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1. Introduction

The structural and vibrational studies of 2,8-dihydroxy-7H-furo[2,3-flchromen-7-one are interesting from
a medical point of view because its phenolic derivative isolated from Tibouchina paratropica has evidenced
antimicrobial activity towards some bacterial and fungal pathogens and, in addition, potent anti-parasitic activity
against Leishmania donovani was also evidenced for this same compound [1].

So far, few references related to that interesting phenolic derivative were found in the literature and only
some studies of triterpenes and flavonoids isolated from different varieties of genus Tibouchina
(Melastomataceae) such as, semidecandra, pulchra, urvilleana, grandifolia, candolleana were reported [2-10].
Among these studies, the 2,6-dimethoxybenzoquinone derivative compound constituent of genus Tibouchina
Pulchra is particularly interesting due to its anticancer properties [4].

In this work, the structural, electronic, topological and vibrational studies of 2,8-dihydroxy-7H-furo[2,3-
flchromen-7-one (DHFC) are carried out in gas phase and in aqueous solution in order to elucidate why this
phenolic derivative shows those interesting biological activities. One of the purposes of this work is to examine
the studies of structural properties of DHFC in the gas phase and in aqueous solution by combination of theoretical
calculations derived from the density functional theory (DFT) with the hybrid B3LYP/6-311++G** method
[11,12]. From natural bond orbital (NBO) and atoms in molecules (AlIM) calculations, for DHFC in both media
and at the same level of theory atomic charges, molecular electrostatic potentials, stabilization energies, bond
orders and topological properties were predicted [13-15].
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Currently, the structure of DHFC is not experimentally determined and, because of it, the optimized
geometrical parameters were compared with those studied for the similar derivative 7,8-dihydroxy-2-H-chromen-
2-one hemihydrate [16]. Another objective of this work is to determine the force fields of DHFC in both media
by using the normal internal coordinates, transferable scale factors and the Scaled Quantum Mechanical Force
Field (SQMFF) methodology together with the Molvib program [17-19]. After that, from the force fields, the
complete vibrational assignments of DHFC in both media by comparisons between the predicted infrared spectra
with the corresponding experimental recorded in the solid state are reported. Finally, calculations by using the
frontier orbitals were also carry out for DHFC to predict reactivities and behaviour in both media taking into
account the antimicrobial and anti-parasitic properties that that phenolic derivative presents[20-26]. Here, the
properties obtained for DHFC in both media with those reported for other species containing similar OH, COO
and C=0 groups [27-33] were later compared.

2. Material and Methods
2.1. Extraction and isolation procedure

The extraction and isolation procedure of phenolic derivative, 2,8-dihydroxy-7H-furo[2,3-f]chromen-7-one
(DHFC) was performed from the aerial parts of Tibouchina paratropica, as it is clearly carried out and explained
in Ref [1].

2.2. Equipments

A pure sample of DHFC in the solid phase was prepared as KBr pellet in order to record the FTIR spectrum
between 4000 to 400 cm™ by using a Perkin Elmer GX spectrophotometer provided with a DTGS detector and
constantly purged with dry air. In the registering of FTIR spectra a number of 256 scans and resolutions of 1 cm-
were used .

Experimental ‘H- and 13C-NMR spectra of DHFC recorded in acetone-¢ were already published and, for this
reason, here, the observed chemical shifts were compared with the corresponding predicted in aqueous solution
[1].

2.3. Computational details

The modelled of DHFC structure was carried out with the GaussView program [34] and then it was optimized in
the gas phase and in aqueous solution at the B3LYP/6-311++G** level following the appropriate procedures
[11,12,35,37] with the Gaussian 09 program [38]. The molecular structure of DHFC in Figure 1 is given.
Calculations of DHFC volume with the Moldraw program [39] and the study of electrostatic properties [40] in
both media were performed. In addition, for this species bond orders, topological properties were computed using
the NBO and AIM2000 programs [13-15], and with the gap values calculated from the border orbitals, reactivities,
behaviour and some descriptors were predicted in both media [20-26]. The harmonic force fields of DHFC in both
media were calculate by using the SQMFF procedure [17,18] and the Molvib program [19].

Figure 1: Molecular structure of 2,8-dihydroxy-7H-furo[2,3-f]Jchromen-7-one (DHFC) atoms numbering and
identifications of three rings.

On the other hand, taking into account the corresponding force fields and potential energy distributions
(PED), in the complete vibrational assignments of bands observed in the experimental infrared spectrum of DHFC
in the solid phase were considered only those contributions > 10%. Here, two dimeric species of DHFC which are
shown in Figure 2 are proposed due to the fact that some IR bands observed in the experimental spectrum which
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are not assigned to the monomer can easily be justified by those two species. The predicted Raman spectrum
intensities for DHFC, by using the same level of theory, were corrected using known equations [41,42]. The H
and 3C chemical shifts of DHFC in aqueous solution were calculated by using the Gauge-Independent Atomic
Orbital (GIAO) method [43] using to Trimethylsilane (TMS) as reference and, later, these values were compared
with the corresponding experimental ones [1].

Dimer 1

s :
j: 30009

Figure 2: Molecular structures of two different dimeric species of 2,8-dihydroxy-7H-furo[2,3-f]chromen-7-one and
atoms labelling

3. Results and discussion
3.1. Structural study in gas phase and in aqueous solution

Corrected total energies by zero point vibrational energy (ZPVE), dipole moments, volumes and volume
variations calculated for DHFC in gas phase and in aqueous solution by using B3LYP/6-311++G** level of theory
are presented in Table 1. Besides, corrected (AGc) and uncorrected (AG,) solvation energies by the total non-
electrostatic terms (AGre) are shown in Table 1. The results reveal a higher increase of dipole moment value in
solution and a slight expansion of volume in the same media. Despite this low increase of volume in solution,
AV= 0.3 A3 these changes can be easily attributed to the hydration of DHFC with water molecules. The
orientations and directions of dipole moment vectors do not practically change in both media and only show clear
variations in their magnitudes in solution, as it can be observed in Figure S1. In both cases, the directions of
vectors are oriented towards the OH groups of furan rings. On the other side, the corrected solvation energy by
the total non-electrostatic terms in water is -79.22 kJ/mol, a slightly higher value than that observed for the free
base species of scopolamine alkaloid (-75.47 kJ/mol) and lower than the same species of heroin alkaloid (-88.67
kd/mol) [44,45].

The calculated geometrical parameters for DHFC in both media were compared in Table 2 with those
experimentally observed for the similar derivative 7,8-dihydroxy-2-H-chromen-2-one hemihydrate [16] because,
so far, its structure was not experimentally determined. In Figure S2, the common part of that structure with the
corresponding to DHFC is shown in the red circle. The resulted of comparisons between theoretical and
experimental parameters are quickly seen when the differences are presented by using the root-mean-square
deviation (RMSD). Thus, reasonable correlations are observed in gas phase for bond lengths and angles (0.252 A
and 4.49°) while these correlations notably improve in solution with values of 0.082 A for distances and 4.06 ° for
angles. The differences observed in gas phase could be attributed to the different environments of the bonds C12-
015 and 015-H21 lengths and C12-015-H21 angle in DHFC, as compared with the hemihydrate structure [16].
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Table 1. Total Energy and moment dipolar for the 2,8-dihydroxy-7H-furo[2,3-flchromen-7-one in gas phase and in aqueous
solution by using the B3LYP/6-311++G** method. The corrected solvation energy of DHFC is also presented.

B3LYP/6-311++G**

Property Gas phase Aqueous  AE(kJ/mol) AV(A3)
E (Hartrees) -798.9681 -798.9871 -49.84
u(D) 3.79 5.92
V(A3) 183.1 183.4 0.3
Solvation energy (kJ/mol)
Basis set AG# AGre AGc
6-311++G** -49.84 29.38 -79.22

Z.P.V.E, zero point vibrational energy

Table 2. Comparison of calculated geometrical parameters for 2,8-dihydroxy-7H-furo[2,3-f]Jchromen-7-one in gas phase and
in aqueous solution by using the B3LYP/6-311++G** method.

B3LYP/6-311++G**2

Parameters Gas PCM Experimental [1]
Bond lengths (A)
C4-C5 1.404 1.405 1.397
C5-C6 1.389 1.389 1.393
C6-C7 1.397 1.396 1.384
C7-C8 1.406 1.406 1.367
C8-C9 1.395 1.396 1.400
C9-C4 0.398 1.398 1.380
C8-C13 1.436 1.433 1.435
C7-010 1.379 1.387 1.490
C11-010 1.356 1.358 1.339
C11-C12 1.470 1.458 1.442
Cl12-C13 1.351 1.353 1.340
C12-015 1.348 1.361 1.336
Cl11=014 1.212 1.223 1.224
015-H21 0.972 0.971 0.795
C5-H18 1.083 1.083 0.931
C6-H19 1.083 1.083 0.931
C13-H20 1.083 1.083 0.930
RMSD 0.252 0.082
Bond angles (°)

C5-C4-C9 118.6 118.8 120.0
C4-C5-C6 118.9 119.0 121.6
C5-C6-C7 120.3 119.9 115.0
C6-C7-C8 123.1 123.6 126.9
C7-C8-C9 114.3 114.2 116.6
C7-010-C11 122.6 122.8 119.2
010-C11-C12 117.5 117.7 120.0
C11-C12-C13 1215 121.3 111.1
C12-C13-C8 118.9 119.3 120.7
C7-C8-C13 119.6 119.6 119.3
010-C11-014 120.5 118.9 113.3
C12-C11-014 122.0 123.4 126.6
C12-015-H21 106.7 108.2 108.2
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RMSD? 4.49 4.06
Diedral angles (°)

C9-C8-C7-010 180.0 180.0 179.3
C7-010-C11-014 180.0 180.0 177.6
RMSDP 1.77 1.77

aThis work, °From Ref. [17]

From Table 2, we observed that some parameters are predicted with higher values than the experimental
ones while the C11=014 and C12=C13 bonds are predicted with double bonds characters. In relation to the angles,
the higher RMSD values are observed in the bond angles (4.49-4.06 °) as compared to the dihedral ones, a different
result than those observed for other molecules [27,28,44,45]. Here, two dimeric species for DHFC are also
proposed according to the intra-molecular O-H---O hydrogen bonds observed in the molecular packing
determined for the experimental crystalline structure of 7,8-dihydroxy-2-H-chromen-2-one hemihydrate [16]. The
graphic of molecular structures of both dimers in Figure 2 are given. Therefore, it is expected that the H bonds
stabilize the molecular conformation of DHFC due to the presence of C=0 and OH bonds, as reported for that
hemihydrate [16].

3.2. Charges, bond orders and molecular electrostatic potentials studies

The atomic natural population (NPA) and Merz-Kollman (MK) charges are important parameters that
describe the different hydrophilic and hydrophobic sites and, consequently they could possibly explain the
biological properties evidenced for DHFC in both media [1-5]. Hence, for this phenolic derivative in the two
media both calculated charges by using the B3LYP/6-311++G** method are summarized in Table S1 while the
behaviours of MK and NPA charges with the different media are shown in Figure S3. From Figure S3, first we
observed that, the values of MK charges in both media practically do not change (light blue and brown lines) and
only a less positive value in the MK charge on C4 atom in gas phase is observed while its atom in solution has a
high value. On the contrary, the NPA charges generally show a substantial difference in solution. Thus, these
NPA charges on the C4 and C6 atoms present the most negative values while the most positive charges can be
seen on the C8 and C11 atoms. Another very important result is the most negative NPA charges observed on all
O atoms in solution, in particular on the 016 atom while the MK charges on these atoms present lower values. In
reference to the H atoms, the NPA charges on the H21 and H22 atoms of both OH groups present the most positive
values, as it was expected because strong electrophilic sites are expected on these atoms. The evaluation of the
NPA charges on O atoms, in both media, shows strong nucleophilic regions on the 016 atoms.

The characteristics of the different bonds that present DHFC in both media were studied through of bond
orders (BO), expressed as Wiberg indexes, and they are computed with the NBO program [13] by using the
B3LYP/6-311++G** method. The resulted for DHFC in both media are given in Table S2 while their variations
in the two media can be seen in Figure S4. The behaviours of BOs in both media are practically the same for all
atoms with exception of C4, C5, C6, C8 and H18 atoms whose values change notably in solution, presenting
higher variations in this medium the C4, C8 and H18 atoms. These variations in solution quickly show that the
bonds characters where the three atoms are involved change with the medium. Thus, the BO corresponding to the
atoms involved in the C11=014 bond decrease in solution, a behaviour similar to the one observed in the H21
and H22 atoms, probably due to the hydration of these bonds with water molecules. Hence, the double bond
character of C11=014 bond slightly decreases in solution.

The mapped electrostatic potentials (MEP) surfaces are useful to find those specific different nucleophilic,
electrophilic, and inert sites reaction sites by using the different colours. Thus, these surfaces are of particular
interest in DHFC due to the presence of O atoms and of C=0 and OH groups with different hydrophobic and
hydrophilic characteristics. Hence, the molecular electrostatic potentials values computed on all atoms of DHFC
by using the atomic Merz-Kollman (MK) charges [40] do not present significant differences in both media and,
for these reasons, they were not presented here. However, the observed tendency is O > C > H, as it was expected
due to its different electronegativities. Nevertheless, the mapped MEP surface for DHFC in gas phase was
performed by using the B3LYP/6-311G** method because the generation of mapped MEP surface was not
possible with the basis set of higher size. Here, the mapped MEP surface for DHFC in gas phase is shown in
Figure S5. This figure shows a strong red colour on the C11=014 group while on the H21 and H22 atoms of two
OH groups blue colours are observed. Hence, on the C11=014 group the nucleophilic site is clearly shown while
the electrophilic sites are evidenced on the H atoms of both OH groups. Evidently, the green colours on both
benzene rings simply indicate inert regions.

3.3. NBO and AIM studies
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In order to explain the pharmacological properties, DHFC, NBO and AIM calculations [13-15] were carried
out for this phenolic derivative in gas phase and in aqueous solution by using different sizes of basis set. Hence,
the donor-acceptor energy interactions computed at the B3LYP/6-311G** level of theory are presented with the
NBO program [13] in Table S3, while their topological properties calculated in the ring critical point (RCP) with
the AIM2000 program in both media by using the B3LYP/6-311++G** method [15] are summarized in Table
S4. Here, it is necessary to explain that when the 6-311++G** basis set is employed, interactions were not
observed; however, when the diffuse functions were removed from the calculations, five different interactions
type appear in Table S3 in both media. Thus, the interaction observed by using the B3LYP/6-311G** level of
theory are AET oz, AETipoo+, AET Lpor, AET >+ and AET »_», While the latter interaction is the most
energetic. The resultant total energy slightly favours DHFC in gas phase 3109.96 kJ/mol, in reference to its value
in solution of 3093.76 kJ/mol. This result clearly indicates that the species in solution is less stable and, for this
reason, it presents a higher reactivity in this medium, as we will see later by using the frontier orbitals studies.

The Bader’s theory is useful to predict different intra-molecular, inter-molecular, ionic or of H bonds
interactions [14] knowing the topological properties calculated in the bond critical points (BCPs) or ring critical
points (RCPs). Thus, the electron density distribution, p(r), the values of the Laplacian, V2p(r), the eigenvalues
(A1, A2, A3) of the Hessian matrix and the A1/43 ratio for DHFC in the two media are presented in Table S4. The
results do not show new BCPs and only RCPs are observed. Figure 3 shows the three RCPs corresponding to the
three own rings of DHFC calculated with the AIM2000 program in both media and by using the B3LYP/6-
311++G** method [15]. Note that the RCP1 corresponding to furan ring shows higher topological properties
while the RCP3 shows lower values. In solution, the properties of RCPs notably change showing a decrease in
the electron density of RCP1 whiles the Laplacian values increase in the three rings. These studies clearly show
that the furan ring (RCP1) is the most dependent of medium through of p(r), however, RCP3 is less influenced
by the medium.

3.4. Frontier orbitals and descriptors studies

The NBO analysis has evidenced five different transitions for DHFC while the AIM studies support the
different characteristics of three rings of this phenolic derivative, presenting the R1 ring, the furan ring, higher
topological properties in both studied media. Thus, it is necessary to investigate the reactivities and behaviours of
DHFC in the two media. Hence, from the differences between the frontiers orbitals its gap values were predicted,
as recommended by Parr and Pearson [20]. Later, the chemical potential (), electronegativity (x), global hardness
(n), global softness (S) and global electrophilicity index (w) descriptors were calculated with the gap values by
using the suggested equations [32-41] and, the results are presented in Table S5. These results show higher
reactivity of DHFC in solution, in agreement with the NBO studies while higher nucleophilic and electrophilicity
indexes are observed in gas phase and in solution, respectively. Probably, the increase of electrophilicity index in
solution is associated to an increase of values of the Laplacian in the three rings in solution while the diminishing
of electron density of RCP1 in this medium could in part justify the decrease of nucleophilicity index in solution.
Probably, the O atom and the OH group belong of furan ring should be hydrated in solution.
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Figure 3: Molecular graphics for 2,8-dihydroxy-7H-furo[2,3-flchromen-7-one in gas phase showing the geometry of all
their bond critical points (BCPs) and ring critical points (RCPs) at the B3LYP/6-311++G** |evel of theory.

3.5. Vibrational analysis

The DHFC structures in both media were optimized with C; symmetries by using the B3LYP/6-311++G**
method for which the expected 60 vibration normal modes present activities in both infrared and Raman spectra.
The experimental IR spectrum of DHFC in the solid state compared with the corresponding predicted in the two
media are given in Figure 4 while the predicted Raman spectra of DHFC in both media are compared in Figure
5. For a better correlation, the predicted Raman spectra in activities were transformed to intensities applying
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classical suggested equations from the literature [41,43]. The intense and broad IR bands observed in the
experimental spectrum in the 4000-2000 cm region clearly indicate the presence of O-H---O bonds belonging to
dimeric species of DHFC in the solid phase due to crystal packing, as was observed in the experimental crystalline
structure of 7,8-dihydroxy-2-H-chromen-2-one hemihydrate [16].

Expcrimcen tal

T;aq phase

Transmitance

| Aqueous solution

4000 EN ) 2000 1000 1)
Wavenumbers/cm-!

Figure 4: Experimental infrared spectra of 2,8-dihydroxy-7H-furo[2,3-flchromen-7-one (upper) in the solid state compared
with the corresponding predicted in gas phase (medium) and in aqueous solution (bottom) by using the B3LYP/6-
311++G** level of theory.
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Figure 5: Predicted Raman spectra of 2,8-dihydroxy-7H-furo[2,3-flchromen-7-one in gas phase and in aqueous solution by
using the B3LYP/6-311++G** level of theory.

Hence, the comparisons between the predicted IR spectra for the two dimers with that experimental
recorded for DHFC in the solid state is shown in Figure S6. This latter figure shows clearly that the very intense
IR band of dimer 2 at 3558 cm™ region clearly justify the intense and wide band observed in the experimental
spectrum in the higher wavenumbers region. Hence, the strong and broad band centred in 3206 cm™ is easily
attributed to the OH stretching modes while the bands between 3000 and 2500 cm™ are associated to H bonds of
dimeric species. The presence of impurity of sample or to combination bands could be associated to the strong IR
band at 2830 cm™, as is detailed in Table 3. The harmonic force fields of DHFC in both media by using the
B3LYP/6-311++G** level of theory were calculated with the SQMFF procedure and the Molvib program taking
into account the normal internal coordinates and useful scale factors [17-19]. Later, the complete vibrational
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assignments of bands observed in the experimental IR spectrum of DHFC in both media is carried out with the
harmonic force fields and considering potential energy distribution (PED) contributions > 10%. On the other hand,
the observed and calculated wavenumbers and assignments for DHFC in the gas phase and in aqueous solution
are presented in Table 3. Below, we present a brief discussion of main vibration modes.

Table 3. Observed and calculated wavenumbers (cmt) and assignments for 2,8-dihydroxy-7H-furo[2,3-flchromen-7-one in

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

. GAS PCM
Experimental ; — - —
Calculated SQM  Asignacion Calculated SQM Asignacion
3206 br,s 3819 3661  vO16-H22 3765 3609 vO16-H22
3206 br,s 3687 3535 v0O15-H21 3709 3555 vO16-H22
3073s 3267 3131 vC3-H17 3264 3129 vC3-H17
2996 s 3206 3073 vC6-H19 3209 3076 vC6-H19
2947 s 3202 3069 vC13-H20 3206 3073 vC13-H20
2947 s 3189 3057 vC5-H18 3196 3064 vC5-H18
2830s 2x765=1530 + 1311 = 2841
1682s 1757 1692 vC11=014 1680 1620 vC13=C12
1682 s 1697 1637 vC13=C12 1672 1614 vC11=014
1682 s 1691 1628 vC2=C3 1652 1590 vC2=C3
1607 s 1658 1604  vC4=C9 1636 1579 vC8-C9
1550 w 1613 1561 vC4=C5 1602 1549 vC4=C5
1528 w BC-H dimer 2
1456 m 1517 1467 vC5-C6 1506 1456 vC7-C8
1426 m 1465 1418 BC5-H18 1457 1410 vC4=C9
1395 m 1435 1385 6015-H21
1376 sh d0-H dimer 2 1416 1370 vC6-C7
1345s 1403 1353 vC8-C9 1400 1351 vC5-C6
1311s 1376 1329 vC2-016 1343 1301 vC3-C4
1241 vs 1316 1271 vC8-C13 1293 1246 vC9-01
1241 vs 1308 1261 vC3-C4 1283 1238 6016-H22
1241 vs 1264 1222 vC6-C7 1258 1221 vC8-C13
1194 sh 1241 1193 BC13-H20 1218 1161 6015-H21
1194 sh 1215 1173 Xgizc.’é?’s
1194 sh 1204 1162 BC3-H17 1198 1153 BC13-H20
1134 w 1182 1142 pC6-H19 1184 1145 vC2-016
1123 sh 1164 1123 vC11-010 1175 1135 BC5-H18
1097 w 1143 1103 6016-H22 1138 1101 BC3-H17
1041s 1081 1048 vC9-01 1113 1077 vC11-010
1041s BR1(A2) Dimer 2 1074 1041 BC6-H19
959 w 1014 984 vC7-C8 1011 980 vC7-010
941w 975 944 vC2-01 955 945 yC5-H18
941 w 946 936 yC6-H19 954 926 vC2-01
905 br 894 884 vyC13-H20 904 895 vyC13-H20
865 m 869 851 BR1 (A2) 864 849 BR1 (A2)
821w 838 817  BR1(A3)
788 vw 820 808 yC5-H18 832 808 yC6-H19
765 s vC-H dimer 2 820 808 vC12-015
765s 767 759 yC3-H17 765 756 yC3-H17
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756 740 yC11-014 752 743 yC11-014

734m 749 730 BRL(AL) 747 729 BRL(AL)
720m 720 700 vCl2-Cll 727 705 <R1(A2)
720 m 714 699 Rl (A2) 711 698 Egiz(ﬁ)l
662 sh 657 642 4C2-016 659 644  4C2-016
640 W 645 638 BR2(A2) 642 635  BR2(A2)
627 609 <R3 (A2) 630 611 <R3 (A2)
602 sh 603 595  BR2(A3) 604 596 BR2(A3)
561w 552 544 tO15-H21 547 543 BR3(A2)
561w 547 542 BC2-016
474w 530 521 BR2(Al) 531 518  BR2 (Al)
449 W 527 512 tR2(A2) 527 515  tR2 (A2)
442 w 446 440 BR3 (A3) 445 438 BR3(A3)
432w yC-O Dimer 2 439 433 1015-H21
413w 405 400  yC12-015 409 404 yC12-015
388 377 Butt (A2-A3) 390 379 Butt (A2-A3)
371 364 BR3(A2) 372 365  BC2-016
354 345  tR2 (Al) 357 38 tR2(Al)
350 345 BC11-014 344 339 BCl1-014
313 310  BC12-015 303 301  BC12-015
TR1(A3) dimer 2 266 253 <O16-H22
252 244 <R1(A3) 249 240 tR1(A3)
220 213 1R1(AL) 212 203 tR1(AL)
R3 (A2); R3 (A2);
157 154 ERB E Asg 157 155 ERs E Agg
144 140 Butt (AL-A2) 137 133 BR3(A2)
120 120 1016-H22
9 94 R2(A3) 94 91  tR2(A3)
74 71 tR3(A3) 68 66 <R3 (A3)

Abbreviations: v, stretching; B, deformation in the plane; vy, deformation out of plane; t , torsion; Br, deformation ring 7,
torsion ring; &, deformation; (A), Ring 1; (A2), Ring 2; (A3), Ring 3; #This work, "From scaled quantum mechanics force
field, br, broad; s, strong; w, weak;m, medium; vs, very strong; vw, very weak

3.5.1. Band Assignments

3.5.1.1. OH modes. Two 015-H21 and O16-H22 groups are present in the DHFC structure that belong to R3 and
R1 rings, respectively. Hence, for this phenolic derivative two OH stretching modes are expected. Thus, the broad
and intense IR band at 3206 cm™ region is quickly assigned to those two vibration modes, as observed in species
containing these groups [22,24-33,44,45]. The SQM calculations predicted the in-plane deformation modes of
those two OH groups in gas phase at 1385 and 1103 cm™ while in aqueous solution at 1238 and 1161 cm, hence,
the IR band at 1395, 1241, 1194 and 1097 cm™ are assigned to these modes. The out-of-plane deformation or
torsion modes expected for those two OH groups are predict by SQM calculations at 544, 433, 253 and 120 cm™!
and, for these reasons, the bands at 561 and 432 cm are assigned to those modes. The assignments of other modes
were not possible due to the absence of IR bands in the lower wavenumbers region, as observed in Table 3.

3.5.1.2. CH modes. In the higher wavenumbers region four C-H stretching modes are present in DHFC because it
has the C3-H17 group that belongs to the furan ring, the C13-H20 group that belongs to the R3 and the two
remaining groups that belong to the R2 ring. Hence, the SQM calculations predict these stretching modes between
3131 and 3057 cm?, while those stretching modes are predicted in both media at higher wavenumbers than the
other ones. Thus, the IR bands between 3073 and 2947 cm! can easily be assigned to those vibration modes. Here,
it is interesting to note that the SQM calculations predict the C3-H17 stretching modes at higher wavenumbers in
both media than the other ones. The in-plane deformations or rocking modes corresponding to the four C-H groups
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in both media are predicted between 1418 and 1041 cmt, for which, they are associated to the groups of IR bands
between 1426 and 1041 cm™. The IR bands from 941 up to 756 cm* are assigned to out-of-plane deformations or
wagging modes of C-H bonds, as predicted by SQM calculations.

3.5.1.3. Skeletal modes. Usually, the C=0 stretching modes are assigned between 1741 and 1636 cm™ [22,24-33],
hence, the very strong IR band at 1682 cm™ is clearly assigned to those two stretching modes. Note that this
stretching mode is predicted shifted from 1692 cm™ in gas phase to 1614 cm™ in aqueous solution due to the
hydration of C=0 group with water molecules. Here, the strong IR band at 1682 cm can also be assigned to C=C
stretching modes because these vibration modes are predicted between 1637 and 1549 cm™. Other C-C and C-O
stretching modes can be assigned between 1456 and 720 cm™, as observed in Table 3 [24-33,44,45]. For instance,
these C-O stretching modes in carquejol [28] are predicted between 1063 and 1020 cm™ and assigned at 1065 cm-
1. In DHFC, a slight shifting of the two C-O stretching modes related to C-OH groups in solution is observed, in
relation to the values in gas phase, due to the hydration of these groups with water molecules. We assigned the
deformation and torsion modes corresponding to six and five member rings as the theoretical calculations
predicted and, as it was reported in similar molecules [22-33,44,45]. The assignments of remain skeletal modes
are clearly detailed in Table 3.

4. Force Fields

The harmonic force fields by using the B3LYP/6-311++G** method were calculated by using the SQMFF
methodology in order to compute the scaled force constants for DHFC in the gas phase and in agqueous solution
[17,18] and the Molvib program [19]. In Table 4, these constants are compared with the reported for 2R-(—)-6-
hydroxytremetone in gas phase [33].

Table 4. Comparison of main scaled internal force constants for 2,8-dihydroxy-7H-furo[2,3-flchromen-7-one in gas and
aqueous solution phases with those reported for 2R-(—)-6-hydroxytremetone in gas phase.

Force B3LYP/6-311++G**2 B3LYP/6-31G**
constants Gas PCM 2R-(;)-6-hydroxytrem;toneb
f(vO-H) 7.242 7.180 5.256 5.252
f(VC-0) 6.406 5.586 6.858 6.861
f(VC-H)as 5.167 5.176 6.522 6.526
f(VC-H)asbis 5.152 5.164
f(VC-H)as 5.375 5.344 4.758 4.613
f(VC-C)as 6.211 6.221 6.520 6.526
f(VC-C)as 6.423 6.410 3.988 3.982
f(LC=0) 11.506 10.303 10.248 10.249
f(1C-O)as 5.133 4.852
f(VC-O)as 5.162 4.873 4.852 4976
f(50-H) 0.737 0.721 1.113 1.131
4 (As) 0.368 0.366
4= (Ao) 0.248 0.247
Butt 2.527 2.469

Units are mdyn A% for stretching and mdyn A rad- for angle deformations 2This work; "From Ref [34]

Evaluating first the force constants for DHFC in the two media, we observed that the values of f(1O-H),
f(vC=0) and f(+C-0) force constants in agueous solution present lower values than the corresponding in gas phase
probably because the related groups are hydrated with solvent molecules. The other force constants practically
present the same values in both media. If now the values observed for DHFC are compared with the corresponding
to 2R-(—)-6-hydroxytremetone lower values are observed in the f(vO-H) force constants of 2R-(—)-6-
hydroxytremetone. In part, such differences could be attributed to the presence of only a OH group in the other
species while in DHFC there are two OH groups or, also could be associated to the formation of H bonds where
these groups are involved in 2R-(—)-6-hydroxytremetone. Hence, the hydration of these groups could also justify
the lower values observed in the f(80-H) force constants of DHFC, as compared with the observed for 2R-(—)-6-
hydroxytremetone [33].
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5. NMR study

In this work, the *H- and *C-NMR chemical shifts of DHFC predicted in aqueous solution by using the
GIAO method [44] with the hybrid B3LYP/6-311++G** method are compared the corresponding taken from
those experimental *H- and C-NMR spectra previously recorded in acetone-ss [1]. The results of both
comparisons by means of the RMSD values can be seen in Tables 5 and 6.

In general, we observed that the predicted values are overestimated as compared with the experimental ones and
a better concordance it is observed for the *H nucleus (1.02-0.97 ppm) while for the *3C nucleus the correlation is
not very good and the RMSD values are high (27.65-23.26 ppm), as was also observed for carquejol [28]. Here,
the chemical shifts for both H21 and H22 nucleus are not predicted probably because both atoms in solution are
involved in the hydrogen bonding formation with solvent molecules. As it is expected, better correlations are
obtained for the *H nucleus than the C atoms because the used 6-311++G** basis set favours to the light atoms
than the C ones.

Table 5. Observed and calculated *H chemical shifts (& in ppm) for 2,8-dihydroxy-7H-furo[2,3-flchromen-7-one in different
media by using the B3LYP/6-311++G** method

'H-NMR?
H Atoms 6-311++G** Experimental in_ac_et_one-dGb
Gas PCM dppm  Integ. Multiplicity (JHz)
22 4.60 5.56
21 6.02 5.77
17 5.46 5.74 7.42 1H's
20 7.20 7.71 7.04  1Hbrs
18 7.29 7.54 740  1Hd (8.8)
19 7.32 7.45 6.78 1H d (8.8)
RMSD 1.02 0.97

aThis work GIAO/B3LYP/6-311++G** Ref. to TMS, *From Ref [1]

Table 6. Observed and calculated *C chemical shifts (& in ppm) for 2,8-dihydroxy-7H-furo[2,3-flchromen-7-one in different
media by using the B3LYP/6-311++G** method

3C-NMR?
C Atoms 6-3114+G** _Experimentalb
in acetone-d6

Gas PCM 3 ppm
C3 97.46 80.63 116.6
C13 126.77 114.87 109.3
cs8 128.86 111.64 145.0
C6 134.95 116.78 114.7
C5 139.47 124.20 122.8
C4 150.44 133.98 150.1
C12 164.89 146.05 120.8
C9 165.20 148.84 138.3
c7 169.73 153.01 168.7
C11 180.79 165.86 168.9
C2 184.99 169.28 121.9

RMSD 27.65 23.26

aThis work GIAO/B3LYP/6-31G* Ref. to TMS, °From Ref [1]
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Conclusions

In the present work, the phenolic 2,8-dihydroxy-7H-furo[2,3-flchromen-7-one (DHFC) derivative has been
isolated from Tibouchina paratropica medicinal plant and later it was characterized by using FTIR and *H- and
13C-NMR spectroscopies. Here, hybrid B3LYP/6-311++G** calculations were employed in order to study their
structural, electronic, topological and vibrational properties in gas phase and in agueous solution. For DHFC, two
dimeric species were proposed taking into account the experimental structure of similar derivative 7,8-dihydroxy-
2-H-chromen-2-one hemihydrate because, so far, its structure was not reported. Thus, O-H---O hydrogen bonds
interactions of those two dimeric species could stabilize the molecular conformation, as supported by the
intensities and forms of some bands observed in the experimental IR spectrum. The SQMFF methodology at the
same level of theory was used to calculate the harmonic force fields for DHFC in the two media. Then, the
complete vibrational assignments of expected 60 vibration modes together with the harmonic force constants are
here reported for first time. The molecular electrostatic potentials (MEP) surface suggest that the nucleophilic site
is clearly located on the C=0 group while the electrophilic sites are located on the H atoms of both OH groups.
The studies by using the frontier orbitals support higher reactivity of DHFC in solution, in agreement with the
lower stability observed by NBO studies while the higher nucleophilic and electrophilicity indexes are observed
in gas phase and in solution, respectively. The AIM study shows clearly that the furan ring (RCP1) is most
dependent of medium through of o(r) than the other rings. Better correlations between experimental FTIR and
'H-NMR spectra with the corresponding predicted by the calculations were found.
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