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Chromone and two carboxylic derivatives - chromone-2-carboxylic acid (2CA) and chromone-3-
carboxylic acid (3CA) - were investigated as to their conformational preferences by vibrational
spectroscopy — Raman, FTIR and INS - combined to density functional theory and plane-wave calcu-
lations. INS experiments allowed to clearly detect intramolecular hydrogen-type close contacts in these
systems. A natural bond orbital (NBO) analysis was performed, including calculation of the second-order
perturbation energies (E®?)) and orbital occupancies, to provide theoretical evidence of the stabilisation
due to the 77 — 77 donor-acceptor interaction. A complete assignment of the vibrational spectra was
achieved for all compounds, allowing us to determine their most stable conformers and establish their
H-bonding profile. 3CA was shown to display a particularly strong intramolecular H-bond, which can
explain its singular conformational behaviour and abnormally high pK; value.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Chromones (1-benzopyran-4-ones, Fig. 1) are naturally occur-
ring compounds present in representative amounts in a normal
human diet, displaying a wide range of biological activities (e.g.
anti-inflammatory and anticancer) due to their well-recognised
antioxidant properties [1-3]. Since oxidative damage in numerous
cell targets (DNA, lipids, and proteins) is known to be directly
linked to a number of severe pathologies, namely liver toxicity,
cardiovascular and neurodegenerative disorders (e.g. Alzheimer
and Parkinson’s) and cancer, which are a major cause of death
worldwide, the design of new antioxidant agents from natural
sources has been the object of vigorous study in the last decade,
with a view to establishing successful chemopreventive strategies
as well as chemotherapeutic alternatives (e.g. combination ther-
apy). The development of new chromone-based protective, and
potentially therapeutic, agents is an important research area in
Medicinal Chemistry, the chromone core being a key element of
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pharmacophores of many biologically active molecules displaying
diverse medicinal applications.

These prospective health benefits arising from the antiox-
idant capacity of chromone derivatives are ruled by strict
structure-activity relationships (SAR’s), which, apart from deter-
mining their biological action, modulate their systemic distribution
and bioavailability in sites of oxidation within the cell. Conforma-
tional preferences such as flexibility, formation of hydrogen bonds
- both intra- and intermolecular - and planar or skewed rela-
tive orientations of the substituent groups linked to the chromone
skeleton determine the properties of the systems. The possibility
of occurrence of hydrogen close contacts, for instance, can lead to a
quite large stabilisation and therefore to a marked preference for a
particular conformation as opposed to other likely geometries [2].
Additionally, there is no available X-ray crystallography data for
either chromone or the carboxylate derivatives presently studied. It
is therefore essential to obtain an accurate conformational analysis
of this kind of systems in order to clearly understand their mode of
action and to establish reliable SAR’s, crucial for a rational design of
effective chemopreventive/therapeutic agents against cancer. Such
goal can be attained through the combined use of spectroscopic
techniques and theoretical approaches, in order to determine the
compounds’ most stable structures, as well as their main conforma-
tional preferences and possible interactions with biological targets
and receptors.
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Fig. 1. Calculated (B3LYP/6-31G**) structures for chromone (C) and its carboxylic derivatives 2CA (lowest energy conformer) and 3CA (most stable conformers) (the atom

numbering is included. Distances are in pm).

The use of vibrational spectroscopy - infrared, Raman and
inelastic neutron scattering (INS) - is a reliable and accurate proce-
dure for this kind of studies, since it allows analysis of samples both
in the solid state and in solution, for distinct conditions (e.g. pH and
temperature) and in a wide concentration range. INS, in particular,
is a well suited technique to the study of hydrogenous compounds
such as the ones presently investigated. Actually, the neutron scat-
tering cross-section of an atom (o) is characteristic of that atom
and independent of its chemical environment. Since the value for
hydrogen (80 barns) far exceeds that of all other elements (typi-
cally ca. 5 barns), the modes of significant hydrogen displacement
(u;)dominate the INS spectra [4]. Foramode ata given energy v;, the
intensity from a powdered sample obeys the simplified relationship

2 4,2 2,2
50 )= M ey <Q “f> (1)

3 3

where Q (A1) is the momentum transferred from the neutron
to the sample and «; (A) is related to a weighted sum of all the
displacements of the atom. Thus, not only the energies of the
vibrational transitions (the eigenvalues, v;) but also the atomic dis-
placements (the eigenvectors, u;) are available from experimental
observation. This significantly enhances the information obtainable
from the vibrational spectrum and adds to that from the comple-
mentary Raman and infrared vibrational spectroscopic methods,

allowing to detect some low frequency modes unavailable to these
optical techniques. Since the spectral intensities can be quanti-
tatively compared with those calculated by theoretical methods,
by combining the INS results with quantum mechanical molecular
orbital calculations it is possible to link molecular geometry with
the experimental spectroscopic features, and produce a consistent
conformation for the systems under investigation.

The present work reports a conformational study, by vibrational
spectroscopy coupled to quantum mechanical calculations (at the
density functional theory and plane-wave levels), of chromone and
two derivatives displaying a carboxylic moiety in different pos-
itions of the heterocyclic ring — chromone-2-carboxylic acid (2CA)
and chromone-3-carboxylic acid (3CA) (Fig. 1). In particular, the H-
bonding profile of these substituted chromones was investigated,
since it is determinant of their antioxidant properties. A com-
plete spectral assignment of the compounds was achieved, since all
vibrational spectroscopic techniques were available to this study -
FTIR, Raman and INS.

2. Methods and calculations
2.1. Chemicals

Chromone, chromone-2-carboxylic acid, chromone-3-
carboxylic acid, deuterated dimethylformamide (DMF-d;, 99.5%)
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and all other reagents and solvents (pro analysis grade) were
purchased from Sigma-Aldrich Quimica S.A. (Sintra, Portugal).

Saturated solutions of the chromone derivatives were prepared
in DMF-d~, and stored in the dark (in order to avoid photoinduced
oxidation). The spectra were run within a few hours of the prepa-
ration of the solutions.

2.2. FTIR spectroscopy

The Fourier transform infrared (FTIR) spectra were recorded
in a Bruker Optics Vertex 70 FTIR spectrometer, in the range
4000-400 cm™!, using KBr disks (ca. 2% (w/w)), a KBr beamsplit-
ter,and aliquid-nitrogen cooled Mercury Cadmium Telluride (MCT)
detector. The FTIR spectra were collected for 60 scans, witha2 cm™~!
resolution. The errors in wavenumbers were estimated to be less
than 1cm~1.

2.3. Raman spectroscopy

The Raman spectra were obtained at room temperature, in a
triple monochromator Jobin-Yvon T64000 Raman system (focal
distance 0.640 m, aperture f/7.5) equipped with holographic grat-
ings of 1800 grooves mm~!. The premonochromator stage was used
in the subtractive mode. The detection system was a liquid nitrogen
cooled non-intensified 1024 x 256 pixel (1”) charge coupled device
(CCD) chip.

The 514.5 nm line of an Ar* laser (Coherent, model Innova 300-
05) was used as the excitation radiation, providing ca. 50 mW
(for the solids) and ca. 100 mW (for the solutions) at the sam-
ple position. A 90° geometry between the incident radiation and
the collecting system was employed. The entrance slit was set to
200 pm, as well as the slit between the premonochromator and the
spectrograph. Samples were sealed in Kimax glass capillary tubes
of 0.8 mm inner diameter. Under the above mentioned conditions,
the error in wavenumbers was estimated to be within 1 cm~1.

2.4. INS spectroscopy

The INS spectra were obtained at the ISIS Pulsed Neutron and
Muon Source of the Rutherford Appleton Laboratory (United King-
dom), on the TOSCA spectrometer. This is an indirect geometry
time-of-flight, high resolution ((AE/E) ca. 2%), broad range spec-
trometer [5].

Solid compounds (ca. 3g), were wrapped in aluminium foil,
while the solutions (4.8-9.6 ml) were placed in thin walled alu-
minium cans, which filled the beam. The samples were cooled to ca.
20K before collecting the spectra. Data was recorded in the energy
range between 4000 and 16cm~', and converted to the conven-
tional scattering law, S(Q,v) vs. energy transfer (in cm~1!) through
standard programs.

2.5. Quantum mechanical calculations

The quantum mechanical calculations were performed using
the Gaussian 03W program [6] within the density functional the-
ory (DFT) approach, in order to properly account for the electron
correlation effects (particularly important in this kind of conju-
gated systems). The widely employed hybrid method denoted by
B3LYP, which includes a mixture of HF and DFT exchange terms and
the gradient-corrected correlation functional of Lee, Yang and Parr
[7,8], as proposed and parameterised by Becke [9,10], was used,
along with the double-zeta split valence basis set 6-31G** [11]. The
use of diffuse functions was also tested (6-31++G** [12]).

Molecular geometries were fully optimised by the Berny algo-
rithm, using redundant internal coordinates [13]: the bond lengths
to within ca. 0.1 pm and the bond angles to within ca. 0.1°. The

final root-mean-square (rms) gradients were always less than
3 x 10~% hartree bohr~! or hartreeradian—!. No geometrical con-
straints were imposed on the molecules under study.

Inclusion of the solvent (DMF) was simulated by performing
self-consistent reaction field (SCRF) calculations. A continuum rep-
resentation - the integral equation formalism (IEF) version [14-16]
of Tomasi’s polarised continuum model (PCM) [17-19] - was
used (applying the united atom topological model). This approach
defines the molecular cavity as the union of a series of interlock-
ing spheres, centred on each of the distinct atoms of the molecule.
Furthermore, a solvent molecule was explicitly considered in the
calculation, in order to account for the probable occurrence of sol-
vent - chromone interactions, through H-type close contacts.

The harmonic vibrational wavenumbers, as well as Raman activ-
ities and infrared intensities, were always obtained at the same
theory level as the geometry optimisation procedure. As the widely
used Merrick et al. [20] scale factors do not adequately reproduce
the experimental data in this kind of systems, a new set of scale
factors were proposed, leading to a quite good agreement between
theoretically predicted and experimental frequencies: four differ-
ent scaling factors were used - 1.18, in the low wavenumber region
(below 175 cm~1); 1.05, in the interval from 175 to 400 cm~1; 0.985,
from 400 to 1850 cm~!; and 0.957, above 3000cm!.

Furthermore, pK, values were calculated for the compounds
under study, using the VSXC pure DFT approach [21] coupled to the
LanL2DZ-ECP (effective core potential) basis set (both implemented
in Gaussian 03W), following the protocol proposed by Benson [22]
without scaling. Additional PCM optimizations have not been per-
formed, and electronic energies were adjusted only by the ZPE’s.

Natural bond order (NBO) calculations were also carried out,
in order to determine the stabilising orbital interactions, applying
the donor-acceptor viewpoint approach [23], at the B3LYP/6-31G**
level. The Gaussian 03W implemented routines [24] were used to
convert the DFT molecular orbitals to a set of NBO orbitals corre-
sponding to a hypothetical Lewis structure with strictly localised
electron pairs. The NBO calculations were undertaken within the
resonance option (from Gaussian), pointed out as the most suit-
able for NBO studies in this kind of highly unsaturated chemical
systems. In the NBO formalism, the electron delocalisation is rep-
resented by the off-diagonal terms in the Kohn-Sham matrix, and
the subsequent stabilisation energy is calculated by means of the
equation

E®) = AE; =g; )

where F(i, j)? is the off-diagonal Fock matrix element between the i
and j (donor and acceptor orbitals, respectively) NBO orbitals, g; is
the donor orbital occupancy, and ¢; and ¢; are the orbital energies
from the donor and acceptor orbitals, represented by the diagonal
elements of the Fock matrix. In all cases, NLMO (natural localised
molecular orbital) bond order calculations were carried out.

Plane-wave calculations were performed, based on density
functional theory methods within the Perdew-Zunger [25] local
density approximation (LDA), and plane wave expansions, as
implemented in the PWSCF code from the Quantum Espresso
package [26], were used. The atomic coordinates were fully opti-
mised, starting from the isolated-molecule structures of both the
chromone moiety and its dimers, designed with the Avogadro
graphical interface. The molecules were placed in a cubic box
with a 30-bohr length, to ensure negligible interactions with their
periodicimages. The pseudopotentials employed were of the norm-
conserving type — a von Barth—Car [27] approach was applied to the
H and C atoms, and a Martins-Troullier [28] type was used for the
O atoms.
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Table 1
Calculated relative energies (k] mol~1) for the distinct conformers found for 2CA and 3CA.
2CA 3CA
2CA-12 2CA-2 2CA-3 2CA-4 3CA-1 3CA-2 3CA-3 3CA-4
Isolated molecule Gaussian” 0¢; 4.54 13;1.8 8.6; 6.1 27.5;3.0 0;7.3 28.5; 3.5 34.1;5.0 65.0; 7.1
DMF solution® 0; 6.7 1.2;2.7 13.8; 8.7 25.8;3.6 0;9.9 12.8; 4.7 14.1; 7.3 36.2; 10.0
Isolated molecule 0 7.7 0 52.0

Plane wavef

2 According to Fig. S1.
b At the B3LYP/6-31G** level.

¢ Using the zero-point vibrational energy correction; final energy scaled by a factor of 0.9806 [20].

d Total calculated dipole moment, 1D=1/3 x 10~2cm.

¢ At the B3LYP/6-31G** level, using the IEF-PCM approach within the SCRF theory.

f At the LDA/PWSCF level.

This choice of methods has been guided by the fact that Raman
activities can only be calculated with PWSCF methods, using a
LDA DFT approach and norm-conserving pseudopotentials. A cut-
off energy of 70Ry and a Monkhorst-Pack grid [29] of 1 x1x 1
were found sufficient to attain convergence. The dynamical matrix
was calculated for the optimised geometries within the DFT The-
ory [30], and was diagonalised to obtain the vibrational normal
mode wavenumbers, as well as the Raman activities, S;. The lat-
ter, straightforwardly derived from the program output, cannot be
compared directly with the experiment, the expression relating the
Raman differential scattering cross section with the Raman activity
being [31],

do; _ (2m)* w h
E— 45 (VO_Vl) 87T2CU,'B,‘SI. (3)

where h, k, c and T represent the Planck and Boltzmann constants,
the speed of light and the temperature (in K), respectively; vy and
v; stand for the frequency of the laser excitation, and the normal
mode frequencies; and B; is a temperature factor, set to 1. The fre-
quency of the laser excitation, for a 514.5 nm line of an Ar* laser,
was considered to be 19,436 cm~!. The theoretical Raman intensity
was calculated according to

I = Clup — vp)* (4)
Vi

Cbeing a constant. In order to simulate the line width of the exper-
imental lines, an artificial Lorentzian broadening was introduced
using the SWizard program (revision 4.6) [32,33]. The band half-
widths were considered to be equal to 10cm™1.

The theoretical INS transition intensities were obtained from the
calculated normal mode eigenvectors and the spectra simulated
using the dedicated aCLIMAX program [34]. For isolated molecule
calculations, this program accomodates the impact of the external
modes of extended molecular solids through the choice of a suitable
value for «; (Eq. (1)).

3. Results and discussion
3.1. Conformational analysis

According to the theoretical calculations presently performed,
the chromone molecule (C) has only one possible stable geometry
at room temperature (Fig. 1), while for its carboxylic derivatives
2CA and 3CA four distinct conformers were obtained (Fig. S1, Sup-
plementary material). These are interconvertible upon internal
rotation around the C;-Cg and Cg—04¢ bonds, corresponding to dif-
ferent orientations of the carboxylic group relative to the chromone
skeleton, and to either an s-trans or an s-cis orientation of the car-
boxylic moiety. For all three compounds, the lowest energy species
display a planar structure, the carboxylic group being coplanar with
the chromone skeleton. For 2CA, the most stable geometry was

found to be that with a syn orientation of the two carbonyl moi-
eties and an s-cis conformation of the carboxylic group (Fig. 1). For
the 3-carboxylic derivative, in turn, the 3CA-1 minimum displays
an s-trans orientation, allowing a highly favoured intramolecular
H-bond between the ketonic carbonyl and the carboxylic hydroxyl
((O10)H---012(=C), d=171 pm, Fig. 1). Actually, this is the only
species expected to occur at room temperature since the next
calculated conformers correspond to very high relative energies
(AE=28.5,34.1 and 65.0k] mol—1, Table 1). Furthermore, this pre-
ferred intramolecular (O1g)H---012(=C) close contact justifies the
abnormally high pK; value reported for 3CA - 8.85[35] as compared
to 2.55 [36] for the 2-carboxylic analogue, for which no such inter-
action is possible. These pK; values were presently confirmed by
DFT calculations: 8.59 and 2.04 were obtained for the most stable
conformers of 3CA and 2CA, respectively.

The plane wave (PW) calculations carried out for these
systems allowed to verify the occurrence of stable dimeric
species in the condensed phase, both centrosymmetric and non-
centrosymmetric (Fig. 2). This can justify the higher stability of
geometry 2CA-1, as compared to the third most stable form 2CA-
3 (AE=7.7KkImol~!, Table 1) which allows the formation of a
(010)H-- -0 close contact (Fig. S1, Supplementary material). The
occurrence of this hydrogen bond is unfavoured relative to the for-
mation of the centrosymmetric dimer (2CA., Fig. 2), the former
being a medium to weak interaction (d=203 pm, yielding a five-
membered intramolecular ring) while the latter involves two
strong top-to-top (O19)H- - -(O11)H-bonds (d =142 pm).

Inclusion of diffuse functions (in both the heavy atoms and the
hydrogens) did not significantly affect either the relative confor-
mational energies of the compounds or the agreement between
their predicted and experimental vibrational spectra. In fact, for
this kind of unsaturated, heterocyclic systems displaying intra-
molecular H-bonds, DFT methodologies (including B3LYP with any
type of basis set), even considering both polarisation and diffuse
functions, cannot fully describe this type of close contacts, which
are often determinant of the conformational equilibrium. This is
due to the ineffective representation of dispersive interactions
[37], leading to an underestimation of weak H-bonds (of disper-
sive nature) [38] such as the one present in conformer 2CA-3. On
the other hand, it is well known that the 6-31G* basis set, within a
DFT approach, overestimates strong (electrostatic) intramolecular
H-type interactions [39]. Indeed, these are quite well represented
through the PW method, which predicts a much higher energy gap
between the 3CA-1 and 3CA-2 species (AE=52.0 vs. 28.5 k] mol !,
Table 1 and Fig. 1).

Solvation of the molecules — using DMF as a suitable solvent
for these compounds - predicted no appreciable influence on
their main conformational preferences, despite the slight varia-
tion observed in the relative energies, namely for the 3-carboxylic
derivative, for which the 3CA-2 geometry was favoured in solu-
tion (AE=12.8 k] mol~!, 0.6% population) as compared to the gas
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Fig. 2. Calculated (LDA/PWSCF) structures for dimeric species of the chromone carboxylic derivatives 2CA and 3CA - (c) centrosymmetric; (nc) non-centrosymmetric

(distances are in pm).

phase (AE=28.5k] mol~!, 0.0% population) (Table 1). This may be
explained by the possibility of occurrence of H-bond type inter-
actions between the carboxylic moiety of the molecule and the
solvent - (O)H. - -O(from pmr) — that will stabilise the geometry lack-
ing the intramolecular (O1¢)H---012(=C) close contact — 3CA-2,
otherwise largely unfavoured relative to the 3CA-1 species.

NBO (natural bond order) calculations were performed for
the different conformers of 2-carboxylic and 3-carboxylic acid
chromones, in order to assess the key stabilising electronic delocali-
sations in this kind of systems and to compare the dynamics of these
interactions for the different positions of the carboxylic group. In
3CA, besides the electronic delocalisations related to the 7 system
of the aromatic ring, common to both conformers, the key interac-
tionis the delocalisation between the carbonyl group and the C,=C;
double bond. For 3CA-1 a stabilisation energy of 571.79 k] mol~!
is associated with the m*(C4=073) to 7*(C,=C3) delocalisation,
while for 3CA-2 the conformational stability is mainly due to the
*(C,=C3) to m*(C4=01,) interaction (448.15 k] mol~1). These large
energy values are mainly due to the small energy gaps between
the involved orbitals (0.01325 a.u. for 3CA-1 and 0.01310 a.u. for

3CA-2), which reflect the degenerated character of the interacting
orbitals (donor and acceptor). The different stabilising energies for
each conformer can be understood through different donor orbital
occupancies (g;): 0.2891 is the *(C4=01,) occupancy value in 3CA-
1, whereas 0.1981 is the corresponding value for 7*(C;=C3) in
3CA-2. The donor orbital occupancy is a multiplier in Eq. (2) (Sec-
tion 2), thus leading to an increase in the delocalisation energy for
larger occupancy values.

These delocalisations, as well as those involved in the aro-
matic ring  currents, occur between T* orbitals with a small but
detectable occupancy, representing molecular orbital deviations
from the idealised Lewis structure due to intrinsic hyperconjuga-
tion, and can be regarded as “native molecular delocalisations” [40].
In addition, interaction between these m* orbitals yields very strong
electronic delocalisations, that can attain quite high energy values
thanks to the proximity between the orbital energy levels, expected
when dealing with orbitals of the same type (7).

The 7*(C,=C3) to *(C9=011 ) delocalisation is the second most
important factor in 3CA-1 (the aromatic ring m currents hav-
ing been omitted for simplicity): 306.44 k] mol~! as compared to
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2.092KkJmol~! for 3CA-2. Indeed for a similar occupancy of the
donor orbital in both conformers (0.1982 for 3CA-2 vs. 0.1967
for 3CA-1) and a much smaller energy gap in 3CA-2 (0.0020 a.u.
for 3CA-2 vs. 0.0196 a.u. for 3CA-1), it can be presumed that the
off diagonal element F(i, j)* (Eq. (2)) should be null for 3CA-2,
corresponding to no delocalisation at all between these orbitals
(m*(C;=C3) to m*(Cg=011)).

The third most important delocalisation in these compounds,
from the O1q p-richlone pair (LP(O1¢)) to m*(Co=011 ) presents com-
parable values for the two conformers (230.37 k] mol~! for 3CA-1
vs. 213.72k] mol-! for 3CA-2), reflecting a similar mechanism for
this process as well as an analogy between the intervening orbitals
in both conformers.

This NBO donor-acceptor analysis shows that the charge trans-
fer from the carbonyl group in conformer 3CA-1 leads to a certain
degree of single bond character in this moiety, with a NLMO (nat-
ural localised molecular orbital) bond order of 1.2463, comparable
to that of the Cg—01¢ bond (0.7861), which may explain the abnor-
mally low experimental frequency for the (C4=01;) stretching
mode observed for 3CA (1631 cm~!, Table 2). On the other hand,
for conformer 3CA-2 the electronic density of the C4=01, bond is
larger (bond order equal to 1.3501), thus leading to a higher pre-
dicted wavenumber for vc—g (1736cm™!, Table 2). Such a band is
not detected by Raman spectroscopy, as expected (since conformer
3CA-1 is the main species present in the solid, at room tempera-
ture).

The NLMO calculations also enable to identify the difference
between the O1¢9—H;¢ bond orders in each of the 3CA most sta-
ble geometries: 0.4094 in 3CA-1 from a total bond order of 0.5449
for the hydrogen (Hyo) atom, and 0.4712 in 3CA-2 from a total of
0.5125. This fact reflects some delocalisation character of the Hyg
atom in 3CA-1, its bonding being distributed within the molecule,
mainly to the O;, carbonylic oxygen (only 75% being related to
the carboxylic O1g). On the other hand, for 3CA-2 92% of the Hyg
bond order refers to O;9-Hyg, other interactions being almost
negligible.

The NBO calculations performed for the most stable conformer
of the 2CA derivative (2CA-1) clearly allow to conclude that the
three major stabilising delocalisations involve the carboxylic acid
group. The largest, m*(C9=011) to m*(C,=C3), leads to a stabilisa-
tion energy of 233.80 k] mol~!, which is only 16.23 kj mol~! lower
than the corresponding one for the 2CA-2 species (Fig. S1). This
difference is probably due to the anti configuration of the double
bonds in the latter case. The next two relevant interactions arise
from the delocalisations between p-rich lone pairs and the car-
boxylic acid anti-ligand orbitals: (i) O1; lone pair to 6*(Cg-01¢)
- 136.98 k] mol~! (3.93 k] mol~! lower relative to 2CA-2) and (ii)
019 lone pair to w*(Cg=011 ) - 207.36 k] mol~! (8.45 k] mol~! higher
relative to 2CA-2).

For the most stable s-trans conformer (2CA-3, Fig. S1), the
ruling delocalisations are identical, with the exception of the
m*(C9=011) to m*(C,=C3) interaction, reaching a predicted energy
of 411.75k] mol~1, almost double relative to 2CA-1. This differ-
ence is completely justified by the distinct energy gaps between
the intervening orbitals (2.02-fold in 2CA-1 relative to 2CA-3).

Finally, by comparing the NLMO bond orders of the distinct 2CA
conformers, a similarity between the various bonds is percepti-
ble, with a single minor difference in the O19—Hy¢ bond order:
ca. 0.465 for the s-cis conformers, 0.466 for 2CA-3 and 0.477 for
2CA-4 (Fig. S1). This allows to conclude that there is no evidence of
formation of a Hyg---O; hydrogen bond in 2CA-3.

Comparing 3CA to 2CA, the first fact that stands out is that for
the latter the electronic delocalisations are much less dependent
on molecular conformation. The most significant interactions
obtained for the s-cis 2-substituted derivative lie within the same
range for all conformers, and therefore they are not responsible

for the corresponding conformational preferences. For the s-trans
geometries, in turn, the electronic delocalisations involving the
carboxylic group, although qualitatively the same, have more
significant energy differences. Regarding 3CA, the most important
delocalisations refer to 7w*—* interactions, the largest being those
related to the 7 aromatic ring currents.

The NBO analysis revealed that electronic delocalisations
involving m*(C4=01;) orbitals are determinant for 3CA stability,
namely governing the energy difference between conformers 3CA-
1 and 3CA-2. In turn, for 2CA the interactions associated to the
carboxylic moiety are the most relevant. It was verified that chang-
ing the position of the carboxylic acid in the chromone skeleton
greatly alters the dynamics of stabilising electronic delocalisa-
tions. For the 3-carboxylic chromone, the proximity between the
(C4=013) ketonic and carboxylic groups is the ruling feature for the
molecule’s stabilisation.

3.2. Vibrational analysis

3.2.1. Raman and infrared

The solid state experimental Raman data for chromone and its 2-
carboxylic derivative, in the solid state, is comprised in Fig. 3, and
that for 3CA is depicted in Fig. 4(A). Fig. 4(B) represents the the-
oretically predicted Raman spectra for the two 3CA conformers:
3CA-1 (most stable, s-trans species) and 3CA-2 (s-cis). As previ-
ously discussed, the s-trans geometry displays a highly favoured
(019)H---01; interaction (d=171 pm, Fig. 1), yielding a stable six-
membered intramolecular ring (planar), while the s-cis orientation
of the carboxylic moiety in the 3CA-2 species hinders this type
of close contact, giving way to intermolecular H-bonds in the
condensed phase (formation of dimers). These conformational pre-
ferences are clearly reflected in the theoretically predicted Raman
pattern: for 3CA-1 no isolated band was detected for the out-of-
plane deformation of the carboxylic OH group (yoy), due to its
involvement in the intramolecular H-bond, while for 3CA-2 both
out-of-plane (yoy) and in-plane (§poy) modes were observed, at
617 cm~! and 1232 cm™! respectively (Fig. 4(B) and Table 2). More-
over, §oy was found to be shifted to high frequency in 3CA-1 as
compared to 3CA-2 (1283cm~! vs. 1232cm™1), similarly to the
deformation of the carboxylic moiety (A(019C9011), 726cm~1 vs.
698cm~1), much as expected in the light of the OH participa-
tion in a medium-to-strong H-type interaction. Also, the stretching
of the ketonic carbonyl (C4=0) suffered a quite large shift to
low frequency upon H-bond formation: 1736cm~! for 3CA-2 vs.
1673 cm~! for 3CA-1. The carboxylic v oscillator, in turn, dis-
plays an opposite shift, being detected at a higher wavenumber for
the s-trans geometry, comprising a (O1g)H- - -012(=C) close contact,
as compared to the s-cis one - 1818 cm~! vs. 1774cm~ (Fig. 4(B)).
This may be explained by the electronic delocalisation occurring
from the ketonic carbonyl (C4=013) to the carboxylic Cg=011 group
upon formation of the intramolecular H-bond. This will lead to a
force constant decrease of the C4=01; oscillator coupled to a force
constant increase of the Cg=01, one. This redistribution of the elec-
tronic density may also be the basis of the much lower intensity
predicted for the C,=Cj3 stretching band (at 1592 cm~1!)in 3CA-1 as
compared to 3CA-2 (Fig. 4(B)).

The Raman experimental pattern agrees well with these find-
ings (Figs. 3 and 4(A), Tables 2-4). In fact, the ketonic vc—o mode
has a much higher intensity for 2CA (at 1629 cm~!) as compared
to 3CA (where it is hardly detected at 1631cm™!, Fig. 4(A)) as
a consequence of the (Oqg)H---013(=C) interaction that causes a
significant variation in the polarizability of this particular oscil-
lator. In addition, while for 2CA there is only one v feature
assigned to the carboxylic moiety (at 1739 cm~!), two such modes
are observed for 3CA possibly due to the coexistence of two species
in the condensed phase: a monomeric one displaying the favoured
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Experimental and calculated vibrational wavenumbers (cm~") for conformers 1 and 2 of chromone-3-carboxylic acid (3CA).

331

Experimental Calculated Approximate description?
FTIR Raman INS B3LYPP B3LYP - PW¢ PW (3CAc)
conformer 2P
Solid DMF-d7 sol.
3585 v (OH)m_Onomer
2637 3158 2667 v (OH)intramolec bond
3138 3133 3108 3104 3132 3110 v (CoH)
3080 3083 sh 3088 3085 3141 3123 ¢2+¢pT7a+p20a+¢ 13
3073 3085 3082 3124 3115
3072 3069 3134 3105
3060 3057 3117 3094
2562, 2341 v (OH)gimer
1744 1759 1818 1774 1765 v (Cg0q71)
1739 1645 v (Cg011)
1621 1631 sh 1673 1736 1596 1750 v (C4012)
1615 1614 1643 1642 1643 1565 ¢ 8a
1577 1575 1625 1630 1638 1550 ¢ 8a+v(CyC3)+v(C4012)
1569 1571 5 (010H)ponded
1560 1561 sh 1592 1592 1586 1513 ¢ 8a/¢p 8b+v (C,C3)
1496 1488 1478 ¢ 19b+8 (010H)
1486 1488 1483 1480 1460 ¢ 19a+6(019H)
1470 sh 1470 sh 1454 5 (010H)bonded
1460 sh 1461 1470 1471 1469 1402 1521 §(019H)
1443 1445 1405 1383 1403 1439 v (CgO0q1)+8 (CoH)+8 (01H)
1403 1404 1406 1364 1361 1297 1422 ¢ 14+5 (CoH)
1349 1353 1351 1276 1343 8§ (CoH)
1317 1319 1324 1317 1322 1244 1335 §(CoH)+¢ 3
1272 1276 1276 1283 1232 1244 1317 8 (OH)+8 (CH)+v (C3Cq)+¢ 3
1255 1255 1261 1267 1268 1220 1313 ¢ 3+5(CH)
1212 1212 1216 1218 1195 1172 1218 ¢ 9b+1 (Cga01)+ v (C4aCs)
1176 1175 1184 1181 1176 1140 1155 ¢ 9a+v(Cg,01)+v(C07)
1147 1148 1152 1161 1158 1130 1123 ¢ 15+8 (01gH)
1122 1122 1129 1130 1135 1125 1093 1105 ¢ 15+v(C207)+v (Cg0q7)
1108 1107 v (C9010)ponded
1095 sh 1098 1095 1090 1104 1100 1026 1088 ¢ 9b+§ (CoH)
1023 1026 1030 1036 1037 1049 ¢1
1009 1007 1012 993 991 992 972 ¢ 17bjp 17a
981 980 967 964 960 942 ¢ 17a
967 965 978 960 966 943 936 ¥ (CH)
931 930 935 933 927 910 938 905 @12+ A (C4C3Cy)
894 885 885 897 853 617 1032 1134 ¥ (OH)
875 875 877 878 874 901 Poop
853 853 856 854 849 848 847 857 12
816 814 818 793 806 816 825 @ 10b+T" (C4,C4C3)
774 780 784 767 769 773 763 802 ¢ 11
757 753 756 756 753 758 784 ¢ 6a+A(01C,C3)
751 730 752 753 755 ¢ 4+T (011C9010)
729 731 734 726 698 734 728 A (011Cg019)+ ¢ 6a
682 685 669 690 682 676 ¢4+ (011C9010)+ T (C42C4C3)
641 640 640 641 637 638 649 ¢ 6a+A (012C4C3)+ A (C3C9077)
575 575 576 570 563 577 587 A (C42C8201)+ A (011C9010)
549 548 547 545 543 553 547 ¢ 16b+T (Cg,01Cy)
537 536 537 533 541 526 ¢ 6b+ A (C,C3Cq)
495 494 495 494 489 494 486 ¢ 6b+ A (C43C403)
465 461 464 462 463 464 455 ¢ 16a+I" (01C,C3)
435 437 438 426 41 436 444 A (C3C9010)+ A (C42C4012)
422 418 422 415 413 417 406 ¢ 16a+T (01C,C3)+y (CoH)
359 359 365 326 380 392 Skeletal modes
325 324 313 334 338 311 319 Skeletal modes
270 277 299 276 276 260 268 I (Cga01Cy)+T (C4C3Cy)
251 255 245 242 231 235 Skeletal modes
242 External mode
221 2214 DMEF (7(CD3))d
200 202 202 195 225 v (OH---0)
175 176 174 177 159 154 131 Skeletal modes
136 1434 v (OHsca- - -Opwmr)d
128 119 118 External mode
110 110 112 67 102 98 I (019C9017)
100 99 External mode
73 74 77 44 72 74 Skeletal modes
60 56 External mode

2 Atoms are numbered according to Fig. 1. The Wilson notation was used for the description of benzene derivatives normal vibrations (¢) [41,42]; for in-plane vibrations:
C-C stretching vibrations (8a, 8b, 14, 193, 19b), C-H/X bending vibrations (3, 18a, 18b), radial skeletal vibrations (1, 6a, 6b, 12) C-H stretching vibrations (2, 20a, 20b, 7a,
7b); for out-of-plane vibrations: C-H/X vibrations (5, 10a, 11, 17a, 17b), skeletal vibrations (4, 16a, 16b). § - in-plane deformation, v - stretching mode, y - out-of-plane

deformation, A - in-plane skeletal deformation, I" - out-of-plane skeletal deformation. sh - shoulder. Subscripts: oop - out of plane.

b At the B3LYP/6-31G** level; wavenumbers are scaled according to Merrick et al. [20].

¢ For 3CA-1 monomer (Fig. 1), at the LDA/PWSCF level.

d Solvent interaction with 3CA. Calculated at the B3LYP/6-31G** level, considering DMF-d; as the solvent within the SCF-SCRF approach, and an explicitly added DMF

molecule.
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Fig. 3. Experimental Raman spectra (100-1800 and 2950-3200 cm~'; solid state, 25 °C) for chromone (A) and 2CA (B). (C) Calculated (LDA/PWSCF) spectra for 2CA monomer
(dotted line) and 2CA centrosymmetric dimer (solid line) (the atoms are numbered according to Fig. 1).

intramolecular H-bond (vc—g at 1759 cm~1), and a dimeric species
due to the formation of an intermolecular interaction (top-to-
top (O)H..-O(=C), vc—o at 1739cm1). The very low calculated
values for the hydroxyl stretching modes when considering the
2CA stable dimeric species (Table 4) are due to the considerable
overestimation of the intermolecular H-type interactions by the
LDA methodology. Furthermore, 2CA displays only one carboxylic
deformation mode (at 715cm™!, Fig. 3), while for 3CA both the
(011C901p) in-plane and out-of-plane deformations are observed
(at 731 and 753 cm™, respectively, Fig. 4).

The infrared profiles obtained for chromone and its 2- and 3-
carboxylic derivatives (Tables 2-4) are in total agreement with the
previously described conformational behaviour.

3.2.2. Inelastic neutron scattering
INS spectra were obtained for both hydrogenated and O-
deuterated solids, as well as for solutions (in DMF-d7 ), leading to the

detection of the vibrational modes associated to (O—H---O) close
contacts, both intra- and intermolecular (in the low wavenumber
region). The solid samples yielded very good quality spectra (Fig. 5),
allowing to identify the main vibrational bands of the molecules.
As expected, deuteration of the compounds affected the cor-
responding vibrational pattern according to two main factors: (i)
increase in the mass of the oscillators involving the deuterated
hydroxyl group and (ii) disruption of the (O1¢)H- - -O12(=C) interac-
tion (Fig. 1), giving rise to a significantly weaker (0O1¢)D- - -012(=C)
close contact. This was clearly verified for 3CA, for which the
INS pattern showed some marked differences upon deuteration
as compared to the non-deuterated sample (Fig. 5), consistent
with the conformational changes resulting from the break of the
intramolecular H-bond between the ketone and the carboxylic moi-
eties, corresponding to a 3CA-1 to 3CA-2 rearrangement (Fig. 1).
In fact, the INS stretching band assigned to the intramolecular
(OH. --0) close contact (at 202 cm~1) decreased considerably upon
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Table 3
Experimental and calculated vibrational wavenumbers (cm~") for chromone (C).

Experimental Calculated? Approximate description”
FTIR Raman INS
3133 3134 (1566 x 2)
3096 3097 3101 v (CG3H/CH)ipn
3083 v (GH/CH)opn + ¢ 2
3085 3086 3082 ¢ 2+ v (C3H/CH)opn
3079 ¢ 20a
3070 3069 3067 ¢ 7a
3052 3052 3054 ¢ 13
3012 3013 (1346 +1670)
2920 (1462 x 2)
1652 1670 1729 v (C4012)
1631 1648 v (C2C3)
1616 1616 1640 v (CC3)+¢ 8a/¢ 8b
1602 FR ((718+863)+1567)
1566 1567 1598 ¢ 8b
1475 1489 ¢ 19a
1462 1462 1463 1482 ¢ 19b
1405 1406 1406 1413 8 (CH/C3H) +v (C5Cy)
1346 1346 1363 ¢ 14+68 (CuH)
1318 1317 1316 1329 ¢ 14]¢p 3 +v,5 (COC)+6 (C2H)
1256 1255 1252 1267 $3+8 (CoH/C3H) + v, (COC)
1235 1239 1247 @ip+ 8 (C3H)+v (C4Cqa)
1191 1195 1192 1201 @ip +V (01Csa) + 8 (C2H/C3H)
1147 1148 1151 1159 ¢ 15
1127 1128 1129 1132 ¢ 9b+8 (C3H)
1077 1084 1083 ¢ 12+8 (C3H)
1036 1034 1040 1046 ¢ 18b+5 (CoH/C3H) +v (01Cy)
1011 1012 1014 1019 ¢ 1+ (C2H/C3H)+v (041Cy)
984 983 976 988 ¢5
969 967 962 ¢ 17a
957 958 954 ¥ (C2H/C3H)opn
864 863 868 875 ¢ 10a
858 A (C201Csa)+dip
835 833 838 837 ¥ (C2H/C3H)opn + I' (C3C4Caa)
801 802 804 803 A (CC3Cy)+ i
776 774 778 778 ¢ 11+y (CH/C3H)jipn
758 759 759 759 ¢ 10b+y (CH/C3H)jpn
716 718 717 717 ¢ 6a
680 683 681 676 ¢ 4+T (C3C4Cqa)
573 576 574 572 ¢ 6a+A (012C4C3)
538 537 538 538 ¢ 16b+TI"(C201Cs,)
527 527 527 sh 526 @ 6b+ A (012C4C3)
491 491 492 488 A (C4C4aCsa)
470 470 469 sh 464 A (C301Csa) + A (C5C4012)
461 454 460 462 ¢ 16b+T" (C3C,01)
404 410 403 400 ¢ 16b+T" (C3C204)
289 289 289 A (C4C4aGCs)
249 247 246 Skeletal mode
169 177 160 Skeletal mode
154 External mode
146 External mode
113 119 Skeletal mode
81 External mode
69 External mode
51 External mode
44 External mode
41 External mode

2 At the B3LYP/6-31G** level; wavenumbers are scaled according to Merrick et al. [20].

b Atoms are numbered according to Fig. 1. The Wilson notation was used for the description of benzene derivatives normal vibrations (¢) [41,42]; for in-plane vibrations:
C-C stretching vibrations (8a, 8b, 14, 19a, 19b), C-H/X bending vibrations (3, 18a, 18b), radial skeletal vibrations (1, 6a, 6b, 12) C-H stretching vibrations (2, 20a, 20b, 7a,
7b); for out-of-plane vibrations: C-H/X vibrations (5, 10a, 11, 17a, 17b), skeletal vibrations (4, 16a, 16b). sh - shoulder. § - in-plane deformation, v - stretching mode, y -
out-of-plane deformation, A - in-plane skeletal deformation, I" - out-of-plane skeletal deformation. Subscripts: ip - in plane, iph - in phase, oph - out of phase. FR — Fermi

resonance.

O-deuteration. Indeed, for a total deuteration this band should dis-
appear completely. However, this was hampered by poor water
solubility coupled to a high pK, value (8.85). Several features
assigned to skeletal modes prone to be influenced by this inter-
action (i.e. associated to the (01,C4C3C9019H) intramolecular ring)
were found to undergo changes upon deuteration: the bands at
325, 359 and 494cm~!, due to in-plane skeletal deformations

(e.g. A(C3C901p) and A(C4C3Cy)), displayed a significantly lower
intensity in the deuterated compound (Fig. 5). Similarly, a very
strong intensity decrease was observed for the two signals at 575
and 640cm~!, assigned to in-plane and out-of-plane (C4C3Cy),
(C3C9019) and (CgO19H) deformations, which were hardly detected
in the deuterated sample owing to the D for H substitution. Fur-
thermore, the oy mode, detected at 1470cm~! (as predicted
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Table 4
Experimental and calculated vibrational wavenumbers (cm~1) for conformer 1 of chromone-2-carboxylic acid (2CA).
Experimental Calculated Approximate description?
FTIR INS Raman B3LYPP PW¢ PW (2CAc)
Solid DMF-d7 sol.
3595 3579 v (OH)
(1589 x 2)
3148 - (1579 x 2)
3111 3112 3144 3153 v (C3H)
3094 3084 3138 3136 ¢2
3081 3129 3129 ¢ 20a
3080 3085 3069 3119 3117 ¢7a
3056 3112 3111 13
2870 vb 2084 v (OH)ponded
2550 vb 1924 v (OH)ponded
1728 1739 1806 1753 1688 v (C9017)
1631 1629 1725 1672 1676 v (C4012)
1620 1617 1653 1645 1648 v (CyC3)+¢ 8a
1599 1597 1642 v (C4012)+ A (C;01Csa)
1586 1588 1638 1628 1631 ¢ 8a
1580 1579 1600 1595 1628 ¢ 8b
1567 1601 8 (OH)ponded
1482 1474 1488 1491 1471 1472 ¢ 19a
1468 1465 1469 1483 1465 1465 ¢ 19b
1432 1439 1418 1420 1420 ¢ 8a+v (Cy01)+8 (OH)+v (C2Cy)
1413 1402 1397 1405 8 (OH)+¢ 8a+v (C507)+v (CyCq)
1388 1399 1361 1335 1397 ¢ 14+6 (OH)
1341 1347 1347 1358 ¢ 14/¢ 15+ v (C307)+ v (C5C4)
1313 1311 1318 1291 1265 1351 ¢ 3+v(Cga01C3)+8 (C3H)
1304 1295 1294 v (C9-010)dimer + & (010H)dimer
1257 1256 1256 1263 1247 1242 1274 @ 9ajp 9b+3 (C3H)+ U (C4Caq) + v (Cg201)
1246 1248 v (Cga01)+ v (C4Csa)+ 9a/ep 9b
1235 1234 1231 1217 1220 ¢ 9a/¢p 9b
1220 1218 1218 1180 1134 ¢ 15+ (OH)
1211 1201, 1168 7 (OH)ponded
1155 1155 1157 1162 1131 1133 ¢ 15
1134 1140 1127 1143 1131 1131 ¢ 9b+4 (C3H)
1097 1107 1109 1107 1101 ¢ 9a/¢p 9b+5 (C3H)
1094 1089 1082 1106 8 (CsH)
1089 sh 1087 1078 1066 1074 @ 18b+v (C5Cg)+v (C207)+8 (C3H)
1023 1033 1032 1033 1023 1023 1
996 1004 1001 989 988 989 5
963 972 971 964 958 959 ¢ 16a
944 946 950 941 943 957 A (01CC3)
880 889 894 884 902 894 894 y (C3H)
872 869 865 875 869 869 ¢ 10a
858 854 855 854 865 ¢ 12+v(Cgy071)
786 787 792 784 787 795 ¢ 10b
776 780 769 775 789 ¢ 11+T (C,C901¢)
759 766 759 758 761 759 ¢ 11
751 742 742 757 ¢ 6a+A (C3C4015)
715 718 724 715 680 672 722 A (011C9010)+¢ 6a
676 680 680 681 673 677 676 ¢ 4+T (C4aC4C3)
624 624 615 625 641 644 ¥ (OH)
596 597 593 601 601 598 607 A (C3C4012)+¢ 6b
590 591 587 650 ¢ 6b+A (011C9019)
537 546 545 540 535 540 553 ¢ 16b+y (OH)
523 519 515 523 512 511 551 A (C43C4C3)+ A (Cga01C3)
514 508 508 523 A (C2C9010) +¢ 6a
497 500 505 503 483 486 508 I'(01CC3)+y (OH)+¢ 16a
430 431 432 427 425 427 ¢ 16a+y (OH)
412 416 418 420 395 386 A (C3C4012)+ A (C3C9019)
347 342 347 345 322 331 Skeletal modes
310 309 309 306 286 288 A (C4C43C5)
296 External mode
278 275 275 281 265 266 Skeletal modes
211 DMFd
196 196 213 v (OH.-.0)¢
182 185 182 147 A (C3C5Cq)
174 174 168 138 133 Skeletal modes
140 132 External mode
102 93 93 89 Skeletal modes
89 External mode
69 62 61 52 I" (011C9010)
62 External mode

3 Atoms are numbered according to Fig. 1. The Wilson notation was used for the description of benzene derivatives normal vibrations (¢) [41,42]; for in-plane vibrations:
C-C stretching vibrations (8a, 8b, 14, 19a, 19b), C-H/X bending vibrations (3, 18a, 18b), radial skeletal vibrations (1, 6a, 6b, 12) C-H stretching vibrations (2, 20a, 20b, 7a,
7b); for out-of-plane vibrations: C-H/X vibrations (5, 10a, 11, 17a, 17b), skeletal vibrations (4, 16a, 16b). sh - shoulder; vb - very broad band. § - in-plane deformation, v -
stretching mode, y - out-of-plane deformation, A - in-plane skeletal deformation, I - out-of-plane skeletal deformation.

b At the B3LYP/6-31G** level, wavenumbers are scaled according to Merrick et al. [20].

¢ For 2CA-1 monomer (Fig. 1), at the LDA/PWSCF level.

Band related to the solvent interaction with 2CA.
¢ Mode relative to (2CA.) dimer.

a
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Fig. 4. Raman spectra (500-1800 cm~") for 3CA. (A) Experimental spectrum for the
solid. (B) Calculated spectra (isolated molecule, B3LYP/6-31G**) for the two major
3CA conformers (A): 3CA-1 (solid line) and 3CA-2 (dotted line). (C) Calculated spectra
(solid, LDA/PWSCF) for the monomer (dotted line) and the centrosymmetric dimer
(solid line) (the atoms are numbered according to Fig. 1).

theoretically, Table 2), was substituted by §gp, at 983 cm™~1, due to
the combined effect of the H-bond weakening and the oscillator’s
mass increase.

As to the effect of solvation, it was shown that the intra-
molecular 6-membered rings formed through these (O—H---0O)
interactions were disrupted in DMF solution, giving rise to inter-
molecular H-bonds with the solvent. This was clearly observed
for 3CA, for which the vgy...0 band due to the intramolecular H-
bond, at 202 cm~!, was substituted by another at 136 cm~! (Fig. 6),
ascribed to the H-interaction with the carbonyl group of the solvent
(Table 5). In addition, the chromone’s spectral pattern was found
to undergo significant changes from the solid to the solution. For
the 3-carboxylic derivative, in particular, several bands between
ca. 1000 and 400cm~! were absent in the latter as compared to
the condensed phase (Fig. 6), suggesting that they may be due
to vibrations associated to the 6-membered intramolecular ring
formed by the (O—H.-.0) bridge. These results enable to assume
that intramolecular H-bonds are favoured over the intermolecular
ones, in the solid. This is particularly true for 3CA, and agrees with

194

INS intensity
203

ol
A

T T T
1000 750 500

r T T T
1500 1250 250

Wavenumber / cm'!

Fig. 5. Experimental INS spectra (150-1500 cm~') for chromone (A), 2CA (B), 3CA
(C) and O-deuterated 3CA (D).

the extremely high pK, value reported for the carboxylic group in
this compound (8.85).

The solid state experimental vibrational spectra of the
chromones under study are expected to be best described by a
plane-wave theoretical approach, which closely represents con-
densed phase conditions. In fact, as discussed previously, the
calculations presently carried out at this level yielded two main
dimeric structures for the carboxylic chromone derivatives 2CA and
3CA, either centrosymmetric or non-centrosymmetric, the former
being favoured due to strong (O)H---O(=C) intermolecular top-
to-top interactions (Fig. 2 and Table 1). Comparison of the PW
calculated vibrational profiles, for both the monomeric species and
the centrosymmetric dimers, with the corresponding experimental
spectra (Raman, FTIR and INS) evidenced a quite good agreement
(Tables 24, Figs. 3,4 and 6). For 3CA, in particular, there is a better
accordance between the experimental data and the one predicted
for the monomer (e.g. vca—o calculated at ca. 1673cm™! vs. the
1631 cm~! experimental), as expected in view of the high stabil-
ity of this form as compared to the dimer, due to the favoured
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Table 5

Experimental and calculated INS wavenumbers (cm~1) for 3CA, in the solid and in DMF-d; solution.

Approximate description Experimental Calculated

Solid DMF-d; B3LYP? Pwb PW (3CAc)°
v (OH---0) 203 2024 195 225
v (OH.- - -O)DMF 136

2 At the B3LYP/6-31G** level.

b At the LDA/PWSCF level.

¢ At the LDA/PWSCF level, for dimer 3Cac (Fig. 2).
4 Scaled by a factor of 1.05 [20].

intramolecular (O19—H---013) bond (Fig. 4). For 2CA, in turn, the
dimeric structure (Fig. 2) seems to be preferred over the monomer,
which is reflected in the experimental vs. theoretical vibrational
profiles, a better representation being achieved for the calculated
centrosymmetric dimer (Fig. 3).

Additionally, the Raman profile predicted for the dimeric forms
of both 2CA and 3CA (Figs. 3 and 4) comprises a strong red shift

INS intensity

<
__
—

Vo-H- 0DMF)
136

1000 750 500 250
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Fig. 6. INS spectra (125-1125cm™1) for 3CA. (A) Experimental spectrum for the
solid. (B) Calculated spectrum for the 3CA-1 conformer: B3LYP/6-31G**, solid line;
LDA/PWSCF, dotted line. (C) Experimental spectrum for the solution in DMF-d5 (the
bands of the solvent are marked with an asterisk).
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Fig. 7. Experimental FTIR spectra for chromone (A), 2CA (B) and 3CA (C).

of the carboxylic C=0 stretching (vce=011) (e.g. 1753 cm~! in the
monomer vs. 1688cm~! in the dimer, for 2CA, Table 4). This is
to be expected, due to the strong top-to-top (O19—H---O11) inter-
molecular close contacts leading to dimer formation (Fig. 2), which
cause a marked decrease of the Cg=014 force constant. For the 3CA
derivative, an opposite effect is observed for the carbonyl stretching
mode (vcg=012 ) that displays a deviation to high wavenumber (from
1596 cm~! in the monomer to 1750 cm~! in the dimer, Fig. 4), since
in this particular case the dimer formation involves the disruption
of the intramolecular (O19—H- - -0O12) close contact, thus increasing
the C4=01, bond strength (and the corresponding stretching fre-
quency). This does not occur for the 2-carboxylic chromone, for
which veg—017 is considerably less affected by dimerisation (from
1672cm~! in the monomer to 1676cm~! in the dimer, Table 4
and Fig. 3), since in the most stable monomeric conformation
(Fig. 1) the carbonyl group is not involved in an intramolecular
H-bond. Also, these vibrational results appear to reflect a prefer-
ence for the centrosymmetric dimeric geometry of 2CA over the
non-centrosymmetric one (involving the carbonyl group, Fig. 2),
that would lead to a substantial variation of the C4=01, stretching
frequency as compared to the monomer.

These hydrogen close contacts, which play an essential role
in the conformational equilibrium of the chromone derivatives
under study, were reflected in the FTIR spectra (Fig. 7) and also
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unequivocally identified by inelastic neutron scattering spec-
troscopy. In fact, for the 2CA dimer the stretching due to the
intermolecular H-bonds (vq...), theoretically predicted at about
200 cm~!, was detected experimentally by INS at 196 cm~! (Fig. 5).
For 3CA, in turn, the (Oqg)H---013(=C) intramolecular interaction
(with a calculated d =152 pm in the solid), proposed to be favoured
relative to the intermolecular one, gives rise to the INS band at
202 cm~! (Fig. 5), in good accordance with the theoretical feature
at 195 cm~'. In addition, the voy carboxylic feature was calculated
to be strongly shifted from 3600 cm~! to ca. 2600-2300 cm~! upon
formation of this hydrogen-type interaction (monomer to dimer)
(Tables 2 and 4).

4. Conclusions

A conformational analysis of two carboxylic acid chromones
- chromone-2-carboxylic acid and chromone-3-carboxylic acid
- was carried out, by vibrational spectroscopy and theoretical
approaches. The combined analysis of the optical vibrational results
(Raman and FTIR) and the complementary INS data gathered for
these systems (including their O-deuterated forms) allowed a
complete assignment of their vibrational features, as well as a
thorough understanding of their H-bonding profile (both intra-
and intermolecular) which strongly influences their conforma-
tional behaviour. In addition, the high sensitivity of INS in the
low wavenumber spectral region allowed the detection of the
vibrational modes associated to (O—H---0O) interactions taking
place within these molecules. Coupling this experimental informa-
tion to density functional theory and plane-wave calculations, for
both the isolated molecule and the solid (monomeric and dimeric
structures), led to a thorough understanding of their main confor-
mational preferences, including their H-bonding pattern.

The results presently gathered lead to the assumption that the
balance between intra- and intermolecular hydrogen-type interac-
tions is crucial for the conformational behaviour of these systems.
For 3CA, intramolecular H-bonds (H- - -O interactions, yielding a 6-
membered ring) are clearly favoured over the intermolecular ones,
the opposite being true for 2CA which is suggested to occur as a
favoured top-to-top dimer in the condensed phase. This is in accor-
dance with the extremely high pK; value previously reported for
the 3-carboxylic chromone (8.85 [35] and presently calculated as
8.70), in contrast to 2CA’s pK; (2.55 [36], currently calculated as
3.02).

Special attention should be paid to the close relationship
between structural conformation and activity of these chromone
derivatives, in view of attaining a better understanding of their
well recognised antioxidant properties (which are being evaluated
in a parallel study). Only a detailed understanding of the confor-
mational behaviour of this group of phytochemicals may allow
a rational design of optimised chemotherapeutic and/or chemo-
preventive chromone-based agents, with improved efficacy and
safety.
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