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INTRODUCTION

In recent years, the Biginelli reaction is extensively used
to the organic synthesis [1-12]. The Biginelli-type compound
dihydropyrimidones show an attractive pharmacological
profile as calcium channel blockers, antihypertensive agents,
o-A-antagonists and neuropeptide Y (NPY) antagonists
[13-18]. One-pot synthesis method is used to synthesize the
dihydropyrimidones and their derivatives [19-20]. (4R,5S,8as)-
4,5,8a-triphenylhexahydropyrimido[4,5-d]pyrimidine-
2,7(1H,3H)-dione in from multi-component condensation of
benzaldehyde, urea and acetophenone [21]. In the literature
[21], the Biginelli reaction of ethyl acetoacetate, an aromatic
aldehyde and urea could be efficiently catalyzed by potassium
hydrogen sulfate in glycol and the desired product was obtained
in high yield. There is no literature about the mechanism of
synthesis of (4R,5S,8as)-4,5,8a-triphenylhexahydropyrimido-
[4,5-d]pyrimidine-2,7(1H,3H)-dione. Atoms in molecules (AIM)
analysis was studied for the reaction mechanism synthesis of
(4R,5S,8as)-4,5,8a-triphenylhexahydropyrimido[4,5-d]-
pyrimidine-2,7(1 H,3H)-dione. The quantum theory of atoms
in molecules (QTAIM) is a model of molecular and condensed
matter electronic systems (such as crystals) in which the principal
objects of molecular structure - atoms and bonds - are natural
expressions of a system’s observable electron density distribution
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function. An electron density distribution of a molecule is a
probability distribution that describes the average manner in
which the electronic charge is distributed throughout real space
in the attractive field exerted by the nuclei. It is extensively
used to research of the reaction mechanism [22,23]. The main
purposes of this paper are as follows: (1) to investigate the
microscopic mechanism of reaction among benzaldehyde, urea
and acetophenone for the synthesis of (4R,5S,8as)-4,5,8a-
triphenylhexahydropyrimido[4,5-d]pyrimidine-2,7(1H,3H)-
dione catalyzed by protonic acid by way of density functional
theory (DFT). (2) to confirm the rate-determining step of the
reaction.

COMPUTATIONAL METHODS

The mechanism of reaction among benzaldehyde, urea
and acetophenone for the synthesis of (4R,5S,8as)-4,5,8a-
triphenylhexahydropyrimido[4,5-d]pyrimidine-2,7(1H,3H)-
dione was investigated catalyzed by protonic acid by way of
density functional theory (DFT). The geometries and the
frequencies of reactants, intermediates, transition states and
products were calculated at the B3LYP/6-311G(d) level [24].
Stable structures were obtained. The parameters of geometry
configuration are shown in Fig. 1 (R1-P2) and Fig. 2 (R1B-
IM3D2). The vibration analysis and the IRC analysis proved
the authenticity of intermediates and transition states. The
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numeric value in the parentheses in Figs. 1 and 2). All calcu-
lations were carried out with the Gaussian 03 program [25].
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reaction processes were confirmed by the changes of charge
density at the bond-forming critical point (as shown by the
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Fig. 1. Optimized geometric configurations of various compounds in the reaction: bond length in nanometers, bond angle in degree, charge
density at bond-forming critical point in a.u.



Vol. 28, No. 6 (2016)

DFT Studies of (4R,5S,8as)-4,5,8a-Triphenylhexahydropyrimido[4,5-d]pyrimidine-2,7(1H,3H)-dione 1247

RESULTS AND DISCUSSION

The calculated energies (E) and relative energies (E..) of
reactants, intermediates, transition states and products are listed
in Table-1. All energies (E) include zero-point energy (ZPE)
corrections. Vibration frequencies of reactants, intermediates
and products are positive and those of all transition states have
only one imaginary frequency. Fig. 3 is a schematic map of

R1B R4

energy levels for the reaction without protonic acid and with
protonic acid.

Reaction mechanism and energy analysis of the
reaction without protonic acid: The reaction between R1
and R2B for the synthesis of IM1A is a nucleophilic reaction.
Firstly, the N4 atom of R2B attacks the carbonyl carbon atom
of benzaldehyde to form intermediate IM1A through transition
state TSIA. In TS1A, the bond length and the charge density

IM1C2

TS2A2

IM2A2
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Fig. 2. Optimized geometric configurations of various compounds in the reaction: bond length in nanometers, bond angle in degree, charge
density at bond-forming critical point in a.u.

at bond-forming critical point of N1-C2, N1-H3 and H3-O4
are 0.1567 nm and 0.2018 a.u., 0.1207 nm and 0.1805 a.u.
and 0.1392 nm and 0.1058 a.u., respectively and the activation
energy is 146.29 kJ mol”. IM1A forms intermediate IM1B
through transition state TS1B. This is a hydrogen atom transfer

process. In TS1B, the bond length and the charge density at
the bond-forming critical point of N1-H2 are 0.1353 nm and
0.1218 a.u., respectively and those of H2—-O3 are 0.1310 nm
and 0.1300 a.u., respectively and the activation energy is 87.33
kJ mol™. The IM1B forms the IM1C and P1 through transition
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TABLE-1
ENERGIES (E) AND RELATIVE ENERGIES (E,;) OF VARIOUS SPECIES AND IMAGINARY FREQUENCY OF TRANSITIONS
Species -E (a.u.) E. (kJ mol™) v (cm™)
RI' 2R1 + 2R2B + R3B) 1526.35379 0
TS1A' (R1 + R2B + TS1A + R3B) 1526.29807 146.29 -1616.1
IM1A' (R1 + R2B + IM1A + R3B) 1526.34833 14.33
TS1B' (R1 + R2B + TS1B + R3B) 1526.31507 101.66 -1919.08
IM1B' (R1 + R2B + IM1B + R3B) 1526.39074 -97.01
TS1C' (R1 + R2B + TS1C + R3B) 1526.30962 115.98 -1799.54
IM1C' (R1 + R2B + IMI1C + R3B + P1) 1526.37167 -46.95
TS2A' (R1 + R2B + TS2A + P1) 1526.35268 291 -132.94
IM2A' (R1 + R2B + IM2A + P1) 1526.40561 -136.05
TS2B' (R1 + R2B + TS2B + P1) 1526.30287 133.70 -2118.11
IM2B' IM1C + IM2B + 2P1) 1526.40662 -138.71
TS3A' (TS3A +2P1) 1526.36789 -37.00 -122.55
IM3A' (IM3A + 2P1) 1526.42753 -193.61
TS3B' (TS3B + 2P1) 1526.33286 54.95 -1732.68
IM3B' (IM3B + 2P1) 1526.40658 -138.60
TS3C' (TS3C + 2P1) 1526.29780 147.01 -291.48
P2A' (P2 + 3P1) 1526.37712 -61.20
R1' (2R1 + 2R2B + R3B + 2R4) 1526.35379 0
R1B' (2R1B + 2R2B + R3B) 1527.06679 -1864.85
TS1A2' (R1B + R2B + TS1A2 + R3B) 1527.01039 -1717.34 -83.53
IM1A2' (R1B +R2B + IM1A2 + R3B) 1527.04685 -1812.69
TS1B2' (R1B + R2B + TS1B2 + R3B) 1526.97755 -1631.43 -1851.91
IM1B2' (R1B + R2B + IM1B2 + R3B) 1527.03726 -1787.62
TS1C2' (R1B + R2B + TS1C2 + R3B) 1526.99406 -1674.63 -1652.05
IM1C2' (R1B + R2B + IMIC2 + R3B + P1) 1527.06814 -1868.37
TS2A2' (R1B + R2B + TS2A2 + P1) 1527.05418 -1831.86 -141.59
IM2A2' (R1B + R2B + IM2A2 + P1) 1527.07002 -1873.30
IM2B2' (R1B + R2B + IM2C2 + 2P1) 1526.78018 -1115.24
TS3A2' (TS3A2 + R4 + 2P1) 1526.77693 -1106.71 -233.19
IM3A2' (IM3A2 + R4 + 2P1) 1526.78803 -1135.77
TS3B2' (TS3B2 + R4 + 2P1) 1526.74089 -1012.46 -108.21
IM3B2' (IM3B2 + R4 + 2P1) 1526.74735 -1029.35
TS3C2' (TS3C2 + R4 + 2P1) 1526.71417 -942.57 -1729.75
IM3C2' (IM3C2 + R4 + 2P1) 1526.76180 -1067.15
TS3D2' (TS3D2 + R4 + 3P1) 1526.71600 -947.58 -208.88
IM3D2' (IM3D2 + R4 + 3P1) 1526.71810 -952.84
P2B' (P2 + 3P1 + 2R4) 1526.37712 -61.0
TS1A' 154p TSIC TS2B! S3C mechanism of the reaction is: R1 + R2B — TS1A — IM1A
R lat? s TS2A' PoR' — TS1B — IM1B — TS1C — IM1C + H,O
mig M1C , IMI1C reacts with R3B to form intermediate IM2A through
IM2A" IM2B' | -, [M3B' o . .
IM3A transition state TS2A. This is a concerted reaction processes
-500 4 with the forming bond of C1-C5 and the transfer of a hydrogen
atom. A hydrogen atom of hydroxyl of R3B is transferred to
= nitrogen atom of IM1C in this processes. In TS2A, the bond
_§, 1000+ length and the charge density at bond-forming critical point
{fu of C1-C5 are 0.2865 nm and 0.0176 a.u., respectively and
ur those of H3—-04 are 0.1638 nm and 0.0572 a.u., respectively
15004 and the activation energy is 49.86 kJ mol". IM2A then forms
’ intermediate IM2B through transition state TS2B and this is a
hydrogen atom transfer processes. In TS2B, the bond length
IM1A2 IM1B2' . . . .
2000 R1B" . IMic2 IMI2A2' : . and the charge density at bond-forming critical point of C1-

Fig. 3. Schematic map of energy levels in the reaction

state TS1C. This is a dehydration process. In TS1C, the bond
length and the charge density at bond-forming critical point
of N1-H2, H2-O3 and O3-C4 are 0.1376 nm and 0.1189 a.u.,
0.1209 nm and 0.1668 a.u. and 0.1756 nm and 0.1168 a.u.,
respectively and the activation energy is 212.99 kJ mol. The

H2 are 0.1553 nm and 0.0890 a.u., respectively and those of
H2-0O3 are 0.1223 nm and 0.1594 a.u., respectively and the
activation energy is 269.75 kJ mol ™. The mechanism of the
reactionis: IM1C + R3B — TS2A — IM2A — TS2B — IM2B.

IM2B reacts with IM1C to form intermediate IM3A
through transition state TS3A. This is also a concerted reaction
process with the forming bond of C1-C2 and the transfer of a
hydrogen atom. A hydrogen atom of hydroxyl of IM2B is
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transferred to nitrogen atom of IM1C in this processes. In
TS3A, the bond length and the charge density at bond-forming
critical point of C1-C2 are 0.2698 nm and 0.0241 a.u., respec-
tively and those of H3—O4 are 0.1749 nm and 0.0447 a.u.,
respectively and the activation energy is 101.71 kJ mol™". IM3A
then forms intermediate IM3B through transition state TS3B.
This is a concerted reaction process with the closing a ring
and the transfer of a hydrogen atom. In TS3B, the bond length
and the charge density at bond-forming critical point of O1—
H2 are 0.1420 nm and 0.1003 a.u., respectively and those of
H2-N3 are 0.1244 nm and 0.1638 a.u., respectively and the
activation energy is 248.56 kJ mol™. IM3B then forms P1 and
P2 through transition state TS3C. This is a concerted reaction
process with the closing a ring and dehydration process. In
TS3C, the bond length and the charge density at bond-forming
critical point of N3-C4, C4-O1 and O1-H2 are 0.1803 nm
and 0.1228 a.u., 0.2821 nm and 0.1592nm and 0.0615 a.u.,
respectively and the activation energy is 285.60 kJ mol™. This
is a rate-determining step. The mechanism of the reaction is:
IM2B + IM1C - TS3A — IM3A — TS3B — IM3B — TS3C
— P2 + H,0.

The overall reaction is: 2R1+2R2B+R3B — P2+3H,0
and the activation energy of the reaction is 285.60 kJ mol™.

The details of the reaction mechanism of the reaction are
shown as Fig. 4.

Reaction mechanism and energy analysis of the
reaction with catalyst protonic acid: Firstly, R1 reacts with
hydrogen proton to form R1B. R1B reacts with R2B to form
IM1A2 through transition state TS1A2. In TS1A2, the bond
length of C1-N2 is 0.2901 nm, the activation energy is 147.50
kJ mol”'. IM1A2 then forms intermediate IM1B2 through
transition state TS 1B2. This is a hydrogen atom transfer proce-
sses. In TS1B2, the bond length and the charge density at the
bond-forming critical point of O3-H4 are 0.1283 nm and
0.1369 a.u., respectively and those of H4-N2 are 0.1383 nm
and 0.1199 a.u., respectively and the activation energy is
181.26 kJ mol™. This is a rate-determining step. IM1B2 forms
intermediate IM1C2 through transition state TS1C2. This is a
dehydration processes. In TS1C2, the bond length and the
charge density at bond-forming critical point of HI-02, O2-
C4 and N3-H1 are 0.1219 nm and 0.1588 a.u., 0.1520 nm and
0.2021 a.u. and 0.1364 nm and 0.1239 a.u., respectively and
the activation energy is 112.99 kJ mol™. The mechanism of
the reaction is: R1 + H* — R1B; R1B + R2B — TS1A2 —
IM1A2 — TS1B2 — IM1B2 — TS1C2 + H,0.

IM1C2 reacts with R3B to form IM2 A2 through transition
state TS2A2. In TS2A2, the bond length and the charge density
at the bond-forming critical point of C1-C2 are 0.2345 nm
and 0.0618 a.u., respectively and the activation energy is 36.51
kJ mol™. IM2A2 forms IM2B2 and R4 directly. The mechanism

o) NH,
(l) NH, Y
HY

SN HO.._

Fig. 4. Mechanism of the reaction with no catalyst
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of the reaction is: IM1C2 + R3B — TS2A2 — IM2A2 —
IM2B2 + H*.

IM2B2 reacts with IM1C2 to form IM3A2 through
transition state TS3A2. In TS3A2, the bond length and the
charge density at the bond-forming critical point of C1-C2
are 0.2213 nm and 0.0568 a.u., respectively and the activation
energy is 8.53 kJ mol!. IM3 A2 then forms intermediate IM3B2
through transition state TS3B2. This is a closing the ring
processes. In TS3B2, the bond length and the charge density
at the bond-forming critical point of N1-C2 are 0.2174 nm

and 0.0554 a.u., respectively and the activation energy is
123.31 kJ mol™. IM3B2 forms intermediate IM3C2 and P1
through transition state TS3C2. This is a concerted reaction
process with transferring the hydrogen atom and dehydration
process. In TS3C2, the bond length and the charge density at
bond-forming critical point of N1-H2 are 0.1343 nm and
0.1300 a.u., respectively and those of H2-03 are 0.1239 nm
and 0.1510 a.u., respectively and the activation energy is 86.78
kJ mol”'. IM3C2 then forms intermediate IM3D2 through
transition state TS3D2. In TS3D2, the bond length and the

0. HO. HO.
x ® HO
\® OH
N " N /C_NH " He-0
+H —— + >—NH2 — + — HyN \ e /Y i
OH HN
HO HO -
R1 R4 R1B R2B TS1A2 IM1A2 TS1B2 NH,
HO OH
HO
S + N
>—N HN—{ HN—< HN—{
o M NH, NH, NH,
IM1B2 TS1C2 IM1C2 P1 IM1C2 R3B
Nt 0 - O
.
HN—< \ + H
HO O —_— —_— O
-, NH, \
NH,
TS2A2 IM2B2 R4
O @
o O :
S HN
) . X o —
0 0
HN HN
NH,
NH, NH
IM2B2 IM1C2 TS3A2

HN
—_— 0
HN—(. o 02 N N
ey H_ AW,
H,
P1
TS3D2 IM3D2
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Fig. 5. Mechanism of the reaction with catalyst protonic acid
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charge density at the bond-forming critical point of C1-N2
are 0.1943 nm and 0.0902 a.u., respectively and the activation
energy is 119.56 kJ mol™. IM3D2 forms P2 and R4 directly.
The mechanism of the reaction is: IM2B2 + IM1C2 — TS3A2
— IM3A2 — TS3B2 — IM3B2 — TS3C2 — IM3C2 + H,O
— TS3D2 + H,O — IM3D2 + H,O — P2+ H,O + H".

The overall reaction is: 2R1 + 2R2B + R3B + 2R4 — P2
+ 3H,O + 2R4 and the activation energy of the reaction is
181.26 kJ mol™. The activation energy of reaction with protonic
acid decreased by 104.34 kJ mol™ compared with that of the
reaction without protonic acid.

The details of the reaction mechanism of the reaction are
shown as Fig. 5.

Conclusion

The microscopic mechanism of reaction among benzal-
dehyde, urea and acetophenone for the synthesis of (4R,5S,8as)-
4,5,8a-triphenylhexahydropyrimido[4,5-d]pyrimidine-
2, 7(1H,3H)-dione catalyzed by protonic acid and without
protonic acid was investigated by DFT. At the same time,
characteristic of catalyst protonic acid was investigated. The
following was shown: (1) Protonic acid is an effective catalyst
in the synthesis of (4R,5S,8as)-4,5,8a-triphenylhexahydropyri-
mido[4,5-d]pyrimidine-2,7(1H,3H)-dione from benzaldehyde,
urea and acetophenone. (2) The activation energy with protonic
acid decreased by 104.34 kJ mol™ compared with that of the
reaction without it. (3) The mechanism of reaction with catalyst
protonic acid differs from that of without it. (4) It is identical
with Rovnyak et al. [15] conclusions and the mechanism of
the reaction is the same as that of Biginelli and other authors
[1-5].
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