dihydropyridones (4)

comes from the presence of the lactone ring fused to the 3,4-dihydropyridone ring (see

0x0-4-phenyl-1,2,3

imilarly to 4 ds § rmati i
imilarly to 4, compounds ua=d show two favoured conformations (A and B) depending upon
e AN Y : A~ Uy P, s m oz

—

the position of the phenyl ring (see Figure 4). Conformation A bearing the phenyl group in a
pseudoaxial position was calculated to be only 0.9 kcal/mol more stable than conformation B
(phenyl ring in pseudoequatorial position) according to AM1 quantum chemical calculations.
This trend is also observed for other substituted derivatives (5b-d) [12] for which
conformation A is ~1 kcal/mol more stable than B.

The X-ray structure of compound 5a is shown in Figure 5 and the most relevant X-ray data
are collected in Table 6 together with the obtained quantum chemical (AM1) calculations for

comparison purposes.
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Figure 4. Semiempirical (AM1) optimised geometry for lowest energy conformers (A, B) of compound Sa.
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Figure S. X-ray structure of compound Sa showing the numbering scheme.

Compound Sa presents a twisted boat conformation similarly to that found for 4a, bearing the
nhenvl ring in a nseudoaxial nosition (F79-(‘AQ-PA C1'1s 92.2° in the crystal and 103.7° in the
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predicted conformation A) and bisecting the pyridone ring (see Table 6). The lactone ring
fused to the pyridone ring in 5a is perfectly planar as shown by the dihedral angies C7-O6-
C5-C4a and C5-06-C7-C7a with values close to zero. X-ray analysis of compound Sa, in

analogy to 4a, shows a more distorted boat—type conformation of the dihydropyridone ring
than that nredicted from theoretical calculat
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> o in Table 6).
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Compounds Sa-d show a carbonyl group oriente

i

adjacent double bond of the pyridone ring. This is an important factor influencing the
pharmacological activity of these compounds (Sa-d) which could exhibit opposite calcium
channel modulator effects to that of compounds 4a-d [18-21].
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Table 6.
Most Relevant Bond Distances, Valence Angles and Dihedral Angles for both conformations(A and B) of
compound 5a°. Bond distances arc given in A and angles in degrees. (Standard deviations in parenthesis).

Sa AM1 (A) AM1 (B) X-ray
Bond Distances

N1-C2 1.408 1.406 1.380
C2-C3 1.515 1.512 1.505
C3-C4 1.530 1.534 1541
C4-Caa 1.478 1.478 1.499
C4a-C7a 1.375 1.376 1.336
C7a-Ni i.37i i.370 1.368

C2-N1-C7a 118.79 119.15 120.36
C3-C4-C4a 109.66 110. 89 105.79
Dihedral Angles
N1-C2-C3-C4 -30.74 26.80 -41,71
C2-C3-C4-C4a 34.64 -29.88 48.18
C3-C4-C4a-C7a -22.06 18.90 -29.50
N1-C7a-C4a-C4 231 -2.33 1.20
C2-N1-C7a-C4a 5.04 -3.48 10.17
C7a-N1-C2-C3 9.74 -9.27 10.95
TleP 104.53 90.66 141.71
02-C2-N1-C7a -173.54 174.40 -173.83
05-C5-C4a-C7a 178.80 177.66 178.06
H3a-C3-Cé-Hé -84.99 -153.19 7141
H3b-C3-C4-H4 32.71 -35.70 49.39
C7a-C4a-C4-C1’ 103.73 146.00 92.20
C2’-C1’-C4-C4a -98.84 -58.09 -19.91
C7-06-C5-C4a 0.12 0.78 1.63
C5-06-C7-C7a 0.22 -0.11 -0.95
*The numbering scheme is showing in Figure 3,
"Sipl Suin of the modular values of internal dihedral angles of dihydropyridone ring
We have dctermincd the lowest energy conformation in solution from the theoretical values
calculated for the dihedral angles of conformations A and B in compounds Sa-d (Table 7).
Tabie 7.
Theoretical dihedral angles of conformations A and B for compounds Sa-d°.
Comp. Dihedral angle Conformation A Conformation B
5a H3a-C3-C4-H -89.70 -162.27
H3b-C3-C4-H 26.78 -39.89
5b H3a-C3-C4-H -89.89 -157.47
H3b-C3-C4-H 27.76 -39.67
Sc H3a-C3-C4-H -98.38 -144.99
H3b-C3-C4-H i8.44 -27.61
5d H33-C3-C4-H =94.77 =167.67
H3b-C3-C4-H 22.55 -48.26
From this data we have calculated the coupling constants for compounds Sa-d which are

collected in Table 8 together with those determined experimentally by 'H NMR spectroscopic
measurements. In all cases, a good agreement between the theoretical and experimental values
is found for conformation A (see Table 8). These findings are similar to those found for

[R

3



compounds 4a-d, thus confirming the validity of the readily available semiempirical AMI

Comp. Conform. *Iun Karplus *Jem Altona *Jem €XPp.

T304 Jap4 J3aa i P J3a4 J3b4

Sa A 2.0 8.5 1.0 3.4 3.7 89
B 11.9 69 11.2 6.1

) A 2.0 8.9 1.0 8.1 3.6 9.0
B 1.5 72 0.8 6.5

Sc A 24 10.0 1.4 93 38 8.9
B 95 9.0 89 8.4

sd A 2.2 9.6 1.2 88 38 3.8
B 125 538 119 5.1

“The numbering scheme is similar to that found in Table 2.

Summary and conclusions.

ysis and semiempirical (AM1)
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ca.lcula-mns of 4-aryl SLbstltL- ¢ -bgnyl—é—methyl-B,4-di--yd opyridones (4a-d) and
hexahydrofuro[3,4-b]-2-(1H)-pyridones (Sa-d) prepared in our research groups. Furthermore,

we have also determined by theoretical and experimental (NOE, coupling constants)
procedures the favoured conformation in solution for both compounds 4a and 5a.

Either in the solid state or in solution, conformation A bearing the phenyl ring in a
pseudoaxial position was more stable (~2 kcal/mol for 4a-d and ~1 kcal/mol for Sa-d) than

" In goanaral tha

ori ition. In gencrai, uid
conformational features previously reported for DHP [6] and DHPM ([8,22] calcium channel
modulators are also preserved for compounds 4a-d and S5a-d. The most remarkable
geometrical difference with respect to the well-known DPHs is the twisted boat conformation
found in 4a-d and Sa-d. Comnounds 4 and 5 are more similar to the recentlv reported
high pharmacological activity.

X-ray crystallography has been widely utilised for the structural and conformational analysis
of DHPs [4-6] and, more recently, for DHPMs [8] as well. 3,4-Dihydropyridones (4, S) are

less known and the data now reported is of interest for further solid state structure/biological
resented validate the AM1 method to
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Experimental

Melting points were determined in a capillary tube in an Electrothermal C14500 apparatus and
ometer (250 MHz-1H and
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62.0 MHz-13C). Chemical shifts are given as & values against tetramethylsilane as the internal
standard. The IR spectra were measured with a Bruker IRS48 instrument as potassium
bromide pellets. Microanalyses were performed by the Servicio de Microanalisis of

Universidad Comnplutense de Madrid. Reactions were monitored by TLC performed on silica-
‘Jl“lvl]uv bW AVALANAL ING AZWWEAW LAV AL YYWiW LIRAVALILVU LA WAS VJ A i N yvl‘-vl AAAWNS AR VJiAAWis
Vndntoa (AAaral £0T. N amd ol Tanomnm smnthan~] (0.9 aa tha aliiand
1 pldle \lVl ICK UUFZS()} dllU llblllg U CHC . HICUIAI1U1 kO.L} ad LiC ClUcCIit

a
.l =

Semiempirical AMI caiculations [23] were carried out with the semiempirical method by
using the MOPAC [24] molecular orbitals set. Previously, the molecular geometry were
optimised by using Allinger's Molecular Mechanics [25] with PCMODEL program [26].

Calculations were nerfnrmed on a PC 486/33 computer.

X-ray Structure Analysis. Crystals of 4a and Sa were grown by slow evaporation from
ethanol solution. All H atoms were located by difference Fourier Synthesis and were refined
isotropically. The structure was solved by Direct Methods using SHELXL-86 [27]. Data
collection CAD-4 software [28]. Cell refinement: CRYSDA (DIRDIF) [29]. Data reduction:
REFLEX (Local program). Program(s) used to solved structure: SHELX1.86 [27]. Program(s)

used to refine structure: SHELX1.93 [30]. Molecular graphics: SHELXTL-Plus [31]. The
experimental data are collected in the supplementary material [32].

S5-Methoxycarbonyl-6-methyl-4-phenyl-3,4-dihydro-2(1H)-pyridone (4a).
A mixture of benzaldehyde (40 mmol), Meldrum’s acid (40 mmol), methyl acetoacetate (40
e

mmol), and ammonium acetate (42 mmol) in acetic acid (40 mL) was refluxed for 10 h. and
than nnnrad tmen 1na siratar Tha anlid 4lhnt smranismibatad sane Anllanéad ke, Flévndinm Dhastline
uivil puuicu 1HIU Ive-walll 11T DUIIU Lilat plcupualcu wdadd LUILICLLCU Uy 1Huauun., rruiuici
purification was accomplished by recrystailization from ethanol. 59 % yield, m.p. 197-198°C

(Lit."* 197-198°C), via/em™ 3209 (NH), 1706 (C=0, ester), 1685 (C=0) and 1619 (C=C); &
(CDCI3) 8.66 (1H, s, NH), 7.50-7.22 (5H, m, Ph), 4.25 (1H, dd, H-4, ] = 8.4 Hz, J = 1.5 Hz, X

Tr

1H, dd, H-3, J = 16.5 Hz, J = 8.4 Hz, A part o
ABX) 2.70 (1H, cld H-3’, J =16.5 Hz, J 1.9 Hz, B part of ABX) and 2.39 (3H, s, CH;).
Anal Calcd. for C,4H;sNO; (245.28) C, 68.56; H, 6.16; N, 5.71. Found: C, 68.62; H, 6.21; N
5.92.
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A solution of 5-methoxycarbonyl-6-methyi-4-phenyl-3,4-dihydro-2(1H)-pyridone (1,i5g, 5

mmol), N-bromosuccinimide (0.89g, 5 mmol), in 10 ml of dry chloroform was refluxed for 12
hours. The reaction mixture was cooled and the solid that precipitated was collected by
filtration. Further purification was accomplished by recrystallization from ethanol. 55 % yield,
m.p.239-240°C; '"H NMR (DMSO-d) 8 10.74 (s, 1H, NH); 7.35-7.18 (m, 5H, aryl protons),
4.91 (dd, 2H, OCH,), 4.01 (dd, iH, H-4 J= 8.9 Hz, J= 3.8 Hz, X part of ABX), 3.12 (dd, iH,
H-3a, J=16.7 Hz, J= 8.9 Hz, A part of ABX), 2.57 (dd, H-3b, J=16.6 Hz, J= 3.7 Hz, B part of

ABX); “C NMR (DMSO-ds) & 170.9 (C2), 169.6 (C5), 160.7 (C7a), 144.8, 128.7(2C), 126.9,
3(C4).
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