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Abstract Density functional theory at B3LYP/6-314++
G(d,p) level was applied to study structural, electronic, and
bonding characteristics of some 3,4-dihydropyrimidin-
2(1H)-ones substituted at C4 position (DHPMs) of phar-
maceutical interest. Results of this study show that in these
DHPMs the six-membered ring adopts a pseudo-boat
conformation with a pseudo-axial orientation of the C4
substituent, and the heights of the C4 and N4 atoms from
the boat plane depend on the type and position of the
substituent on the aryl ring. Thermochemical analysis of
these DHPMs and their corresponding oxidation products
shows that the enthalpy of the oxidation reaction depends
on the nature of the substituent at the C4 position, falling in
a range of 25 kJ/mol for all compounds.

Keywords Dihydropyrimidinones -
B3LYP/6-31+4G(d,p) - Oxidation rate -
Conformational analysis

Introduction

Alkaloid systems, including 3,4-dihydropyrimidin-2(1H)-
ones (DHPMs), are heterocyclic compounds of great
pharmacological importance [1-3]. DHPMs have been
used as calcium channel modulators [4], antihypertensive
agents [5], anticancer agents [6], antibacterial agents, and
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antistaphylococcal antibiotics [7]. Many experimental
studies have been carried out on the simpler relatives of
DHPMs, i.e., 1,4-dihydropyridines (DHPs) [8—14]. Struc-
ture—function relationships of DHPMs have also been
studied [15-18]. However, there are still debates on the
exact stereochemical/conformational requirements for their
pharmacological activities [19-21]. Triggle and Padma-
nabhan [22] reported a detailed structure—activity profile
for a series of DHPMs as calcium channel modulators,
leading to a new general binding-site model. Furthermore,
it is found that the activation of DHPMs as calcium channel
modulators depends on the absolute configuration at the
stereogenic center (C4 position; Fig. 1). In this context,
alternation of the orientation of the 4-substituent group
(R/S enantiomers) acts as “molecular switching” between
antagonist and agonist activities [23]. To develop quanti-
tative structure—activity models or to perform molecular
docking simulations on the drug—receptor interaction, it is
essential to have reliable, well-examined methods at hand
to study the geometry and conformational hypersurface of
molecules with biological properties of interest. In the case
of the DHP series of molecules, the effect of conforma-
tional changes on the calcium channel modulatory activity
are well documented by many pharmacological studies
[19, 20], and numerous computational and experimental
studies investigating the conformational hypersurface of
these systems have been reported [24-27].

Structural studies of several DHPMs have shown that (a)
changing the configuration of the C4 position affects
their biological activities, and (b) the configuration of the
substituent at C5 position plays a major role in the pharma-
cological activity of these compounds. For the DHPM series
of compounds, application of circular dichroism (CD) and
X-ray crystal data of individual pure enantiomers, referenced
to samples of known absolute configuration, have proven
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Fig. 1 General structure
of the ethyl ester (1) and
acetyl (2) derivatives

of dihydropyrimidinones

(DHPMs, denoted in the text X=a:H

as EDHPMs and ADHPMs, bialh
respectivel.y) with aryl-up d: 3-CHZO
conformation, and the X e

numbering scheme used in this
work. An example of the
optimized structures of DHPMs
is given on the right. The red
(R) and blue balls (B) represent
the oxygen and nitrogen atoms,
respectively

R=OCH,CHj (1) or R=CH, (2)

useful for determination of the absolute configuration in
various biologically active DHPM derivatives. In these
studies, it is found that only molecules with R configuration
act as calcium channel modulators [23, 28-31]. Results of
computations at ab initio (HF and B3LYP) and semi-
empirical (AM1 and PM3) levels of theory carried out on the
conformational analysis of some DHPMs are in agreement
with the X-ray crystallographic data [3, 32, 33]. These results
indicate the importance of computational studies both as
complements to experimental work and as replacement tools
for structure—activity studies on compounds of pharmaco-
logical importance.

Due to the importance of the configuration of the aryl
group at the C4 position of the heterocyclic ring for the
biological and pharmacological activities of DHPMs, in
the present work we used B3LYP/6-314+4G(d,p) compu-
tations to study structural, bonding, and spectroscopic
characteristics of a series of DHPMs. General structures of
the DHPMs with aryl-up (antagonist) conformation studied
in this work are shown in Fig. 1. These characteristics
include bond lengths and angles, charge density, hybrid-
ization of some relevant atoms, and deviation of the C4 and
N1 atoms from the boat ring base plane. To obtain
enthalpies for the gas-phase oxidation reactions of DHPMs,
it was also necessary to carry out vibrational analysis and
calculate the heats of formation for the corresponding
oxidation products, the pyrimidinones. The rate of oxida-
tion of DHPMs by potassium peroxydisulfate in a
mixture of acetonitrile and water, obtained under different
reaction conditions in independent experimental works
reported elsewhere [34-36], are correlated with the results
of this computational study. It should be noted here that
the optimum structures of some DHPMs have already
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been studied using computational techniques [3, 32, 37].
However, the characteristics studied in this work have not
been studied so far.

Results and discussion

The general structure of ethyl 4-aryl-1,2,3,4-tetrahydro-6-
methyl-2-oxopyrimidine-5-carboxylates (EDHPMs) and
5-acetyl-4-aryl-1,2,3,4-tetrahydro-6-methyl-2-oxopyrimidines
(ADHPMs) are shown in Fig. 1, where the numbering
scheme used to describe these structures is also introduced.
Analysis of the optimized structures of EDHPMs and
ADHPMs shows that the six-membered ring adopts a
boat conformation, flattened at N1 toward an envelope
conformation, with a pseudo-axial orientation of the C4
substituent. Thus, in all derivatives the C4 substituent
adopts an up orientation with respect to the heterocyclic
ring boat plane. This orientation corresponds to the
antagonist activity of these compounds. The same struc-
tural trends had already been observed for the 1,4-
dihydropyridines (DHPs) [21]. Therefore, similar activities
are expected for corresponding DHPMs and DHPs.

In Tables 1 and 2, the optimized lengths of the C7=08,
C5=C6, C2=09, N1-H, N3-H, and C4-H bonds that play a
role in the activities of DHPMs are listed. Furthermore, the
optimum values of the C6-C5-C7-08, C11-C10-C4-N3,
and C11-C10-C4-C5 dihedral angles, denoted by «, /5, and
7, respectively, and reported in Tables 1 and 2, reflect the
orientations of the carbonyl group and the aryl ring on the
C5 and C4 positions with respect to the heterocyclic ring.
The optimum values of the dihedral angle f§ show that the
aryl and DHPM rings are not perpendicular to each other.
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Table 1 Selected B3LYP/6-314++G(d,p) optimized geometrical parameters obtained for EDHPMs (bond lengths and angles are given in A and

degrees, respectively)

Comp. C7=08 (A) C5=C6 (A) (C2=09(A) NI-H@A) N3-H@A) C4+H@A) «() B 7 40

1a 1.2258 1.3657 1.2267 1.0102 1.0115 1.0928 174.0 427 81.5 38.8
1b 1.2256 1.3656 1.2267 1.0102 1.0115 1.0928 173.4 45.7 78.5 32.8
1c 1.2256 1.3647 1.2270 1.0101 1.0115 1.0930 1747 50.4 73.9 235
1d 1.2244 1.3646 1.2268 1.0102 1.0115 1.0926 1732 408 83.3 425
1e 1.2214 1.3650 1.2221 1.0094 1.0101 1.0921 178.8  113.0 114  —1016
1f 1.2251 1.3650 1.2262 1.0105 1.0115 1.0926 1753 36.3 87.7 514
1g 1.2252 1.3653 1.2257 1.0103 1.0104 1.0927 174.8 42.0 82.3 403
1h 1.2250 1.3663 1.2260 1.0096 1.0110 1.0949 168.2 62.8 64.4 1.6
1i 1.2256 1.3652 1.2262 1.0105 1.0115 1.0926 174.3 31.0 92.8 61.8
1j 1.2254 1.3655 1.2257 1.0105 1.0114 1.0925 1753 38.3 85.8 475
1k 1.2250 1.3666 1.2259 1.0096 1.0110 1.0957 168.2 64.5 62.8 -1.7
1 1.2248 1.3686 1.2247 1.0104 1.0112 1.0949 177.4 33.0 91.0 58.0
1m 1.2254 1.3664 1.2245 1.0105 1.0114 1.0931 178.4 58.4 65.9 75
1n 1.2261 1.3684 1.2248 1.0098 1.0108 1.0959 1725 84.4 439 —40.5

See Fig. 1 for numbering scheme

Table 2 Selected B3LYP/6-31+4-G(d,p) optimized geometrical parameters obtained for ADHPMs (bond lengths and angles are given in A and

degrees, respectively)

Comp. C7=08 (A) (C5=C6(A) (C2=09(A) NI-H(A) N3-H@A) C4+HA) « B () A4

2a 1.2269 1.3638 1.2188 1.0091 1.0099 1.0896 1750  36.1 88.5 52.4
2b 1.2340 13678 1.2268 1.0105 1.0115 1.0917 1747 39.0 85.5 46.5
2¢ 1.2341 1.3679 1.2268 1.0105 1.0116 1.0917 1753 438 82.8 40.6
2d 1.2343 1.3684 1.2263 1.0106 1.0115 1.0917 1750 299 94.6 64.7
2e 1.2342 1.3689 1.2278 1.0095 1.0115 1.0928 1698  58.6 68.5 9.9
of 1.2345 1.3681 1.2260 1.0108 1.0115 1.0917 1777 303 94.0 63.7
2 1.2344 1.3685 1.2255 1.0108 1.0114 1.0917 176.0  34.1 90.5 56.4
2h 1.2342 1.3691 1.2259 1.0097 1.0111 1.0939 1672 633 64.6 1.3
2i 1.2346 1.3682 1.2259 1.0108 1.0115 1.0917 1775 282 96.0 67.8
2j 1.2345 1.3686 1.2254 1.0108 1.0114 1.0916 1772 36.6 88.0 514
2k 1.2339 1.3685 1.2259 1.0096 1.0111 1.0948 1637  65.1 62.7 —24
21 1.2345 1.3686 1.2248 1.0110 1.0115 1.0919 1780 277 96.8 69.1
2m 1.2345 1.3688 1.2243 1.0108 1.0114 1.0920 1793 523 72.5 20.2
2n 1.2352 1.3714 1.2248 1.0100 1.0109 1.0950 1722 85.0 438  —412

See Fig. 1 for numbering scheme

Deviation of the dihedral angle f from 90° (denoted by A)
is calculated using Eq. 1 as follows, and the results are
reported in Tables 1 and 2. This definition of the dihedral
angle deviation denotes the deviation of the aryl ring
towards the N3 and C5 atoms by positive and negative
values of 4.

A=y+p. (1)

Analysis of the o dihedral angles shows that in all cases
the carbonyl group deviates from the coplanar conformation
with respect to the DHPM boat plane. However, the

conformations of the carboethoxy and the acetyl groups can
be considered approximately as s-trans with respect to their
adjacent C5=C6 bonds of the DHPM ring. The observation
of the exceptionally high deviation 4 for le (—110.6°)
compared with 2e (+9.9°) is possibly due to the orientation
of the 2-methoxy group outside the heterocyclic ring in
le compared with the inside orientation of this group in
2e (Fig. 2).

The results reported in Tables 1 and 2 show that the
C7=08 bond length is correlated with the dihedral angle o.
Other parameters, such as the deviation of the N1 atom
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Fig. 2 Optimized structures of
1e and 2e obtained at B3LYP/6-
31++4G(d,p) level of theory

from the boat plane, can also affect this bond length. The
optimized structural parameters show that partial conju-
gation of the C5=C6 and C7=08 groups depends on the «
dihedral angle, since approach of the C7=08 group towards
the coplanar conformation results in an increase in the
C7=08 and C5=C6 bond lengths, and a decrease in the
C5-C7 bond length. For example, the o dihedral angles of
la and 1k, 168.2° and 174.0°, correspond to C7=08,
C5=C6, and C5-C7 bond lengths of 1.2250 and 1.2258 A
1.3657 and 1.3666 A, and 1.4682 and 1.4676 A, respec-
tively. Comparative analysis shows that the C7=08 bond
length is longer in the ADHPM series than the corre-
sponding one in the EDHPM s series. It should be noted that
the balance between the resonance and the inductive effects
of the ethoxy group as compared with the inductive effect
of the methyl group determines the conformational struc-
ture of the EDHPMs compared with that of the ADHPMs.
For example, the C7=08 bond length in 1e and 2e is 1.2214
and 1.2342 A, corresponding to the o dihedral angles of
177.8° and 169.8°, which is opposite to the trend reported
above.

Review of the data reported in Tables 1 and 2 shows that
the C2=09 bond lengths in the corresponding ADHPMs
and EDHPMs are very close, while they are dependent on
the type of the substituent at the C4 position.

In general, the N1-H bond length is very close to the
N3-H bond length in all ADHPMs and EDHPMs, and both
vary slightly with the substituent at the C4 position.

The C4-H bond length is generally larger in the
EDHPM series and depends strongly on the substituents at
the C4 and C5 positions. The optimized conformation of
the aryl ring, described by the dihedral angle f, is affected
by the substituents on the aryl ring, which act via inter-
action with the substituents or the lone pairs on the N3
atom. The relation of this structural parameter with the
deviation of the C4 and N1 atoms from the boat plane is
investigated in the next section.

@ Springer

Deviation of the NI and C4 atoms from the boat plane
(C2-N3-C5-C6)

Since deviations of the N1 and C4 atoms of the heterocy-
clic ring of the DHPMs (referenced to the plane containing
C2, N3, C5, and C6 atoms) from the boat plane affect the
rate of their oxidation, calculations and analyses of these
deviations are described in this section. These calculations
are based on the geometries and trigonometrics given in
Figs. 3 and 4. For these calculations, we obtained the 0,
@1, o, and oy angles and the C2-C6 distance from the
optimized structures of DHPMs using the trigonometric
relations (2—14). The same algorithm is used for the cal-
culation of the deviation of the C4 atom from the same boat
plane (hc); the only difference is that the geometry is based
on the N3—-C4-C5 triangle (Fig. 3). The calculated values
of the deviation of the N1 (hy) and C4 (hc) atoms of the
EDHPMs and ADHPMs are reported in Table 3. The data
reported in this table show that the deviations of the N1
atom from the boat plane in ADHPMs are larger than that
in EDHPMs, while the deviations of the C4 atom in
EDHPMs and ADHPMs are nearly equal. As mentioned

R=OCH,CH, (1), CH, (2)

Fig. 3 General geometry defining the deviation of the N1 and C4
atoms from the boat plane (C2-N3-C5-C6) in the DHPMs
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(a)

(b)

Fig. 4 a The trigonometric frame used for the calculation of the deviation of the N1 atom (the height Ay) from the C2-N3-C5-C6 plane (Fig. 3),
and b a closer view of the triangle defining the height of the N1 atom (Ay) from the C2-N3—-C5-C6 plane as shown in (a)

Table 3 Values of the deviations 4y (N1) and A (C4) (A) from the
boat plane (C2-N3-C5-C6) based on the geometries given in Figs. 3
and 4 calculated by using relations (2—12) for DHPMs

Compound EDHPMs ADHPMs

hy (N1) he (C4) hy (N1) he (C4)

(A) A) (A) (A)
a 0.1276 1.0829 0.3654 1.0930
b 0.1231 1.0825 0.1444 1.0626
[ 0.1119 1.0858 0.2908 1.0920
d 0.1296 1.0845 0.1561 1.0977
e 0.1407 1.1222 0.2115 1.0774
f 0.1336 1.0865 0.1626 1.0991
g 0.2080 1.0811 0.1528 1.0921
h 0.0476 1.0824 0.1220 1.0534
i 0.1427 1.0886 0.1618 1.1000
J 0.1438 1.0878 0.2024 1.0960
k 0.1230 1.0465 0.0237 1.0474
1 0.1431 1.0324 0.1656 1.0985
m 0.1147 1.0755 0.1193 1.1212
n 0.0322 1.0517 0.0216 1.0534

earlier, the C5=C6 bond length is correlated with the
deviation of the N1 atom. Analysis of the data reported in
Table 3 shows also that a decrease in the height of the N1
atom (hy) from the boat plane increases the possibility of
conjugation of the N1 lone-pair electrons with the C5=C6
group, which results in an increase in the C5=C6 bond
lengths and a decrease in the C6-N1 bond lengths. For
example, in 1f and 1h, the C5=C6 and C6-N1 bond lengths
are 1.3650 and 1.3663 A, and 1.3862 and 1.3795 A, cor-
responding, respectively, to 0.1336 and 0.0476 A heights
of the N1 atom. An opposite trend is observed for the 1c
and 1e pair.

9y = 180 — oy 2)
y, = 180 — ap (3)
0, = 180 — 0, (4)
C6A = C6N cos 7, (5)
C2B = C2Ncos y, (6)
NA = C6Nsin y, (7)
NB = C2Nsiny, (8)

C2A = (C6A2 4+ C2C6> — 2C6A x C2C6 x cos(0s))'?

9)
In triangle AC2C6 :
cos(p) = (C2C6)* 4 (C2A)? — (C6A)? (10)
P2} = 2 C6C2 x C2A
@3 =180 — (¢ + ¢,) (11)

In triangle ABC2 :
AB = (C2A% + C2B% — 2C2A x C2B x cos(¢;))'/?

(12)
NB? + AB” — NA®
In triangle ABNI : =
n triangle cos(op) 7NB < AB
(13)
In triangle HBN1: NH = NB X sin(op) (14)

To investigate the effect of the substituent on the aryl
ring at the C4 position of the DHPM heterocyclic ring on
the deviation of this ring from planar conformation, we used
the Newman-like model below in which the N1 and C4
atoms are superimposed as shown in Scheme 1. Based on
this model and considering the hc and hy deviations
reported in Table 3, and dihedral angle deviations A4
(introduced in Eq. 1 and reported in Tables 1 and 2), we
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Scheme 1 X

observe that distancing 4 from zero influences the
interaction of the ortho hydrogen or the ortho substituents
on the aryl ring with the atoms of the heterocyclic ring,
and thus influences the height of the N1 atom from
the boat plane (hy). In terms of natural bond orbital
(NBO) terminology, the balance between donor—acceptor
interactions of different bonds/atoms of the aryl ring and
those of the heterocyclic ring plus induction and resonance
effects of the substitution on the aryl ring determines the
values of 4. No pure trend could be extracted for individual
contributions. For example, the height of the N1 atom in 1a
and 2b with repulsive interaction is 0.1276 and 0.1231 A,
corresponding to A dihedral angles 38.8° and 32.8°; in
contrast, the height Ay in 1i and 1j with attractive
interactions is 0.1427 and 0.1438 A, corresponding to A4
values of 61.8° and 47.5°.

Analysis of the data reported in the Table 4 shows that
deviation of the C4 atom from the boat plane also depends
on the type and position of the substituent on the aryl ring.
For example, in the 1c¢ and le isomers with the same

substituent (methoxy) on the 4- and 2-positions of the aryl
ring, this deviation is smaller for the former isomer (1.0858
versus 1.1222 A). As described for the deviation of the N1
atom, the extent of the deviation of the C4 atom depends on
the type of the interaction of the ortho hydrogen or the
substituents on the aryl ring with the atoms of the hetero-
cyclic ring. Figure 5 shows the correlation between the
deviation of the C4 and N1 atoms from the boat ring and
the type and position of the substituent on the aryl ring at
the C4 position of the DHPM ring.

Natural bond orbital analysis

The NBO electric charges calculated for selected atoms
including N1, N3, N1-H, N3-H, and C4-H, which are
important in the oxidation reactivity of the DHPMs, are
listed in Table 4. In this table, the calculated electric dipole
moments (1) of DHPMs are also reported. Analysis of the
data shows that the charge densities on these atoms depend
on the type and position of the substituent on the aryl ring
showing the inductive and resonance effects, and through-
space interactions of the substituent on the aryl ring
(located at the C4 position) with these atoms. Since the
charge of the N1, N3, N1-H, N3-H, and C4-H atoms in the
EDHPM and ADHPM series are more or less very close
(compound 11 is an exception), it can be concluded that the
through-bond inductive effects of the substitution on the
aryl ring do not contribute to the structural characteristics
of the DHPM heterocyclic ring.

Table 4 Natural bond orbital (NBO) analysis of the atomic charges and electric dipole moments calculated for DHPMs using B3LYP/6-

314++G(d,p) method

EDHPMs ADHPMs

Comp. pu() NI-H N3-H C4H NI N3 p@M) NI-H N3-H C4H NI N3

a 3958 40446 40444 40274  —0.654 —0.663 3854 40407 40407 40239 —0.631 —0.635
b 3.892  +0.446  +0.443 40274  —0.655 —0.665 3832  +0445 40372  +0280 —0.656  —0.663
¢ 4177 40446 40443 40272  —0.656 —0.662 3761  +0.445  +0.444 40278  —0.656  —0.660
d 4109 40369 40444 40293  —0.652 —0.671 4060 +0445 +0445 +0282 —0.654 —0.661
e 2146 40400 40444 40293  —0.652 —0.671 4339 40442 40441 40274 —0.644 —0.663
f 4676  +0.447 40445 40277  —0.654 —0.666  4.643 40446 40445 40283  —0.655  —0.664
g 4782 40447 40445 40276  —0.654 —0.664 4366 +0.447 40446 40283  —0.655 —0.665
h 3889 40447 40444 40265 —0.646 —0.665 3.174 40446 40444 40270 —0.646 —0.661
i 4667 40447 40445 40278  —0.653 —0.664 4.634  +0446  +0.446  +0283  —0.655  —0.664
i 4840 40447 40445 40278  —0.654 —0.663 4364 +0.447  +0.446  +0283  —0.655 —0.665
k 3.854 40447 0444 40263  —0.647 —0.664 3067 40446  +0.445 0267 —0.647  —0.662
1 7163 40280 40280 4+0.140 —0.605 —0.541 7218 40448 40447 40286 —0.665 —0.666
m 6300 40449 40444 40273  —0.654 —0.665 5559 40449 40446 40278 —0.665 —0.666
n 3951 40449 40442 40263 —0.637 —0.663 2394 40449 40442 40268 —0.636 —0.660

See Fig. 1 for numbering scheme
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(a) EDHPMs
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Compound

Fig. 5 Correlation between deviations of the N1 and C4 atoms from
the boat plane and the type and position of the substituent on the aryl
ring for a EDHPMs and b ADHPMs

A review of the data reported in Table 4 shows also that
the charge density on the N1 atom is slightly smaller than
that on the N3 atom, because its electrons can participate in
a resonance with the C2=09 and C5=C6 double bonds,
while the electrons of N3 can only resonate with the
C2=09 bond. Furthermore, direct through-space interac-
tions between atoms or groups of atoms, and the deviation
of the N1 atom from the boat plane, may also affect the
charge density on these atoms. This clearly shows that any
nucleophilic attack at the N1-H and N3-H centers is
affected by the substituent at the C4 position [34-36].

The dipole moment (u) data reported in Table 4 fall in
the range of 2.146-7.218 D, showing that all of the DHPM
compounds are polar, but their per-volume polarity is low.
Therefore, it can be predicted that solubilities of DHPMs in
water are low, which is compatible with what is observed
experimentally [34-36]. The overall dipole moment of a
DHPM compound is a result of interplay between the
chemical bonding and structure of both the aryl and het-
erocyclic rings. Due to the complexity of this interplay,
analysis of the dipole moment data does not show any
correlation between the dipole moments of the EDHPMs
and ADHPMs series.

Atomic hybridizations were calculated within NBO
theory for the B3LYP/6-31++G(d,p) optimized structures

of DHPMs. In general, overall hybridization of the N1, N3,
and C4 atoms and the partial hybridization of the C4 atom
in the C4-C10 bond in the DHPM series vary slightly with
the substituent on the aryl ring at the C4 position, and fall
in the range of sp*>—sp>%, sp>97—sp>2, sp!31_sp185 and
sp' B8 _sp'¥ A detailed analysis showed that the hybrid-
ization data cannot be used to justify the structural features

of DHPM:s.
Vibration analysis

Vibration analysis was carried out on the optimized
geometries of the DHPMs at B3LYP/6-314++G(d,p) level
of theory using a scale factor of 0.8929. The harmonic
frequencies calculated for DHPMs along with their IR
intensities (given in parentheses) are reported in Table 5. As
expected, the calculated vibrational frequencies show
dependence on the type and position of the substituent. In
all DHPMs the frequency of the N1-H bond stretching
mode is larger than that of the N3-H bond. This can be
attributed to the tighter conjugation of the N1 atom with the
C5=C6 bond and the C7=08 group, as compared with that
of the N3 atom, which results in a stronger N1-H bond.
Furthermore, smaller frequencies of the stretching mode of
the C7=08 group, as compared with those of the C2=09
group, can also be attributed to the fact that the C7=08 bond
is conjugated with the C5=C6 group and N1 atom, while the
C2=09 bond is conjugated only to the N3 atom.

Thermochemical analysis

Standard formation enthalpies (AHf) and the enthalpies of
the oxidation reaction (AHg,) of DHPMs were calculated
based on the reaction given in Scheme 2 using the B3LYP/
6-31+4+G(d,p) enthalpies calculated for H,, EDHPMs,
ADHPMs, and their corresponding oxidation products, i.e.,
esteric and ketonic pyrimidinones (EPMs and APMs). In
these calculations, the enthalpy change due to the reduction
of the oxidant (which is identical for all reactions) is not
considered for brevity. Furthermore, all calculated oxida-
tion enthalpies are referenced to that of the corresponding
4-phenyl derivatives (compounds a). Results of these cal-
culations and the corresponding formation enthalpies are
reported in Table 6. This thermochemical analysis of the
oxidation reactions can only be used on a comparative
basis. The obtained data show that the oxidation enthalpies
of the EDHPMs and ADHPMs fall within the range of
(—15.4, +10.9) and (—15.1, +4.2) kJ/mol as referenced to
those of the compound a. Although these variations fall
outside of the typical error bars of the B3LYP calculations,
they are not large enough to be used for justification of the
differences observed for the comparative rates of oxidation.
This means, in other words, that any observed differences
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Table 5 Calculated harmonic frequencies (ecm™") (IR intensities) obtained for the B3LYP/6-314++G(d,p) optimized structures of DHPMs

C2=09 (A)

C5=C6 (A)

C7=08 (A)

C4-H (A) NI-H (A) N3-H (A)
EDHPMs
a 3,090.5 (5.5) 3,644.2 (75.9) 3,628.9 (44.2)
b 3,091.8 (5.9) 3,644.7 (76.1) 3,628.6 (42.8)
c 3,088.6 (6.4) 3,646.0 (77.6) 3,627.9 (41.6)
d 3,090.7 (6.3) 3,646.7 (78.5) 3,626.9 (40.0)
e 3,109.1 (0.9) 3,642.9 (72.4) 3,627.6 (57.2)
f 3,095.0 (4.4) 3,642.5 (77.3) 3,628.9 (45.8)
g 3,093.4 (4.9) 3,642.2 (76.7) 3,630.1 (46.8)
h 3,055.8 (10.9) 3,653.1 (84.0) 3,635.1 (41.9)
i 3,096.4 (3.7) 3,643.1 (77.1) 3,629.7 (46.2)
j 3,095.0 (4.5) 3,642.9 (75.9) 3,630.3 (46.9)
k 3,041.1 (13.1) 3,651.0 (90.7) 3,635.9 (38.7)
1 3,096.0 (3.5) 3,640.7 (79.6) 3,630.5 (50.0)
m 3,087.3 (6.9) 3,641.5 (84.3) 3,630.4 (50.0)
n 3,041.1 (13.1) 3,651.0 (90.7) 3,635.9 (38.9)
ADHPMs
a 3,106.1 (3.4) 3,640.4 (73.8) 3,628.9 (45.2)
b 3,104.5 (3.6) 3,641.2 (74.4) 3,628.8 (42.5)
c 3,103.5 (3.9) 3,641.5 (75.5) 3,628.2 (42.5)
d 3,106.7 (3.2) 3,640.3 (72.3) 3,629.6 (45.3)
e 3,084.8 (6.0) 3,652.5 (71.9) 3,626.6 (35.5)
f 3,107.2 (1.7) 3,636.7 (74.1) 3,629.2 (48.1)
g 3,106.1 (2.9) 3,638.0 (74.0) 3,630.0 (48.6)
h 3,067.4 (9.0) 3,651.8 (83.5) 3,633.5 (40.9)
i 3,107.1 (4.5) 3,636.4 (73.5) 3,629.7 (48.8)
j 3,105.8 (3.1) 3,638.7 (73.7) 3,630.3 (47.9)
k 3,052.7 (7.1) 3,651.7 (83.7) 3,632.1 (40.2)
1 3,107.2 (3.0) 3,634.2 (73.2) 3,630.2 (55.4)
m 3,100.1 (4.2) 3,638.3 (80.2) 3,630.5 (47.6)
n 3,053.3 (4.0) 3,648.0 (89.3) 3,634.0 (38.1)

1,788.1 (717.8)
1,787.4 (725.6)
1,787.2 (735.5)
1,788.0 (738.1)
1,787.1 (717.8)
1,789.5 (711.9)
1,791.1 (700.9)
1,791.0 (757.2)
1,789.8 (704.2)
1,791.4 (682.8)
1,794.3 (776.4)
1,793.2 (707.3)
1,794.5 (721.1)
1,794.3 (776.4)

1,791.2 (718.2)
1,790.3 (731.1)
1,790.1 (740.1)
1,791.9 (703.2)
1,786.2 (730.7)
1,792.6 (712.5)
1,794.2 (696.9)
1,793.8 (771.9)
1,792.7 (711.0)
1,794.6 (688.9)
1,793.1 (761.5)
1,796.1 (705.8)
1,797.8 (722.7)
1,797.2 (791.9)

1,669.1 (191.6)
1,670.2 (190.0)
1,670.6 (173.6)
1,672.2 (203.1)
1,668.2 (199.7)
1,668.3 (192.4)
1,668.2 (189.5)
1,670.1 (222.2)
1,667.9 (189.4)
1,668.0 (184.8)
1,666.9 (269.6)
1,666.6 (189.3)
1,669.1 (205.1)
1,666.9 (269.6)

1,656.0 (337.5)
1,656.5 (337.6)
1,656.1 (342.2)
1,656.0 (282.8)
1,656.6 (389.1)
1,656.0 (349.3)
1,655.9 (336.1)
1,657.6 (385.3)
1,656.3 (350.1)
1,655.3 (336.1)
1,659.5 (380.3)
1,655.4 (268.7)
1,655.9 (377.3)
1,655.6 (435.8)

1,728.0 (396.0)
1,728.9 (398.3)
1,729.2 (399.6)
1,733.8 (398.2)
1,733.9 (431.3)
1,725.3 (400.7)
1,726.5 (387.3)
1,727.3 (388.0)
1,724.4 (404.3)
1,725.9 (385.0)
1,722.9 (408.2)
1,724.2 (391.9)
1,725.9 (394.5)
1,722.9 (408.2)

1,692.3 (151.4)
1,692.6 (149.3)
1,692.4 (148.8)
1,690.9 (152.2)
1,691.8 (156.4)
1,690.7 (146.0)
1,691.2 (146.2)
1,692.2 (135.9)
1,690.2 (144.6)
1,689.8 (138.9)
1,694.1 (130.3)
1,690.9 (143.8)
1,691.5 (138.8)
1,688.5 (132.1)

R =0C,H; (1), CH;(2)

Scheme 2

in thermochemistry and kinetics of the oxidation reactions
[34-36] of DHPMs are due only to the activation processes
and the energetics of the transition states (TS) associated,
of course, with the solvent effect. Thus, to be able to justify
experimental kinetics data [34-36], it is necessary to work
out the TS structures of the oxidation reaction, which is
beyond the scope of the present work.

@ Springer

Conclusions

The B3LYP/6-314++4G(d,p) calculations show that the
heterocyclic ring in all DHPMs has a flat boat conforma-
tion, and the aryl ring substituted at the C4 position prefers a
pseudo-axial orientation. Furthermore, in the optimized
structures of both ketonic and esteric DHPMs, the carbonyl
group at the C5 position is oriented s-trans with respect to
the C5=C6 bond of the DHPM ring, which is compatible
with experimental data. The present calculations show that
the charge density on the N3 atom is slightly higher than
that on the N1 atom. Analysis of the deviations of the C4
and N1 atoms from the DHPM ring boat plane revealed the
details of the intramolecular bonding and nonbonding
interactions in these series of molecules. The deviation of
the C4 atom from the boat plane is greater than that of the
N1 atom. Calculated harmonic frequencies of the CO bond
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;belsr;aﬁ‘;‘:‘;fg gfglﬁf’izzé’nf Comp.  AH; (kJ/mol) AH., (kJ/mol)  AH; (kJ/mol) AH., (kJ/mol)
reactions (AHy, AHyy) of some EDHPMs EPMs Reaction ADHPMs APMs Reaction
DHPMs calculated based on the
B3LYP/6-31++G(d,p) a 6,962.4 7,002.1 0.0 6,683.0 6,725.7 0.0
optimized structures b 7,483.7 7,521.4 14 7,203.5 7,245.2 -16

¢ 7,318.7 73536 -36 7,038.8 7.077.5 -38

d 7,317.8 7,359.7 1.1 7,041.2 7,080.9 -28

e 7,319.9 7,375.1 10.9 7,044.1 7,375.1 —6.7

£ 6,935.9 6,975.0 03 6,656.6 6,700.0 0.9

g 6,934.0 6,986.7 9.4 6,655.6 6,699.3 12

h 6,951.7 6,986.6 -38 6,672.2 6,708.1 —54

i 6,945.8 6,984.9 1.1 6,666.9 6,710.1 2.1

j 6,943.7 6,985.3 25 6,663.7 6,708.0 1.1

Kk 6,950.8 6,984.1 -53 6,669.7 6,709.4 -36

1 6.833.1 6,875.3 3.1 6,554.4 6,600.2 4.2
The oxidation enthalpies are m 6,833.0 6,877.4 49 6,552.9 6,595.7 -0.3
referenced to that of the n 6,867.8 68878  —15.4 6,586.0 66112  —15.1
corresponding a compounds
stretching show the general order vcr—p9 > Uc7-08, Which is References

different from what was obtained in our experimental
works, i.e., bc7-08 > Uca—oo- This can be attributed to dimer
formation under experimental condition, which is not taken
into account in the single-molecule (gas-phase) calcula-
tions. To deduce any trend for the rate of oxidation reaction
it is necessary to work out transition-state structures and
energetics, which is underway in this research group.

Computational methods

Structures of DHPMs were built and optimized prelimi-
narily with semi-empirical PM3 method using HyperChem
software [38]. These PM3 optimized structures were used
as initial guess geometries for the ab initio calculations.
Geometries of ethyl esters (EDHPMs) and the acetyl forms
(ADHPMs) were optimized using the density functional
theory (DFT) B3LYP method with 6-314++4G(d,p) basis
set. Structural and electronic characteristics calculated for
the B3LYP/6-314++G(d,p) optimized geometries were
analyzed in the following sections. All computations were
carried out using the Gaussian98 package [39]. Compounds
1a and 2a (both with X = H) are considered as references
to investigate comparatively the effect of the substitution
on the aryl group at the C4 position on the optimized
structures of EDHPMs and ADHPMs. Charge density
distributions for all DHPMs were also studied using natural
bond orbital (NBO) analysis of Weinhold [40—43].
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