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Abstract

The present study considers psoralen isomers having a methoxy substituent at different

positions of the psoralen backbone. Density functional approach has been adopted at the
level of B3LYP/6-311++G(d,p) to obtain various geometrical, physicochemical, spectral

and quantum chemical properties of the isomers of concern including bergapten and

xanthotoxin. Also local aromaticities of the benzenoid and furanoid rings have been

obtained by calculating the nucleolus independent chemical shift values.

1. Introduction

Psoralen (also called psoralene) is the parent compound in a family of naturally
occurring organic compounds known as the linear furanocoumarins [1]. It is structurally

Psoralen

related to coumarin by the addition of a fused furan ring, and may be considered as a
derivative of umbelliferone [1,2]. The psoralens are secondary metabolites in plants,
including many fruits and vegetables. An important member of the furanocoumarin
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family is bergapten (5-methoxypsoralen,5-mop) which is a naturally-occurring organic
chemical compound produced by numerous plant species, especially from the carrot
family Apiaceae and the citrus family Rutaceae. It was the first furanocoumarin isolated
and identified.

Psoralen naturally occurs in the seeds of Psoralea corylifolia, as well as in
the common fig, celery, parsley, West Indian satinwood, and in all citrus fruits.
Furanocoumarins derived from citrus and herbal extracts were reported acting as
antibacterial, antioxidant, immunomodulator, apoptotic, and selective anticancer agents,
prompting a biological investigation to determine and predict their clinical therapeutic
significance [1-15]. Psoralen is widely used in PUVA (psoralen+ UVA) treatment
for psoriasis, eczema, vitiligo, and cutaneous T-cell lymphoma. All these therapeutic
applications are typically through the use of medications such as methoxsalen. Synthetic
forms of xanthotoxin and 5-methoxypsoralen (bergapten) are widely used as drugs in skin
photochemotherapy, for example, with long wave ultraviolet (UV) light in the treatment
of psoriasis, vitiligo, and mycosis fungoides. On the other hand, the development of
nonmelanocytic skin cancer (basal- and squamous-cell skin cancers) has been reported in
patients treated with 8-methoxypsoralen and long-wave ultraviolet light (UVA) (PUVA)
for psoriasis or mycosis fungoides. Many furanocoumarins are found to be extremely
toxic to fish. Bergapten and other linear furanocoumarins induce a loss of template
activity for RNA synthesis. 5-Methoxypsoralen has also been noted for
its mutagenic effects as well as its capacity for being a very potent agent for
inducing chromosome aberrations. With a high enough concentration, complete mitotic

inhibition was observed [16].

In the literature, also various quantum chemical research exist on psoralen and
analogous compounds, beside some biological and medical investigations mentioned
above [10,12,15,17,18]. In the present density functional study, monomethoxy isomers of
psoralen including (bergapten and xanthotoxin) have been investigated in the realm of
density functional theory.

2. Method of Calculations

All the structures presently considered have been subjected to the geometry
optimizations leading to energy minima. The optimizations have been achieved first by
using MM2 method which is followed by semi-empirical PM3 self consistent fields
molecular orbital (SCF MO) method [19,20] at the restricted level [21,22]. Subsequent
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optimizations were performed at Hartree-Fock level employing various basis sets.
Afterwards, geometry optimizations were managed within the framework of density
functional theory [23,24] at the level of B3LYP/6-311++G(d,p) [21,25]. Note that the
exchange term of B3LYP consists of hybrid Hartree-Fock and local spin density (LSD)
exchange functions with Becke’s gradient correlation to LSD exchange [24,26]. The
correlation term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation
functional [27] and Lee, Yang, Parr (LYP) correlation correction functional [28]. Also,
vibrational analyses have been done on the optimized structures. The total electronic
energies are corrected for the zero point vibrational energy (ZPE). Moreover, the normal
mode analysis for each structure yielded no imaginary frequencies for the 3N—6
vibrational degrees of freedom, where N stands for the number of atoms in the system.
This has indicated that the structure of each molecule corresponds to at least a local
minimum on the potential energy surface. All these calculations have been done by using
the Spartan 06 package program [29]. Whereas the NICS(0) calculations were performed
by using Gaussian 03 program [30].

3. Results and Discussion

Furanocoumarins are therapeutically important molecules which have various clinical
applications. The most outstanding property of furanocoumarins is their great ability to
sensitize cells to visible light, sunlight, and, especially, near-ultraviolet light. Therefore,
this results in strong toxicity, mutagenicity, and possibly carcinogenicity. The mechanism
of action is well known. After intercalation into the double helix of the DNA and
molecular complexing, the light-activated furanocoumarins react with the pyrimidine
bases, especially with thymine [31]. Since furanocoumarins are strong phototoxic
compounds, their presence in a plant has been demonstrated to be a protective mechanism

against phytopathogenic microorganisms and herbivores.

Figure 1 shows the optimized structures as well as the direction of the dipole moment
vectors of the isomeric molecules (methoxy psoralens) considered. Note that structures C
and F stand for bergapten and xanthotoxin, respectively which are therapeutically
important molecules. As seen in the figures, in all the cases the dipole moment vectors
are directed to the lactone moiety and originating from somewhere around the benzenoid

ring of the structures.
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Figure 1. Optimized structures of the molecules considered.

Figure 2 shows the electrostatic potential (ESP) charges on the atoms of the isomers
considered. It is worth noting that the ESP charges are obtained by the program based on
a numerical method that generates charges that reproduce the electrostatic potential field
from the entire wavefunction [29].

Negative partial charge residing on the methoxy oxygen atom follows the algebraic
order of D<A<E<B<C<F. This order reflects the flow of electron population from the
methoxy group to the rest of the molecule. It is worth mentioning that mesomeric and
inductive effects of oxygen atom is opposing to each other. Also note that the
heteroatoms in the rings have different extent of opposing and assisting effects on to the
net electron flow effect from the methoxy group. On the other hand, the lactone carbonyl
moiety embedded in to the psoralen backbone attracts electrons mesomerically. So, the
whole system in each isomer is under the influence of electron donor and attractor
groups/atoms that the effect is mainly dictated by the topology of the conjugated
skeleton. Note that in some of the isomers considered, the methoxy group and the lactone
carbonyl are crossly conjugated with each other so that there is no conjugative interaction
between them.
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Figure 2. The ESP charges on the atoms of the isomers considered.

Figure 3 displays the electrostatic potential maps of the isomers considered. In all the
isomers considered, as seen in Figure 3, the most negative potential region coincides with
the oxygen atom of lactone moiety of the structures. The negative potential region in the
isomers spreads over the adjacent sides depending on the position of the methoxy

Earthline J. Chem. Sci. Vol. 8 No. 2 (2022), 175-192
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substituent. The methoxy substituent perturbs the electrostatic potential of the parent
structure, psoralen, mainly by mesomeric effect it exerts and partly by inductive and field
effects. Note that the oxygen atom of the substituent possesses opposing mesomeric and
inductive effects like the other oxygen atoms present.

Figure 3. The electrostatic potential maps of the isomers considered.

Table 1 lists some properties of the isomers considered. The order of dipole moment
values follows the sequence of E>C>F>A>B>D. In the structures considered, the lactone
moiety acts as an electron attracting whereas the methoxy group acts as the electron
donating one. Consequently, depending on the position of the substituent, variations
result in the magnitude of the dipole moments in the series. On the other hand, the
polarizability is defined according to the formula [29].

Polarizability = 0.08*V - 13.0353*h + 0.979920* h?+ 41.3791

where V and h are the Van der Waals volume and hardness, respectively. Hardness is
defined as,

Hardness = -( egomo- €Lumo)/2

Partition coefficients are important property and useful in estimating
the distribution of drugs within the body. Hydrophobic drugs with high octanol-water
partition coefficients are mainly distributed to hydrophobic areas such as lipid bilayers of

http://www.earthlinepublishers.com
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cells. Conversely, hydrophilic drugs (low octanol/water partition coefficients) are found
primarily in aqueous regions such as blood serum. Note that the log P value of isomer-E
is very different from the others.

Table 1. Some properties of the isomers considered.

A B C D E F
Dipole moment 6.49 6.30 6.92 6.06 8.25 6.63
Polarizability 57.00 56.95 57.04 57.08 57.08 57.07
Log P -1.65 -1.65 -1.65 -1.65 -0.49 -1.65

Dipole moments and polarizabilities are in debye and 10-3°m? units, respectively.

Table 2 lists the aqueous energies of the isomers considered. The order is
B<E<A<C<D<F. So, isomer-B should be aquated more favorably. It should be noted that
the "energy aqueous (E,q)" is the sum of the base energy and the energy of solvation. The
program calculates the solvation energy using SM54A method (Ghose-Crippen method)
[29,32].

Table 2. Aqueous energies of the isomers considered.

Structures E,q

-2003728.55
-2003761.68
-2003728.38
-2003719.23

m O O W

-2003754.10
F -2003716.84

Energies in kJ/mol.

Table 3 lists some energies of the isomers considered where E, ZPE and E( stand for
the total electronic energy, zero point vibrational energy and the corrected total electronic
energy, respectively. According to the data presented in the table, the electronic stability

order of the isomers is B>E>A>C>D>F. Namely, isomers B and F, respectively stand for

Earthline J. Chem. Sci. Vol. 8 No. 2 (2022), 175-192
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the most and least stable ones. Note that isomers C and F are known as bergapten and
xanthotoxin, respectively.

Table 3. Some energies of the isomers considered.

Structures E ZPE Ec
A -2003704.37  460.66 -2003243.71
B -2003734.86  461.60 -2003273.26
C -2003701.16  459.19 -2003241.97
D -2003689.00  459.62 -2003229.38
E -2003724.46  460.57 -2003263.89
F -2003684.90  459.94 -2003224.96

Energies in kJ/mol.

Table 4 lists some thermodynamic properties of the isomers considered. As the data
indicate, all the isomers have exothermic heat of formation and thermodynamically
favorable G° values. The order of G° values is BKE<A<C<D<F, namely B is the most

favorable isomer in terms of Gibbs free energy of formation.

Table 4. Some thermodynamic properties of the isomers considered.

Structures H® (kJ/mol) S° (J/mol®) G° (kJ/mol)
-2003231.022 427.92 -2003358.609
B -2003260.672 428.65 -2003388.474
C -2003229.063 430.38 -2003357.380
D -2003216.670 429.68 -2003344.780
E -2003251.225 428.63 -2003379.022
F -2003212.120 430.34 -2003340.427

Since, the light-activated furanocoumarins react with the pyrimidine bases, after
intercalation into the double helix of the DNA and molecular complexing, the frontier
molecular orbitals, in the ground and the exited states get primary importance.

http://www.earthlinepublishers.com
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The HOMO, LUMO energies and the interfrontier molecular orbital energy gaps, Ae
(Ae = g umo - €HoMmo), Of the isomers are listed in Table 5. The HOMO energies follow the
order of D<C<B<F<A<E whereas D<C<F<E<B<A stands for the LUMO energy order.
Consequently, Ag values constitute the order of EXF<D<C<A<B. Thus, isomer-E has the
narrowest interfrontier energy gap and possesses the hardness value of 193.18 kJ/mol.
Note that isomers C and F are bergapten and xanthotoxin, respectively.

The substituent, methoxy group, is an electron donating group due to the presence of
oxygen atom which is mesomerically electron donor but inductively electron attractor.
However, the mesomeric effect is the overwhelming contributor to the overall effect. In
general, electron donors attached to a conjugated system raises up both the frontier
orbitals, HOMO and LUMO [33]. In that respect, the methoxy substituent in isomer-E is
more effective in raising the HOMO energy level than it is in the others whereas in the
case of LUMO levels the raising effect is more pronounced in isomer-A.

Table 5. The HOMO, LUMO energies and Ae values of the isomers.

Structures HOMO LUMO Ag
-602.95 -182.28 420.67
B -616.68 -182.64 434.04
C -622.17 -208.99 413.18
D -622.82 -219.39 403.43
E -585.91 -199.55 386.36
F -603.52 -203.09 400.43

Energies in kJ/mol.

Figure 4 displays some of the molecular orbital energy levels of the isomers
considered. The spacing and energies of the inner lying occupied molecular orbitals are
generally accepted as the factor which dictates the thermal stability of a molecule.

Earthline J. Chem. Sci. Vol. 8 No. 2 (2022), 175-192
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Figure 4. Some molecular orbital energy levels of the isomers considered.

Figure 5 shows the calculated (time-dependent DFT) UV-VIS spectra of the isomers

considered. As seen in the spectra all the isomers of present concern absorb mainly in the

ultraviolet region. In the cases of E and F some slight shift to the visible region occurs.

Figure 6 shows the local ionization maps of the isomers considered. In the local

ionization potential map, conventionally red/reddish regions (if any exists) on the density

surface indicate areas from which electron removal is relatively easy, meaning that they

are subject to electrophilic attack.

Figure 7 shows the LUMO maps of the isomers considered. A LUMO map displays

the absolute value of the LUMO on the electron density surface. The blue color stands for

the maximum value of the LUMO and the color red, the minimum value. As seen in the

figure, in most of the cases the lactone moiety is the most potent site to undergo

nucleophilic type additions including the conjugate types.
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Figure 5. The calculated UV-VIS spectra of the isomers considered.
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Figure 6. The local ionization potential maps of the isomers considered.
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Figure 7. The LUMO maps of the isomers considered.
NICS

There exist numerous articles in the literature, discussing aromaticity in terms of
energetic, structural and magnetic criteria [34-39]. An efficient probe has been introduced
for aromaticity which is called “nucleus-independent chemical shift” (NICS) [40]. It is
the computed value of the negative magnetic shielding at some selected point in space,
generally at a ring or cage center. The calculated data piled in the literature through the
years indicate that negative NICS values denote aromaticity such as -11.5 for benzene,
-11.4 for naphthalene. On the other hand, positive NICS values stand for antiaromaticity
(28.8 for cyclobutadiene) while small NICS values indicate non-aromaticity (-2.1 for
cyclohexane, -1.1 for adamantine). Although NICS has been proved to be an effective
probe for local aromaticity of individual rings of polycyclic systems a couple of
contradictory results exist [40].

Table 6 lists the nucleolus independent chemical shift (NICS) values at the center of
furanoid and benzenoid rings of the isomers. The table indicates that the order of
NICS(0) values for the benzenoid ring is FKC<A<B<D<E whereas for the furanoid rings
it is D<C<F<A<B<E. Note that the local aromaticity gets bigger and bigger as the NICS

Earthline J. Chem. Sci. Vol. 8 No. 2 (2022), 175-192
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values become more and more negative. Also note that in isomers F and C, the methoxy
substituent is on the benzenoid ring and they exhibit high local aromaticity whereas in D
and E it is attached to the furanoid ring. In all the cases, except isomer-D, the local
aromaticity value of the benzenoid ring is greater than the furanoid ring of the same

isomer.
Table 6. NICS(0) values of the isomers considered.
Isomers
A B C D E F
Furanoid ring -9.3895 -9.2854 -10.1464 -11.2179 -8.8641 -9.7109

Benzenoid ring  -11.2654 -10.9322  -11.4669 -10.9158 -10.8753  -12.1109

Rationalization of the calculated NICS values can be done up to a certain extents by
valence bond structures. The electron donating effect of the methoxy group may assist or
not to the ring current in the furanoid ring depending on its position. However, the
conjugative effects dictated by the lactone moiety also has some influence on the NICS
values of the benzenoid and furanoid rings, depending on whether the methoxy group and
the lactone moiety are in conjugation or they are crossly conjugated.

4. Conclusion

The present density functional treatment, within the restrictions of the theory and the
basis set employed, has indicated that the positional variations of the methoxy substituent
in psoralen backbone result in electronically stable as well as thermally favorable isomers
in all the cases. They all have exothermic heat of formation values and the rings are
highly aromatic. Note that furanocoumarins (include psoralen) are therapeutically
important compounds which have various clinical applications. In the present study,
positional effect of an electron donating substituent (methoxy group) on various
properties of the isomeric structures have been investigated. It would be equally

interesting to investigate the effect of an electron attracting substituent systematically.
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