[JSRM

Human Journals
Research Article
November 2018 Vol.:11, Issue:1

© All rights are reserved by Silvia Antonia Brandan et al.

INTERNATIONAL JOURNAL OF SCIENCE AND RESEARC H'METHOD OLOGY

An Official Publleahon of Human Journals

Spectroscopic Studies and Vibrational Analysis of Quinic Acid
by Using DFT Calculations and the SQM Approach

lNTERNATlONAL JOURNAL OF SCIENCE AND RESEARCHMETHOD OLOGY
An Official Publication .of Human Journals

[JSRM

Davide Romani?, Silvia Antonia Brandan®*

13T, Servicio sanitario della Toscana, Azienda USL
Toscana SudEst di Grosseto, Via Cimabue, 109, 58100

Grosseto, Italia.

“Céatedra de Quimica General, Instituto de Quimica
Inorganica, Facultad de Bioguimica. Quimicay
Farmacia, Universidad Nacional de Tucumén, Ayacucho
471, (4000) San Miguel de Tucumén, Tucuman,

Argentina.

Submission: 21 October 2018
Accepted: 27 October 2018
Published: 30 November 2018

HUMAN JOURNALS

www.ijsrm.humanjournals.com

Keywords: Quinic Acid, Vibrational Spectra, Molecular
Structure, Descriptor Properties, DFT Calculations.

ABSTRACT

Quinic acid has been completely characterized combining the
experimental available FTIR, FT-Raman, 'H- and *C-NMR,
ultraviolet and ECD spectroscopies with the corresponding
predicted by B3LYP/6-311++G** calculations. Two isomeric
structures of quinic acid, named C1 and C2 were theoretically
studied in gas phase and in aqueous solution by using the
same level of theory. These structures differ in positions of
carboxyl -OH in relation to hydroxy -OH of C-COOH group,
hence, it group in C1 is Trans while in C2 Cis. C1 is most
stable in gas phase but C2 is most stable in solution showing,
this latter isomer low solvation energy in aqueous solution.
This difference could be attributed to the low volume
expansion observed for C2, in relation to C1. The dipole
moment values of both isomers decrease in solution. Here,
some structural properties were studied in order to explain
why C2 is the only isomer present in the natural products.
Thus, Mulliken, MK and NPA charges, bond orders,
stabilization energies, molecular electrostatic potentials and
topological properties cannot explain satisfactorily the
presence of C2 because C1 reveal a higher stability in both
media than C1. The frontier orbitals analyses reveal that C1 is
clearly most reactive than C2 in both media justifying its
higher solvation energy and volume expansion in solution
while the differences in electrophilicity and nucleophilicity
indexes for C1 and C2, respectively could easily justify their
different strong red and blue colorations in the mapped
surfaces. Although very good correlations are observed for
C2 in both 'H- and C-NMR spectra its presence in the
quinic acid only could be supported by the ultraviolet
spectrum while the ECD spectra confirm the absolute
configurations for both isomers, as was experimentally
observed. For first time, the force fields, complete vibrational
assignments and force constants for C2 of quinic acid in both
media are reported.
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1. INTRODUCTION

Chemically, the quinic acid is known with the IUPAC name: (3R,5R)-1,3,4,5-tetrahydroxy
cyclohexane-1-carboxylic acid and since long time its bacterial oxidation was reported by
Rogoff [1]. Then, after 30 years ago, the isolation and identification of (—)-quinic acid as an
unidentified major tea-component was studied by Sakata et al [2]. The structure of this acid
was experimentally determined by Abell et al [3] while the *H- and *C-NMR spectra for
some derivatives of that acid were later published [4]. Subsequent studies related to different
quinic acid derivatives, such as caffeoylquinic acids, copper (I1), oxovanadium (IV) and Al
(1) complexes were then performed [5-16]. Different authors have observed important
biological properties in the acid and in some of their derivatives [16-20] while recent studies
described by He et al suggest that quinic acid and their derivatives may offer therapeutic
benefit in ischemic retinopathies. This is a very important result taking into account that
vision loss is the most important complication in patients with diabetes [18-20]. The quinic
acid can be isolated from leaves of plants such as, cinchona bark, coffee beans, tobacco
leaves, carrot leaves, apples, peaches, pears, plums, or can also be synthesized by hydrolysis
of chlorogenic acid [21-25]. On the other hand, the chlorogenic acid can be synthesized from
L-phenylalanine and quinic acid, as reported by Hanson and other authors [25-27]. So far,
few vibrational studies were reported for quinic acid and its derivatives [11, 12, 16] and only
some bands observed in the infrared and Raman spectra of this acid were identified by using
the vibrational spectroscopy, for which, this acid cannot be completely identified with that
technique. Hence, to perform the complete vibrational assignments by using the existent
structure of quinic acid it is necessary first to study all possible isomers in order to find the
structure that corresponds to the experimental one in order to predict the corresponding
vibrational spectra. The quinic acid presents two asymmetric C atoms and two Cis or Trans
isomers are expected when change the position of carboxyl -OH of COOH group. Knowing
the most stable isomer, with the normal internal coordinates and by using known scale factors
and with the Scaled Mechanical Quantum Force Field (SMQFF) methodology [28-29] both
vibrational spectra can be assigned with the aid of Molvib program [30]. Here, the dimeric
species of quinic acid was also considered because some intense bands observed in the
experimental available IR and Raman spectra of acid in the solid phase can be easily justified
by the presence of that structure of quinic acid. The force constants were also reported here.
Additionally, taking into account that some derivatives of quinic acid were evaluated as

potential biopesticides [31] while that other with pharmaceuticals, industrial, antioxidant and
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anti-carcinogens properties [32], the frontier orbitals and some descriptors were also reported
because it is very important to predict the reactivities and behaviors of this acid in gas phase

and in aqueous solution [33-35].
2. MATERIALS AND METHODS
2.1. Experimental IR, Raman, *H-NMR, **C-NMR, UV-visible and ECD spectra

The experimental available infrared and Raman spectra of quinic acid in the solid phase were
taken from internet [36,37] while the experimentally available ultraviolet-visible and
Electronic Circular Dichroism (ECD) spectrum of quinic acid were taken from Rogoff and
Katzin, respectively [1,38]. The experimentally available *H- and *C-NMR spectra quinic
acid in DMSO-ds and D0 solutions were taken from internet [39-41].

2.2. Quantum mechanical calculations

The GaussView and Gaussian 09 Revision A.02 programs [42,43] were used to model and
optimize the structures of quinic acid in gas phase and in aqueous solution by using the
hybrid B3LYP/6-311++G** method [44,45]. Both monomer and dimer structures were taken
from those experimental determined by X-ray diffraction where the cyclohexane ring in (-)-
quinic acid is an almost perfect chair [3]. .The solvent effects and the optimizations in
solution were carry out with the Integral Equation Formalism Variant Polarised Continuum
Model (IEFPCM) model at the same level of theory [46,47] while the solvation energies was
calculated by using the Solvation Model (SM) [48]. The volume variations that experiments
the acid in the different media were calculated with the Moldraw program [49]. Two isomeric
structures of quinic acid (C1 and C2) were considered in this study, as can be seen in Fig.1,
where in C1 the position of hydroxy O5-H25 group that belong to COOH is Trans in relation
to hydroxy O1-H21 group that belong to C-COOH. In C2, the hydroxy O5-H25 group is
staggered in relation to the ring, with the hydroxy O5 atom directed towards the a side of the
molecule, in Cis position, as in that experimental structure reported by Abell et al. (O7 with
01, see Fig. 1) [3]. Later, it is easy to see that the C2 structure corresponds to that
experimental perspective view of the structure of (-)-quinic acid (I) also presented in Fig. 1.
Therefore, although C2 is the only structure experimentally determined of quinic acid all
properties studied in this work are presented for C1 and C2 in order to understand why the C1
structure despite to have a minimum energy is not presents in the solid phase.
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Fig. 1. Theoretical structures of C1 and C2 isomers of quinic acid with the atoms

numbering together with a perspective view of the experimental X-ray structure for C2.

Then, the Natural Population Atomic (NPA) charges, bond orders (expressed as Wiberg
indexes), Molecular Electrostatic Potentials (MEP), stabilization and solvation energies and
topological properties were computed for those two structures by using the Merz-Kollman
(MK) charges [50] and the NBO 5.1 and AIM2000 programs [51-53]. The harmonic force
fields of C1 and C2 expressed in Cartesian coordinates and in both media were calculated
with the SMQFF methodology [28] and the Molvib program [30]. The transformation of
those force fields to internal coordinates were performed with the Molvib program [30] by
using the normal internal coordinates and known scale factors [29] while the vibrational
assignments of both experimental infrared and Raman spectra were completed with the
transformed force fields and employing Potential Energy Distribution (PED) contributions >
10 %. On the other hand, the predicted *H and *C-NMR spectra for C1 and C2 were
computed with the Gauge-Independent Atomic Orbital (GIAO) method [54] using as
reference tetramethylsilane (TMS). After that both spectra were compared with the
corresponding experimental available ones [39-41]. The ultraviolet-visible spectrum and the
rotatory strengths of quinic acid were also predicted in water using Time-dependent DFT
calculations (TD-DFT) at the 6-311++G** level of theory. The comparisons of those
predicted UV-visible and ECD spectra show good concordances with the corresponding

experimental ones [1,38].
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3. RESULTS AND DISCUSSION
3.1. Stabilization energies in both media

In Table 1 are presented the calculated total energies, dipole moments, volumes and
corrected solvation energies by Zero Point Vibration Energy (ZPVE) for C1 and C2 of quinic
acid in gas and aqueous solution phases and, by using the hybrid B3LYP/6-311++G**
method. Two corrections should be performed in the solvation energies; one of them is by

ZPVE and the other one by the total non-electrostatic terms.

Table 1. Calculated total energies (E), dipole moments (i), volumes (V) and corrected
solvation energies by zero point vibration energy of quinic acid (AGy) in gas and

aqueous solution phases.

B3LYP/6-311++G** Method

Medium E ZPVE u (D) V (A% AGun
Cl

GAS -7255591 -725.3557 3.42 182.7 49,05
PCM  -7255888 -725.3370 5.70 184.0 !
C2

GAS -725.5556 -725.3528  3.28 184.0 0.44
PCM  -7255909 -725.3492 4.36 184.5 !

AGy,= uncorrected solvation energies by non-electrostatic terms

Examining the energy values we observed that C1 is most stable in gas phase while C2 in
solution with energies differences between them of 9.18 and 5.51 kJ/mol in gas phase and
solution, respectively without consider corrections by ZPVE while when the corrections are
considered the energy values change to 7.60 and 32.0 kJ/mol, respectively. Probably, the high
energy difference observed for C1 in solution justify that this isomer is not present in natural
form of the quinic acid. In Table 1 are observed the uncorrected terms (AGy,) because only
the corrected solvation energy by ZPVE are presented in both media while both corrections,
including those by the total non-electrostatic terms, are presented in Table 2. Hence, the
corrected solvation energies (AG.) are really obtained when both corrections are considered.
In solution, the two isomers of quinic acid expand its volumes, as compared with the
corresponding values in gas phase, showing higher values C1 than C2. Hence, the final

corrected solvation energy value is lower for C2 than C1, as it is observed in Table 2.
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Table 2. Corrected and uncorrected solvation energies by the total non-electrostatic
terms and by ZPVE for quinic acid by using the B3LYP/6-311++G** method.

B3LYP/6-311++G** method

Solvation energy (kJ/mol) AV
Condition AG AGhe AG, (A%
Cl

Uncorrected -77.90 22.36 -100.26 13
Corrected by -49.05 22.36 -71.41 '
C2

Uncorrected -92.59 21.32 -113.91 05
Corrected by -9.44 21.32 -30.76 '

AG,*= uncorrected solvation energy: defined as the difference between the total energies in

aqueous solutions and the values in gas phase.
AGpe= total non electrostatic terms: due to the cavitation, dispersion and repulsion energies.

AG¢= corrected solvation energies: defined as the difference between the uncorrected and

non-electrostatic solvation energies.

On the other side, the dipole moment value only for C1 increases from 3.42 D observed in
gas phase to 5.70 D in solution while for C2 decreases. Besides, we can see from Fig 2 that
the vector of dipole moment in solution for C1 changes notably the magnitude, direction and
orientation, as compared with that observed in gas phase while for C2 only a change in the
magnitude of dipole moment in solution is observed. These variations could explain the low
solvation energy observed for C2. Obviously, the presence of OH groups in both structures
with different characteristics and different hydration’s types with water molecules could

justify the differences between both isomers.
3.2. Geometrical parameters in both media

Calculated geometrical parameters for both stable C1 and C2 isomers of quinic acid in gas
and aqueous solution phases by using the B3LYP/6-311++G** method are summarized in
Table 3 compared with the corresponding experimental ones determined by Abell et al. for (-
)-quinic acid in the solid-state [3]. The evaluations of the differences between theoretical and
experimental values were performed by using the Root Mean Square Deviation (RMSD)

values which are presented in the same table.
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Fig 2. Magnitudes and orientations of dipole moments vectors of C1 and C2 isomers of
quinic acid in gas phase and in aqueous solution by using the B3LYP/6-311++G** level
of theory.

Both, C1 and C2 isomers demonstrate good concordances in the bond lengths and angles in
the two media with values for bond lengths between 0.019 and 0.014 A and between 2.1 and
1.6° for bond angles. Note that C2 presents the lower bond lengths and angles values in
solution because, as we observed before, it is the most stable conformation in this medium.
The evaluation exhaustive of that table shows clearly that the C13=06 bonds corresponding
to -COOH group are predicted in both conformations with double bonds characters while the
other C13-05 bonds of same groups are predicted with partial double bonds characters. In
solution, the C13=06 bonds are slightly elongated as compared with the C13-O5 bonds, as

expected because the O6 atoms have lone pairs that can form H bonds with water molecules.

Citation: Silvia Antonia Brandan et al. ljsrm.Human, 2018; Vol. 11 (1): 25-56.



www.ijsrm.humanjournals.com

Table 3. Comparison of calculated geometrical parameters for C1 and C2 of quinic acid

in both media with the corresponding experimental ones.

B3LYP/6-311++G** Method ?
C1 C2 Experimental®

Parameter Gas PCM Gas PCM

Bond lengths (A)

C7-C8 1542 1542 1,546 1,543 1.528(3)
C7-C9 1546 1539 1,536 1,539 1.541(3)
C7-C13 1527 1536 1,534 1,536 1.525(2)
C8-10 1527 1534 1527 1526 1.517(3)
Cl10-C12 1532 1523 1531 1,531 1.516(3)
C12-C11 1538 1.543 1,536 1,537 1.517(3)
C9-C11 1533 1532 1,532 1,530 1.521(3)
C7-01 1432 1.432 1,437 1,433 1.417(2)
C10-02 1424 1437 1,423 1,436 1.431(2)
Cl12-04 1424 1432 1,424 1,433 1.440(2)
C11-03 1431 1436 1,433 1,440 1.438(2)
C13-05 1.342 1340 1,356 1,339  1.306(3)
C13=06 1.208 1213 1,201 1,215 1.216(3)
RMSD" 0.015 0.015 0.019 0.014

Bond angles (°)

C8-C7-C9 1105 1106  110,8 110,7 110.8(2)
C8-C7-C13 110.7 109.0 107,8 108,0  108.5(1)
C8-C7-01 109.0 110.8 110,9 1110 107.9(1)
C9-C7-C13 1104 1111 110,3 109,1 106.7(1)
C9-C7-01 108.7 106.6  106,3 106,5 111.0(1)

C13-C7-01 107.3 108.4 110,6 111,2 111.9(1)
C7-C8-C10 1105 1125 111,12 1115 114.4(1)
C8-C10-C12 1115 110.7 1114 1114 110.9(1)
C8-C10-02 107.6 109.8 107,6 107,2 108.5(1)
C12-C10-02  110.6 108.1  110,8 110,8 111.1(1)
C10-C12-C11 1123 111.7  112,0 1122 111.0(2)
C10-C12-04 110.0 108.5 109,9 1105 106.6(1)
C11-C12-04 110.7 1114 110,8 110,8 113.5(1)
C12-C11-C9 1111 110.7 111,3 1111 109.5(1)
C12-C11-03  110.0 1122  109,7 110,6  110.5(1)
C9-C11-03 113.0 1122 1133 1126  111.9(1)
C11-C9-C7 111.7 1119 1126 112,3 111.3(1)
C7-C13-05 1135 1129 111,3 113,6 113.9(2)
C7-C13=06 1229 1239 1255 123,2 122.3(2)
06=C13-05 1235 123.1 123,0 123,0 123.8(2)
RMSDP 21 21 1.7 16

Dihedral angles (°)

C9-C7-C8-C10 57.1 539 55,2 549 -49.0(2)
C7-C8-C10- -56.5 -54.8 -56,0 -55,3 50.8(2)

C8-C10-C12- 546 555 55,2 54,7  -56.3(2)

11
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C10-C12-C11- -52.8 -56.0 -53,1 -53,5 61.0(2)
C12-C11-C9- 537 553 52,9 535 -59.2(2)
C11-C9-C7-C8 -56.2 -54.1 -53,9 -543  52.8(2)
01-C7-C13-05 -179.7 170.3  -31,5 -10,0 -8.3(2)

05-C13-C7-C8 -60.8 -68.7 89,9 1121

05-C13-C7-C9 61.8 53.4 - -127.2
C13-C7-C9-C8 -122.8 -121.31 - -118,9  -127.3(2)
RMSDP 1129 1142 950 94.7

*This work, "Ref [3]

In relation to the dihedral angles we observed that C2 presents the lowest RMSD values in
the two media, as compared with C1. On the other side, when the O1---O6 and O1---O5
distances between the most electronegative atoms of the -COOH groups together with the O--
-H distances of H bonds for C1 and C2 in both media, respectively are evaluated from Table
4, clearly it is observed the lower value in the O1---O5 distance (2.631 A) for C2 could
probably justify a higher repulsion between the two O atoms and, for this reasons, this isomer
will be unstable and presents higher energy and higher length in the O5---H21 bond (2.227
A), as compared with C1. Hence, the presence of C2 in the solid state is easily justified
because this form is the only experimentally observed by X-ray diffraction.

Table 4. Calculated O---O and O---H distances (A) for both conformations of quinic
acid by using the B3LYP/6-311++G** method in gas phase and in aqueous solution.

Distances Cl €2

Gas PCM Gas PCM
01---06 2.635 2.699
01---05 2.631 2.605
06---H21 2.033 2.665
05---H21 2.227 2.606

3.3. Charges, bond orders and MEP studies

For C1 and C2 of quinic acid in both media, Mulliken, MK and NPA charges, bond orders
and molecular electrostatic potentials were examined by using B3LYP/6-311++G** level of
theory and different programs calculations [50-53]. All these results can be observed in Table
5 while variations in Mulliken, MK and NPA charges for C1 and C2 in both media are

represented respectively in Fig 3.
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Table 5. Mulliken, Merz-Kollman and NPA charges, MEP and bond orders, expressed

as Wiberg indexes for both forms of quinic acid in gas phase and in aqueous solution by
using B3LYP/6-311++G** calculations.

C1

GAS PCM

Atoms MK  Mulliken NPA MEP BO MK  Mulliken NPA MEP BO
10 - -0.240 - - 1.787 - -0.200 - - 1.826
20 - -0.192 - - 1.803 - -0.183 - - 1.818
30 - -0.216 - - 1.795 - -0.152 - - 1.808
40 - -0.195 - - 1.804 - -0.175 - - 1.827
50 - -0.136 - - 2.004 - -0.147 - - 1.992
60 - -0.237 - - 2.027 - -0.240 - - 2.034
7 C 0.224 -0.062 0.188 - 3.941 0.489 0.019 0.190 - 3.939
8C - -0.193 - - 3.933 - -0.491 - - 3.937
9C - -0.590 - - 3.927 - -0.819 - - 3.926
10 C 0.399 -0.358 0.105 - 3.903 0.772 -0.275 0.110 - 3.901
11 C 0.359 0.026 0.104 - 3.901 0.571 -0.002 0.108 - 3.916
12 C 0.110 -0.691 0.085 - 3.904 - -0.337 0.096 - 3.911
13 C 0679 0.134 0.805 - 3.834 0.736 0.128 0.793 - 3.842
14 H 0.081 0.214 0.223 -1.100 0.953 0.195 0.231 0.230 -1.091 0.951
15 H 0.096 0.216 0.225 -1.103 0.952 0.157 0.189 0.201 -1.085 0.963
16 H 0.185 0.238 0.222 -1.093 0.954 0.208 0.251 0.231 -1.098 0.950
17 H 0.137 0.169 0.227 -1.088 0.951 0.151 0.182 0.228 -1.092 0.951
18 H - 0.256 0.172 -1.119 00975 - 0.253 0.178 -1.108 0.973
19 H 0.061 0.252 0.190 -1.109 0.969 0.019 0.223 0.180 -1.110 0.971
20 H 0.075 0.236 0.186 -1.108 0.969 0.081 0.208 0.168 -1.109 0.976
21 H 0418 0.290 0.498 -0.973 0.757 0.416 0.288 0.475 -0.969 0.779
22 H 0415 0.244 0.473 -1.005 0.781 0.385 0.240 0.453 -0.995 0.799
23 H 0435 0.261 0.489 -0.999 0.765 0.458 0.251 0.479 -1.015 0.776
24 H 0.404 0.265 0.475 -1.001 0.779 0.416 0.248 0.455 -1.004 0.798
25 H 0436 0.310 0.491 -0.922 0.764 0.427 0.309 0.491 -0.929 0.763
C2

GAS PCM

Atoms MK  Mulliken NPA MEP BO MK  Mulliken NPA MEP BO
10 - -0.226 - - 1.798 - -0.198 - - 1.818
20 - -0.192 - - 1.803 - -0.186 - - 1.800
30 - -0.221 - - 1.795 - -0.215 - - 1.794
40 - -0.196 - - 1.803 - -0.198 - - 1.806
50 - -0.173 - - 1.970 - -0.116 - - 2.008
60 - -0.232 - - 2.050 - -0.243 - - 2.021
7 C 0302 0.098 0.191 - 3.936 0.317 0.343 0.191 - 3.936
8C - -0.017 - - 3.932 - -0.275 - - 3.930
9C - -0.862 - - 3.924 - -0.822 - - 3.923
10 C 0.424 -0.294 0.107 - 3.906 0.380 -0.202 0.106 - 3.909
11 C 0.304 0.122 0.104 - 3.899 0.347 0.137 0.104 - 3.901
12 C 0.075 -0.754 0.085 - 3.904 0.146 -0.726 0.084 - 3.904

Citation: Silvia Antonia Brandan et al. ljsrm.Human, 2018; Vol. 11 (1): 25-56.



13

14
15
16
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18
19
20
21
22
23
24
25
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0.698

0.084
0.091
0.193
0.130

0.083
0.088
0.432
0.419
0.430
0.401
0.452
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-0.036 0.801
0.226 0.225
0.194 0.220
0.254 0.228
0.195 0.238
0.238 0.166
0.252 0.191
0.233 0.188
0.321 0.486
0.248 0.474
0.261 0.487
0.265 0.476
0.297 0.494

11 212

-1.095
-1.096
-1.098
-1.093
-1.116
-1.110
-1.107
-0.966
-1.003
-0.998
-1.000
-0.926

3.839

0.953
0.955
0.951
0.946
0.977
0.968
0.969
0.768
0.780
0.767
0.779
0.761

0.673 -0.225

0.089 0.242
0.070 0.197
0.170 0.249
0.096 0.191
- 0.223
0.053 0.254
0.066 0.238
0.402 0.291
0.405 0.245
0.399 0.257
0.390 0.262
0.451 0.276

0.794

0.237
0.213
0.228
0.237
0.161
0.194
0.192
0.473
0.473
0.482
0.471
0.491

114 291

-1.094
-1.091
-1.097
-1.092
-1.106
-1.109
-1.104
-0.964
-0.999
-1.000
-0.999
-0.931

3.844

0.947
0.958
0.951
0.947
0.980
0.967
0.967
0.780
0.781
0.772
0.784
0.764

Evaluating first the three charges on all atoms of C1 we observed the higher differences

mainly on the C atoms, in particular on the C7, C10 and C13 atoms are observed positive MK

charges, however, on the C8, C9 and C12 atoms negative charges are observed. The NPA

charges show the same behaviours in both media.

MK Charges (a.u.)

Mulliken Charges (a.u.)
&
s

-
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NPA Charges (a.
=
=

- MK charges Cl
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NPA charges

HI5
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a- MK charges
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0.2
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o2 o4
0 b- Mulliken charges
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Mulliken Charges (a.u.)
£
[

NPA Charges (a.u.)
=
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Figure 3. Comparisons of Mulliken, MK and NPA charges of C1 and C2 isomers of

quinic acid in gas phase and in aqueous solution by using the B3LYP/6-311++G** |evel

of theory.
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All charges on the H atoms practically do not show differences in solution, in relation to the
values in gas phase. Here, negative NPA charges values are observed only on C8 and C9
while negative Mulliken charges are also observed on C8, C9, C10 and C12. For C2 in both
media, the MK and NPA charges on C12 are positive while the Mulliken charges on these
atoms in the two media are negative and have practically the same values, different from C1
where the charges on C12 present higher value in gas phase. When the three charges studied
are analyzed on the O atoms in both media, the higher values are observed on the Mulliken
charges while the MK and NPA charges show different behaviours for C1, but C2 in solution

reveals the same variation than C1.

Particularly, the studies related to MEP are interesting properties useful to predict the
different nucleophilic and electrophilic reactions sites in all species and, in particular, the
mapped surfaces allow finding those places observing simply the different colorations on the
same. Thus, red colours are generated on nucleophilic sites while blue colours are on
electrophilic ones. On the contrary, green colours are characteristics of inert regions. For C1
and C2, the MEP values are summarized in Table 5 while in Fig 4 are observed the mapped
surfaces showing clearly the different colorations. For C1 and C2, the red colours are
observed on the O atoms of both -COOH and -OH groups while the blue colours on the H
atoms of hydroxyl -OH groups. Hence, nucleophilic and electrophilic sites are clearly
identified in both species where visibly these two isomers in solution show strong colorations
not observed in gas phase. These results can be easily explained taking into account the

different hydrations of both isomers in solution.
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GAS PHASE

GAS PHASE

Figure 4. Calculated molecular electrostatic potentials on the mapped surfaces of C1
and C2 isomers of quinic acid in gas phase and in aqueous solution. Color ranges, in au:
from red -0.071 to blue +0.071. B3LYP functional and 6-31G* basis set. Isodensity value
of 0.005.

In Table 5 are also presented the total by atom Bond Orders (BO), expressed as Wiberg
indexes for C1 and C2. This property allow to us to know the type of bond formed between
two atoms. Hence, analysing that table we observed that both O6 atoms belonging to -COOH
groups present the higher BO values because these have double bonds characters while the
05 atoms belonging to -OH groups of -COOH groups show partial double bonds characters.
On the other hand, the most labile H atoms, these implies the less bonded, are those observed
in H21 and H25 where the former belong to -COOH and the second one to -OH groups closer
to these groups in both isomers of quinic acid. These results are in complete agreement with

the blue colours observed on the corresponding MEP surfaces.
3.4. NBO and AIM studies

The stabilities of C1 and C2 can be easily predicted calculating the main donor-acceptor

energy interactions and their topological properties, as suggested by Bader for different
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species [53]. Thus, for both isomers of quinic acid in gas phase and in aqueous solution by
using B3LYP/6-311++G** level of theory and the NBO and AIM programs [51,52] were
calculated those properties which are presented in Table 6. Evaluating that table it is
observed three similar interactions from lone pairs of O5 and O6 atoms toward anti-bonding
orbitals 7*06-C13, 0*05-C13 and o*C7-C13. The total energy values show clearly that C1
in both media present values slightly higher than C2, for which, the C1 forms are most stable
than the C2 ones and, for these reasons, this study cannot justify the presence of C2 in the

solid phase.

Table 6. Main delocalization energies (in kJ/mol) for both forms of quinic acid in gas

and aqueous solution phases and by using B3LYP/6-311++G** calculations.

c18

Delocalization B3LYP/6311++G**
Gas PCM

LP(2)O5— 7*06-C13  195.08 191.86

2P 195.08 191.86

LP(2)06— 0*05-C13 131.33  131.33
LP(2)06— o*C7-C13 7181  76.91

P 20314 208.24

ZT0TAL 398.22  400.10

c2*

Delocalization B3LYP/6311++G**
Gas PCM

LP(2)05— 7*06-C13 _ 153.19  188.35

Zipsc 15319 188.35

LP(2)0O6— c*05-C13  144.25 131.75
LP(2)06— c*C7-C13  77.54  74.19

Tioms 22179 205.94
2ToTAL 37498  394.29

®This work

The Bader’s theory [53] is also useful to investigate different characteristics in inter- and
intra-molecular interactions by using the topological properties and the AIM2000 program
[52]. Therefore, the electron density, p(r), the Laplacian values, V2o(r), the eigenvalues (11,
A2, 23) of the Hessian matrix and, the |11]/A3 ratio were calculated for C1 and C2 in the Bond
Critical Points (BCPs) and in the Ring Critical Points (RCPs). The corresponding values of
these properties can be seen in Table 7 while in Fig 5 are graphed the new interactions
formed for both isomers in gas phase together with the related BCPs and RCPs.
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Table 7. Analysis of the BCPs and RCPs for both forms of quinic acid in gas and

aqueous solution phases and by using the B3LYP/6-311++G** method.

B3LYP/6-311++G** Method

C1

GAS PHASE

Parameter” 01---H23 RCPN1 06---H21 RCPN2 RCP
o(r) 0.0238 0.0135 0.0249 0.0245 0.0183
V2o(r) 0.0893 0.0708 0.1061 0.1284 0.1109
Al -0.0308 -0.0100 -0.0289 -0.0260 -0.0160
A2 -0.0293 0.0343 -0.0141 0.0169 0.0629
A3 0.1494 0.0464 0.1492 0.1374 0.0639
IAL/A3 0.2062 0.2155 0.1937 0.1892 0.2504
Distances 1.985 2.033

AQUEOQUS SOLUTION

Parameter”  O1---H23 RCPN1 06-H21 RCPN2 RCP
p(r) 0.0250 0.0138 0.0182
Vv2p(r) 0.0927 0.0726 0.1108
Al -0.0325 -0.0102 -0.0157
A2 -0.0310 0.0350 0.0603
A3 0.1562 0.0477 0.0663
[A1/A3 0.2081 0.2138 0.2368
Distances 1.974

C2

GAS PHASE

Parameter’ 01---H23 RCPN1 06---H21 RCPN2 RCP
p(r) 0.0217 0.0128 0.0182
v2p(r) 0.0836 0.0678 0.1109
Al -0.0272 -0.0091 -0.0159
A2 -0.0256 0.0316 0.0624
A3 0.1365 0.0452 0.0644
[A1]/A3 0.1875 0.2013 0.2469
Distances 2.016

AQUEQUS SOLUTION

Parameter” 01---H23 RCPN1 06-H21 RCPN2 RCP
o(r) 0.0239 0.0136 0.0182
VZp(r) 0.0874 0.0705 0.1110
Al -0.0306 -0.0101 -0.0159
A2 -0.0292 0.0337 0.0624
A3 0.1472 0.0468 0.0645
IAL/A3 0.2079 0.2158 0.2465

Distances 1.997
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Here, it is necessary to clarify that when the values of |[11]/43 < 1 and V?p(r) > 0 the
interaction is typical of hydrogen bonds or ionic (closed-shell interaction) while when an
interaction present high values of p(r) and V2p(r), the ratio A1/43> 1 and V2p(r) < O the
interaction is covalent (shared interaction) [55]. C1 shows two new H bonds, O1---H23 and
06---H21, and hence, appear two new RCPN1 and RCPNZ2, as shown in Fig. 6 while only the
interaction O1---H23 is observed in C2 together with its corresponding RCPN1. Obviously,
in both isomers of quinic acid the cyclohexane rings present its own RCPs. Then, evaluating
the number of H bonds formed, the distances between the atoms involved and the densities
values, C1 in both media are clearly most stable than C2. In this case, the presence of C2 in

the solid phase cannot be explained with this study.

° F
(. / .
e ,"0\ .
PO\ oo
e g je o
& ¢ :
2

Fig 5. Details of the molecular models for the C1 and C2 isomers of quinic acid in gas
phase showing the geometry of all their BCPs and RCPs at the B3LYP/6-311++G**

level of theory.
3.5. Frontier orbitals and quantum global descriptors

To predict the reactivity and behaviours of both isomers of quinic acid in aqueous solution is
very important taking into account that it acid is the main constituent of beverages, such as
tea or coffee [2,23], and that some of its derivatives can be used as biopesticides,
pharmaceuticals, industrial, antioxidant and anti-carcinogens agents [31,32]. Consequently,
the gap energies and chemical potential («), electronegativity (y), global hardness (7), global
softness (S), global electrophilicity index (w) and global nucleophilicity index (E) descriptors
[33-35] were computed from the Highest Occupied Molecular Orbital (HOMO) and the
Lowest Unoccupied Molecular Orbital (LUMO) by using B3LYP/6-311++G** level of
theory. Thus, in Table 8 can be observed all those properties in both media together with the

equations used to calculate the descriptors. Observing the gaps results, C1 is clearly most
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reactive than C2 in both media justifying its higher solvation energy and volume expansion in
solution while the higher global softness and hardness are predicted for C1 and C2,

respectively, as expected due to their gap values.

Table 8. The frontier molecular HOMO and LUMO orbitals and some descriptors for
the C1 and C2 forms of quinic acid in gas and aqueous solution phases and by using the
B3LYP/6-311++G** method.

B3LYP/6-311++G** Method

Cl C2
(eV) Gas PCM Gas PCM
HOMO -7.2507 -7.2731 -7.3008 -7.3933
LUMO -1.0854 -0.8339 -1.0098 -0.8490
|GAP| 6.1653 6.4392 6.291 6.5443
DESCRIPTORS
(eV) Gas PCM Gas PCM
v -3.0827 -3.2196 -3.1455 -3.2722
u -4.1681 -4.0535 -4,1553 -4,1212
n 3.0827 3.2196 3.1455 3.2722
S 0.1622 0.1553 0.1590 0.1528
® 2.8178 2.5517 2.7446 2.5952
E -12.8486 -13.0506 -13.0705 -13.4850

®This work

v = - [E(LUMO)- E(HOMO)}J/2 ; n = [E(LUMO) + E(HOMO)])/2; n = [E(LUMO) -
E(HOMO)]/2;

S =%m; o = p?/2n; E=psn

In relation to the electrophilicity indexes, the higher values are observed for C1 in gas phase
while C2 present the higher nucleophilicity indexes in both media. These differences in
electrophilicity and nucleophilicity indexes for C1 and C2, respectively could easily justify
their respective strong red and blue colorations observed in the mapped surfaces, as shown in

Figure 4.
3.6. NMR study

The predicted *H and *C NMR chemical shifts for C1 and C2 of quinic acid in aqueous
solution calculated by using the GIAO method [54] are shown in Tables 9 and 10,
respectively where the RMSD values are used to compare these values with the
corresponding experimental ones in DMSO-dg and D,0O solutions [39-41]. Analyzing first the
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predicted *H-NMR chemical shifts for C1 and C2 a better concordance it is observed when
the values are compared with those taken from Ref [39] (0.3 and 0.2 ppm) probably because
in this case the *H nucleus corresponding to the -OH groups were not predicted while if the
comparisons are performed with the corresponding to Ref [40] the RMSD values slightly
increase for both forms to 2.9 and 2.6 ppm. Here, the differences could be in part also
attributed to the calculations because they were performed in aqueous solution. For the **C
nucleus the better correlations are observed by using the Ref [39] (4.5 and 3.4 ppm) probably
due to same reasons explained before for H nucleus. In general, the predicted values for both
'H and 3C nucleus are in reasonable concordance with the experimental ones taking into

account the solvent used.

Table 9. Observed and calculated *H chemical shifts (5 in ppm) for C1 and C2 of quinic
acid in aqueous solution by using the B3LYP/6-311++G** levels of theory.

B3LYP b

8 (ppm) o1 7 Exp Exp°
14-H 2.03 2.03 2.038  1.880
15-H 1.37 1.79 1.95 1.719
16-H 2.11 2.17 1.863  1.870
17-H 1.95 2.05 2.038  1.759
18-H 4.19 3.69 4131  3.758
19-H 3.57 3.86 4008  3.8901
20-H 3.55 3.14 3538  3.254
21-H 1.13 0.94 5.40

22-H 0.07 1.96 4.60

23-H 3.02 2.84 5.40

24-H 0.10 1.64 4.60

25-H 5.85 5.91 12.0

RMSD® 0.3 0.2

RMSD® 2.9 2.6

*This work, °From Ref [39], °From Ref [40] in DMSO-ds.
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Table 10. Observed and calculated *C chemical shifts (5 in ppm) for C1 and C2 of
quinic acid in aqueous solution by using the B3LYP/6-311++G** levels of theory.

B3LYP/6311++G**Metho b

8 (ppm) =7 ) Exp Exp°
7-C 82.86 84.47 79.7362  76.37
8-C  49.28 45.16 43.4153 3751
9-C 3850 39.65 40.1100  40.99
10-C  70.70 73.03 73.1506  70.78
11-C  78.38 76.13 69.7127  67.12
12-C  80.67 81.33 77.9417  75.61
13-C  181.41 182.12 184.1580 178.38
RMSD 4.5 3.4

RMSD 7.1 6.1

*This work, °From Ref [39] in D,0, °From Ref [41] in D,O.

Now, the improved results observed for both nucleus of C2 in relation to C1 could also
support its presence in solution, as evidenced by their higher solvation energy in aqueous
solution. The certain presence of C2 in liquid phase could also suggest that this form will be

present in the solid state.
4. Vibrational study

In this study, only C2 was considered because this isomer was experimentally found in the
solid phase [3] and is the Cis structure present in natural products. The structures in both
media were optimized with C; symmetries by using the B3LYP/6-311++G** method and the
expected 69 normal vibration modes present activities in the infrared and Raman spectra. As
mentioned in section 2.1 the experimental available FTIR and FT-Raman spectra of quinic
acid in the solid phase were taken from Refs [36] and [37], respectively. The comparisons
between the experimental FTIR and FT-Raman spectra with the corresponding predicted for

C2 are shown in Fig 6 and 7, respectively.
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Fig 6. Comparisons between the Fig 7. Comparisons between the

predicted FTIR spectra for C1 and C2
isomers of quinic acid in gas phase at
B3LYP/6-311++G** level of theory with
the corresponding experimental in the
solid state taken from Ref [36].

predicted FTRaman spectra for C1 and
C2 isomers of quinic acid in gas phase
by using the B3LYP/6-311++G** [evel
of theory with the corresponding

experimental in the solid state taken

from Ref [37].

In the higher wavenumbers regions, both spectra show two intense group of bands between
4000 and 2900 cm™ where, obviously the first group of these bands are associated to -OH
stretching modes of hydroxyl and carboxy groups and the second ones to -CH, stretching
modes which are not predicted by the calculations with the same intensities. Besides, weak IR
bands between 2700 and 2300 cm™ are also observed which can be easily attributed to the H
bonds formed by the packing forces in the crystalline solid, as was experimentally reported
for this acid by Abell et al [3] and, by other authors for compounds containing similar groups
[56-60]. Then, the differences observed between those spectra can be justified by the
calculations because they were performed in the gas phase without taking into account the
packing forces. Fig 8 shows the experimental IR of quinic acid compared with those obtained

for two dimeric structures presented in the same figure. It is observed that the intense bands
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in the higher wavenumbers region can be clearly attributed to the presence of these dimeric
species, as reported by Abell et al [3]. On the other hand, the predicted Raman spectra in both
media in activities were corrected to intensities, as suggested in the literature [61-62]. Table
11 shows observed and calculated wavenumbers and assignments for C2 of quinic acid in gas
phase and in aqueous solution. This table shows that in solution, some vibration modes are
shifted toward higher or lower wavenumbers as a consequence of the hydration of -OH
groups. The vibrational assignments for C2 were carry out considering PED contributions >
10 %, the corresponding harmonic force fields computed with the SMQFF procedure [28]
and using the Molvib program [30] and, using scale factors reported by Rauhut and Pulay

[29]. Some assignments are discussed below taking into account the most important regions.

4.1. 4000-2800 cm™ region. The vibration modes corresponding to five -OH stretching
modes of hydroxyl and carboxy, -CH, and -CH groups are expected in this region. Therefore,
the IR bands observed from 3532 to 3344 cm™ are easily attributed to -OH stretching modes
while the Raman bands at 2971 and 2964 cm™ are assigned to the two antisymmetric -CH
stretching modes. Note that in solution the -OH stretching modes are predicted shifted toward
lower wavenumbers due to the hydrations of these groups by water molecules. Here, the
intense Raman bands at 2934 and 2919 cm™ are easily attributed to the expected symmetric -
CH, stretching modes. In C2, the three -CH stretching modes are assigned to the IR and
Raman bands between 2948 and 2856 cm™, as predicted by SQM calculations.

Table 11. Observed and calculated wavenumbers (cm™) and assignments for the C2

form of quinic acid in gas and in aqueous solution phases.

B3LYP/6-311++G** Method®

Experimental

GAS PCM

IR® Raman® SQM” Assignments® SQM” Assignments®
3532s 3528w 3656 vO1-H21 3628 v02-H22
3515s 3513w 3634 v02-H22 3621 vO1-H21
3399m 3605 vO5-H25 3592 vO04-H24
3357sh 3595 vO04-H24 3554  vO5-H25
3344m 3587 v0O3-H23 3548 v03-H23

2971s 2978 v,CH,(C9) 2983 v,CH,(C9)
2960s 2964m 2955 v,CH,(C8) 2968  v,CH(C8)

2948s 2939 vC11-H19 2952  vC11-H19
2027vs 2934vs 2929  v.CH,(C9) 2037 vC12-H20
2919sh 2919m 2916 v.CH,(C8) 2033 v,CH,(C9)
2019sh 2919m 2912 vC12-H20 2015  v,CH,(C8)
2856m 2875 vC10-H18 2889 vC10-H18
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1681s

1450m
1428w
1400w
1400w
1384sh
1378w
1359w
1345w
1326w
1294w
1271m

1230m
1230m
1222sh

1134m
1126sh
1101w
1078m
1063m
1050w
1029w
988sh
976s
922w
880w
833w
814w
752sh
746w
659w
611m
567m
550sh
538m
538m
510w

1682w

1434w
1406w
1406w

1352w

1306w
1288w
1266w

1199m
1199m
1139w

1106w

1059w
1059w

964w
929w

838w
817m
767m
745w
665w
609w

526w
526w

465w
455w
404w
404w
383w
367w
367w

www.ijsrm.humanjournals.com

1752
1431
1410
1393
1386
1383
1376
1360
1319
1308
1293
1287
1275
1252
1226
1216
1211
1165
1107
1098
1077
1064
1049
1028
1013
992
935
921
874
829
791
775
748
679
648
580
533
520
511
507
450
434
411
390
376
349
340

317

vC13=06
dCH,(C1)
dCH,(C5)
pC11H19
p'C10H18
pC10H18

wag CHy(C5)
pC12H20
p'C11H19pCH,(C5)
wag CHy(C1)

wag CHy(C1)
§01-H21pCH,(C1)
p'C12H20pCH,(C5)
p'C12H20
603-H23
602-H22
804-H24
pCH(C1)
805-H25
801-H21 vC7-C9
vC11-03
vC10-02 BR;1(Al)
vC12-04
vC9-C11

vC8-C10
vC11-03 vC7-C8
vC7-01

vC13-05 vC7-C13
TWCH3(C1)
TwWCH,(C5) vCl11-
vCl11-

vC7-C8

yCOO

6CO0
8603C11C12vC10-
dC0O0503C11C9
10O5-H25
804C12C10
pCOO

104-H24
5602C10C8
103-H23
802C10C12
803C11C9
102-H22

pC7-01

p'C7-01

BR3(Al)

1685
1429
1410
1392
1382
1372
1367
1352
1322
1314
1302
1294
1273
1251
1226
1216
1208
1158
1135
1085
1072
1052
1039
1024
1006
991
934
932
871
830
789
780
746
688
647
591
583
540
522
512
458
443
413
395
373
354
349

328

vC13=06
OCH,(C1)
dCH,(C5)
pC11H19
pC12H20
pC10H18
p'C10H18

wag CHy(C5)
vC7-C13
pCH,(C5)601-
wag CHy(C1)
001-H21
pCH,(C5)
p'C11H19
003-H23
002-H22
004-H24
pCH,(C1)
805-H25vC13-05
801-H21vC7-C8
tR1(A1)vC7-01
vC10-02
vC12-04vC8-C10
vC12-04vC9-C11
vC8-C10

vC7-C8

vC7-01
vC9-C11vC7-01
vC11-
TwCHy(C5)vC11-
vC11-03
TWCH,(C1)
yCOO vC7-C9
6CO0O
603C11C12vC10-
t05-H25

t05-

t03-H23
804C12C10pCO0
pCOO
602C10C8
t04-H24
802C10C12pC7-
p'C7-01

102-H22

BR2(A1)

pCOO0 tR1(Al)
t01-
H21502C11C09
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283w 274  101- 304 BR3(A1)
283w 263  101-H21 271 504C12C10
262w 244  302C10C12 247 TR1(Al)
202w 236  804C12C11 232 004C12C11

191w 163 Ry (Al1)3C8C7C13 177 TR3(Al)
137w 157  tR3(Al1)8C9C7C13 171 0C9C7C13
127w 127 ’CRg(Al)’ERz(Al) 134 TRg(Al)’CRz(Al)
106m 84  tR,(Al) 94 1Ry(Al)

38 1CO0 30 1CO0

Abbreviations: v, stretching; 8, deformation in the plane; y, deformation out of plane; wag,
wagging; T, torsion; Bg, deformation ring tg, torsion ring; p, rocking; tw, twisting; 9,
deformation; a, antisymmetric; s, symmetric; (A1), Ring 1; *This work, °From scaled quantum
mechanics force field, °From Ref [36], “From Ref [37].

Experimental

Absorbance

Dimer C2
N | W R

4000 3500 3000 3500 2000 1500 1000 500 0

Wavenumbers/cm-1

Fig 8. Comparisons between the predicted FTIR spectra for dimer C2 of quinic acid in
gas phase by using the B3LYP/6-311++G** level of theory with the corresponding

experimental in the solid state taken from Ref [36].

4.2. 1700-1000 cm™ region. In this region are expected the C=0, C-O and C-C stretching
modes, -OH and -CH, deformations, -CH, wagging and rocking -CH modes. Accordingly,
the strong IR at 1681 cm™ is clearly assigned to the C13=06 stretching modes while the IR

bands of media intensities at 1078 and 1063 cm™ are assigned to C-O stretching modes. Here,
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the intensity of this band is clearly increased due to the dimeric species because in C2 this
band it is observed with low intensity. The IR bands at 1450 and 1428 cm™ are assigned to
the two -CH, deformations modes while between 1400 and 1230 cm™ are predicted the -CH,
wagging and rocking -CH, and -CH modes and, for these reasons, these modes are assigned
in these regions, as detailed in Table 11. The -OH deformations are predicted by SQM
calculations between 1287 and 1095 cm™ and, as was also observed in other similar species

[33,56-60], and hence, they are assigned accordingly.

In this region are also predicted at 1074 cm™ a deformation ring mode (Br) in gas phase while
the corresponding torsion ring mode (tg) in solution is predicted at 1072 cm™. Therefore, the

IR bands at 1101 and 1078 cm™ are associated to these vibration modes.

4.3. 1000-100 cm™ region. Vibration modes related to C-O and C-C stretching modes, to
carboxyl group and other to -O-H torsions, -CH; twisting modes and deformations (Br) and
torsion (tr) modes corresponding to the cyclohexane ring are expected in this region. The
assignments of all modes located in that region were performed considering the assignments
for species with similar groups [33,56-60], as shown in Table 11. Here, it is necessary to
clarify that all -OH torsion modes are predicted by calculations in gas phase at different
wavenumbers than in aqueous solution as a consequence of hydration of these groups with
water molecules, as supported by AIM studies due to the formation of O1---H23 interactions
in both media (Table 7).

5. Force constants

Force constants are very important properties to analyze particularly the forces of different
bonds and, in the quinic acid, the evaluations of these constants for C1 and C2 are of interest
taking into account the different positions in their structures of the carboxyl OH groups. Thus,
the harmonic force fields expressed in Cartesian coordinates and computed with the SMQFF
approach [28] and the Molvib program [30] at B3LYP/6-311++G** level of theory were
transformed to normal internal coordinates with the Molvib program by using scale factors
[29,30]. Hence, the scaled internal force constants were obtained for those two isomers. The
results can be seen in Table 12 compared with the most stable species of carquejyl acetate in
both media [63] and with the two conformers of (5,7-Dichloro-quinolin-8-yloxy) acetic acid
in gas phase [64] in order to see as change the values when other groups are present in their

structures.
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Table 12. Scaled internal force constants for C1 and C2 of quinic acid in gas and

aqueous solution phases.

B3LYP/6-311++G** Method® Carquel];yl (5,7-Dichloro-
Force C1 C2 acetate quinolin-8-yloxy)
constan Gas PCM Gas PCM Gas PCM C1 C2
f(LO- 725 7.08 7.32 7.08 6.10 7.73

f(LO- 721 729 7.28 7.24
f(c=0 11.93 11.45 123 11.36 11.90 11.30 13.65  14.22
f(\C- 582 586 529 587 455 445 636  6.08
f(vC-  4.68 4.43 4.63 4.43

f(\CH,) 479 479 478 480 505 491 534 529
f(\C-H) 4.66 4.66 4.66 472 4.85 485 569 567
f(1C- 378 3.80 3.80 3.82 4.02 4.8

f(vC-C) 3.82 3.58 3.65 3.60

f(50- 0.66 0.66 0.64 0.66

f(50- 075 074 073 0.74 106  0.79
f(coo 1.31 131 131 132 130 130 134  1.23
f(5CH,) 0.69 0.69 070 0.70 040 040 091  0.83

Units are mdyn A for stretching and mdyn A rad™ for angle deformations
*This work, "From Ref. [63], “From Ref. [64]

The exhaustive initial inspection of that table shows that the main differences between the
force constants are related to the different positions of carboxyl OH groups in C1 and C2.
Therefore, evaluating the f(vO-H)c force constant values of carboxyl OH groups, the higher
value observed for C2 in gas phase could be attributed to the higher value of the LP(2)O5—
7*06-C13 interaction in C1 where the O5 atom is involved in the carboxyl O-H bond.
Probably, for this reason, the bond order value observed from Table 5 for the O5 atom in C1
in that medium is higher than C2. Hence, the f(+O-H)c force constant in gas phase is higher
in C2 than C1, however, in solution, the same values are observed for both forms. A different
result it is observed when the f(1O-H)y force constant values of hydroxy groups are analyzed.
The higher f(C=0) force constant value for C2 in gas phase than C1 can be justified because
the O6 atom of C=0 bond is free in C2 while in C1 is involved in the O6---H21 bond. The
higher f(+C-O)c force constant value for C1 than C2 can be justified by the higher value of
the LP(2)O5— 7*06-C13 interaction because in C1 the O5 atom is involved in the carboxyl
O-H bond. The other constants present similar values in C1 and C2. If the force constants of
quinic acid are compared with those observed for carquejyl acetate in both media [63] there

are differences that could be easily explained by the presence in carquejyl acetate of an
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acetate, two =CH, groups and one C=C bond in the six members ring. When the force
constants are compared with those reported for two conformers of (5,7-dichloro-quinolin-8-
yloxy) acetic acid in gas phase [64] it is observed higher values in practically all force
constants of this acid possibly due to that in 5,7-dichloro-quinolin-8-yloxy group is linked to
acetic acid. In this acid, the low value observed in f(+O-H)c of C1 is connected directly with
the H bond formed between the H atom of carboxy group with the O atom of quinolin ring

while in C2 there is not H bond formation.

6. Ultraviolet-visible spectrum

In Fig 9 are given the predicted ultraviolet spectra of C1 and C2 of quinic acid in aqueous
solution by using the B3LYP/6-311++G** method compared with the corresponding

experimental available taken from Rogoff and Reuter [1,65].

Experimental

Absorbance

c2

—~—

100 200 300
Wavelengths/nm

Fig 9. Comparisons between the predicted Ultraviolet spectra for C1 and C2 isomers of
quinic acid in aqueous solution by using the B3LYP/6-311++G** level of theory with the
corresponding experimental in mixed of ethanol and water taken from Ref [1].

The predicted UV spectrum for C1 shows one intense band at 193.25 nm while the UV
spectrum of C2 predicted an intense band at 183 nm and a shoulder in c.a. 220 nm. In the
experimental UV spectrum recorded in a mixed of ethanol in water solution between 220 and

300 nm is observed a shoulder in c.a. 220 nm and a weak band at 250 nm. These bands are
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evidently associated to n—>z* interactions (LP(2)O— z*0O-C) predicted by NBO analyses, as
shown in Table 6 and, as was reported for carquejol [59]. Many UV spectroscopy studies
show visibly that the position of absorption maximum in quinic acid is highly dependent of
used solvent and, of course, of material or substance where the quinic acid is found, for
instance, in caffeine [66], sweet potato roots [67] or species related to 3-0-caffeoylquinic acid
[22] some bands of acid are shifthed.

7. Electronic circular dichroism (ECD)

The predicted ECD spectra for both C1 and C2 isomers of quinic acid in aqueous solution by
using the B3LYP/6-311++G** method can be seen in Fig 10.b compared with the
experimental available ECD spectrum for chlorogenic acid, 3’-O-caffeoyl D-quinic acid
between 200 and 260 nm taken from Ref [68] (Fig. 10.a) and, with the experimental available
ECD spectrum for Pr** metal ion-D-(-)-quinic acid 1:1 complex between 350 and 600 nm
taken from Ref [38] (Fig. 10.c).

a)

-3 2 -1
[e)]MR“.\I(l (deg.cm~.dmol™')

il

" i L L
200 220 240 260

b) Wavelengths/nm

1.0

Ry 11040 (cgs)

200 205 210 215 220 225 230
Wavelengths/nm
-1.0

Wavelengths/nm
) 0.4 T

i
450 500

-0.8 ¢

Figure 10. Predicted Rotatory Strengths in cgs (10™° erg-esu-cm/Gauss) for C1 and C2
isomers of quinic acid in aqueous solution by using the B3LYP/6-311++G** level of
theory compared with the experimental ECD spectra for similar species taken from
Refs [38,68].
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The calculated rotatory strengths for C1 and C2 were simulated into an ECD curve by using
the Gaussian function, as suggested by Ding et al. [69]. Here, when the experimental ECD
spectra for p-coumaroylquinic acids obtained between 200 and 380 nm [70] are compared
with those predicted here for quinic acid clearly it is evidenced that other groups have
influence on the positions of bands. Theoretically, C1 and C2 show two negative bands due
to the two asymmetric C atoms (here, C10 and C11) for which both ECD spectra are similar
to corresponding to chlorogenic acid (Fig. 10.a). In the latter acid the first band it is not
observed because the experimental spectrum was recorded from 200 to 260 nm [68]. The
forms and number of bands are in good agreement with the spectrum obtained for the Pr**
complex in Fig. 10.c. which show bands at 443.5, 469, 482 and 590 nm. Here, the two n>z*
interactions predicted by NBO studies are clearly observed in the ECD spectrum of both
isomers despite these interactions have higher energies in C1. Hence, the similar behaviour
between the experimental ECD spectrum from Fig. 10.c with those predicted by calculations
could indicate that both isomers have the same absolute configuration of the chiral centers,
confirming their absolute configuration as (3R,5R), here (11R,10R), in accordance to that
structure reported for quinic acid by Abell et al [3]. Probably, both isomers are present in an

aqueous solution.
8. CONCLUSIONS

The quinic acid was completely characterized by using the experimental available FTIR, FT-
Raman, ‘H- and *C-NMR, ultraviolet and ECD spectroscopies. Theoretically, two isomeric
structures of quinic acid, named C1 and C2 were studied in gas phase and in aqueous solution
by using the B3LYP/6-311++G** calculations, where the positions of carboxyl OH are Trans
and Cis, respectively. C1 is most stable in gas phase but C2 is most stable in solution
showing this latter isomer low solvation energy in aqueous solution. This difference could be
attributed to the low volume expansion observed for C2, in relation to C1. The dipole
moment values of both isomers decrease in solution. Different behaviours between both
isomers were found studying Mulliken, MK and NPA charges while the unlike nucleophilic
and electrophilic sites observed for both isomers could explain different hydrations of both
isomers in solution. The NBO and AIM studies could not explain the presence of C2 in the
solid phase because C1 shows a higher stability in both media. The frontier orbitals analyses
reveal that C1 is clearly most reactive than C2 in both media justifying its higher solvation

energy and volume expansion in solution while the differences in electrophilicity and
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nucleophilicity indexes for C1 and C2, respectively could easily justify their respective strong
red and blue colorations observed in the mapped surfaces. Although very good correlations
are observed for C2 in both *H- and "*C-NMR spectra its presence in the quinic acid only
could be supported by the ultraviolet because better correlations are observed for this isomer
while the presence of both isomers could be supported by their ECD spectra. Here, for C2 are
reported for first time, the force fields, complete vibrational assignments and force constants

in both media.
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