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Abstract: This study aims to investigate the spectroscopic and structural properties of the compound
Lumefantrine which is important in pharmacology because of its anti-malarial effect. The structural and
spectroscopic properties of this molecule such as bond lengths, bond angles, FT-IR and NMR spectra were
handled computationally using a computational chemistry suite: Spar-tan’14. Both HF and DFT methods were
used with different basis sets for the calculations. The re-sults calculated by the software were compared to
experimental results from the literature. Both Computational and experimental results were exhibited as tables.
Also some calculated results such as HOMO-LUMO boundary orbitals and electrostatic potential map, were
given as graphics and pictures.

Keywords: Lumefantrine; Anti-malarial activity; Spectral analysis; HOMO-LUMO; Molecular
structure

1. Introduction

Malaria is a parasitic disease in humans that causes thousands of deaths every year [1].
According to World Malaria Report 2020 by WHO, every year, 409,000 people died because of this
disease. As a promising development from the same report, the malaria deaths have reduced from
736,000 to 409,000 between the years 2000 and 2019. Report also underlines, globally an estimated 1.5
billion malaria cases and 7.6 million of ma-lar-ian deaths have been prevented in the same period [2].

Lumefantrine is an amino alcohol developed by Chinese scientists at around the same time as
mefloquine. It has been the mainstay of the most widely used combination therapy with artemether.
So far a significant resistance has not been seen because Lu-mefantrine has never been used as
monotherapy [3]. Lumefantrine has been used with artemether since 1994. Bombarding by two
different drugs with different destructive mechanisms the parasite cannot develop a resistance
against the both [4].

This study has been inspired by a former study by Friedrich Research group. In their study
which has been published in an elite scientific journal, they investigated the structural and spectral
properties of Lumefantrine [1].

SPARTAN'XX is a package of computational chemistry that was published by Wavefunction
INC. [5,6]., Some researchers has used this software for investigating different kinds of organic
molecules such as pyrazoles [7], boronic acid derivatives [8], semicarbazides [9], dimethoxycoumarin
[10], triphenylphosphorusanilideneacetaldehyde [11] and ethoxycoumarin [12]. The package has
improved itself on predicting structural and spectral properties very near to experimental results.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. a) Basic molecular structure and atom numbering of Lumefantrine b) Molecular formula of
artemether.

2. Materials and Methods

2.1. Computational Details

For computational analysis of the molecule, two main methods were used with two basis sets
for each, in the SPARTAN'14 quantum chemistry suit. HF method was used with 321G and 6-31G*
basis sets while DFT was used with EDF2 and B3LYP in 6-31G*[13,14] and, the obtained results have
been tabulated and discussed under corresponding divisions. Calculated spectral graphics and MO
surfaces have been depicted in corresponding figures. For vibrational analysis, the calculated results
which were produced by the software have been corrected by a scaling factor of 0.962.

In the last decade, the DFT method has been given increasing importance among computational
chemists. Many researchers investigating especially d-block metal complexes prefer to use this
method with or instead of HE. Some small molecules, such as boronic acid derivatives or benzoic acid
derivatives, have been investigated using both DFT and HF. The results of the DFT method were
found to be more consistent with the experimental results compared to the HF method in most of the
studies [15]. The DFT method has also been used in some studies to investigate other types of small
molecules such as pyrazole derivatives and promising results have been obtained [16].

3. Results and Discussion

3.1. Structure of the Compound

The structure of any compound is determined by its bond lengths, bond angles and dihedral
angles. For this reason, in this study, the structural properties were calculated and tabulated in the
following pages. In addition, the potential energy, which shows the stability of the molecule, has been
calculated and tabulated for the molecule.

First thing first, it can come to mind, while there is no experimental data on the molecular
structure, how can we trust these computational values. For getting rid of this hesitation, we can
apply the spectroscopic data for the correlation between the experimental and calculated data. This
correlation can be used for the prediction of the molecular structures too. Since the number of atoms
of the molecule is very large, the bonds and angles are also numerous. Therefore, the tables showing
the bond lengths and angles are also quite large. For this reason, to keep the study short, these tables
were included in the Supplementary Information File (Figure S1).

3.2. Electronic and Spectral Properties

Electronic transitions and spectral properties were calculated in each method, HOMO and
LUMO molecular orbital surfaces were calculated and depicted, also their energy values are
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tabulated and compared to each other. ESPMap (Electrostatic potential Map) calculated and
presented as figures (Figure 2)

HF 3-21G HF 6-31G*

[ N N H

DFT EDF2 6-31G* DFT B3LYP 6-31G*

Figure 2. Calculated ESPMaps for Lumefantrine.

Lumefantrine has 30 C atoms, 32 H atoms, 3 Cl, 1 O and 1 N atoms, 67 atoms in total. So it is
better to handle the molecule in two graphics for Mulliken charge distribution. The first graphic
shows the charge distribution of H atoms and the second one depicts C and heteroatoms.

Like every molecule, atoms of lumefantrine have different electronegativities, so the electron
distribution on the molecule is heterogeneous. More electronegative atoms attract and gather up
more electrons than the electropositive ones. So electronic density around these atoms rises and these
parts of the molecule gain a partially negative charge. This heterogeneity causes atoms to have
different partial charges on the molecule. The more electron-rich a particular part of a molecule is,
the more susceptible it is to electrophilic attacks, and of course, the reverse is also true, the more
electron-poor it is, the more susceptible it will be to nucleophilic attacks. For this reason, The Mulliken
charge distribution is an important data for predicting the possible reaction mechanisms in which the
molecule participates [17] The ESPMap surface determines the distance at which a given positive
charge can interact with the molecule enough that it can produce an attraction or repulsion so that
they can have a bonding probability. Molecular ESP (Vr) is calculated by Equation-1 [18].

Vr = ZA%—fég—ir))dr’ (1)

The Mulliken charges of Lumefantrine are exhibited in Figure 3 and Table 1. These results are
also given in Figure 2 as a colour graphic. At a glance the most important points are briefly:

1- All H atoms have positive charges. At first sight H12 dramatically huge charge almost two
times bigger than most of the others. H12 also draws attention to the fact that while the HF321 method
calculates the highest value for all H atoms, it takes the highest value from the HF 631G* method.

2- C atoms of the molecule are generally negatively charged except for C21 which carries the
only —-OH group of the molecule and C9 which is neighbor to the olefinic bridge.

3- For most carbon atoms all methods agree with slightly different positive charges, but for C1,
C5, C6, C7, C8 and C11 the first two methods predict small negative charges.

4- The O atom of the -OH group has the highest negative charge as expected because of its
electronegativity.

5- The only N atom of the molecule has the second highest negative charge depending on its
electronegativity. In addition, this part represents one of the most vulnerable parts of the molecule to
electrophilic attacks and forms a basic site on the molecule.
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Figure 3. Mulliken charges of the atoms in Lumefantrine molecule (a) H atoms, (b) C&heteroatoms).

Table 1. Mulliken Charge distribution of the atoms of Lumefantrine.

g HF DFT EDF2 DFT B3LYP g HF DFT EDF2 DFT B3LYP
= Sl Bl ¢80 ¢80 < T eBL 030 o350

C1  -0.087 -0.019 0.093 0.083 H1 0310 0.265 0.181 0.177
c2 -0178 -0.195 -0.199 -0.190 H2 0310 0.261 0.176 0.172
C3  -0.194 -0.142 -0.075 -0.071 H3 0255 0217 0.154 0.151
Cc4 -0209 -0.190 -0.208 -0.202 H4 0263 0.229 0.167 0.160
C5  -0.047 -0.029 0.054 0.051 H5 0276 0.236 0.169 0.164
C6 -0.012 -0.044 -0.001 0.001 He 0277 0.235 0.166 0.161
C7 -0.030 0.006 0.075 0.072 H7 0264 0221 0.150 0.145
Cc8  -0.031 -0.031 0.051 0.051 H8 0273 0.238 0.160 0.156
C9 0.067 0.121 0.126 0.124 H9 0273 0.231 0.157 0.152
C10 -0.226 -0.266 -0.319 -0.307 H10 0.268 0.230 0.149 0.147
C11  -0.142 -0.014 0.166 0.154 H11 0223 0.165 0.137 0.132
C12 -0.206 -0.208 -0.192 -0.182 H12 0418 0474 0.410 0.408
C13 -0.203 -0.177 -0.136 -0.130 H13 0242 0.186 0.159 0.152
C14 -0.207 -0.135 -0.066 -0.064 H14 0208 0.162 0.145 0.138
C15 -0.203 -0.179 -0.138 -0.131 H15 0.200 0.156 0.146 0.140
Cl6 -0.207 -0.202 -0.180 -0.172 Hile 0.211 0.167 0.148 0.141
C17 -0.197 -0.184 -0.201 -0.194 H17 0230 0.168 0.161 0.153
c18 -0.199 -0.145 -0.072 -0.070 H18 0215 0.165 0.145 0.139
C19 -0.206 -0.196 -0.158 -0.149 H19 0203 0.155 0.138 0.131
C20 -0.245 -0.203 -0.195 -0.193 H20 0.201 0.151 0.137 0.130
Cc21  0.092 0.200 0.068 0.085 H21 0202 0.165 0.152 0.145
C22 -0.194 -0.140 -0.180 -0.161 H22 0205 0.162 0.156 0.148
C23 -0.173 -0.124 -0.166 -0.148 H23 0200 0.159 0.151 0.144
C24 -0.423 -0.307 -0.273 -0.260 H24 0.216 0.168 0.149 0.142
C25 -0.436 -0.316 -0.268 -0.255 H25 0.188 0.142 0.127 0.121
C26 -0.580 -0.479 -0.463 -0.442 H26 0.210 0.158 0.142 0.136
C27 -0.148 -0.096 -0.140 -0.123 H27 0215 0.164 0.146 0.139
C28 -0.416 -0.311 -0.270 -0.256 H28 0.208 0.158 0.143 0.135
C29 -0.434 -0.314 -0.267 -0.254 H29 0.206 0.157 0.141 0.134
C30 -0.581 -0.479 -0.464 -0.442 H30 0.204 0.166 0.154 0.146
Cl1 0.038 -0.002 -0.021 -0.026 H31 0.199 0.158 0.150 0.143
Cl2 0.044 0.003 -0.008 -0.013 H32 0202 0.160 0.153 0.146
CI3  0.042 0.000 -0.020 -0.025

O1 -0.708 -0.783 -0.656 -0.659

N1 -0.737 -0.650 -0.417 -0.430
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3.3. Molecular Orbitals Surfaces (HOMO LUMO) Analysis and UV-Vis Spectra

Highest Occupied Molecular Orbital (HOMO) represents the highest energy level in which at
least one electron exists around the molecule. As just opposite Lowest Unoccupied Molecular Orbital
(LUMO) gives the lowest energy level around the molecule in which there is no electron. The gap
between these two values is very significant in the biological and chemical reactivities of the
molecules. The molecules with small energy gaps are accepted as soft molecules and expected to
involve in chemical reactions easily. These energy levels also determine the acidity and basicity of
the molecules.

In Lumefantrine the energy gap between HOMO-LUMO was calculated to be 9.9 eV, 9.6 eV, 3.5
eV, and 3.7 eV according to the methods respectively. As can be seen easily, DFT methods give
dramatically smaller values than the HF calculations (Tables 2 and 3). According to these values
Lumefantrine can be supposed to be a semi-rigid molecule (Figure 4). The larger HOMO-LUMO gap
gives the molecule greater kinetic stability and lower chemical reactivity. Molecule’s hardness can be
predicted via Equation 2a and softness (S) can be derived from hardness via Equation 2b.

1=(ELUMO-EHOMO) (2a)
S=1/n (2b)
§§ LUMO+1
‘:
LUMO i) g 'y S
AE;
AE,
AE,
HOMO
B
o M
et OF | Lomo-1

Figure 4. Electron transitions and corresponding E and AE values for Lumefantrine.

Table 2. MO energies for Lumefantrine molecule.

HF DFT
MOs " EDF2 B3LYP Average
321G 6-31G 6-31G* 6-31G*

LUMO({+1} 25 24 -1.2 -1.1 0.7
LUMO 1.6 1.5 -2.3 -2.2 -0.4
HOMO -8.3 -8.1 -5.8 -5.9 -7.0

HOMO({-1} -8.7 -8.3 -5.9 -6.0 -7.2

HOMO({-2} -9.4 -9.4 -6.1 -6.3 -7.8

HOMO({-3} -9.6 -9.5 -6.9 -7.0 -8.3

HOMO({-4} -9.9 -9.7 -72 -7.3 -8.5

HOMO({-5} -10.0 -10.0 -72 -7.4 -8.7

HOMO({-6} -10.4 -10.2 -7.3 -7.4 -8.8

HOMO({-7} -11.6 -11.6 -7.3 -7.5 -9.5

HOMO({-8} -12.1 -121 -8.2 -8.4 -10.2

HOMO({-9} -12.2 -12.2 -8.4 -8.5 -10.3
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As can be easily guessed, molecules with large energy gaps, defined as hard mole-cules, do not
change their electron density very easily. On the other hand, molecules with small energy gaps called
soft molecules, change their electron densities relatively easily [19, 20].

Table 3. Energy equivalencies for the transitions according to different methods.

= = E Diff. (AE
Metl.lod& Z 8 2o % o E g nergy Diff. (AE) Amax
Basis Set T T AE1  AE: AE; Calculated (Vac.)

3-21G -8.7 -8.3 1.6 25 103 99 108 12047 12534 114.89

o
: 6-31G* -8.3 -8.1 1.5 24 9.8 9.6 105 126.61 12925 118.17
EDF2
-5.9 -58 23 -1.2 3.6 3.5 4.6 344.67  354.52 269.74
5 b
6-31G* -6.0 -59 22 -1.1 3.8 3.7 4.8 326.53 335.36 258.50
HF 3-21G /\
/ \
HF 6-31G* \
/ N
7 \\
/ \
/ \
/ \
DFT EDF2 6-31G*
DFT B3LYP 6-31G*
’ “ “ UV/Vis Spectrum » ®

Figure 5. Calculated UV-Vis spectra for Lumefantrine.

3.4. FT-IR Vibrational Analysis

The molecule of Lumefantrine has 67 atoms and that means 195 vibrational modes. These 195
modes can be handled in three parts. The groups in which the aromatic rings are located are the calm
parts that make slow movements and oscillations without disturbing their planarity as can be
expected. And again, as can be easily predicted, the most mobile and agile part of the molecule is the
aliphatic part, which consists of two branches. This second part which consists of C21 and beyond,
with O and N atoms exhibits every kind of mechanical motion such as swinging, rocking, etc.
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Figure 6. Calculated FT-IR spectra for Lumefantrine.

As a brief analysis, the frequencies have been tabulated in Table 4 and depicted in Figure 7. In
the table, the calculated values according to four methods were involved comparatively. Although
there are no experimental data for FTIR, the computational values available can be considered
significant due to the compatibility between the experimental and computational NMR data, which
will be seen in the following sections. Even so, some important points should be underlined [21,22].

1- The peak which refers -O—H group’s stretching, appears in 3629 cm, 3884 cm™, 3393 cm,
and 3124 cm ! (mode 195) according to method respectively [23].

2- The peak in mode 171(3088 cm-1, 3083 cm, 2929 cm, and 2926 cm) refers to the C-H
stretching motions which belong to the aliphatic branches.

3- Two kinds of aromatic groups of which stretchings are seen as mode 150 (1607 cm™, 1582 cm-
1,1470 cm™, and 1474 cm') for the single ring and mode 138 (1494 cm, 1507 cm!, 1396 cm!, and 1392
cmt)

4-The stretching of the olefinic group (C9=C10) appears as the peak mode 163 (1801 cm™, 1806
cm?, 1631 cm”, and 1622 cm™?).

Table 4. Calculated Vibrational spectra (FT-IR) for Lumefantrine*.

., EDF2  B3LYP ., EDF2  B3LYP

321G 631G* o i 321G 631G* o
1 493 490 456 456 11 1434 1439 1333 1331
2 616 588 560 558 12 1494 1507 1396 1392
3 663 630 596 595 13 1607 1582 1470 1474
4 700 670 607 621 14 1678 1710 1570 1561
5 783 767 731 732 15 1801 1806 1631 1622
6 983 974 886 882 16 3023 3010 2837 2836
7 129 1304 1230 1226 17 3088 3083 2929 2926
8 1179 1180 1100 1098 18 3142 3141 3003 2994
9 129 1304 1230 1226 19 3313 3316 3131 3130
10 1352 1344 1259 1261 20 3629 3884 3393 3124

* The full table can be found in the supporting information file.
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3.5. NMR Analysis

Let the last thing to be said first, the experimental values from the literature [1] and the calculated
ones in this study are in great agreement. This harmony between the data also increases our
confidence in the data presented in the previous sections, which have no empirical counterparts. The
calculated and experimental data are tabulated in Table 5. The same spectra have been depicted in
Figures 7 and 8. Also, COSY, HSQC and HMBC spectra have been presented in Figure 9. The
experimental spectra can be seen in the article by Friedrich's research group [1].

Some significant peaks in the spectra can be interpreted as follows

1- H21,22,23 and H30,31,32 the terminal H atoms appeared 0.96 ppm in experimental studies.
Their calculated values have been found between 0.93 and 1.19. EDF2 method gave the nearest
calculated value to the experimental results.

2- H12 has been found to give a peak near 3 to 4.16 ppm. But its peak isn’t seen in the
experimental spectra which is typical for O-H groups.

3- H11 which is on the same C21 with the O atom has given a peak of 5.35 ppm in experimental
spectra. Its calculated values are predicted 4.85 ppm to 5.24 ppm.

4- C3, C14 and C18 which bear Cl1, CI2 and CI3 respectively were found to give peaks at 136.72
ppm 137.0 ppm and 134.3 ppm experimentally. Their calculated values were found 124 ppm to 136.72
ppm. As with most C atoms, the nearest calculated results came from DFT methods, especially EDF2.

HF 3-21G
j:
3
i L

HF 6-31G*
f:
é

Ll il

DFT EDF2 6-31G*
j:
%
S

| ‘I‘II | H | H ‘

DFT B3LYP 6-31G*
j:
T;;
S

1l mimii
8 6 4 2 0

"H no Jy; Spectrum

Figure 7. Calculated 1TH NMR spectra for Lumefantrine.
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Figure 8. Calculated '*C NMR spectra for Lumefantrine.
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Figure 9. Calculated COSY, HSQC and HMBC spectra for Lumefantrine.
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Table 5. Calculated and experimental NMR spectra for Lumefantrine.

g HF DFT DFT % g HF DFT DFT %

=) oy Q o
X 4R0eBLEROBEN 4 < SR eBLHES B~ A
C1 128,66 13799 141.12 135.18 141.7 H1 843 821 8.02 7.74 7.58
C2 12157 128.09 127.69 12243 1241 H2 624 7.28 7.90 7.57 7.58
C3 12434 13548 13471 136.72 1333 H3 7.62 7.57 7.30 7.16 7.31
C4 11779 12327 121.72 11639 1278 H4 749 7.66 7.63 7.67 7.44
C5 12693 13530 13857 13256 1400 H5 750 7.67 7.41 7.12 7.44
C6 125.01 133.79 13490 12957 1330 Heé6 750 7.67 7.41 7.18 7.44
C7 12851 136.27 13752 131.71 1366 H7 749 7.60 7.63 7.09 7.44
C8 12951 13894 14248 136.16 1384 H8 7.61 7.86 7.43 7.18 7.67

Cc9 12729 13249 13633 131.10 1351 H9 727 749 7.23 6.94 7.44
C10 118.67 124.84 128.04 12358 1285 H10 752 7.77 7.55 7.38 771
C11 12638 13276 134.66 12827 1351 HI11 4.85 4.96 5.10 524 5.35
C12 12090 128.68 130.80 12441 130.7 H12 3.83 3.06 4.16 3.95 --
C13 12193 12796 129.17 12237 1292 H13 187 1.97 2.31 2.07 244
C14 12505 136.10 13543 13750 134.8 H14 245 255 3.24 3.09 2.87
C15 12193 12796 129.17 12299 1292 H15 197 2.30 2.69 2.58 2.59

Cl6 12090 128.68 130.80 124.88 130.7 H16 2.01 2.17 2.63 2.57 2.59
C17 11458 12041 120.28 11459 1265 H17 150 1.56 1.80 2.00 1.49
C18 12353 134.68 133.14 13527 1343 H18 123 149 1.66 1.64 1.49

C19 120.67 126.74 12814 121.79 130.7 H19 0.81 1.17 1.33 1.38 1.36
C20 11460 122.07 12359 11746 1208 H20 0.80 1.18 1.34 1.42 1.36
C21 5452  58.98 65.74 65.49 65.6 H21 093 1.09 0.97 1.19 0.96
C22 5392 60.05 66.73 65.96 60.1 H22 093 1.09 0.97 1.06 0.96
C23 4789  52.00 58.82 56.47 535 H23 093 1.09 0.97 0.98 0.96
C24 2811  31.58 34.76 36.97 292 H24 201 217 2.63 231 2.59
C25 1690 19.79 21.57 23.31 207 H25 197 230 2.69 2.73 2.59
C26 1348 1527 14.86 15.78 142 H26 150 1.56 1.80 1.61 1.49
C27 47.89  52.00 58.82 60.59 535 H27 123 149 1.66 1.66 1.49
C28 2811  31.58 34.76 34.67 292 H28 081 1.17 1.33 1.34 1.36
C29 1690 19.79 21.57 23.05 207 H29 080 1.18 1.34 1.34 1.36

C30 1348 1527 14.86 15.89 142 H30 093 1.09 0.97 1.17 0.96
H31 093 1.09 0.97 0.97 0.96
H32 093 1.09 0.97 1.03 0.96

** Borrowed from Reference 1.

4. Conclusions

Molecular structure and HOMO-LUMO analysis of lumefantrine were performed using the
SPARTAN-14 package at EDF2 and B3LYP levels and different base sets by HF and DFT methods. In
addition, FT-IR and FT-RAMAN spectra were calculated and compared with the inter-method
results. Lumefantrine has been studied by different research groups specifically for its
pharmacological activities, but this study is a computational study aimed at investigating the
SPARTAN software versus experimental NMR studies.

The calculated values were compared with the experimental values found in the literature and
were found to be very close without significant deviation. As a result of all studies, it was seen that
the calculated values and the experimental results were very close and consistent with each other.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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Data Availability: Supplementary Materials and data can be requested from the author by e-mail.
(ahmettkunduracioglu@gmail.com).
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