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ARTICLE INFO ABSTRACT

Keywords: The electronic and geometrical structure of the well-known photosensitizer verteporfin VD (1), as well as its
DFT guanidine and dicarboxylic acid derivatives VD(Gua); (2), VD(COOH) (3), and VD(Gua)s (4) are analyzed using
NMR density functional theory (DFT) calculations. The investigation of compound’s thermal and kinetic stability
f/lz;l;eporﬁn supports their potential use as photodynamic therapeutics. Though there are reports about the biological ap-

Guanidine derivative

plications of verteporfin and its derivatives, the basic structural futures at molecular level which play a crucial

role in their potential applications, are not well-explored. The results of electronic and spectral analyses by DFT
calculation in this work reveal important points underlying the applications of these compounds.

1. Introduction

Light is essential in the fields of science, the arts and education which
cannot be overstated. The healing power of light has been experienced
for millennia. Light is a key source in the method known as photody-
namic therapy (PDT) which is a photochemical-based treatment. Due to
its minimally invasive therapeutic nature, specific attack on the targeted
cells, and simplicity of removal from the body, photodynamic therapy is
a highly preferred method for the treatment of cancer. The authors A-G.
Niculescu et al., (Niculescu and Grumezescu, 2021) and J. H. Correa
et al., (Correia et al., 2021) have reviewed the mechanism and appli-
cations of PDT up to date and documented a compendium of research
reports of PDT as a potential method to treat cancer and the complete
details about PDT in the past two decades (Algorri et al., 2021; El-
Hussein et al., 2021; Wang et al., 2021; Osuchowski et al., 2021).
Also, the interesting facts about the history of PDT are reviewed by G.
Gunaydin et al., (Gunaydin et al., 2021). The light sensitive compounds,
photosensitizers are important molecules used in photodynamic therapy
(PDT). These are categorized as first-generation, second-generation, and
third-generation photosensitizers based on their development over time
(Niculescu and Grumezescu, 2021). The design and synthesis of
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innovative photosensitizers for enhanced PDT is an active area of
research. Recently, the effectiveness of PDT methods has been improved
by the use of nanotechnology for the delivery and action of the photo-
sensitizer (Qiu et al., 2023; Zhou et al., 2023). Continuing from our
earlier work (Mahalingam et al., 2018), in which we modified mono
guanidine, bisguanidino verteporfin, and triphenyl phosphine-
verteporfin derivative for the purpose of effective photosensitization
with effective attack on mitochondria, we are now interested in inves-
tigating the structural preference that governs the property of Verti-
porfin and its derivatives have been reported to have significant
biological applications, however thorough structural studies of these
compounds at the molecular level are scarce. The mitochondria-
targeting photosensitizers visudyne (Mahalingam et al., 2018; Mae
et al., 2020; Iacono et al., 2020; Van Dijk et al., 2020), foscon (Chen
et al., 2000), and photoferin (Wilson et al., 1997) have already received
clinical approval. The key players in the development of efficient pho-
tosensitizers are macrocyclic aromatic rings with appropriate substitu-
tion. The triphenylphosphine substituted porphyrine derivatives are an
important family of photosensitizers with good efficacy in targeting
cancer cells (Sibrian-Vazquez et al., 2008). Guanidine substituted aro-
matic macrocycles, such as porphyrins, are another significant class of
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Fig. 1. Representation of the modified verteporfin.

photosensitizers (Jiang et al., 2023). The combined therapies, such as
photodynamic therapy (PDT) and photothermal therapy (PTT), photo-
dynamic therapy & chemotherapy, and photodynamic therapy &
immunotherapy, are also important and showing more advantages in
controlling cancer cells (Onal et al., 2022; Li et al., 2022).

Though the biological applications of these photosensitizers in PDT
being well-established, there are no clear reports on the preferences of
molecular structural configurations of these molecules. Herein, we have
investigated the electronic and geometrical structures of verteporfin and
their mono guanidino, bisguanidino dicarboxylic acid derivatives at DFT
level to understand the basic chemistry beyond these molecules. Spec-
troscopic studies on these molecules are also not available so far,
therefore the DFT-computed spectroscopic characteristics will shed light
on their significance. DFT computations have already proven to be
successful in understanding the structural features of existing and
experimentally unknown molecules. In order to get better photosensi-
tizers with a suitable structural modification, DFT computations are
performed and important results from DFT studies are discussed in
different headings like geometry, electronic structure, molecular orbital
analysis and spectroscopy, etc. In the present study, the photosensitizer
verteporfin VD (1) and its guanidine and dicarboxylic acid derivatives
VD(Gua); (2), VD(COOH); (3), and VD(Gua)s (4), which have already
been reported, are chosen to study the electronic and spectral features
by DFT calculation.

2. Experimental section

The photosensitizer verteporfin VD (1) and its guanidine and

dicarboxylic acid derivatives VD(Gua); (2), VD(COOH); (3), and VD
(Gua)s (4), which have already been reported, are subjected for DFT
calculation.

2.1. Computational details

Computational chemistry methods are becoming important tools for
assisting in the complete structural characterization of compounds and
for modelling new compounds (Patel and Ganguly, 2022). All the
compounds presented in this work were studied using the following
strategy: (i) Geometry optimization; (ii) Frequency calculation (iii) NMR
property calculation (iv) Molecular Bonding Analysis (v) conceptual
DFT reactivity descriptor analysis. All the calculations at density func-
tional theory level were performed using the ORCA programme devel-
oped by F. Neese and co-workers (Neese, 2012). The Vosko-Wilk-Nusair
parameterization was used for the local density approximation (LDA)
with gradient corrections for exchange (Becke88) and correlation (Per-
dew86) (Vosko et al., 1980; Becke, 1986; Becke, 1986; Perdew, 1986).
The TZVP (triple zeta valance with polarisation function) basis set was
used for all the molecules (Weigend and Ahlrichs, 2005). In all the
calculations, tightSCF convergence criteria were used. The following
frequency calculations were evaluated to study optimized geometries in
order to check the obtained geometry is the minima (Reveles and Koster,
2004; Schlegel, 2011). Further, the DFT-optimized geometries were
used to calculate the NMR parameters like shielding constants, chemical
shifts, etc., with the help of the EPRNMR module available in the ORCA
software (Mares and Vaara, 2018). For the calculation of 119 and 3C
NMR chemical shift values, Tetramethylsilane (TMS) was utilized as a
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Fig. 2. DFT optimized geometries of VD (1), VD(Gua); (2), VD(COOH), (3) and VD(Gua)s (4) at BP86/TZVP level.

reference (Becker, 2000; Guzman and Hoye, 2022). The reactivity de-
scriptors like chemical potential (p), hardness (n), softness (S), and
electrophilicity () are computed using the HOMO and LUMO energies
with the following expressions.: Chemical potential (1) = ELUMO +
HOMO/2; Hardness (n) = ELUMO - HOMO/2; Softness (S) = 1/n;
Electrophilicity (o) = p2 /2n; The DFT computed global reactivity de-
scriptors have already proven to be successful in predicting the re-
activities of the compounds studied and are being used to describe the
reactive sites of these important compounds (Tanis et al., 2019; Oller
et al., 2018). The DFT optimized geometries and frontier molecular
orbital pictures are taken by the visualization software Chemcraft
(Chemcraft, 2023).

3. Results and discussion

Synthetic route of the mitochondria target parent photosensitized
verteporfin VD (1) and its guanidine and dicarboxylic acid derivatives
VD(Gua); (2), VD(COOH); (3), and VD(Gua)s (4) is presented in the
Fig. 1.

Cytotoxicity of the above compounds as photosensitizers has already
been well studied. As the structural insights at the molecular level are
not well established, the electronic and spectral studies of these com-
pounds were studied by DFT calculations. Computational tools are
highly helpful to chemists in studying the structural features of these
potential compounds. Modeling of new compounds, designing new
strategies for synthesizing novel compounds, and analyzing the existing

synthetic routes can be achieved by adopting the proper choice of
theoretical methods and analysis tools. The various theoretical aspects
like geometrical structure, Reactive descriptor, electronic structure,
spectroscopic studies of these photosensitizers are studied and presented
in this study.

3.1. Geometrical structure

At the BP86/Def2-TZVP level, the geometry of the VD (1), VD(Gua);
(2), VD(COOH); (3), and VD(Gua)s (4) compounds is optimized. The
DFT optimized geometries of the compound (1-4) are shown in Fig. 2.
The N—H bond lengths for all the molecules under study range from
1.02 to 1.022 A° (1-4). The torsion angle between the four nitrogen
atoms in 1 and 3 are 1.45° and 1.44° respectively, indicating that these
molecules deviate from the planarity of the porphyrin macrocycle. The
torsion angles of the four nitrogen atoms in molecules 2 and 4 are 3.65°
and 2.32° respectively, indicating that these molecules deviate more
from the planarity of the porphyrin macrocycle. Thus, the substitution of
the guanidine moiety increases the loss of planarity of the porphyrin
moiety to some extent. Two chiral carbons in the cyclic six-membered
ring have angles (C—C—C) of 109.05 and 108.04, indicating that they
are sp3 hybridised, while the other angles (C—C—C) of 119.2, 121.67,
118.79, and 120.9, indicating that they are sp®> hybridised. The
hydrogen connected to first chiral carbon and the methyl group con-
nected to second chiral carbon of the six membered ring are disposed in
trans manner and this trans disposition is confirmed by the
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Table 1
DFT optimized reactive descriptors of compound VD (1), VD(Gua); (2), VD
(COOH),, (3) and VD(Gua)s (4) at BP86/TZVP level.

Compound 1 2 3 4

HOMO (eV) —4.8192 —6.4528 —4.8405 —9.9794
LUMO (eV) —3.3230 —5.5418 —3.3429 —8.9579
E Lumo - Homo (eV) 1.4962 0.9110 1.4976 1.0215
Chemical potential (p) —4.0712 —5.9973 —4.0917 —4.7343
Hardness ((J) 0.7481 0.4555 0.7488 0.5108
Softness (S) 1.3367 2.1954 1.3355 1.9577
Electrophilicity () 11.0778 39.4815 11.1792 21.9397
Dipole moment (D) 2.7231 26.4528 3.1482 41.2591
Ionisation potential (eV) 4.8192 4.8405 6.4528 9.9794
Electron Affinity (eV) 3.3230 3.3429 5.5418 8.9579

H—C*—C*—CHj3 angle in compounds 1-4, which ranges from 176.1° to
177°. Though the addition of triphenyl phosphine and guanidine groups
in verteporfin affect the anticancer activity of these molecules, from a
theoretical perspective, the presence of two chiral carbons in the six-
membered ring and the trans disposition of the hydrogen and methyl
group bonded to these chiral carbons also play a significant role in
determining the biological activity of these compounds.

3.2. Reactive descriptor

Utilizing the ORCA software programme at the BP86/TZVP level,
computational studies, i.e., density functional theory (DFT) calculation,
are conducted on the compounds VD (1), VD(Gua); (2), VD(COOH); (3)
and VD(Gua)s (4) (Table 1). The optimized geometries are confirmed to
be minima in the potential energy surface by frequency calculations
after the optimized geometries are optimized in accordance with the
TightSCF. All the four compounds are found to be minima with the
considerable differences in energies. The VD(Gua); is compared to be
more stable than the VD(Gua)s based on energies. The LUMO-HOMO
energy gap has further demonstrated that VD(Gua); is more stable
than VD(Gua)s in terms of stability.

The geometry optimization of [VD(Gua)s ie., [C45Hs0N;3051%%,
converged as local minima with a LUMO-HOMO gap of 1.0 eV, con-
firming the compound’s least stability. The experimental conversion of
VD(COOH); to VD(Gua)s was not successful even after many attempts.
DFT calculations also supports the least stable character of the
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compound VD(Gua)s ie., [C42H50N;1305]3+.

The energy gaps between compounds 1-4 are in the increasing order
3 <1 < 4 < 2. The reaction between the compound 1 (1.49 eV) and
HATU, DMSO, DIPEA, DMSO, and guanidine hydrochloride forms the
compound 2, which has a 0.91 eV energy, demonstrating the substance’s
highly reactive nature. Compound 3 (1.49 eV) does not undergo the
reaction and does not form compound 4. However, the computational
analysis demonstrates that the compound 4 has possible existence with
1.02 eV energy gap.

Compounds 2 (26.45 Debye) and 4 (41.26 Debye) have very high
dipole moments than the remaining compounds 1 and 3 and this high
value is attributed to the addition of one and three guanidine groups in
compounds 2 and 4 respectively. The higher dipole moment values for 2
and 3 suggest that these can possess better non-linear optical properties.

3.3. Electronic structure

Molecular orbital analysis is a key tool to address the different
product formation based on the intrinsic chemical behaviour of each
atom involved in bonding. According to the HOMO (highly occupied
molecular orbital) energy values, compound 4 requires the highest
ionization potential, but compound 1 and 3 can be stable with the lowest
ionization values. From the DFT calculations the frontier molecular or-
bitals are analysed, and the results confirm that VD(Gua); is more stable
than VD(Gua)s due to more delocalization of electrons throughout the
molecule in VD(Gua);. For all four of the investigated compounds, the
core porphyrin ring and the six-membered ring are the main sources of
the HOMO of compound 1. But the electronic contribution from LUMO is
differ strongly for compound 2 and 4 when compared to 1, 3. The
arrangement of electron delocalization contribute towards the stable
nature of 1 and 3 compounds, whereas the LUMO of compounds 2 and 4
are mainly from one of the guanidine group. In compound 4, the LUMO
+ 1 and LUMO + 2 come from two additional guanidine groups.

Fig. 3 shows the electronic structure of compounds VD (1), VD(Gua);
(2), VD(COOH), (3) and VD(Gua)s (4). The contribution of HOMO
(highly occupied molecular orbital) is highly from the phorphine skel-
eton at the energy levels of —4.8192, —6.4528, —4.8405, and —9.9794
eV for compound (1-4). In addition, the LUMO (lowest unoccupied
molecular orbital) contribution is from substituted groups and margin-
ally in porphine at energy levels of —3.3230, —5.5418, —3.3429, and
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Fig. 3. DFT optimized frontier molecular orbitals of compound VD (1), VD(Gua); (2), VD(COOH), (3) and VD(Gua); (4) at BP86/TZVP level.
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Table 2
DFT (BP86/TZVP) computed Mayer bond order for the compounds VD (1), VD
(Gua); (2), VD(COOH), (3) and VD(Gua)s (4).

Atoms 1 2 3 4

N1-C9 1.29 1.29 1.28 1.31
N1-C13 1.29 1.29 1.29 1.27
N2-C10 1.19 1.19 1.20 1.19
N2-C14 1.19 1.19 1.19 1.18
N2-H32 0.87 0.87 0.87 0.88
N3-C11 1.36 1.36 1.33 1.41
N3-C15 1.28 1.28 1.29 1.25
N4-C12 1.18 1.18 1.20 1.18
N4-C16 1.20 1.20 1.19 1.22
N4-H31 0.88 0.88 0.87 0.87

—8.9579 eV for compounds 1 and 2.

3.4. Bond order analysis

Mayer bond order analysis is being used as a successful tool in many
cases to study the strength of the bonding through bonding analysis
(Bridgeman et al., 2001). The Mayer bond order which is a natural
extension of Wiberg bond order, has been tested for many inorganic
systems containing N-S bond, halogen-oxide molecules and transition
metal dichlorides. Here we have used this Mayer bond order analysis to
study the strength of the N-C, N-H bonds present in the porphyrin ring
and in guanidine moiety. The Mayers Bond order are presented in the
Table 2 and Fig. 4.
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The Mayer bond order for the compounds VD (1), VD(Gua); (2), VD
(COOH);, (3) and VD(Gua)s (4) calculated at DFT BP86/TZVP level are
provided in the Table 2.

It is directly evident that the bonding around the Nitrogen atoms of
the central porphyrine ring are strong and their bond order values
greater than 1 suggesting the delocalization of the ring electrons which
lead to double bond character to the atoms connected to nitrogens
except N—H. The two N—H bonds are with the Mayer bond order values
0.87, 0.88 confirm their single bond nature. From the bond order
analysis, the highest value of bond order is found in N3-C11 in which
C11 is connected to the sp® carbon. Due to the presence of two -COOMe
groups and the two sp3 carbons in connection to C11 which lead to the
higher bond order. From the bond order analysis, the C—N bonds of the
guanidine moiety shows double bond nature and the N—H bond are
single bond as expected.

3.5. Spectroscopic studies

The NMR chemical shift values calculated by DFT are very helpful in
understanding these compounds and their uses. The 'H NMR and 3C
NMR chemical shift values of VD (1), VD(Gua); (2), VD(COOH); (3) and
VD(Gua)s (4) are given below.

In 'H NMR, protons H31 and H32 connected to N atoms in molecule
VD (1) resonate at —3.20 and —2.99 ppm respectively. Whereas, the
N—H hydrogens are resonate at —3.188, —3.00 for (2), at —2.86, —2.86
for (3), and at —2.32, —2.98 ppm for (4), indicating that these particular
NH protons are highly shielded. These values are very close to the cor-
responding value —3.91 ppm of free porphyrine base (Kozlowski et al.,

-

Fig. 4. Mayer bond orders of the N-atom connectivity in porphyrine ring in the molecule VD(1).
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1999). The hydrogens of the C—H groups connecting the four 5-
membered indole rings are resonate approximately 9.25, 9.81, 10.31,
and 9.77 ppm in VD (1) and the same trend was observed for other three
compounds (2), (3) and (4). These chemical shift values are very close to
the experimental value 10.43 ppm of the free porphyrin base (Bridge-
man et al., 2001).

The nine hydrogens in the three —COOCH3 groups of VD (1) reso-
nate between 3 and 4 ppm, as predicted. The hydrogens of the
—COOCHj3 groups of compounds (2), (3), and (4) follow a similar
pattern. The DFT computation also predicts the chemical shift value of
6.71, 6.36 and 3.82 ppm for the ethylinic hydrogens of compound (1)
which is closer to the known ethylinic compounds. The ethylenic groups
of compounds (2), (3) and (4) follow the same trend.

The hydrogen of three methyl groups attached to indole ring are
showing signal at 3.4-3.6 ppm except the one chemical shift around
2.73, 2.53 and 0.85 ppm which is also connected to six membered ring.
This unique chiral centre —CHj3 group has a different 'H NMR chemical
shift value than the other three molecules. Chemical shift values for
compound (2) are 2.75, 2.54, 0.86 ppm, and similar for compounds (3)
and (4). The hydrogen of the chiral carbon of the six membered ring in
compound (1) resonates at 4.99 ppm, which is another significant result
from the DFT calculation. This signal is similar in the remaining com-
pound (2) and (3). Compound (4) exhibits a chemical shift at 5.49 ppm
through a higher shielding than compound (1-3).

The remaining two hydrogen atoms H29, H30 of the six membered
ring are resonate around 7.69, 7.96 ppm in compound (1). The main
reason of the compound veterporfin’s high photosensitive activity may
be the hydrogen H95 attached to chiral carbon resonates at 4.99 ppm
and similar signal is observed in the remaining three compounds.

In the *C NMR spectrum of compound (1), the —CH- group which
connects the indole rings are resonates at 103.20, 94.60, 97.42 and
99.67 ppm for C5, C6, C7, C8 atoms respectively these values are very
close to the experimental value of 106.03 ppm observed for the free
porphyrin base. Carbon atoms C9, C10, C11 and C12 of each indole ring
are resonates at 158.48, 173.22, 138.58, 138.08 ppm, and the expected
experimental values are 147, 147, 138.58, and 138.08 ppm, respec-
tively. The carbonyl carbon atom of ester group resonates at 172.42 ppm
and the methyl group attached with them is resonates at 55.76 ppm. At
13.11 ppm, the methyl group attached to the indole group resonates.
The resonances of the vinyl carbon atoms are 137.05 and 124.40 ppm.
At 26.04 and 40.06 ppm, the —CHy- group resonates. The similar trend
is followed for compound (2-4). The six-membered acyclic ring’s chiral
carbon atom exactly resonates at 57.18, 57.52, 57.16, and 56.59 ppm for
all the compounds (1), (2), (3), and (4).

4. Conclusions

The verteporfin and its guanidine and dicarboxylic acid derivatives
were subjected to DFT(BP86-Def2-TZVP) computations, which provided
a clear knowledge of the compounds for their photodynamic therapeutic
applications. The DFT optimized geometries are global minima in the
potential energy surface and show their possible existence. The com-
putations also predict the more stable nature of the compound 1 and 3
when compared to the stabilities of 2 and 4. Experimental attempts to
synthesize compound 4 have failed, and computations also support the
the high reactive nature of the modelled triguanidino derivative of the
verteporfin 4. DFT calculations estimate the chemical shift values for the
individual atoms and the results are extremely similar to those of related
compounds or free porphyrin base. The more stable character of com-
pounds 1 and 3 is evident from the frontier molecular orbital analysis
revealed by the delocalization of the electrons around the ring in the
HOMO and LUMO. The LUMO-HOMO energy gap further confirms the
fact that compounds 1 and 3 are more stable than 2 and 4, which are
labile. DFT calculations based on the dipole moment values of com-
pounds 2 and 4 show that these compounds may have better non-linear
optical properties. The chemical shift values of the individual atoms are
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determined via theoretical 'H and '3C NMR calculations, which further
confirm that the NH protons are highly shielded.
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