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Abstract: A computational investigation about the chemical reactivity of hibiscus acid (HA) and garcinia acid (GA) diastereoisomers was
conducted using the X/6-311G(d,p) theoretical level (where X = B3LYP, B3PW91, BHandHLYP and WB97XD). Analysis of global reactivity
descriptors revealed similar behavior for both diastereoisomers. However, Fukui function calculations highlighted differences in local active
site distribution attributed to the orientation of the hydroxyl group at C3 in the oxolane structure. Variations in carboxyl group orientations
were observed to induce distinct local reactivities on the HA and GA due to the presence of different intramolecular interactions, which are
impacting their chemical properties. Also, specific sites susceptible to nucleophilic, electrophilic, and free radical attacks were identified. NBO
results were used to estimate the donor-acceptor interactions in HA and GA. The results suggest that the most favorable interactions are
LP(2)017 and BD*(2) C9-019. Additionally, an analysis of the bond critical points (BCPs) indicates that the Laplacian of the density in GA is
higher compared to HA, suggesting that the BCP in GA is more sensitive to variations in the surrounding electronic density. These findings could

provide an explanation for the observed differences in reactivity between these compounds.
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INTRODUCTION

BESITY, characterized by excessive accumulation of

body fat, emerges as the primary risk factor driving the
onset and progression of type 2 diabetes mellitus (DM)
across all age groups. Its prevalence has reached alarming
levels akin to a pandemic, emphasizing the urgent need for
comprehensive strategies addressing both obesity and
diabetes management to curb its impact. In the case of obe-
sity, lifestyle modifications like dietary changes and exercise
are fundamental for long-term prevention, but they often fall
short of achieving significant or sustainable weight loss.
Consequently, the demand for treatment options becomes
imperative.l'-3 Hence, obesity can be addressed with medi-
cations such as phentermine, sibutramine, orlistat, and
rimonabant, all of which are licensed for weight reduction
therapy.!45! However, it is essential to note that these medi-
cations may induce side effects like dry mouth, insomnia, and

fatigue. Moreover, drugs like sibutramine have been with-
drawn from the market due to severe cardiovascular risks.!!
Onthe other hand, in the treatment of patients with diabetes
who require medication for obesity, healthcare providers
often utilize GLP-1 agonists such as semaglutide, dulaglutide,
and liraglutide,'® or SGLT2 inhibitors like empagliflozin,
dapagliflozin, canagliflozin, ertugliflozin,!”? among others. The
most common side effects of GLP-1 agonists include loss of
appetite, nausea, vomiting, abdominal pain, diarrhea, dizzi-
ness, mild tachycardia, infections, headaches, and indiges-
tion (upset stomach).lBl On the other hand, the primary
adverse events associated with SGLT2 inhibitors include uri-
nary tract and genital infections, as well as euglycemic dia-
betic ketoacidosis.l! Thus, it is necessary to search for less
aggressive treatments, among which natural products and
plant-based supplements, which have been utilized for cen-
turies, are gaining recognition for their effectiveness in treat-
ing diseases and maintaining health.[?
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Hydroxycitric acid (1,2-dihydroxypropane-1,2,3-
tricarboxylic acid) is a phytomolecule derivative of citric
acid that naturally occurs in a variety of plants, including
Garcinia cambogia,[l%-131 and Hibiscus subdariffa.[14-16]
Hydroxycitric acid (HCA) is widely utilized in medicines and
as food additives, [l and has been found to be a potential
metabolic regulator with antiobesity activity,!'819 an inhib-
itor of lipogenesis,[19-231 and hypoglycemic.l24l HCA has two
diastereomers due to the presence of two chiral centers in
the molecule. Consequently, there are four stereoisomers
of HCA, consisting of two pairs of enantiomers, thus, HCA
exists in four different isomers. However, only the (2S,3R)-
tetrahydro-3-hydroxy-5-oxo-2,3-furandicarboxylic acid,
[(2S,3R)-2] known as hibiscus acid, see Figure 1a, and its
diastereomer, (2S,3S)-tetrahydro-3-hydroxy-5-oxo-2,3-
furandicarboxylic acid [(2S,3S)-2] referred to as garcinia
acid, see Figure 1b, have been reported as bioactive com-
pounds for antidiabetic,?5] and antiobesity effects, 8!
respectively. In this context, the (2S, 3S) isomer inhibits ATP
citrate lyase, while the (2S, 3R) isomer acts on pancreatic
alpha-amylase and alpha-glucosidase enzymes.[18:21]
Although it is well known that hibiscus acid and garcinia
acid are organic compounds containing acidic groups, and
their reactivity may be of interest in various areas such as
medicinal chemistry and nutrition, most studies have
focused on their therapeutic activity and physiological
properties.[51426-31] Although, recently, a theoretical study
was conducted to identify the reactivity of hydroxycitric
acid in its open-chain form using global and local reactivity
descriptors derived from DFT theory;®2 it has been
reported that isolating stereoisomers of HCA in their open-
chain forms is exceedingly challenging. Moreover, due to
the y-hydroxyl group's tendency to spontaneously undergo
lactonization, it forms a y-butyrolactone ring system during
isolation.!331 Thus, a study of the molecular reactivity of HCA
in its lactone forms, which are available naturally, is still
missing. However, to the best of our knowledge, after a
search in the literature, no molecular-level study has been
conducted to study the chemical reactivity at the molecular
level of the stereoisomers of hydroxycitric acid lactones in
their configurations (2S, 3S) and (2S, 3R). Therefore, inves-
tigating their reactivity could yield valuable insights into

a) b)

Ho, \—OH

Figure 1. Chemical structure of hibiscus acid ((2S,3R)-3-
hydroxy-5-oxooxolane-2,3-dicarboxylic acid) and garcinia
acid ((25,3S)-3-hydroxy-5-oxooxolane-2,3-dicarboxylic acid).

how these compounds interact with other chemical and
biological systems. Furthermore, this kind of studies may
offer insights into potential reaction mechanisms and aid in
optimizing the synthesis of these compounds. Thus, in this
work, we conducted a computational study of the chemical
reactivity of hydrocyclic acid in its (2S, 3S) and (2S, 3R)
configurations to enhance the understanding that exists on
this subject.

THEORY

Global Reactivity Parameters

Chemical reactivity of HA and GA was evaluated through
global and local chemical reactivity descriptors derived
from the density functional theory.?43% The global de-
scriptors used are the electronic chemical potential (u), the
hardness (n) value, and the electronegativity (x). u allows
us to measure the electron escape tendency from the mol-
ecule, y is the negative of the electronic chemical potential,
and n allows us to analyze the molecular stability. These
descriptors may be evaluated through the [Eq. (1-3)]:[3435]

OF 1 1
He (a/vj =irAsara) W
X=—HM (2)

_(om) _(Or) i
n—[aN]M [(ijm (I-A)=( -¢&) ()

In these equations, / is the ionization potential, A is the
electronic affinity, €. is the energy of the lowest unoccupied
molecular orbital (LUMO), and €y is the energy of the highest
occupied molecular orbital (HOMO). Also, the electrophilicity
index was determined to identify the nucleophile or
electrophile character of the molecular system as:[3®!

w=Ht (4)

while the electroacceptation power (w~) or electrodonation
charge power (w*) were evaluated by:
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Local Reactivity Parameters

In order to identify the regions more susceptible to
receiving nucleophilic, electrophilic, or free radical attacks,
we evaluated the Fukui function (FF) as the variation of
electron density p(r) with a fixed geometry and the external
potential constant (v(r) ) as the number of electrons change
(N), [Eq. (7)]:

_( P} _ [ oulr)
f(f)—( ON jv(r) [ a(r)j 7

FF was evaluated following three different
approximations, which are: a) frozen-core (FC), b) finite
difference (FD),13”! and c) atomic charges.38! The equations
for each approximation are reported in the supplementary
material to evaluate FF for nucleophilic (f*(r)), electrophilic
(f(r)) and free radical attacks (f°(r)).

METHODS

The HA and GA structures were subjected to full geomet-
rical optimization in the aqueous phase employing the X/6-
311G (d,p) level of theory,3! (where X = B3LYP,[40.41]
B3PW91,421 BHandHLYP,*3] and WB97XDI*4). The solvent
phase was taken into account employing the continuous
polarizable model (PCM) developed by Tomasi et al.[43:46]
Vibrational frequencies were calculated to ensure that the
stationary points corresponded to a minimum on the
potential energy surface. All quantum calculations reported
here were performed with the package Gaussian 09,147l and
visualized with the packages GaussView,!“8] Arguslab,49]
Gabedit,5% and Multwfn.[*2 NBO calculations, 2! were per-
formed as implemented in the package Gaussian 09.[47]

RESULTS AND DISCUSSION

Geometry Optimization
The molecular structures of HA and GA were optimized,
without restrictions, at the X/6-311G (d,p) level of the-
ory,B9 (where X = B3LYP,[40.41] B3PW91,1421 BHandHLYP,43]

a) 9 b) .~

Figure 2. Optimized structures of a) HA, and b) GA at the
B3LYP/6-311G (d,p) level of theory in the agueous phase
employing the PCM solvation model. Bond distances are
given in Angstroms, DA=Dihedral Angle.

and WB97XDI#4), similar results were obtained using the
different functionals employed in the calculations, and the
optimized structures are depicted in Figure 2. In the case of
HA, the C-C, C=0 and O-H distances, and angles, and dihe-
dral angles are very close to those obtained from X-ray crys-
tallography.[53! Also, the vibrational frequencies for the
optimized HA and GA structures were calculated at the the-
oretical level X/6-311G (d,p),3°! and all of them are real
(positive numbers), confirming that the geometry is genu-
inely a minimum on the X/6-311G (d,p) potential energy
surface. The vibrational frequencies evaluated at the
B3LYP/6-311G (d,p) level of theory have been uniformly ad-
justed by a factor of 0.9888.54] HA and GA displayed strong
IR bands at 3706, 1816, 1354, and 1148 cm™ (see Figure 1S
in the supplementary material), which correspond to O-H
stretching, C=0 stretching, C-C stretching and C-C bending
in the plane, respectively. These values are close to those
reported in the literature for HA,[53 and GA.[20]

Global Reactivity Descriptors

The chemical reactivities of HA and GA were analyzed
through the global reactivity descriptors given by [Eq. (1-
6)] and are reported in Table 1 and 2, respectively. Note
that the hardness values are very similar for both
diasteroisomers, indicating that the orientation of the
carboxyl substituent does not have a significant effect on
global chemical stability. Similar tendencies were
observed with the values of u, x, w for both
diasteroisomers, suggesting the same global chemical
behavior for these compounds.

Table 1. Global reactivity descriptors calculated for HA evaluated at the X/6-311G (d,p) level of theory,39 (where X = B3LYP,[4041]
B3PW91,1421 BHandHLYP, 3l and WB37XD!4) and in the aqueous phase, using [Eq. (1-6)]. The values in parentheses correspond

to the values calculated using Koopman’s theorem.

u/ev n/ev w/eV w?*/eV w/eV
B3LYP 4.48 (4.51) 7.01(7.13) —4.48 (-4.51) 2.86 (2.85) 2.77 (2.78) 0.53 (0.52)
B3PWO1 4.49 (4.52) 7.02(7.12) —4.49 (-4.52) 2.87(2.87) 2.77(2.79) 0.53(0.53)
BHandHLYP 4.56 (4.36) 10.53 (7.87) —4.56 (4.36) 1.98 (2.41) 0.18 (2.54) 2.46 (0.36)
WBS7XD 4.78 (4.78) 11.30(7.57) —4.78 (-4.78) 1.01(1.51) 0.17 (0.55) 2.56 (2.94)
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Table 2. Global reactivity descriptors calculated for GA evaluated at the X/6-311G (d,p) level of theory,° (where X = B3LYP,[40.41]
B3PW91,1421 BHandHLYP,[“3l and WB97XD!“4)) and in the aqueous phase, using [Eq. (1-6)]. The values in parentheses correspond

to the values calculated using Koopman’s theorem.

u/ev n/ev w/eV w*/ eV w /eV
B3LYP 437 (-4.39) 6.99 (=7.09) —4.37 (-4.39) 2.73 (=2.72) 2.67 (-2.68) 0.49 (-0.48)
B3PW91 4.49 (-4.4) 7.02 (-7.07) —4.49 (-4.4) 2.87 (-2.74) 2.77 (-2.69) 0.53 (-0.49)
BHandHLYP 4.56 (—4.45) 10.53 (-8.32) —4.56 (—4.45) 1.98 (-2.38) 0.18 (-2.56) 2.46 (-0.34)
WBS7XD 4.65 (—4.71) 11.29 (-7.66) —4.65 (-4.71) 0.96 (-1.45) 0.15 (-0.51) 2.47 (-2.87)

Local Reactivity Descriptors

The distribution of the more reactive sites in a molecular
system can be evaluated through the Fukui Function (FF) by
using the FC (equations 1S and 2S) and FD (equations 3S-
5S) approximations; see equations in the supplementary
material. In the case of the FC approach, the more reactive
sites to electrophilic attacks are given by the sites with a
higher contribution from the HOMO orbital (Fig. 3a and 3b),
while the nucleophilic sites are given by the sites with a
higher contribution from the LUMO orbital (Fig. 3c and 3d).
Note that the distribution of the frontier orbitals varies
depending on the carboxyl chiral substituent orientation.
Also, observe that the major contribution of the HOMO
orbital in the HA molecule (Fig. 3a) is on the oxygen atom
in the oxolane carbonyl group, followed by the oxygen
atom in the hydroxyl group located at C-3, and in the car-
bon atoms at C-3 and C-4. For GA (Fig 3b), the major contri-
butions of HOMO’s orbital are observed on the oxygen
atom in the oxolane carbonyl group and on the oxygen
atom of the hydroxyl group at C-3, followed by the C-3, C-
4, and C-5 carbon atoms. Also, it is possible to observe that
the carbon and oxygen atoms in the carbonyl group at C-2
show the lowest HOMO contribution in GA. If one analyzes
the LUMO distribution on HA and GA, it is possible to iden-
tify the more reactive sites for nucleopilic attacks. For the
HA molecule (Fig. 3c), the highest LUMO contribution is on
the carbon atom in the carbonyl group at C-3, followed by
the oxygen atoms in the carbonyl group at C-3, and on the
C-1 carbon atom. The lowest contribution is found on the
oxygen atoms in the carboxyl group at C-2. In the case of
GA (Fig. 3d), the higher contribution of LUMO orbitals is
located on the carbon atom in the carbonyl group at C-2,
while a lower distribution was observed on the oxygen
atoms in the carbonyl group at C-3 and on the carbon and
oxygen atoms in the oxolane carbonyl. In summary, the
results suggest that the orientation of the carbonyl group
in HA and GA is causing the more reactive sites for electro-
philic attacks to be on the carbonyl at C-3 in HA, while for
GA, it is on the carbonyl group at C-2. For nucleophilic
attacks, the more reactive site is on the carbonyl group at
C-2 in HA and in the oxolane carbonyl group for GA.

The evaluation of the Fukui Function using the FD
approximation (equations (3S)-(5S) in the supplemental
material) is reported for HA (Figure 4) and GA (Fig. 5). The
more susceptible sites to nucleophilic attacks in HA were
located on the carboxyl at the C-3, due to the positive
polarity on the carbon atom (Fig. 4a). For electrophilic
attacks, the more active sites were the oxygen atom of the
carbonyl group in the carboxyl of the C-3 in the oxygen
atom in the oxolane carbonyl and the hydroxyl group at the
C-3, due to their electronic abundance (Fig. 4b). For free
radical attacks, the more reactive sites are found on the
carboxyl groups and in the oxygen in the oxolane (Fig. 4c).
For GA molecules, the more susceptible sites to nucleo-
philic attack are found on the carboxyl group at C-3 and on
the oxygen atom in the oxolane group (Fig. 5a). In the case

Figure 3. HOMO distributions for a) hibiscus acid and b)
garcinia acid, and LUMO distributions for c) hibiscus acid
and d) garcinia acid were obtained at the WB97XD/6-
311G(d,p) level of theory in the aqueous phase using the
PCM solution model. In all cases, the isosurfaces were
obtained at 0.02 e/a.u.3.
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of electrophilic attacks, the more reactive positions are
found on the oxygen atom of the carbonyl group in the car-
boxyl at C-2, in the oxygen atom in the oxolane group, and
in the hydroxyl group at C-3 (Fig. 5b). In the case of free
radical attacks, the more reactive zones of the molecule are
located on the carboxyl at C-2 and C-3 and in the oxygen
atom in the oxolane (Fig. 5c). The above mentioned
indicates that when the hydroxyl substituent is pointing

b)

Figure 4. Isosurfaces of the Fukui Functions for HA according
to equations (3S), (4S), and (5S), in the supplemental
material at the WB97XD/6-311G(d,p) level of theory
employing the PCM solvation model. In the case of (a)
nucleophilic, (b) electrophilic, and (c) free radical attacks. In
all cases, the density isosurfaces were obtained at
0.01 e/a.u.3, dashed circles show the more reactive zones in
each molecule.

a)

c)

Figure 5. Isosurfaces of the Fukui functions for GA according
to equations (3S), (4S), and (5S), in the supplemental
material, at the WB97XD/6-311G(d,p) level of theory
employing the PCM solvation model. In the case of (a)
nucleophilic, (b) electrophilic, and (c) free radical attacks. In
all cases, the isosurfaces were obtained at 0.01 e/a.u.3,
dashed circles show the more reactive zones in each
molecule.

back in the oxolane structure in the case of GA, the carboxyl
substituent at C-3 attracts electron density, and therefore
the oxolane carbonyl becomes susceptible to a nucleophilic
attack. In comparison with HA the only site susceptible to a
nucleophilic attack is on the carboxyl at C-3.

Also, it is possible to condense the Fukui function
through equations (6S), (7S), and (8S) to identify the pin-
point distribution of active sites because the highest CFF
values correspond to the more reactive atoms in the
reference molecule.5% In the case of equations (6S)-(8S),
we used the Hirshfeld population to evaluate the CFF values
because the values obtained are non-negative.[56571 The
CFF values for nucleophilic attacks at different levels of
theory for the molecules in the aqueous phase are reported
in Table 3 for HA and in Table 4 for GA. Note that HA
exhibits the more susceptible site for nucleophilic attacks
on the carboxyl at C-3 and the more susceptible sites to
electrophilic attack are on the oxygen atom of the carbonyl
group of the carboxyl at C-2 and the oxygen in the oxolane
carbonyl. In the case of free radical attacks, the more
reactive sites are on the oxygen in the oxolane and on the
carbonyl group at C-3. While for GA, see Table 4, the more
reactive zone towards nucleophilic attack is the carboxyl
located at C-3 and also on the oxygen in the oxolane. On

a) b)
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Figure 6. Mapping of the electrostatic potentials evaluated
at the WB97XD /6-311G (d,p) level of theory using the PCM
solvation model on a density isosurface (p =0.002 e/a.u.3)
for a) HA and b) GA.

a) C— b)

3.07A ] 260k 3-905\/ 2.96'A
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Figure 7. Mulliken population analysis for a) HA and b) GA.
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the other hand, in the case of the more reactive sites for
electrophilic and free radical attacks, GA had the same
behavior as HA. Similar results were obtained at the four
levels of theory employed in this work.

Also, it is possible to analyze the chemical reactivity
of molecules through molecular electrostatic potential
maps (MEP).3% Figure 6 shows the MEP of HA and GA. In
this figure, the negative potential areas (red color)
represent electron-abundant zones, while the positive
potential areas (blue color) show a relative lack of
electrons. The results indicate that the carboxyl and
hydroxyl groups at C-2 and C-3 of GA exhibit more negative
potential values in comparison to the hydroxyl groups at
C-2 and C-3 of HA, suggesting that the substituents of the
(2S,3S) conformation are more electrophilic compared to
the substituents of the (2S5,3R) conformation. Additionally,
the charge distribution for HA and GA was analyzed, as
shown in Figure 7. The different charge distributions in both
molecules result in dipole moment values of 8.41 D (HA,
Figure 7a) and 5.31 D (GA, Figure 7b), indicating a variation
in the charge distribution within the molecules. Since the

dipole moment is a measure of charge separation, a value
of 8.41 D suggests a more uneven or polarized charge
distribution compared to the value of 5.31 D. This
difference could influence non-covalent interactions. The
figure shows that this charge distribution is related to the
separation between the -COOH and the OH groups.

Analysis Of Non-Covalent Interactions

The reactivity study both
diasterosiomers show similar global reactivity but different
local reactivity due to the different orientations of the
carboxyl substituents. In order to identify the interactions
involved in both diasteroisomers and if these interactions
are significant, it was analyzed the regions where the
reduced gradient will have values close to zero to identify
regions of covalent bonding and non-covalent interactions
through the NCI index, equation (8).[54

chemical revealed that

1 |Velr)]

2(2712)1/3 p(r)A/S (8)

s(r) =

Table 3. Condensed Fukui function values for nucleophilic attacks on HA at the X/6-311G (d,p) level of theory,39 (where X =
B3LYP,[40411 B3PW91,1421 BHandHLYP,[“3) and WB97XD4)), in the aqueous phase employing Hirshfeld population and equations

(65-8S) in the supplemental material.

Atom f f £

B3LYP BHandHLYP B3PW91 WB97XD B3LYP BHandHLYP B3PW91 WB97XD  B3LYP BHandHLYP B3PW91 WB97XD
1C  0.030 0.033 0.030 0.032 0.031 0.016 0.032 0.021 0.031 0.025 0.031 0.027
2C 0.026 0.027 0.026 0.024 0.059 0.059 0.059 0.067 0.042 0.043 0.042 0.045
3H 0.024 0.024 0.024 0.021 0.034 0.036 0.034 0.038 0.029 0.030 0.029 0.029
4H 0.024 0.020 0.025 0.019 0.034 0.038 0.034 0.038 0.029 0.029 0.029 0.029
5C  0.043 0.022 0.043 0.022 0.074 0.125 0.074 0.115 0.059 0.074 0.058 0.068
6C 0.033 0.026 0.033 0.028 0.028 0.019 0.028 0.019 0.031 0.023 0.031 0.024
7H  0.037 0.024 0.037 0.029 0.027 0.021 0.027 0.022 0.032 0.022 0.032 0.026
8C 0.082 0.026 0.081 0.038 0.029 0.008 0.029 0.009 0.056 0.017 0.055 0.023
9C  0.144 0.232 0.144 0.209 0.015 0.010 0.015 0.012 0.080 0.121 0.079 0.110
100  0.030 0.023 0.030 0.023 0.063 0.092 0.062 0.092 0.046 0.058 0.046 0.058
110  0.055 0.036 0.056 0.036 0.232 0.458 0.232 0.406 0.144 0.247 0.144 0.221
120  0.030 0.035 0.030 0.032 0.113 0.021 0.113 0.043 0.072 0.028 0.072 0.037
13H  0.020 0.023 0.020 0.024 0.034 0.012 0.034 0.019 0.027 0.017 0.027 0.021
140 0.042 0.015 0.042 0.020 0.034 0.010 0.034 0.010 0.038 0.012 0.038 0.015
15H  0.028 0.016 0.027 0.019 0.020 0.009 0.020 0.010 0.024 0.013 0.023 0.014
160 0.094 0.044 0.094 0.056 0.087 0.019 0.089 0.022 0.091 0.031 0.091 0.039
170 0.073 0.106 0.073 0.099 0.023 0.010 0.023 0.013 0.048 0.058 0.048 0.056
18H 0.038 0.053 0.038 0.059 0.016 0.009 0.016 0.012 0.027 0.031 0.027 0.035
190 0.145 0.215 0.146 0.211 0.047 0.027 0.047 0.033 0.096 0.121 0.096 0.122
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Table 4. Condensed Fukui function values for nucleophilic attacks on GA at the X/6-311G (d,p) level of theory (where X =
B3LYP,!“041 B3PW91,142l BHandHLYP,[“3l and WB97XDI*4), in the aqueous phase employing Hirshfeld population and equations

(6S-8S) in the supplemental material.

Atom f f £

B3LYP BHandHLYP B3PW91 WB97XD B3LYP BHandHLYP B3PW91 WB97XD  B3LYP BHandHLYP B3PW91 WB97XD
1C  0.027 0.031 0.027 0.029 0.032 0.041 0.032 0.027 0.029 0.036 0.030 0.028
2C  0.037 0.031 0.037 0.030 0.054 0.064 0.054 0.068 0.046 0.047 0.046 0.049
3H  0.036 0.027 0.036 0.026 0.032 0.037 0.032 0.037 0.034 0.032 0.034 0.031
4H  0.036 0.028 0.037 0.027 0.032 0.035 0.032 0.039 0.034 0.032 0.035 0.033
5C  0.096 0.032 0.099 0.042 0.061 0.051 0.060 0.103 0.078 0.042 0.080 0.073
6C  0.027 0.020 0.027 0.021 0.033 0.030 0.033 0.021 0.030 0.025 0.030 0.021
7H  0.032 0.025 0.031 0.024 0.030 0.025 0.030 0.023 0.031 0.025 0.030 0.023
8C  0.043 0.006 0.037 0.005 0.039 0.016 0.040 0.013 0.041 0.011 0.038 0.009
9C  0.128 0.234 0.129 0.216 0.010 0.009 0.010 0.006 0.069 0.122 0.070 0.111
100 0.045 0.022 0.046 0.025 0.057 0.051 0.056 0.087 0.051 0.036 0.051 0.056
110  0.105 0.050 0.109 0.060 0.182 0.143 0.180 0.352 0.144 0.097 0.145 0.206
120 0.033 0.037 0.033 0.034 0.148 0.283 0.147 0.089 0.090 0.160 0.090 0.062
134  0.020 0.023 0.019 0.027 0.041 0.069 0.041 0.030 0.030 0.046 0.030 0.028
140 0.024 0.009 0.022 0.010 0.039 0.014 0.040 0.013 0.032 0.011 0.031 0.011
154  0.018 0.013 0.017 0.014 0.024 0.015 0.024 0.012 0.021 0.014 0.021 0.013
160  0.060 0.030 0.054 0.028 0.112 0.043 0.116 0.029 0.086 0.037 0.085 0.028
170  0.062 0.105 0.064 0.099 0.017 0.019 0.017 0.010 0.040 0.062 0.040 0.054
184  0.036 0.055 0.036 0.060 0.016 0.017 0.016 0.012 0.026 0.036 0.026 0.036
190 0.135 0.222 0.138 0.224 0.040 0.038 0.040 0.029 0.088 0.130 0.089 0.126

If one plots the reduced density gradient vs. sign (A,),
peaks with negative signs indicate binding interactions,
whereas peaks with positive values indicate non-bonding
interactions. 58!

It is important to note that the evaluation of non-
covalent interactions is highly dependent on the selection
of the basis set and the method used for electron correla-
tion correction. In this context, literature suggests that the
wB97XD functional is particularly well-suited for predicting
properties associated with these types of interactions.[59:60]
The intermolecular interactions of HA (Fig. 8a) and GA (Fig.
8b). Figure 8a reveals that the peak at —0.025 corresponds
to a stabilizing interaction associated with the presence of
intramolecular hydrogen bonds between the carboxyl and
hydroxyl groups at C-3. The peaks at —0.015 and —0.010 are
related to intermolecular hydrogen bonds between the car-
boxyl at C-3 and the hydrogen atoms in the oxolane struc-
ture, at -0.005 correspond to stabilizing interactions
between the two carboxyl subtituents at C-2 and C-3. In the
case of repulsive intermolecular interactions, the peak at
0.005 corresponds to repulsive oxygen-oxygen interac-
tions, and the peak at 0.010 is related to repulsive

interactions between the hydrogen atoms in the oxolane
structure and the carboxyl group at C-2. The peaks at 0.025
and 0.045 are related to the interaction between the
carboxyl at C-2 and the hydroxyl group at C-3 and repulsion
within the oxolane. On the other hand, Figure 8b shows a
peak at —0.025 corresponding to intramolecular hydrogen
bonding between the carboxyl and hydroxyl groups at C-2.
Peaks of —0.015 and —0.010 are associated with attractive
interactions between the carboxyl at C-3 and the oxolane
and between the carboxyl at C-2 and the hydroxyl at C-3.
While for the repulsive interactions, peaks at 0.005, 0.010,
and 0.015 were associated with the repulsion between the
two carboxyl groups of the molecule at C-2 and C-3, the
oxygen-oxygen repulsion between the carbonyl of the
lactone and the carboxyl group at C-2, and between the
carboxyl at C-3 and the lactone center, respectively. Finally,
peaks 0.025 and 0.045 correspond to the repulsive interac-
tion between the carboxyl at C-2 and the hydroxyl at C-3.
According to these results, the diasteroisomer (2S,3R) is
stabilized by an interaction identified at —0.005, while the
diasteroisomer (25,3S) is stabilized by the interaction rec-
orded at 0.015, which suggests that HA is more stable than
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Figure 8. Plot of the reduced density gradient vs. sign(A,)p for a) hibiscus acid and b) garcinia acid in the aqueous phase.

GA. These results were verified with the molecular isosur-
faces, s(r), plotted for HA (Fig. 9a) and for GA (Fig. 9b), where
the color code coincides in the peaks of the diagram and in
the isosurface plot. In these plots, the red isosurfaces
indicate a non-favorable interaction, and the green and blue
isosufaces indicate favorable intermolecular interactions.

The second-order perturbation theory of the Fock
matrix[52l was applied to estimate the donor-acceptor
interactions in HA and GA. This type of analysis has proven
successful in evaluating the stabilization energy and charge
transfer in a molecular system.[61 For each donor (i) and
acceptor (j), the stabilization energy E(2), associated with
the delocalization of electrons between i and j, was
evaluated using the following equation:

G, j)
€)= o€, = q 20 (©)
E, —E,

where: g; represents the occupancy of the donor orbital,
while E; and E; are the orbital energy values of the donor
and acceptor, respectively; the Fock matrix elements are
denoted as; Table 5 presents the second-order perturba-
tion energies E(2) (in kcal mol1) corresponding to the most
significant charge transfer interactions (donor — acceptor)
in HA, obtained using the WB97XD/6-311++G(2d,2p)
method. It is important to note that, in all cases, the donors
are lone pairs (LP) of electrons on oxygen atoms (017, 014,
010, 011, 016), where "LP" stands for "Lone Pair" referring

b)

Figure 9. s (p =0.2) isosurface of a) HA and b) GA in aqueous

to a pair of electrons not involved in bonding. Meanwhile,
the electron acceptor is an empty orbital on a carbon
atom (C) interacting with the lone pair of electrons on
oxygen. For HA, the highest interaction energy (E(2)) is
70.34 kcal mol-! between LP(2) O17 (the second lone pair
on oxygen atom 0O17) and BD*(2) C9-019 (an excited or
antibonding bonding orbital, where "BD*" refers to
"Bonding Molecular Orbital," representing the interaction
of the lone pair with an empty or partially filled molecular
orbital on carbon C9). However, the energy difference E; —
E;is not the largest in this case, as the highest difference is
observed between LP(2) 016 and BD*(1) C8-014 (0.79). On
the other hand, the interaction strength appears to be
relatively similar for all interactions, with values close to
0.17. Although the interaction between LP(2) 017 and
BD*(2) C9-019 is the most favorable, suggesting a
favorable geometric arrangement in which the involved
orbitals have good overlap, the energy difference (E; — Ej)
does not drastically affect the interaction strength. As both
the interaction energy (£(2)) and energy difference E; — E;
decrease, the interaction strength remains relatively
constant. This indicates that the energy difference does not
significantly impact the interaction strength within this
dataset. Similar results are observed for the GA molecule,
as shown in Table 6, where the interaction between LP(2)
017 and BD*(2) C9-019 is also the most favorable.

Table 5. The second-order perturbation energies E(2)
(kcal mol=t) corresponding to the most important charge
transfer interactions (donor — acceptor) in HA evaluated at
the using WB7XD/6-311G (d,p) level of theory.

Donor NBO  Acceptor NBO E(2)/ Ei—E/ F(i,j)

(i) (/) kcal mol? a.u. /a.u.
LP(2) 017 BD*(2) C9- 019 70.34 0.49 0.167
LP(2) 014 BD*(2)C8-016  64.92 0.50 0.162
LP(2) 010 BD*(2)C5- 011 60.57 0.49 0.154
LP(2) 011 BD*(1)C5-010  46.39 0.77 0.171
LP(2) 016 BD*(1)C8- 014 43.85 0.79 0.168
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Table 5. The second-order perturbation energies E(2)
(kcal mol=?) corresponding to the most important charge
transfer interactions (donor — acceptor) in GA evaluated at
the using WB7XD/6-311G (d,p) level of theory.

Donor NBO  Acceptor NBO E(2)/ Ei—E/ F(ij) /

(i) () kcal mol? a.u. a.u.
LP(2) 017 BD*(2) C9- 019 70.63 0.49 0.167
LP(2) 014 BD*(2)C8-016  65.26 0.50 0.162
LP(2) 010 BD*(2) C5-011 60.37 0.49 0.154
LP(2) 011 BD*(1) C5- 010 46.47 0.77 0.171
LP(2) 016 BD*(1)C8-014  43.86 0.78 0.168
a) b)

p(r) = 0.0268 ..
V2p(r,) = 0.0647 a.u.

p(ro) = 0.0264a.u. @
Vp(ro) = 0.1095 a.u.

Figure 10. Molecular graphs of a) HA and b) GA. The small
yellow and blue dots represent the bond critical points and
lone pairs (LP), respectively.

Also, a topological analysis of HA and GA was
performed using Bader’s Atoms in Molecules (AIM)
theory,[62 as shown in Figure 10. The bond critical points
(BCPs) along these interactions were identified, and the
electronic density and Laplacian values were evaluated.
The main differences were observed at the critical points
indicated in Figures 10a and 10b. Notably, both points
exhibit very similar electronic densities, though the BCP in
HA shows a slightly higher density. However, the Laplacian
of the density in GA is higher (0.1095 a.u.) compared to HA
(0.0647 a.u.), indicating that the electron distribution in GA
changes more rapidly in the vicinity of the BCP. This
suggests that the BCP in GA is more sensitive to variations
in electronic density, which may account for the observed
differences in local reactivity when compared to HA.

CONCLUSION

In the present work, the molecular chemical reactivity of
the structures of HA and GA in the aqueous phase was
studied. By calculating the local reactivity parameters, it
was observed that both diasteroisomers have the same
global reactivity. The results of the Fukui Function
evaluation using the FD approach suggest that the
distribution of active sites for HA, in the case of nucleophilic

attacks, is located on the carboxyl at C-3; for electrophilic
attacks, the more active sites were the oxygen atom of the
carbonyl group of the carboxyl at C-2, the oxygen atom in
the oxolane, and the hydroxyl group at C-3; and for free
radical attacks, the more reactive positions are on the
carboxyl groups at C-2 and C-3 and the oxygen atom in the
oxolane. For GA, the more susceptible sites to nucleophilic
attack are the carboxyl group at C-3, in addition to the
oxygen in the oxolane. When electrophilic attacks occur,
they are the oxygen atoms of the carbonyl group in the
carboxyl group at C-2, the oxygen in the oxolane, and the
hydroxyl group at C-3. For free radical attacks focus on the
carboxyl groups at C-2 and C-3 and on the oxygen at
oxolane. NBO results were used to assess donor-acceptor
interactions in HA and GA. The results show that the most
favorable interaction is between LP(2) 017 and BD*(2) C9-
019. Analysis of bond critical points reveals a higher
Laplacian of density in GA compared to HA, indicating that
the BCP in GA is more sensitive to changes in electronic
density, which may explain the differences in reactivity
between these compounds.
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Supplementary material
A computational study of the chemical reactivity of the (2S,3R) and (2S,3S) isomers of

dehydrated hydroxycitric acid.

Wendolyne Lépez-Orozco, Luis Humberto Mendoza-Huizar, Giaan Arturo Alvarez-

Romero, Maricruz Sanchez-Zavala

Evaluation of the Fukui Function

Fukui function (FF) is evaluated as the variation of electron density p ( r ) with a fixed
geometry and external potential constant (v (r) ) as the number of electrons changes (N). FF
may be evaluated following three approximations which are: a) Frozen-Core (FC), b) Finite
Difference (FD) [1] and ¢) atomic charges [2].

For the evaluation of FF in the case of FC approximation, the equations employed are (1S-
25):

r)(”H(r):pH(r) (1S)
()o.(r)=p.(r) (2S)

i
—_—
=
I
S, S,
—_—

In these equations, pu(r) is the electron density of the HOMO orbital, and pi(r) is the electron
density of the LUMO orbital.

In the Finite Difference (FD) approximation the equations for the evaluation of FF is given
by equation 3S-5S.

f7(r)=py(r) =P (7) (39)
f+(r):p(N+l)(r)_pN (r) (4S)
1

fo (r) = _I:p(NH) (r)_p(/vfl) (I")]

2 (5S)

In these equations, pn+1(r), pn(r), and pn-1(r) correspond to the electron densities of the
anionic, neutral, and cationic species, respectively. Also, it is possible to condense the FF for
an atomic position by employing the atomic charge approximation, as shown in equations
(6S), (7S) and (8S).





[ (1) =, - 9;n) (6S)

I ()=, — 9 j(n+1) (75)

o 1
£ (r) =§[%-(M ~ 400 ] (8S)

where g; 1s the atomic charge at the j anionic (N+1), neutral (N), and cationic (N-1) active
sites of the chemical species.
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Fig. 18S. Theoretical IR spectra of HA (broken line) and GA (solid line) in the aqueous phase
obtained at the B3LYP / 6-311G (d,p) level of theory

References

1 R.G. Parr and W. Yang, J. Am. Chem. Soc., 106, 4049 (1984).
2 W. Yang and W.J. Mortier, J. Am. Chem. Soc., 108, 5708 (1986).





