Frontier molecular orbitals, MEP, NBO, and vibrational
spectra of Mesalamine: A first principle study from DFT
and molecular docking approaches
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Abstract: The main purpose of this work is to investigate the structural, electronic, and vibrational features of mesalamine
(C7H7NQO3) from density functional theory (DFT) approach. The optimized structure has been obtained from DFT
calculation by using the functional B3LYP/ 6-311++G(d,p) basis set. The spectroscopic feature (FT-IR and FT-Raman) of
the investigated compound has been calculated from the same level of theory. The molecular electrostatic potential (MEP)
analysis is used to identify the distribution of charge around the compound. The highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) have been studied and their energy gap (AE.#) is used to study the chemical
potential (n), hardness (1)), softness(S) and electrofilicity index (w) of the molecule. The electron transfer property has been
scrutinized from natural bond orbital (NBO) analysis. Additionally, molecular docking was carried out to identify binding

sites and the binding behavior of the ligand with a predicted target protein (Carbonic anhydrase I1).
Keywords: Mesalamine; DFT; FT-IR; FT-Raman; HOMO-LUMO; MEP; Molecular docking.

Introduction moreover its detection from nanotubes method was

identified from DFT approach*®. The chemical sensors

Mesalamine has molecular weight153.14 g/mol which is mainly works on the optoelectronic properties and it was

chemically known as 5-amino-2-hydroxybenzoic acid carried on for polythiophen derivatives®.
having molecular formula C7H7NOQa. It is widely used to
treat inflammatory bowel disease in gastrointestinal tract

infection by reducing colon edemal. In medication,

mesalamine is classified from aminosalicylate which is 0

known as mesalazine. It is commonly used to treat H™

ulcerative colitis and Crohn's disease, two disorders of the

inflammatory  bowel?2. The chemical structure of M H
mesalamine is depicted in Figure 1. I—||
Mesalamine alleviates the symptoms of inflammatory Figure 1: Chemical Structure of mesalamine.

bowel diseases by reducing inflammation in the intestinal o o ) )
o ) - ) o The clinical activity of mesalamine has been studied by
lining. It is thought to work specifically in the digestive o
o ) T o many research groups but structural activity such as
tract's colon, which is where inflammation is most visible®. o
) ) ) geometry optimization, MEP, HOMO-LUMO, NBO,
The detection of mesalamine drug from DFT by using the . ] o
] ] ] spectroscopy behavior, and molecular docking analysis is
functional B3LYP was carried out to check the impact of . ] )
) ) still the interest of study. Mainly these phenomena have
Pd-decoration but the impact was found to be week o
been explored in this research.
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Computational details

The title compound has been computationally evaluated
using the Gaussian 09 software and optimization was done
using the Gaussian 09 default settings’. The optimized
structure of the evaluated compound was performed using
the functional B3LYP and 6-311++G(d,p) basis sets by
implementing the DFT theory of calculation®!t. Moreover,
the NBO, MEP, HOMO-LUMO, and Mulliken charges
have been estimated at the same theoretical level as
optimization. The charge distribution inside the molecule
was seen using the GaussView05 program!?. Molecular
docking simulations were carried out by Auto Dock Tools
(ADT) version 4.2, including binding energy, ligand
efficiency, and inhibition constant'®. The mesalamine
molecule was docked with the protein targets and
visualization was done with the Discovery Studio program's
LIGPLOT tool,

Results and discussion

Geometry optimization

The 3-D optimized structure of mesalamine with atom
numbering is presented in Figure 2. The ground state energy
was obtained as -551.5613 a.u. The bond lengths and bond
angles at B3LYP/6-311++G(d,p) of mesalamine were

compared with the experimental values of mono-substituted

salicylic acid whose structure is similar to that of
mesalamine is presented in Table 1. Their calculated values
are in good agreement with the experimental one®®. The
optimized structure's dipole moment was obtained as 4.067
Debye. The pull between the two atoms is stronger and the
bond length is shorter for higher bond orders. The bond
lengths of N4-C6, N4-H15, and N4-H16 are 1.403 A, 1.009
A and 1.010 A. Every molecule's bond length agrees well
with the optimal structure. Similarly, the greatest bond
length of the optimized structure, 1.485 A, is seen for the C-
C bond length, which falls within this range.

Figure 2: 3-D Structure of mesalamine with atom numbering.

Tablel: Bond length, and bond angle of mesalamine and experimental value of bond length and bond angle of literature?®.

Bond length (A) Angle (°)
Bonds Theoretical Experimental Bonds Theoretical Experimental
Literature®® Literature!®

01-C8 1.361 1.363 C8-01-H17 108.98 109.07
O1-H17 0.963 0.973 C11-02-H18 105.77 111.86
02-C11 1.3692 1.360 C6-N4-H15 115.03 120.02
02-H18 0.9678 0.981 C6-N4-H16 114.86 120.06
03-Cl11 1.206 1.234 H15-N4-H16 111.29 119.91
N4-C6 1.404 1.410 C7-C5-C8 118.97 119.99
N4-H15 1.010 1.011 C7-C5-C11 119.62 11.16
N4-H16 1.010 1.011 C8-C5-C11 121.40 120.84
C5-C7 1.405 1.395 N4-C6-C7 121.17 119.98
C5-C8 1.409 1.395 N4-C6-C9 120.88 120.01
C5-C11 1.485 1.456 C7-C6-C9 117.86 120.01
C6-C7 1.3933 1.395 C5-C7-C6 122.31 120.00
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C6-C9 1.402 1.395
C7-H12 1.082 1.088
C8-C10 1.398 1.395
C9-C10 1.387 1.395
C9-H13 1.085 1.087
C10-H14 1.086 1.087

C5-C7-H12 118.06 121.03
C6-C7-H12 119.63 118.97
01-C8-C5 120.26 120.88
01-C8-C10 121.07 119.12
C5-C8-C10 118.66 120.88
C6-C9-C10 120.66 120.00
C6-C9-H13 119.92 120.70
C10-C9-H13  119.41 119.31
C8-C10-C9 121.52 120.01
C8-C10-H12  119.07

C9-C10-H14  119.40 119.21
02-C11-03 120.89 122.26
02-C11-C5 112.11 112.40
03-C11-C5 126.99 125.34

Natural bond orbital (NBO) analysis

Natural bond orbital (NBO) analysis has been used to check
the delocalization of charge from the donor to the acceptor
level. The stabilization energy E(2) which determines
delocalization electron from donor to acceptor is the major
parameter to check the donor (i) to acceptor (j) orbitals.
Table 2 presents the calculated value of E(2) for
mesalamine between prominent bonding and antibonding
orbitals, as determined by the diagonal element of the Fock
matrix from second-order perturbation theory and is given
by26-19,

@=E (i i) = -q F42
E9=E(@)) =055

1)

where Fij is the off-diagonal element of the Fock matrix, g;
is the occupancy of natural bond orbitals, E; is the energy of
the donor orbital and E; is the energy of the acceptor orbital.
Second-order perturbation analysis of the Fock matrix
yields the various donor-acceptor interaction types and their
equilibrium energies, which are listed in Table 2. The
molecule experiences resonance as a result of the
interaction m(C5-C8) — n%(03-C11), yielding a stability
energy of 23.08 kcal/mol. The lone pair LP(2)O2 — 7%(03-
C11) has been shown to interact very strongly, stabilizing
the molecule with a stabilization energy of 44.66 kcal/mol.
With energies of 26.43 kcal/mol, the lone pair LP (1) N4
takes part in the charge transfer from LP(1)N4 — 7+(C6-
C7). The stabilization energy resulting from the interactions
LP(2)O1 — 7n*(C5-C8) is 31.64 kcal/mol.

Table 2: Second-order perturbation theory analysis of the Fock matrix in NBO basis of the mesalamine.

*E(2) *[EG)-
Donor NBO(i) ED(i)/e Acceptor NBO(j) ED(j)/e kcal/mol E(i)] a.u. °F(i,j) a.u.
o(01-H17) -0.74755  0+(C5-C8) 0.55536 5.36 1.30 0.075
n(C5-C8) -0.25807  m+(03-C11) -0.00216 22.56 0.26 0.070
n(C5-C8) -0.25807  mx(C6-C7) 0.02859 20.98 0.29 0.069
n(C5-C8) -0.25807  mx(C9-C10) 0.01994 19.35 0.28 0.066
n(C6-C7) -0.25385  mx(C5-C8) 0.01658 19.39 0.27 0.066
n(C6-C7) -0.25385  mx(C9-C10) 0.01994 21.75 0.27 0.069
1(C9-C10) -0.26107  mx(C5-C8) 0.01658 20.51 0.28 0.071
n(C9-C10) -0.26107  nx(C6-C7) 0.02859 17.25 0.29 0.065
LP(1)01 -0.56678  o+(C8-C10) 0.55926 5.77 1.13 0.072
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LP(2)01 0.31171  7%(C5-C8)
LP(1)02 059162  ©x(03-Cl1)
LP(2)02 -0.32432  7%(03-C11)
LP(2)03 -0.25389  6x(02-Cl1)
LP(2)03 -0.25389  6%(C5-C11)
LP(1)N4 0.27909  7%(C6-C7)
1+(03-C11) -0.00216  7%(C5-C8)
1+(C5-C8) 001658  m%(C6-C7)

0.01658 31.24 0.33 0.098
0.58537 6.19 1.18 0.076
-0.00216 44.66 0.32 0.110
0.29567 37.6 0.55 0.130
0.43608 19.19 0.69 0.105
0.02859 26.43 0.31 0.086
0.01658 135.39 0.02 0.075
0.02859 273.39 0.01 0.079

8E(2) = Stabilization energy.

®[E(j)-E(i)] = Energy difference between donor (i) and acceptor (j) NBO orbitals.

°F(i,j) = Fock matrix element between i and j NBO orbitals.

Vibrational spectra

The mesalamine molecule with 18 atoms can vibrate in 48
(3N-6) normal modes. They are all both infrared and
Raman active modes. Since Raman amplitudes are not
produced by the quantum chemical computation, Raman
intensities were calculated for each normal mode of
vibration using the Raman scattering cross-section, doj/ 0 Q,

and are provided by the relation?® ,

() (o) ()

Sj =

wavenumbers for j th normal mode, vo = wave number of

doj —

@)

where, scattering activities, vj = predicted
Raman excited state, and h, ¢, and k are universal constants.
A Lorentzian line shape (FWHM = 8 cm™) is used to
produce simulated spectra from the calculated Raman and
IR intensities by convoluting the predicted vibrational
mode. The FT-IR and FT-Raman graph of mesalamine is

presented in Figures 3 and 4
O-H vibrations

The (O-H) group's stretching vibration falls between (3100
- 3690) cm! [21]. We have detected the hydroxyl stretching
at 3502 and 3510 cm™! in our study. Similarly, bending was
noted at 658 cm ™.

N-H vibrations

In both the IR and Raman spectra, the amine group (NH2)'s

N-H asymmetric stretching mode was detected at 3435
cm™!. The estimated value of 3434 cm™' was in good
agreement with the experimental value®. Although it was
not seen in the experimental spectra, the N-H stretching in
the computed spectra was estimated at 3424 cm™'. The
estimated N-H inplane bending vibration (scissoring) of
N4H16 at 1597 cm™'in both IR and Raman spectra suggests
a good agreement between the theoretical and experimental
spectra. This group's rocking vibration was measured at
1116 cm'and seen at 1113 cm!in the Raman and IR

spectra, respectively.
C-H vibrations

The CH; group has a wiggling vibration range of (1368-
1300) cm™'22, The frequency of wagging is calculated to be
1362 cm™!. We observe the symmetric stretching frequency
of CH, at 3198 cm™ and the asymmetric stretching
frequency at 3175 cm™'. In the Raman band, both are
present. Nonetheless, in the infrared band, the twisting and
rocking are indicated at 806 cm™' and 944 cm’,

respectively.
Benzene ring vibration

The C-H stretching vibrations of aromatic compounds are
generally measured in the range of (3100 to 3200) cm™! %,
C-H stretching was used to calculate the IR spectra at 3175
and 3248 cm™!and 3093 and 3061 cm™!, respectively. In the
IR and Raman spectra, the v(CC) ring stretching was clearly

identified at 1305 cm™!, after being measured at 1327 cm™!.
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Figure 3: The calculated FT- IR spectrum of mesalamine.
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Figure 4: The calculated FT- Raman spectrum of mesalamine.

Molecular electrostatic potential (MEP) surface

MEP analysis can be used to anticipate the active medicinal
ingredient's reactive sites. The development of a dipole
moment across a molecule and the dispersion of electron
density in space around it are best understood visually using
the MEP approach. The equation indicates the molecular
electrostatic potential V(r) generated throughout the
molecule as a result of the combined action of positive and

negative charges corresponding to electrons and nuclei?*,

V) = g j(?‘)%
®)

where ZA is the charge on nucleus A, present at Ra, and
p(r') is the electronic density function of the molecule. The
electrostatic potential is determined by the color code,
where red indicates the highest negative potential, blue
indicates the highest positive potential, and green indicates
the zero-potential region. Red < yellow < green < blue is the
increasing order of the potential distribution in the MEP
map. Figure 5 shows the mesalamine MEP map color-

coded. The strongest positive potential and the most intense

blue patches are exhibited by hydrogen atoms H15 and H16
across the amine group (NH), which are also in charge of
The

electrophilic attack of mesalamine is caused by the oxygen

nucleophilic assault on neighboring species.

atom across the carbonyl group (C11=0), which has a red

area with the largest negative potential.

~

m !
-6.970e2a.u. -6.970e2a.u.

Figure 5: Molecular electrostatic potential (MEP) surface map of

mesalamine.
UV-Vis and frontier molecular orbital analysis

The chemical and optical properties of organic compound
can be described from UV-Vis and frontier molecular
orbital analysis. In molecular system the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) have prominent role in chemical
reaction?®. The stability and chemical reactivity of the
molecule are measured by the energy of the LUMO orbital
(EL) and the HOMO orbital (Ew), as well as their energy gap
(AEL-h). A higher value of AE_ .4 suggests that the molecule
is less reactive and more stable, and vice versa [26]. The
time dependent DFT (TD-DFT) have been implemented to
HOMO, HOMO-1, HOMO-2, LUMO,
LUMO+1and LUMO+2 at B3LYP/6-311++G(d,p) level of
theory. The HOMO, HOMO-1, HOMO-2, LUMO,
LUMO+land LUMO+2 plot gas phase is presented in

calculate

Figure 6.

The value of AE_ .4 for the mesalamine compound is 2.9158
eV when calculated at the B3LYP/6-311++G(d,p) level of
theory. It is evident that the HOMO charge is confined
across rings, while the LUMO orbital lobes likewise diverge

to the amine group and rings in LUMO.

31 Scientific World, Vol. 17, No. 17, June 2024



Eruvvo = -5-0466 eV

=

O1S8 eV

/\I—Z

Egovmo=—-7-9625 ¢V

Er oo = -3.4613 eV

/\I = 6.3855 eV

= -9. 8468 eV

Eruvnmo.rz = -2-0508 eV

e

/\I<_— 7-8806 eV

Eponmo 2= -9.9315 eV

Figure 6: HOMO-LUMO plots of mesalamine.

Theoretically, the UV-Vis spectra of mesalamine is
calculated at TD-DFT from B3LYP/6-311++G(d,p) level of
theory. Four absorption peaks are calculated in the UV-Vis
spectra. The first peak is obtained at 147 nm wavelength
which is due to transition from HOMO-1 to LUMO+3 with
excitation energy 8.4258 eV. Another peak is calculated at
171 nm wavelength with excitation energy 7.2148 eV, this
is due to transition from HOMO-2 to LUMO+1. The
prominent peak is calculated at 198 nm wavelength and
another peak is calculated at 326 nm wavelength. The UV-

Vis spectrum of mesalamine is presented in Figure 7.

| uv-vis Spectra for gas phase |

Absorbance

200 Wavelength (nm) 300

Figure 7: UV-Vis spectra of mesalamine in gas phase.

Global reactivity descriptor
Koopman's theorem suggests the following global reactivity

parameters: electronegativity (y), chemical potential (),

hardness (), electrophilicity index (®), and softness (S).
These values are determined using the molecular orbital
energies (En and EL) of the frontier, which are provided by

the following relations?”28;

Y= -12 (Eromo + ELumo) (4)
n=-y= i (Eromo + ELumo) ®)
n= -12 (Enomo - ELumo) (6)
5=+ (7)
- ®)

According to Parr et al., o is expressed in terms of p and 0,
which are always positive and indicate the energy
stabilization that occurs when the system picks up an
additional charge (AN) from a nearby molecule. The good
electrophilic/nucleophilic  behavior of molecules is
indicated by a high/low value of p and o, respectively.
Table 3 lists the mesalamine's computed values for En, Ey,

AELH, %, 1, M, ©, and S.

Table 3: Calculated Eromo, ELumo, energy gap (AEL-r), chemical potential (L), electronegativity (), global hardness

(m), softness (S) and electrophilicity index («) of mesalamine.

En (eV) EL(EV) AELH (eV)

x (eV)

U (eV) nEVv) SeEVv)1? o(eV)

-7.9625 -5.0466 2.9158 6.5045

-6.5045 1.4579  0.3429 14.5100

Mulliken Charge
Partial atomic charges are provided by the Mulliken

charges®. They are specifically affected by the basis set

selection made for the theoretical computation. They
provide the associated atoms with qualitative results of the
charge distribution. More dependable, the Mulliken charges

control the electron density. Atomic orbitals that are

32
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localized can be utilized to explain electron density. In
contrast to the Mulliken system, which does not take
polarization into account, this technique takes into account
the polarization bonds. The Mulliken charges acquired
using the basis set B3LYP/6-311++G(d,p). Figure 8
displays a graphical representation of them. C5 atom has

most positive concentration of charge whereas the C8 atom

has most negative  concentration of  charge.
o 0.0

(3] C11 H12 HI12 H14 H15 H1E HIT HIE
=

T 4

e

(@]

Atom Number

Figure 7: The calculated Mulliken charge of mesalamine.

Molecular docking

Molecular docking is a technique used to display how drug
molecules attach to proteins®. Mesalamine acts as a

pharmaceutical treatment for inflammatory bowel disease.

Despite being beneficial in treating and preserving
remission for ulcerative colitis, it has not yet been studied
how to dock this compound with the CA2 (Carbonic
anhydrase I1) receptor for therapeutic purposes. The online
Swiss target prediction predicts the receptor CA231%2, The
PDB code 4XIX has been downloaded from protein data
bank®. The protein was purified by eliminating the water
molecules, and its active site was confined into a 60 A x 60
A x 60 A grid box. The binding energy, bond lengths of
typical H-bonds with residues, and binding efficiencies for
docked conformation is presented in Table 4. Figure 9
shows a visual representation of the ligand's binding sites
with the protein. The binding sites are typically discovered
to be the carboxyl group OH and amine NH,. With four
typical H-bonds (1.219 A / ASN:104, 1.241 A /THR:293,
1.233 A / VAL:285, 1.236 A /ASP:287), the PDB code
4X1X exhibits a stable binding energy of -5.83 kcal/mol.
Therefore, it is theoretically possible to expect that
mesalamine has strong antimigraine properties. To validate
its actions, additional in vitro and in vivo research must be

done.

Table 4: Hydrogen bonding, binding energy and ligand efficiency of mesalamine with predicted targets.

Binding  Energy
ligand Protein PDB Code Bond Length Amino Acid (kcal/mol) Ligand efficiency
1.219 ASN:104
Carbonic Anhydrase 11
. 1.241 THR:293
Mesalamine 4XIX -5.83 -0.31
1.233 VAL:285
1.236 ASP:287
WAL
A:285

THR
Aclal

ASN
Bi0s

[FPL ey

Figure 8. Molecular Docking of mesalamine with protein targets Carbonic Anhydrase 1.
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Conclusion

Quantum  chemical calculation and vibrational
spectroscopic properties were done on mesalamine. The
minimum energy of the
DFT/B3LYP/6-311++G(d,p) level of theory was found to

be -551.5613 a.u and its bond lengths and bond angle are in

investigated compound at

good agreement with experimental data of mono-
substituted salicylic acid. A comparison between the
estimated IR and Raman data with experimental data of
functional group in literature reveals a strong resonance
between them. The NBO analysis shows that the chemical
system with the highest stabilization energy 273.09
kcal/mol is stabilized by the transition +(C5-C8) — n*(C6-
C7). The frontier molecular orbital research revealed that
the energy HOMO and LUMO, respectively, was -7.9625
eV and -5.0466 eV. The value of the HOMO-LUMO energy
gap AE_.4 is determined to be 2.9158 eV. Concurrently, the
values of 6.5045, -6.5045, 1.4579, and 14.5100 eV have
been obtained for the global reactivity parameters, which
include electronegativity (y), chemical potential (), global
U)X
respectively. We find that the global softness (S) is 0.3429

hardness and global -electrophilicity index ()
eV~!. The electrostatic potential surface map makes it
evident that the electrophilic center is represented by the red
patches, which are localized over nitrogen and oxygen,
while the largest positive potential (blue) is located over the
nitrate group, which functions as a nucleophilic center. As
a result, we can identify the reactive sites for molecular
docking by knowing the nucleophilic and electrophilic sites
on the molecular electrostatic potential surface. The
mesalamine molecule binds to the chosen targets with a
higher binding energy and is projected to have a lower
inhibition constant, according to docking analysis. The
amine (NH,) group is discovered to be mesalamine's
binding site, and this finding is correlated by the C5 atom
having the highest positive charge whereas the C8 atom has

the highest negative charge in Mulliken charges analysis.
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