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The prilocaine is a significant amino amide local anaesthetic. This drug can exist as three pos-
sible tautomers. Herein, by using density functional theory (DFT), and handling the solvent ef-
fects with the PCM model, the structure, energetic behavior, kinetics and mechanism of
tautomerization, as well as the natural bond orbital analysis (NBO) of the prilocaine are re-
ported. P1 is the most stable tautomer of the prilocaine, which can be tautomerized to two
other tautomers via the intramolecular-proton transfer. Good agreement between the calculated
NMR chemical shifts and IR vibrational frequencies with the experimental values approves the
suitability of the optimized geometry for the prilocaine. A large HOMO—LUMO energy gap
implies a high stability of the prilocaine.
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INTRODUCTION

Prilocaine or (RS)-N-(2-methylphenyl)-N2-propylalaninamide is an amino amide local anaes-
thetic. Its clinical profile is similar to that of the lidocaine. However, the prilocaine is metabolized
more rapidly, and consequently, has lower toxicity than the lidocaine [ 1—4 ]. This important advan-
tage means that the prilocaine is often considered as the safest choice for intravenous regional anaes-
thesia[5,6].

The prilocaine has longer anaesthetic effects than the other amide anaesthetics [ 7 ]. It is used in
dentistry, and in combination with the lidocaine is used in treatment of paresthesia-like conditions.
Because of low cardiac toxicity, it is commonly used for intravenous regional anaesthesia, too [ 8 ].
In its injectable form, the trade name of the prilocaine drug is citanest. Claes Tegner and Nils Lofgren
were the first to report the synthesis of the prilocaine [ 9 ].

Nowadays, the DFT methods are widely employed in many areas of the computational chemistry,
such as investigations of the reaction kinetics and mechanisms, spectroscopic assignments, the charac-
terization of molecular structures, drug science, and so on [ 10—13 ].

Previously, some aspect of the prilocaine properties has been investigated theoretically [ 14 ]. The
knowledge of the structural and spectroscopic properties of drugs is an essential prerequisite for un-
derstanding their biological activity. Since, an accurate and detailed computational investigation on the
prilocaine is of major importance. Herein, we address this issue and examine its molecular geometry,
tautomerism, vibrational frequencies, NMR chemical shifts and the natural bond orbital (NBO) analy-
sis using DFT approaches.

© Heshmatipour F., Beyramabadi S.A., Morsali A., Heravi M.M., 2016
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COMPUTATIONAL METHODS

In this work, all of the calculations have been performed using the Gaussian 03 software package
[ 15], where the B3LYP [ 16 ] functional and the 6-311+G(d, p) basis set were used. For the investiga-
tion of solvent effects in an aqueous solution, one of the self-consistent reaction field methods, the so-
phisticated polarized continuum model (PCM) [ 17 ] has been employed.

First, all geometries were fully optimized. The optimized geometries were confirmed to have no
imaginary frequencies, except for transition states (TSs), which have only one imaginary frequency of
the Hessian. The zero-point corrections and thermal corrections have been considered in the energy
evaluation. The optimized geometry was used to compute the vibrational frequencies, NMR chemical
shifts, atomic charges, and NBO analysis.

Since the DFT calculated vibrational frequencies are usually higher than the experimental ones,
they were scaled using a factor of 0.9614 [ 18 ]. The 'H shielding constants (c) of the prilocaine and of
the reference TMS were computed by the gauge independent atomic orbital (GIAO) method [ 19 ] at
the B3LYP/6-311+G(d, p) level. All structures were visualized using the Chemcraft 1.7 program [ 20 ].

RESULTS AND DISCUSSION

Molecular geometry. The prilocaine can exist as three possible tautomers whose geometries
have been fully optimized in the gas phase and an aqueous solution in PCM model. The PCM opti-
mized geometries are shown in Fig. 1.

As seen in Fig. 1, in the P2 tautomer the HS proton transfers from the N1 atom to the O1 atom via
an intramolecular proton transfer (IPT), in comparison with P1. Similarly, in the P3 tautomer the H9
proton transfers from the C9 atom to the O1 atom, with respect to P1. Important structural parameters
of the optimized geometries are listed in Table 1.

The relative energies of the optimized geometries are given in Table 2, where the zero-point cor-
rections have been considered. As seen, P1 is the most stable tautomer of the prilocaine in both gas
phase and aqueous solution.

Mechanism of tautomerization. P1 is the
most stable tautomer of the prilocaine, which can
be converted to P2 and finally to P3 via IPT.
Herein, tautomerism of the prilocaine has been
investigated using valuable DFT methods, which
are used in the theoretical investigation of
chemical reactions [ 10—13 |.

The TS of the P1=P2 tautomerization was
named as TSP1—P2. The optimized geometry
of TSP1—P2 is shown in Fig. 2, in which the
clevage of the N1—HS8 bond together with the
formation of the O1—HS bond is clear. In the
TSP1—P2 structure, the O1—HE and N1—HS8
bond lengths are 1.29 and 1.34A respectively.
These bond lengths are 3.14 and 1.00 A, for the
P1 tautomer, respectively, which are 0.96 and
243 A in the optimized geometry of the P2
tautomer, respectively.

TSP1—P3 is TS of the P1=P3 tautomeri-
zation, the optimized geometry of which is shown
in Fig. 2. In this structure, the cleavage of the

Fig. 1. Optimized geometries for P1—P3 tautomers
of the prilocaine
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C9—H9 bond together with the formation of the O1—H9 bond is clear. In the P1 tautomer, the C9—
H9 and O1—H9 bond lengths are 1.09 and 2.76 A, respectively, which change to 1.58 and 1.20 A, re-
spectively, in the optimized geometry of TSP1—P3. In the optimized geometry of the P3 tautomer,
these bond lengths are 2.45 and 0.96 A, respectively.

TS of the P2=P3 tautomerization was named as TSP2—P3. The optimized geometry of TSP2—

P3 is shown in Fig. 2. As seen, the cleavage of the N1—H9 bond together with the formation of the

Table 1
Selected structural parameters for P1, P2 and P3 tautomers of the prilocaine
Parameter P1 P2 P3 TSP1—P2 | TSP1—P3 | TSP2—P3
Bond length, A
N1—HS 1.00 243 1.00 1.34 1.01 2.52
O1—HS 3.14 0.96 3.11 1.29 3.18 0.96
C8—o01 1.22 1.36 1.37 1.30 1.30 1.38
C9—H9 1.09 1.09 2.45 1.09 1.58 2.02
C8—NI1 1.36 1.27 1.39 1.31 1.33 1.46
O1—H9 2.76 2.57 0.96 3.11 1.20 2.39
Cc8—C9 1.55 1.52 1.34 1.52 1.46 1.39
N1—H9 2.98 3.12 1.01 2.88 2.90 1.35
Angle, deg.
C4—C2—NI 1224 | 1204 | 121.7 121.8 121.3 125.7
C2—N1—H8 114.9 69.7 | 116.0 151.9 115.5 71.1
C2—NI1—C8 129.8 | 121.2 | 1252 133.7 129.9 116.6
H8—N1—C8 115.2 31.2 | 115.0 73.6 1143 49.8
N1—C8—O0l 123.8 | 1255 | 111.1 105.9 122.7 119.8
N1—C8—C9 116.6 | 123.7 | 125.0 131.2 128.4 121.6
01—C8—C9 1194 | 110.6 | 123.7 122.7 108.5 114.5
C8—C9—H9 103.3 | 105.0 51.0 105.2 63.1 373
C8—C9—N2 111.1 | 112.7 | 120.9 114.2 115.0 118.8
C9—N2—Cl11 116.2 | 117.1 | 118.4 118.1 120.0 124.9
Dihedral angle, deg.
C6—C4—C2—NI1 1793 | 1759 | -179.4 | -178.0 -179.9 -179.5
H8—N1—C8—O01 | -177.4 0.1 | —141.1 0.0 -177.3 13.1
01—C8—C9—N2 35.1 55.1 5.7 -1.0 75.8 -34
Cl—C2—NI1—HS8 43| -111.6 25.6 -53.4 -20.4 -137.9
C9—C8—NI1—H8 52 1799 353 179.8 8.5 169.7
C2—N1—C8—O0l 1.8 34 61.5 172.6 8.5 39.6
C2—N1—C8—C9 | -175.5 | -176.9 | —122.1 -7.6 —165.6 —-163.8
Table 2
Relative energies (kJ/mol) of P1—P3 tautomers of the prilocaine
Species | Gas phase | PCM model Species Gas phase | PCM model
P1 0.0 0.0 TS P1-P2 | 171.29 179.07
P2 4593 54.60 TS P1-P3 | 270.47 281.68
P3 74.35 96.65 TS P2-P3 | 326.75 330.11
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H4 TSP1-P2 Fig. 2. Optimized geometries for the TSP1—P2,
TSP1—P3, and TSP2—P3 species

C9—H9 bond is clear. For the P2 tautomer,
the N1—H9 and C9—H9 bond lengths are
3.12 and 1.09 A, respectively. In TSP2—P3,
these bond lengths are 1.35 and 2.02 A, respec-
tively, which are 1.01 and 2.45 A in the opti-
mized geometry of the P3 tautomer, respec-
tively.

P1 can tautomerize to P2 and P3 tautom-
TSP1-P3 ers through two parallel reactions: P1==P3 and

o0 HI3 P2=P3 tautomerizations, respectively. As
seen in Table 2, P2 is more stable than P3.
Also, the P1=P2 tautomerization has a lower
barrier energy than P1:=P3. The P2 tautomer
is a kinetically and thermodynamically more
favorable product in the taumerization reaction
of the P1 tautomer.

Considering the equilibrium between the
P1, P2, P3 tautomers, the value of the
tautomeric equilibrium constant (K) is calcu-
P 3 lated by

~Joo C1208~c{c1s _ ( AGJ
N1 143;1{21'92'029 \ K =exp RT ) )
where AG, R, and T are the Gibbs free energy
difference between the three tautomers, the gas
constant, and the temperature, respectively.

In the solution phase, the Gibbs free energy difference between the most stable tautomer (P1) and
non-stable P2 and P3 tautomers are 46.63 and 89.36 kJ/mol. Hence, using Eq. (1), the amount of the
P2 and P3 tautomers in an aqueous solution of the prilocaine is predicted to be negligible.

IR and NMR spectra. Herein, the IR and NMR spectra of the most stable tautomer of the prilo-
caine (P1) were assigned theoretically using valuable DFT methods. The obtained results were com-
pared with the experimental ones.

The vibrational modes of P1 were analyzed by comparing the DFT and experimental IR spectra
of the prilocaine. Assignments of the selected vibrational frequencies are listed in Table 3. Some me-
dium to strong bands in the 3500—2500 cm ™' spectral range of the prilocaine can be attributed to the
overlapping of N—H and C—H stretching vibrations [ 10—13, 21, 22 ]. Deconvolution of this region
is given in Table 3.

A very strong band at 1706 cm ' is related to the stretching modes of the carbonyl moiety. Also, a
very strong band appeares at 1539 cm ', which can be attributed to the stretching modes of the C8=N1
bond and the in-plane bending mode of N1—HS.

The DFT calculated '"H NMR chemical shifts (5) for the P1 tautomer of the prilocaine are gathe-
red in Table 4, together with the experimental ones for comparison. The atomic positions in the mole-
cule are numbered as in Fig. 1.

Good consistency between the calculated chemical shifts and vibrational frequencies and the cor-
responding experimental values are observed, confirming the suitability of the optimized geometry for
P1 as the most stable tautomer of the prilocaine. Also, the obtained results show the assignment of the
spectra of the prilocaine, which can also be used as a data bank for the identification of similar com-
pounds.
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Table 3

Selected experimental and calculated IR vibrational frequencies (cm") of the P1 tautomer

Experimental* Calculated**. Vibrational assignment
Wavenumbers | Intensity, kJ/mol
444 (w) 434 6 Sout-of-planc(benzene ring)
499 (w) 566 20 Sout-of-plane(N1—HS)
699 (w) 741 49 Sout-ot-planc(C—H) aromatic
762 (m) 746 78 Sout-of-plane(N2—H13)
938 (w) 972 11 v(N2—C11,C12—C13)
999 (w) 1006 7 v(C—C) aliphatic
1042 (m) 1030 14 Breathing of the benzene ring + iy plane(C—H)
1112 (m) 1128 130 Vasym(C9—N2—C11)
1198 (w) 1221 70 v(C2=N1) + v(C1—C7)
1254 (m) 1267 51 Sin plane(C—H) aromatic
1299 (m) 1285 41 Vasym(C=C) benzene ring
1458 (m) 1458 32 Owag(C—H)
1539 (vs) 1501 319 V(C8=N1) + Sin planc(N1—HS8)
1585 (m) 1564 98 Leym(C=C) benzene ring
1706 (vs) 1669 216 v(C8=01)
2439 (m) 2892 16 v(C9—HD9)
2528 (m) 2855—2913 29—35 Lsym(CH»,CH3) aliphatic
2717 (s) 2924—2994 18—95 Vasym(CH,,CH3) aliphatic
2979 (s) 3037—3119 6—21 v(C—H) aromatic
3206 (5) 3420 9 L(N2—HI13)
3510 35 L(N1—HS)

* The experimental results were taken from [ 23 ].
** The calculated vibrational-frequencies were corrected using a scale factor of 0.9614.

Table 4

Experimental and theoretical "H NMR chemical shifts of the prilocaine
and its P1 tautomer in a DMSO solution, § (ppm)

Atomic position | Theor. Exp.* Atomic position | Theor. | Exp.*
H13 8.74 H15 2.14 | 2.52
H2 9.15 HS, H6, H7 240 | 2.17
HI1, H4 7.53 | 7.19—7.30 || H10, H11,HI2 | 1.54 1.31
H3 7.28 Hl16 1.54 1.45

H9 3.59 3.45 H17 1.48
HS8 2.98 HI8 1.08 0.85

H14 2.68 2.52 H19, H20 0.72

* The experimental results were taken from [ 24 ].
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Table 5

Stabilization energy of hyper conjugative interactions in the NBO basis for the P1 tautomer of the prilocaine

Donor NBO Acceptor NBO E(2), kJ/mol || Donor NBO Acceptor NBO E(2), kJ/mol
BD(2) C1—C3 | BD*(2) C2—C4 91.96 LP(1) N1 BD*(2) C2—C4 137.69
BD(2) C1—C3 | BD*(2) C5—C6 76.45 LP(1) N1 BD*(2) C8—O1 238.97
BD(2) C2—C4 | BD*(2) C1—C3 75.11 LP(2) Ol BD*(1) NI—C8 105.04
BD(2) C2—C4 | BD*(2) C5—C6 77.04 LP(2) O1 BD*(1) C8—C9 72.02
BD(2) C5—C6 | BD*(2) C1—C3 92.67
BD(2) C5—C6 | BD*(2) C2—C4 88.66

NBO analysis. The NBO analysis is a valuable tool to explore the intra- and intermolecular bond-
ing interactions and investigate the charge transfer in chemical compounds. Electron delocalization
between the donor NBO(i) and acceptor NBO(/) orbitals cause the stabilization of the energy of hyper
conjugative interactions (£(2)). The amount of £(2) is a criteria for the degree of interaction between
the electron donor and acceptor orbitals. The greater the E(2), the greater the electron transfer ten-
dency from the electron donor to the electron acceptor, resulting in higher electron density delocaliza-
tion, and consequently, leading to a higher stabilization of the system [ 13, 25,26 ]. The important
electron transitions which result in the highest stabilization energy (£(2)) for the P1 tautomer are gath-
ered in Table 5. The E(2) values were calculated as mentioned in the previously reported works
[13,26].

As seen, LP(N1) —» n*(C2—C4) and LP(N1) —» n*(C8—O1) electron donations lead to the
strongest interactions, inducing the highest stabilization energy in the P1 tautomer. The LP(O1) —
— o*(N1—CS8) and LP(O1) —» o*(C8—C9) electron donations together with the ©1 — m* transitions
of the benzene ring result in the high stabilization energy, too.

The energy gap between the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) frontier orbitals is one of the significant characteristics of molecules, which
plays an important role for the electric properties, electronic spectra, and photochemical reactions. The
energy gap between the HOMO and LUMO orbitals of the P1 tautomer of the prilocaine is 4.36 eV.
This large energy gap confirms a high stability of the P1 tautomer [ 13, 27 ].

The 3D distribution map for the HOMO and LUMO orbitals of the P1 tautomer are shown in
Fig. 3. As seen, the HOMO orbital is mainly located on the N2 atom. But the LUMO orbital is loca-
lized on the benzene ring and the carbonyl group of the molecule.

CONCLUSIONS

The prilocaine is an amino amide local anaesthetic drug. In this work, the optimized geometries
and energetic characteristics of three possible tautomers of the prilocaine, as well as the kinetics and
mechanism of its tautomerization have been theoretically investigated in detail using the DFT me-
thods.

P1 is the most stable tautomer of the prilocaine, which can be tautomerized to P2 and P3 tauto-
mers via IPT reactions. In both gas phase and aqueous solution, the P1==P2 tautomerization has a

Fig. 3. HOMO and LUMO frontier orbitals of the P1 tautomer of the prilocaine
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lower barrier energy than P1:=P3. The P2 tautomer can be tautomerized to P3, too, which involves a
higher barrier energy than the direct P1:=P3 tautomerization.

The DFT computed chemical shifts and vibrational frequencies are in good agreement with the

experimental ones, confirming the validity of the optimized geometry for P1 as the most stable
tautomer of the prilocaine.

The HOMO frontier orbital of the P1 tautomer is mostly located on the N2 atom, while LUMO is

localized on the carbonyl group and the benzene ring. A large HOMO—LUMO energy gap confirms a
high stability of this tautomer.

—_—
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