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TAUTOMERISM OF THE ANTIEPILEPTIC DRUG FELBAMATE: A DFT STUDY
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The Felbamate is a novel anticonvulsant and neuropathic pain drug that can exist as three pos-
sible tautomers. Herein, employing density functional theory (DFT) and handling the solvent
effects with the PCM model, the structural parameters, energy behavior, natural bond orbital
analysis (NBO), as well as the tautomerism of Felbamate are investigated. F1 is the kinetically
and thermodynamically most stable tautomer of Felbamate, which contains the amide group in
each of the carbamate moieties. The calculated NMR chemical shifts and IR vibrational fre-
quencies are in good agreement with the experimental values, confirming the suitability of the
optimized geometry for Felbamate. The tautomerization reaction of F1 to each of the other
tautomers occurs via an intramolecular proton transfer. This reaction affects considerably the
structural parameters and atomic charges of the Felbamate molecule. A large HOMO-LUMO
energy gap implies a high stability of the F1 tautomer.
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INTRODUCTION

Felbamate (FBM, Taloxa) or 2-phenyl-1,3-propanediol dicarbamate is a new antiepileptic drug
that was marketed under the brand name Felbatol by MedPointe_in 1993. Alone or in combination
with other medications, Felbamate is used to treat seizures in adults and children with epilepsy. This
drug cuts off or minimizes the number of seizures. Felbamate is effective in treatment of the Lennox—
Gastaut syndrome in children, too [ I—7 ]. Felbamate is a dicarbamate that involves a phenyl group at
the 2-carbon position. This drug is readily absorbed from the gastrointestinal tract. It is only slightly
soluble in water and increasingly soluble in ethanol, methanol, and DMSO [ &, 9 ].

Nowadays, DFT is widely employed in many areas of computational chemistry, such as geometry
optimizations, spectroscopic assignments, investigations of the reaction kinetics and mechanisms, drug
science, and so on [ 10—14].

The knowledge of the structural and spectroscopic properties of drugs is an essential prerequisite
for understanding their biological activity. So far, no crystal structure has been reported for Felbamate
and no theoretical study has been published on this compound. Therefore, a detailed theoretical inves-
tigation on Felbamate is of major importance. In this work, we address this issue and examine its mo-
lecular geometry, tautomerism, vibrational frequencies, NMR chemical shifts, and the natural bond
orbital (NBO) analysis using valuable DFT approaches.

THEORETICAL

All of the present calculations have been performed with the Gaussian 03 software package [ 15 ]
using the B3LYP [ 16 ] functional and the 6-311+G(d, p) basis set. For the investigation of solvent ef-
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fects in an aqueous solution, one of the self-consistent reaction field methods, the sophisticated pola-
rized continuum model (PCM) [ 17 ] has been employed.

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

The "H NMR chemical shifts were obtained with respect to tetramethylsilane, where the GIAO
method was used [ 18 ]. Since the DFT calculated vibrational frequencies are usually higher than the
experimental ones, they were scaled using a factor of 0.9614 [ 19]. All structures were visualized
using the Chemcraft 1.7 program [ 20 ].

RESULTS AND DISCUSSION

Molecular geometry. The Felbamate drug can exist as three possible tautomers whose geome-
tries have been fully optimized in the gas phase and an aqueous solution in the PCM model. Their
PCM optimized geometries are shown in Fig. 1. For each tautomer, we have employed only the most
stable conformer.

Felbamate is a dicarbamate drug. As seen in Fig. 1, the F1 tautomer has an amide group
(—CO(NH,)) in each of the carbamate moieties. In comparison with F1, in the F2 tautomer the H3
proton is transferred from the N1 atom of the —NH, group to the O4 carbonyl oxygen atom via an
intermolecular proton transfer (IPT). In F3, both H1 and H3 protons of two amine groups are trans-
ferred to the oxygen atoms of the carbonyl groups, O3 and O4, respectively. Important structural pa-
rameters of the optimized geometries are gathered in Table 1.

The relative energies of the three tautomers are gathered in Table 2, where the zero-point correc-
tions have been considered. As seen, F1 is the most stable tautomer of Felbamate in both gas and solu-
tion phases.

Tautomerization mechanism. F1 is the most stable tautomer of Felbamate, which can be con-
verted to F2 and finally to F3 via IPT. Herein, the tautomerism of Felbamate was investigated using
DFT methods.

Fig. 1. Optimized geometries for the
F1—F3 tautomers of Felbamate
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Table 1
Selected structural parameters for the optimized geometries
Parameters F1 F2 F3 TSF1-F2 | TSF2-F3
Bond length, A
N1—H3 1.00 2.32 2.32 1.34 1.34
04—H3 2.54 0.96 0.96 1.29 1.29
N2—H2 1.00 1.00 231 1.00 1.00
C2—N2 1.35 1.35 1.27 1.35 1.35
Cl1—04 1.22 1.34 1.34 1.29 1.29
Cl1—O0l1 1.35 1.33 1.33 1.31 1.31
Angle, deg.
H3—N1—C1 1182 | 54.03 | 54.01 72.27 72.27
N1—C1—04 1252 | 122.1 | 1222 107.7 107.7
NI—C1—O0l 110.7 | 1245 | 1244 127.2 127.2
04—C1—O01 124.0 | 1133 | 113.2 124.9 124.9
Cl—01—C10 116.5 | 120.2 | 120.2 117.6 117.6
H1—N2—H2 118.6 | 118.6 | 164.6 118.6 118.6
C2—02—Cl11 116.5 | 116.5 | 120.2 116.5 116.5

Dihedral angle, deg.
H1—N2—H2—03 -165.8 [ -165.9 | 179.97 | -166.3 | —-166.3
N2—C2—02—C11 | -178.7 | -178.7 | 179.6 | -178.8 | —178.8
03—C2—02—Cl11 0.004 | —-0.01 | —0.35 —-0.01 -0.014
C2—02—C11—C9 177.6 | 177.8 | 179.0 176.9 177.9
Cl11—C9—C10—O01 | 58.92 | 59.14 | 59.44 59.32 59.32
C10—01—C1—N1 178.2 | 179.6 | 179.6 | —-179.4 | -179.4
C10—01—C1—04 | -0.608 | —0.47 | —0.44 0.507 0.50

04—C1—N1—H3 -10.02 | 0.094 | 0.107 0.066 0.06

C11—C9—C7—C8 | -108.1 | —108.3 | —-106.0 | —108.3 | —108.3
CO—C7—C8—C6 179.9 | 1799 | 179.7 179.8 179.8
C4—Co6—C7—C5 0.036 | 0.040 | 0.041 0.037 0.037

TS of the F1—>F2 tautomerization was called TSF1-F2. The optimized geometry for TSF1-F2
is shown in Fig. 2, in which the cleavage of the N1—H3 bond together with the formation of the
0O4—H3 bond is clear.

Going from F1 to the F2 tautomer, some structural parameters have changed, the most important
changes being: N1—H3...04 and O4—H3...N1 H-bond lengths are 2.54 and 1.00 A in the FI
tautomer, respectively, which change to 0.96 and 2.32 A in the F2 one. These parameters are 1.29 and
1.34 A in TSF1-F2. The C1—N1 bond length decreases from 1.35 to 1.27 A, whereas the C1—O04
bond length enlarges from 1.22 to 1.34 A. These bond lengths are 1.30 and 1.29 A in TSF1-F2.

Table 2

Relative energies (kJ-mol™) of the F1—F3 tautomers of Felbamate

Species | Gas phase | PCM model Species Gas phase | PCM model

F1 0.0 0.0 TSF1-F2 | 207.22 216.26
F2 88.76 93.04 TSF2-F3 | 295.18 309.37
F3 175.89 186.14
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Fig. 2. Optimized geometries for TSF1-F2 and TSF2-F3

TSF2-F3 is optimized TS for the F2—F3 tautomerization, whose optimized geometry is shown
in Fig. 2. As seen, the cleavage of the N2—H2 bond is obvious as well as the formation of the
0O3—H2 bond.

Important changes in the structural parameters during the F2—F3 tautomerization are:
N2—H2...03 and O3—H2....N2 H-bond lengths are 2.54 and 1.00 A in the F2 tautomer, respectively,
which change to 0.96 and 2.31 A in the F3 one. These parameters are 1.29 and 1.34 A in TSF2-F3. The
C2—N2 bond length decreases from 1.35 to 1.27 A, whereas the C2—O3 bond length enlarges from
1.22 to 1.34 A. These bond lengths are 1.30 and 1.29 A in TSF2-F3.

Considering the equilibrium between the F1, F2, F3 tautomers, the value of the tautomeric equi-
librium constant (K) is calculated using

K=exp(—%), )

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 F1 with the F2 and F3 tautomers are 90.57 kJ-mol ' and 178.08 kJ-mol ', re-
spectively. By Eq. (1), the amounts of the F2 and F3 tautomers in an aqueous solution of Felbamate
are predicted to be negligible.

IR and NMR spectra. Nowadays, the theoretical analysis of the spectra is employed as a valu-
able tool for the identification of chemical compounds [ 10—14 ]. Herein, the IR and NMR spectra of
the most stable tautomer of Felbamate (F1) were assigned theoretically using DFT methods.

The vibrational modes of F1 were analyzed by comparing the DFT and experimental IR spectra.
Assignments of the selected vibrational frequencies are gathered in Table 3. Some weak to medium
bands in the 3500—3000 cm ™' spectral region of Felbamate can be related to the overlap of the N—H
and C—H stretching vibrations [ 11—13, 21,22 ]. The deconvolution of this region is given in
Table 3. The most intense band is related to the symmetric stretching vibrations of the amine group.
Also, a very strong band at 1691 cm ' is attributed to the stretching modes of the carbonyl moieties.

For comparison, the experimental '"H NMR chemical shifts (8) of Felbamate together with the
computational values for the F1 tautomer are gathered in Table 4. The atomic positions are numbered
as in Fig. 1.

As seen, the DFT calculated chemical shifts and vibrational frequencies are in good agreement
with the experimental values, confirming the suitability of the optimized geometry for F1 as the most
stable tautomer of Felbamate.

NBO analysis. The NBO analysis is a useful tool for the investigation of the intra- and intermo-
lecular bonding interactions and charge transfer in chemical compounds [ 13, 25]. The NBO atomic
charges of all optimized geometries are selectively listed in Table 5. The computed charges indicate a
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Table 3

Selected experimental and calculated IR vibrational frequencies (cm") of the F1 tautomer
Experimental® Calculated. ~ Vibrational assignment
Wavenumbers | Intensity (kJ-mol )
703 (s) 685 89 d(benzene ring)
765 (m) 750 33 d(amide group)
1064 (s) 1029 300 v(C1—01, C2—02)
1070 108
1082 (s) 1102 25 Vasym(C10—C9—CI11)
1138 (m) 1271 519 Vgym(N1—C1—01, N2—C2—02)
1348 (m) 1283 665
1614 (s) 1544 165 Os.i(NH, group)
1691 (vs) 1660 554 v(C1—04, C2—O03)
300—3500 2926 12 v(C9—H10)
2950 63 Vsym(CHy)
2997, 3001 34,27 Uasym(CH2)
3038—3074 10, 34 v(C—H) aromatic
3462 125 Vgym(NH,)
3581 105 Uasym(NH>)

 The experimental results were obtained from [ 23 ].

chemical shifis of Felbamate and

Table 4
Experimental and theoretical "H NMR

its F1 tautomer in the DMSO

solution 5 (ppm)
Atqn}ic Theor. | Exp.?
position
H10 3.12 3.1
HI1 3.83
HI13 3.96 6.4
H14 4.48
HI12 4.55
H5,H8 | 7.53
H7,H9 | 7.69 7.2
H6 7.77

* The experimental results
were obtained from [ 24 ].

Table 5

Atomic natural charges of the investigated species

NBO atomic charges

Atom
F1 TSF1-F2 F2 TSF2-F3 F3

C7 -0.03 -0.04 —-0.03 —-0.04 —0.04
Cc9 -0.27 —0.28 -0.27 -0.28 -0.27
H10 0.22 0.22 0.22 0.23 0.22
C10 | -0.02 | -0.02 |-0.02 | -0.02 | -0.02
o1 -0.59 -0.54 —0.58 —0.58 —0.58
Cl 0.91 0.88 0.85 0.85 0.85
04 -0.65| -0.72 |-0.70 | —-0.70 | -0.70
N1 -0.82 | -0.88 |-0.78 | —-0.78 | —-0.78
H3 0.40 0.50 0.50 0.50 0.50
H4 0.40 0.39 0.35 0.35 0.35
C11 | -0.01| -0.02 |-0.02| -0.02 |-0.02
02 -0.59 [ -0.60 |-0.60 [ —0.55 | -0.58
C2 0.91 0.91 0.91 0.88 0.85
03 —0.65 —0.65 —0.65 -0.72 -0.70
N2 -0.82 | -082 |-082| -0.88 |-0.78
HI 0.40 0.40 0.40 0.39 0.35
H2 0.40 0.40 0.40 0.50 0.50
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Table 6

Second order perturbation theory analysis of the Fock matrix in the

NBO basis for the F1 tautomer of Felbamate

Donor NBO (i) Acceptor NBO (j) E;—E;,au." | E(2),kJ-mol b
BD(2) C3—C5 | BD*(2) C4—C6 0.28 84.35
BD(2) C3—C5 | BD*(2) C7—CS8 0.28 88.70
BD(2) C4—C6 | BD*(2) C3—CS5 0.28 85.02
BD(2) C4—C6 | BD*(2) C7—C8 0.28 83.77
BD(2) C7—C8 | BD*(2) C3—CS5 0.28 82.30
BD(2) C7—C8 | BD*(2) C4—C6 0.28 86.40
LP(1) O1 BD*(1) C1—04 0.88 20.61
LP(1) O1 BD*(2) C1—04 0.87 21.07
LP(2) Ol BD*(1) C1—04 0.64 47.61
LP(2) O1 BD*(2) C1—04 0.63 49.12
LP(2) O1 BD*(1) C10—HI11 0.73 20.65
LP(2) Ol BD*(1) C10—H]12 0.73 17.97
LP(1) O2 BD*(1) C2—03 0.89 21.11
LP(1) O2 BD*(2) C2—03 0.86 20.48
LP(2) 02 BD*(1) C2—O03 0.65 45.52
LP(2) O2 BD*(2) C2—03 0.62 51.62
LP(2) O2 BD*(1) C11—HI13 0.73 18.60
LP(2) 02 BD*(1) C11—H14 0.73 19.98
LP(2) O3 BD*(1) C2—02 0.61 127.91
LP(2) O3 BD*(1) C2—N2 0.7 89.91
LP(2) O4 BD*(1) C1—O1 0.61 128.16
LP(2) O4 BD*(1) C1—N1 0.7 89.83
LP(1) N1 BD*(1) C1—04 0.59 63.16
LP(1) N1 BD*(2) C1—04 0.58 55.30
LP(1) N2 BD*(1) C2—03 0.6 60.44
LP(1) N2 BD*(2) C2—O03 0.57 57.68

* Energy difference between the donor (i) and acceptor (j) NBO

orbitals.

® Energy of hyperconjugative interactions.

Fig. 3. HOMO and LUMO frontier orbitals of the F1 tautomer
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high positive charge on the H3 and H2 atoms during the F1—F2 and F2—F3 tautomerization, respec-
tively, displaying IPT between the donor nitrogen atoms and acceptor oxygen atoms. As expected, in
F1—-F2 and F2—F3 IPTs, the negative charge of the donor oxygen atoms increases, whereas that of
the acceptor nitrogen atoms decreases.

Electron delocalization between the donor NBO(7) and acceptor NBO(/) orbitals results in the
stabilization energy of hyperconjugative interactions (£(2)). The E(2) amount is a criterion for deter-
mining the degree of interaction between the electron donor and acceptor orbitals. The greater the
E(2), the greater the electron transferring tendency from the electron donor to the electron acceptor,
causing higher electron density delocalization, and consequently, more stabilizing the system. The
E(2) value is calculated using [ 13, 26 ]

F,)?
E(2)=—q, i (2)

€, —¢
where ¢;, F, €, and g; parameters are the donor orbital occupancy, the off-diagonal NBO Fock matrix
element, the energies of the acceptor and donor orbitals, respectively. The lower €; — €; energy diffe-
rence leads to higher £(2) stabilization energy. The parameters of Eq. (2) have been obtained from the
second order perturbation theory analysis of the Fock matrix in the NBO basis. The selected results for

the most stable tautomer of Felbamate (F1) are gathered in Table 6.

As seen, the strongest interactions inducing the highest stabilization energies are related to the
LP(03) - o*(C2—02) and LP(04) — o*(C1—O1) electron donations. There are weak electron do-
nations from 7(O1) to the * orbital of the C10—HI11 and C10—H12 bonds, and from n(0O2) to the c*
orbital of the C11—H13 and C11—H14 bonds, too. These NBO interactions imply the existence of
weak C10—H...O1 and C11—H...0O2 hydrogen bond interactions by about 20 kJ/mol as the stabili-
zing energy.

The 3D distribution map for the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the F1 tautomer are shown in Fig. 3. Both HOMO and
LUMO orbitals are localized on the benzene ring. As seen in the first rows of Table 6, the 7 — w*
transitions of the benzene ring stabilize the molecule.

The energy difference between the frontier HOMO and LUMO orbitals is one of the important
characteristics of molecules, which plays a determining role in electric properties, electronic spectra,
and photochemical reactions. The energy gap between the HOMO and LUMO orbitals of the F1
tautomer is 6.41 eV. This large energy gap demonstrates that the structure of Felbamate is very stable
[27,28].

CONCLUSIONS

Felbamate is a new antiepileptic drug. Herein, the optimized geometries and energy characteris-
tics of three possible tautomers of Felbamate, as well as the kinetics and mechanism of its tautomeri-
zation have been theoretically studied in detail using DFT methods.

F1 is the most stable tautomer of Felbamate, which involves two amide groups at both sides of
the molecule. This tautomer can be converted to the F2 and F3 tautomers via IPT. The computed

atomic charges support IPT during the tautomerization. Both F12F2 and F12F3 tautomerism reac-

tions have a roughly high energy barrier. Therefore, F1 is the most kinetically and thermodynamically
favorable tautomer of Felbamate. There is also good consistency between the DFT predicted and ex-
perimentally-reported chemical shifts and vibrational frequencies, confirming the validity of the opti-
mized geometry for F1 as the most stable tautomer of Felbamate.

The HOMO and LUMO frontier orbitals of F1 are localized on the benzene ring. A large HOMO-
LUMO energy gap was obtained, indicating a high stability of this tautomer.
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