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Anexos

A seguir sdo apresentadas as Figuras dos espectros vibracionais
afastado para os ligantes H,L1 e HL2, bem como os espectros de RMN de 'H
para cada um deles. Além disso, consta o primeiro artigo publicado proveniente
deste trabalho e parte da documentacéo referente ao depdsito de pedido de
patente.
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Figura 93: Espectro vibracional do ligante H,L1 (em pastilha de polietileno).
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8-hydroxyquinoline-2-carboxaldehyde isonicotinoyl hydrazone is reported. X-ray diffraction data, as
well as FT-IR and Raman frequencies, were compared with the respective theoretical values obtained
from DFT calculations. Theory agrees well with experiment. In this context, an attempt of total assign-
ment concerning the FT-IR and Raman spectra of the title compound was performed, shedding new light
on previous partial assignments published elsewhere.

© 2013 Elsevier B.V. All rights reserved.

Introduction

Alzheimer’s disease (AD) is a progressive and fatal neurodegen-
erative brain disorder characterized by memory and cognitive

# Corresponding author. Tel.: +55 21 35271813; fax: +55 21 35271637
E-mail addresses: lecatp@hotmail.com (LV. de Freitas), cecycarol@ifscuspbr
(C.C.P. da Silva), javiere@ifsc.usp.br (]. Ellena), luiz.costa@ufjf.edu.br (LA.S. Costa),
nicoarey@puc-rio.br (N.A. Rey).

1386-1425/$ - see front matter @ 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.522.2013.06.105

dysfunctions [1]. An initial clinical feature is impairment of recent
memory and loss of ability to perform previously learned complex
tasks [2]. The etiology is multifaceted and many factors have been
suggested to collaborate to the development of AD [3]. A fact
widely accepted as the key pathological feature of AD is a deposi-
tion of intracellular neurofibrillary tangles and senile plagues in
the brain cortex. The latter is characterized mainly by the presence
of insoluble amyloid-p (Ap) fibril deposits that prevailingly occurs
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in two forms, AB(1-40) and AB(1-42), being the latter less abun-
dant, though more neurotoxic [3.4].

Although the causes that lead to the development of Ap depos-
its are not well understood, many evidences have been gathered
indicating that AP interactions with biometals, such as copper
and zinc, may be involved in the processes leading to Ap aggrega-
tion and toxicity because these ions have been found in amyloid
plaques [3,5,6]. This hypothesis suggests that these metal ions
accelerate the formation of Ap aggregates and influence their con-
formational transformation. Besides, copper(ll) ions could play the
role of reactive oxygen species (ROS) generating agents, because of
their redox capacity. This would cause an increase in oxidative
stress and the widespread oxidation damages observed in AD
brains [6-8].

Due to the importance that some metal ions could present in
the developing of AD, the prevention of the Ap aggregation in the
brain is considered as a potential therapeutic strategy for this
disease |6,9]. A good approach would be to develop compounds
that can disrupt specific, abnormal metal-protein interactions.
These compounds, called MPACs (metal-protein attenuating com-
pounds), are related to the repartition and normalization of the
metal ion distribution [6,10]. As the site of action in the AD is in
the brain, it is necessary to consider the blood-brain barrier
(BBB) permeability to MPACs. Then, the compound must present
a favorable lipophilicity and the size should probably be limited
to less than 300 Daltons [6,10]. Clioquinol (5-chloro-7-iodo-8-
hydroxyquinoline, CQ, Scheme 1a) belongs to the class of the 8-
hydroxyquinolines and showed interesting profile as a possible
medicine for AD therapy [11]. Although used initially as an anti-
amoebic substance, it has been employed to diminish or even avoid
the formation of amyloid-f plagues in a transgenic AD mouse mod-
el, leading to improved cognitive behavior in early phase Il clinical
trials. Its activity has been attributed to the remotion of metals
from the brain amyloid-p [4,12].

Unfortunately, the use of CQ generates adverse side-effects, e.g.
subacute myelo-optic neuropathy [4]. For this reason, the search
for new analogues of CQ constitutes a promising strategy in the
development of novel drugs for AD. Isonicotinoyl hydrazone of
8-hydroxyquinoline-2-carboxaldehyde (INHHQ, Scheme 1b) could
be considered amongst these substances. This compound was
firstly reported in a series of papers published in 2009, in which
its interactions with some rare earths ions, namely, Dyspro-
sium(Ill), Europium(Il), Holmium(Ill), Neodymium(IIl), and Ytter-
bium(Ill) were studied [13-17]. Erbium(lll) and Terbium(III)
complexes were reported in 2010 [18,19], whereas the Samar-
ium(Ill) compound was described in 2011 [20]. All these com-
pounds were claimed as potential anticancer drugs, since they
bind to Calf thymus DNA through an intercalation mechanism,
and showed anti-oxidative properties by presenting (hydroxyl
and superoxide) radical scavenging effects.

In addition to the 8-hydroxyquinoline moiety characteristic of
CQ, INHHQ also contains the mycobactericidal drug isoniazid

cl
=% S 0
= e N
I N N ZN =
OH OH H N
a b

Scheme 1. Structures of (a) clioquinol (5-chloro-7-iodo-8-hydroxyquinoline) and
(b) INHHQ (8-hydroxyquinoline-2-carboxaldehyde isonicotinoyl hydrazone).

(INH), resulting in an interesting ligand potentially capable to coor-
dinate metal ions of biological importance through its several NJO
donor atoms. Moreover, linking two molecules possessing individ-
ual inherent activity into a single agent has been an interesting ra-
tional approach for drug design since dual activity can be expected
from the hybrid molecule [21]. Hydrazones derived from isoniazid
are known to be iron chelators [22]. However, as far as we know,
there are no studies in literature involving the coordination of
INHHQ to any transition metal.

In the context of AD treatment, the coordinating abilities of this
ligand towards transition metals should be better understood. As a
first approach to this problem, we report, in the present work, a
complete structural and vibrational (FT-IR/Raman) study of 8-
hydroxyquinoline-2-carboxaldehyde isonicotinoyl hydrazone that
includes crystal structure, vibrational spectra, and a total assign-
ment attempt using computational methods based on the Density
Functional Theory.

Materials and methods
Synthesis

Chemicals were purchased from commercial sources and used
without further purification. The compound INHHQ was prepared
based on the reported procedure for the reaction between 8-
hydroxyquinoline-2-carboxaldehyde (8-HQ, Sigma-Aldrich) and
isoniazid (INH, Fluka) [13]. To 10 mL of an ethanolic (Merck, 95%)
solution of 8-HQ (0.52 g, 3 mmol) were dropwise added 10 mL of
ethanolic solution containing INH (0.41 g, 3 mmol). After reflux of
8 h, the system was cooled to room temperature and the yellow
precipitate formed was filtered off and dried in vacuum. Recrystal-
lization was performed from methanol (Merck, 99%). The pale yel-
low crystalline powder obtained was dried at room temperature.
After a few days, additional single crystals suitable for X-ray crys-
tallographic analysis were collected from the mother liquor. Yield:
70%, m.p.: 246-249°C; Anal. Calcd. for CigHq,0;N4: C, 65.7%; H,
4.1%; N, 19.2%. Found: C, 66.3%; H, 4.1%; N, 19.4.%.

X-ray diffraction analysis

Single crystal X-ray diffraction (SXD) experiment was
performed using a suitable crystal of INHHQ. The sample was mea-
sured on an Enraf-Nonius Kappa-CCD diffractometer with graphite
monochromated Mo Ko radiation (4 =0.71073 A). The final unit
cell parameters were based on all reflections. Data collection was
carried out at room temperature (293 K), with the COLLECT pro-
gram [23]; integration and scaling of the reflections were per-
formed with the HKL Denzo-Scalepack system of programs [24].
The crystal structures were solved by the Direct method with
SHELXS-97 [25] and refined anisotropically (non-hydrogen atoms)
by full-matrix least-squares on F? using the SHELXL-97 [25] pro-
gram. All aromatic and hydroxyl hydrogen atoms were placed at
calculated positions (C—H: 0.98 A, 0—H: 0.82 A) and allowed to
ride. Displacement factors were taken as U(H)isot = 1.2/1.5 Uhost.
H atoms bound to C7 and N2 were located by difference Fourier
synthesis and freely refined. Programs ORTEP-3 [26a] and MER-
CURY (version 2.3) [26b]| were used for drawing the molecules.

Spectroscopic analysis

IR spectra were recorded with a PerkinElmer 2000 FT-IR spec-
trometer by the KBr pellet technique. Raman spectra of the solid
sample were measured on a Perkin-Elmer Raman Station 400,
using the 785 nm line for excitation.
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DFT calculations Table 1
Crystal data and structure refinement for INHHQ.
The first step was to perform a simulated annealing search for Empirical formula CygHi202Ny
8-hydroxyquinoline-2-carboxaldehyde isonicotinoyl hydrazone Formula weight 29230
using the semi-empirical PM3 method, as implemented in the soft- x“’l’f"’m:f ég;.fé;;,q
ware SPARTAN'02 [27], with the following set of keywords: Max- avelengtl - )
- 1. Crystal system Orthorhombic
Confs = 100; window = 10 kcal mol™'; model = PM3. A total of 12 Space group Pbca

different conformations were found. The lowest energy conforma-
tion is 41.387 kcal mol~". From this distribution, 5 snapshots were
selected for further DFT analysis. These conformations will be
called as Conf. 1 to Conf. 5, from now on.

After the selection of these 5 conformations, a full uncon-
strained geometry optimization using standard convergence
criteria and vibrational harmonic frequencies calculations was
performed in gas phase for each one, employing the Gaussian 03
program package [28]. The three-parameter fit of the exchange-
correlation potential suggested by Becke [29] with both local and
nonlocal correlation provided by Lee, Yang and Parr functional
(B3LYP) [30] was chosen with the Pople’s split valence triple-zeta
basis set, 6-311 + G(d,p) [31]. Thermal contributions to Gibbs free
energy and other state functions were calculated at 298.15K and
1 atm. Vibrational frequencies were scaled by a factor of 0.9381
for a better comparison with experimental data.

Results and discussion
Molecular structure

Crystallographic analysis

The principal crystal data, data collection information and
structure refinement parameters are summarized in Table 1.
INHHQ crystallizes in the orthorhombic system, space group Pbca.
The asymmetric unit of INHHQ, accompanied by the atomic num-
bering used in the present work, is shown in Fig. 1. The compound
adopts an (E) configuration relative to the hydrazonic C7=N3 link-
age. The molecule of INHHQ is almost plane in the solid state
(r.m.s. deviation =0.2701° for all non-H atoms) and shows an
intramolecular hydrogen bond involving the phenol hydroxyl
group and the quinoline aromatic nitrogen: the O1—H donor inter-
acts with the acceptor N4 [O1- - -N4 =2.689 A|. In this process, a not
so favorable five-membered ring is achieved. The refined bond
lengths and angles (Tables 2, below, and S1, Supplementary Mate-
rial) are not significantly different from those observed in similar
compounds [22,32,33]. The crystalline packing is maintained by
intermolecular hydrogen bonds involving the carbonyl oxygen 02
(acceptor) of a molecule and the N2—H of the next one [moderate,
N2..-02'=2.966 A, symmetry code: (i) —x + 1/2,+y — 1/2, +z], link-
ing the molecules of INHHQ into zigzag chains (Fig. S1a, Supple-
mentary Material) which run parallel to the crystallographic axis
b. The molecules in each chain are interconnected by cross n-n
stacking interactions (Fig. S1b) involving quinoline moieties. The
calculated centroid -centroid distance is equal to 3.8303(9) A. Adja-
cent chains are interconnected by O1—H12-- -z interactions, the
distance H12-centroid (N4—C8—C9—C10—C11—C12) being of
3.5339(17) A [symmetry code: —1/2 +x, y, ¥ — z]. As a result of this
last interaction, zigzag columns run parallel to the crystallographic
axis a (Fig. S1c).

As cited above, complexes of some rare earths were prepared
from INHHQ and described elsewhere [13-20]. Of them, just those
derived from Europium, Holmium and Ytterbium had their struc-
tures determined by X-ray diffraction. All the compounds studied
crystallographically are dimers, with INHHQ acting as a tetraden-
tate ligand and coordinating lanthanides through the carbonyl 02
atom (as an enolate), the hydrazonic (N3) and quinoline (N4) nitro-
gen atoms, and the deprotonated phenol O1. The latter atom acts

Unit cell dimensions a=17.0761(4)A
b=825480(10) A
€=19.3549(4) A

Volume 2728.26(9) A%
4 8
Prealculated) 1423 Mgm ™
Absorption coefficient 0,098 mm '
F(000) 1216
Crystal size 0.484 x 0.236 x 0.171 mm®
f-range for data 2.94-27.48>
collection
Index ranges 22,19; -10,10; -25,23
Reflections collected 27142
Independent 3100 [Rinyy = 0.1167]
reflections
Completeness to 99.0%
0=2748°
Absorption correction  None
Refinement method Full-matrix least-squares on F?
Compuring* COLLECT, HKL Denzo and Scalepack, SHELXS-97,
SHELXL-97
Datajrestraints/ 3100/0/208
parameters
Goodness-of-fit on F* 1.042
Final R indices Ry =0.0517, wk;=0.1188
11> 26(1)]
R indices (all data) R, =0.0968, wR, = 0.1427
Largest diff. peak and ~ 0.198 and - 0.234e A
hole

* Used for data collection, data processing structure solution, and structure
refinement, respectively.

Fig. 1. Molecular structure of INHHQ, showing the atom-labeling scheme.

as a bridge between metals. There is no involvement of the pyri-
dine ring in coordination [14,15,17]. Table 3 presents a comparison
between the principal bond lengths and angles of the compound in
study and those obtained from structures of the complexes where
INHHQ appears coordinated to Eu(lll), 1, Ho(lll}, 2, and Yb(III), 3.
It can be observed, as expected, that bond distances concerning
the donor atoms are altered in the complexes. The quinoline moi-
ety shows a reduction of the 01—C13 bond length, since O1 is
deprotonated in the coordination process. This leads to a decrease
in N4—C12 and an increase in N4—C8 distances. In the hydrazonic
portion of the molecule, there is a diminution of N2—C6 and an
important enlargement of the 02—C6 bond length, due to deproto-
nation of N2 and the consequent enolization of the group. Curi-
ously, the hydrazonic linkage N3—C7 remains almost unaltered
in all the complexes. The N2—N3 distance shows an interesting
trend: it diminishes in the Eu(lll) and Ho(lll) compounds, but
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Table 2

Foremost experimental and theoretical (related to Conf. 5) bond lengths and angles for INHHQ. The crystallographic atom-labeling scheme was followed.

Experimental Calculated Experimental Calculated

Bond lengths (A) Bond lengths (A)
02—C6 1.2268(18) 1211 Na—C12 1.362(2) 1355
N2—C6 1.345(2) 1.388 N3—C7 1.270(2) 1.280
N2—N3 1.3862(18) 1.353 0113 1.358(2) 1351
N4—C8 1.319(2) 1325 N1—C1 1.333(2) 1335
Bond angles (°) Bond angles (°)
C6—N2—N3 118.44(13) 1209 N2—(6—C5 115.04(13) 114.0
C8—Na—C12 117.83(13) 1186 Cl—N1—-C2 116.20(15) 117.2
C7—N3—N2 115.54(13) 1174 01—-C13—Q2 118.65(15) 118.8
Torsion angles (*) Torsion angles (°)
C8—(7—N3—N2 177.63 179.7 N3—N2—C6—C5 178.62 178.6
C7—N3—N2—C6 163.79 1754 N2—(6—(5—C3 144.93 151.6

Table 3
Comparison of the structural parameters of INHHQ with those obtained from the
structures of its Europium (1), Holmium (2) and Ytterbium (3) complexes.

INHHQ 1[14] 2[15] 3[17]

Bond lengths (A)

0113 1.358(2) 1.341(6) 1.340(4) 1.336(11)
N4—C8 1.319(2) 1.341(7) 1.333(5) 1.344(12)
NA—C12 1.362(2) 1.347(7) 1.354(5) 1.344(12)
N3—7 1.270(2) 1.277(7) 1.271(5) 1.273(12)
N2—N3 1.3862(18) 1.376(7) 1.370(4) 1.396(11)
N2—C6 1.345(2) 1.322(8) 1.311(6) 1.334(13)
02—C6 1.2268(18) 1.281(7) 1.283(5) 1.269(12)
Bond angles (°)

N3—C7—8 119.80(15) 117.7(6) 116.9(4) 114.9(9)
C7—N3—N2 115.54(13) 109.3(5) 117.4(4) 106.4(8)
C6—N2—N3 118.44(13) 109.3(5) 108.7(3) 106.4(8)
02—CE6—N2 123.74(15) 126.0(6) 126.8(4) 126.5(10)

1: 2[Eu(INHHQ)(NOs Y DMF);]2- 5SDMF; 2 3[Ho(INHHQ)(NOs }(DMF); | 7DMF; 3:
[YB{INHHQ)(NO)( DMF)]; DME.

increases in the Yb(IIl) complex. This can be explained by the fact
that the latter presents coordination number 8 around Ytterbium
centers, while Europium and Holmium have coordination number
9 in their complexes.

On the other hand, bond angles N3—C7—C8, C7—N3—N2 and
C6—N2—N3, involving the donor atom N3, show the tendency to
decrease with complexation. In opposition, 02—C6—N2, which
comprises the carbonyl 02 donor atom, appears slightly aug-
mented in the compounds described by Liu and Yang. Additionally,
INHHQ maintains the (E) configuration relative to the hydrazonic
C7=N3 linkage upon coordination. However, the single bond
C7—C8 is rotated by about 180° in all the complexes, to allow
the involvement of N4 and O1 in complexation (N3—C7—C8—N4
dihedral angle is equal to 164.0(2)° in free INHHQ).

In the perspective of the d-Block elements, we certainly cannot
expect the same coordination mode from INHHQ, since transition
metals present lower coordination numbers and specific coordina-
tion geometries. It is finally worth noting that, although structures
containing the INHHQ ligand complexed to lanthanides are avail-
able, this is the first report on the crystal structure of uncoordi-
nated, free INHHQ.

Gas phase DFT calculations

The combination of spectroscopic methods with DFT calcula-
tions is a very advantageous tool for understanding the structural
and vibrational properties of compounds. In this context, the struc-
ture of INHHQ was optimized in the gas phase by using the DFT
methodology, level of theory B3LYP/6-311 + G(d,p).

As already prompted in the Material and Methods (Section 2.4),
atotal of 5 conformations within a low PM3 energy difference have
been selected to perform a DFT optimization and frequencies cal-
culations. It is important to observe that the cis-trans isomerism
has been contemplated in this treatment. The energy values found
for each one of these structures have indicated that there are, in
fact, only 3 different conformations. After geometry optimization,
conformers 1 and 2 (Conf. 1 and Conf. 2) represent the same struc-
ture, as well as conformers 3 and 4 (Conf. 3 and Conf. 4). Conf. 5 is
the one which gives the lowest Gibbs free energy (AG) when com-
pared to the other conformations. However, the energy differences
between all structures are quite small, especially among the Conf.
1/2 related to Conf. 5 (only 0.06 kcal mol~"), indicating that, in fact,
all five conformations are possible, particularly Conf. 5. As seen in
Fig. 2, torsion around the dihedral C7N3N2C6 would make Conf. 1
and Conf. 2 change into Conf. 5. This last conformer was chosen for
further studies.

It can be observed, in Tables 2 and S1, that there is an excellent
accordance between the structural parameters found by the calcu-
lations (Conf. 5) and the X-ray refined structure and that, subse-
quently, there are no appreciable differences concerning Figs. 1
and 3. Crystallography shows that the position of the phenolic
hydrogen atom is turned so that points out to the quinoline nitro-
gen, since an H bond is formed inveolving them. Originally, this
intramolecular interaction was not predicted in the geometry opti-
mization process, as the input for optimization did not conceive
this H bond. However, in order to establish proper geometric and
thermodynamic comparisons, in a second moment, the OH bond
was turned towards the quinoline nitrogen generating a calculated
donor-acceptor distance of 2.691 A, which is in perfect agreement
with the X-ray data (O1---N4 =2.689 A).

AG/ keal molj‘

Fig. 2. AG relative comparison between the five most stable conformations (all of
them represent trans isomers) of INHHQ. Conf. 1 and Conf. 2 are exactly the same
structure as well as Conf. 3 and Conf. 4.
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Fig. 3. Gas phase optimized structure (Conf. 5) of INHHQ at level of theory B3LYP/
6-311 + G(d,p). Grey for carbon atoms, white for hydrogen atoms, blue for nitrogen
atoms and red for oxygen atoms. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Vibrational analysis

The experimental FT-IR and Raman spectra of INHHQ in the so-
lid-state are presented in Fig. 4. Observed and calculated frequen-
cies, as well as an attempt of assignment of the foremost bands, are
given in Table 4.

Carbonyl (=0 vibration

The v C=0 absorption is usually one of the most representative
in an infrared spectrum and is also likely its most intense spectral
feature [34]. It appears in a wavenumber region relatively free of

ey
«JY Ve

80 —

Transmitance %

76 -

Raman Intensity (arb units)

other vibrations (1800-1600 cm™") [35]. On the other hand, this
mode gives only weak or very weak absorptions in Raman
spectroscopy. In our study, as expected, v C=0 vibration originates
one of the strongest bands of the infrared spectrum, at 1656 cm™',
which is in excellent agreement with the calculated value of
1658 cm~' (DFT calculations show a coupling between v (=0
and B NH vibrations). This mode was assigned at 1663 cm™' by
Liu and Yang [13].

Azomethine C=N vibrations

The C=N stretchings of azomethine groups show absorptions
close to that of carbonyl stretching. This fact can difficult an
accurate assignment [36]. For example, the C=N stretching bands
of alkylated Schiff bases are usually found in the range 1674-
1649 cm ™', inside the common region of v (=0 absorption. If con-
jugations of the C=N linkage with phenyl groups are present, the
stretching frequency shifts to 1650-1600 cm™" [37,38]. In this
work, two frequencies involving azomethine C=N vibrations were
calculated at 1569 and 1556 cm™?, both of them coupled to v C(=C
of the quinoline ring and, to a less extent, to v C—OH of the phenol.
These values are in agreement with the experimental frequencies
observed in the infrared, at 1647 (vs) and 1604 (w) cm~*, and Ra-
man spectra, at 1646 (w) and 1603 (vs) cm™", respectively. Liu and
Yang, however, attributed this mode to a single band at 1613 cm ™'
in the IR spectrum, which was not observed in our study.

| H'J__/YMM'_\/\ ”fn’ﬁ

T
l\ ‘|’
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A

” V | 'JW
|

I S I VR _;u' ‘h”uu J”JJJ“]UMMJMU

T T
3500 3000 2500

T T T T
2000 1500 1000 500

Wavenumber (cm'w)

Fig. 4. IR (top) and Raman (bottom) spectra of INHHQ in the range 3500-450 cm .
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Table 4
Assignment of the FT-IR and Raman spectra of INHHQ (scale factor: 0.9381). Bold values indicate the scaled vibrational frequencies, to which the experimental data should be
compared.
Experimental wavenumber (cm ™) Theoretical wavenumber (cm ') B3LYP/6-311+ G(d,p) Vibrational assignments
FT-IR Raman Unscaled (cm™) Scaled (cm™!) IR intensity
3396 m 3400 br 3662 3435 104.3584 v OH
3208 sh 3200w -
3183 w - 3502 3285 55099 v NH
3148 sh - 3211/3205 3012/3007 1.8906/3.2991 v CH{Quin + Py)ip
3073 sh 3081 w 3198 3000 92441 v CH{Quin)ip
3059 sh 3055 w 3185/3178 29882981 18.7464/9.9528 v CH(Quin + Py)op
3042 w - -
3028 sh 3030 w -
3016w - -
- 2996 w -
2959 sh - -
2023 w - -
2852 w - 3048 2859 40.4835 v CH{Azomethine)
2835 sh - -
1656 s 1660 sh 1767 1658 350.6350 v (=0+pNH
1647 vs 1646 w 1673 1569 20,7477 v C=N(Azomethine) + v C=C[Quin) + § C—OH
1604 w 1603 vs 1659 1556 23397 v C=N(Azomethine) + v C=CQuin) + p C—OH
1595 w 1595 s 1634 1533 5.5690 v C=C(Quin)
1556 m 1555 w 1597 1498 18.4149 v C=N(Quin) + v C=C(Quin)
1545 m - 1630 1529 142312 v C=C(Py) + v C=N(Py)
1507 m 1507 w 1555 1459 371.3416 B NH + p CH(Quin)
1490 w 1488 vw -
1465 m 1468 w 1541 1446 168.8474 Ring stretch(Quin)+ p C—OH+ p NH
1437 m 1435 s 1519 1425 6.8860 p CH(Py)
1407 w - -
1394 sh 1396 m -
1371w 1371 m 1495 1402 176.2051 p C—OH +p NH+ p CH{Quin)
1330 m 1329 m -
1299 s 1304 m 1360 1276 34.4059 B CH(Quin + Azomethine)+ v C=N(Quin) + v C—0H
1280 m 1279 sh 1347 1264 317632  NH + j CH(Azomethine + Py) + p C—OH
1270 sh - -
1252 m 1252 s 1309 1228 15.0576 p CH(Quin + Azomethyne) + p C—OH
1232 m - 1284 1205 117.6910 v C—OH + p CH(Quin + Azomethine)
1217 w 1220 w 1278 1199 32,0853 v C=N(Py) + v C=C(Py) + p NH
1204 w 1204 vw 1267 1189 56.8637 p CH(Azomethine + Quin)+ p C—OH
1170 w 1172 sh 1253 1175 303.5474 P CH(Py)+p NH
1156 m 1156 m 1172 1099 380.9402 v N—N+ § CH(Py + Quin)
1136 w 1133w 1112 1043 10.8679 p CH(Py)
1122 sh - -
1105 w 1105 vw -
1090 w 1093 vw 1109 1040 19.7634 B CH(Py + Quin)
1072 w 1076 w 1092 1024 93109 p CH(Py)
- 1063 vw 1079 1012 11,9293 p CH(Quin)+ 3 NNC
1044 vw 1044 vw 1068 1002 1.6514 B CH(Quin)
1007 vw - -
992 vw 992 w 1010 947 1.7715 Ring breath{Py)
981 vw - 1008 946 1.5921 ¥ CH(Py)
950 vw 952w 959 200 14.8080 ¥ CH(Azomethine)
931w 932w 914 857 29777 Ring-deformation{Quin + Py}
895 w 897 vw -
881 vw - -
867 w 869w 898 842 0.0665 ¥ CH{Quin)
856 m 855sh 880 826 11.8041 Ring-deformation{Quin + Py}
837 m 835 vw 892 837 2.8606 ¥ CH(Py)
- 812 vw 804 754 2.0048 ¥ C=C—C(Quin) +y C=N—C(Quin)
792 vw 780w 789 740 57350 p C=C—C(Quin + Azomethine)
766 s 768 vw 767 720 9.2858 v CH(Py)
720 m 720 m 734 689 18.7702 Ring-deformation{Quin)
696 w 696 vw 763 716 38.2602 ¥ CH(Quin)
677 s - 719 674 19.3631 B C=N—C(Py) + p C=C—C(Quin)
670 sh 668 w 698 655 2.0785 ¥ C=C—C(Quin) + p C=N—C(Py)
656 w 657 w 693 650 58.0279 Ring-deformation{ Py )
644 sh - 681 639 1.5003 Ring-deformation{Py )
616 vw - 627 588 23638 Ring-deformation{Quin)
587 m - 604 567 909456 v OH
575w - -
547 sh 553w 588 552 10.5255 p C=C—C(Quin)
532 sh 533 vw 559 524 1.6705 p C=C—C(Quin) +y NH
522w 523 vw 551 517 14.1393 ¥ CH(Quin) + p C=C—C(Quin) + p C—OH
482 w 485 w 539/534 506/501 16.0281/30.1104 ¥ NH +y C=C—C(Quin)

Quin: quinoline ring; Py: pyridine ring; vs: very strong; s: strong; m: medium; w: weak, vw: very weak, br: broad; sh: shoulder;
in-plane bending; v: out-of-plane bending.

-phase; op: out-phase; v: stretching; f:
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OH and NH stretching vibrations

The OH and NH groups are very characteristic and their
stretching vibrations are observed, in many cases, around 3500-
3300 cm ™' [36]. This absorption, however, is highly influenced by
chemical environment, mainly when OH or NH groups are involved
in hydrogen bonding. This can occur within the same molecule
(intramolecular H bonding) or with neighboring molecules (inter-
molecular H bonding) [39]. The presence of intramolecular H
bonding causes a thinning of the band and makes its position unaf-
fected by concentration changes. In the IR spectrum of INHHQ, we
observed a sharp band of medium intensity at 3396 cm™", assigned
to v OH. A similar absorption, at 3418 cm™", was reported by Krish-
nakumar and Ramasamy in the infrared spectrum of 8-hydroxy-
quinoline [40]. On the other hand, intermolecular H bonding
usually leads to a broadening of the band, as can be seen in the case
of the v NH absorption of INHHQ, which was attributed to the
weak IR band at 3183 cm™ . In a previous study on the isonicoti-
noyl hydrazone of 2-hydroxy-3-methoxybenzaldehyde, published
by us [41], v NH vibration was observed as a weak band located
at 3157 cm~'. Here, we found serious discrepancies concerning
the assignments made by Liu and Yang, since these authors attrib-
uted an absorption of higher frequency (reported by them at
3576 cm™') to the NH stretching mode, whereas the lower fre-
quency band at 3193 cm™"! was credited to the OH stretching
movement.

Calculated frequencies for v OH and v NH modes are, respec-
tively, 3435 and 3285 cm™". The difference observed between the-
oretical and experimental values concerning v NH (~100cm™") is
due to the fact that the N2—H. . .02" hydrogen bond was not taken
into account in our calculations: intermolecular H bonds were
purposely omitted since it is usually employed, for computation,
a single molecule (gas phase) approach.

Phenol C—OH vibrations

In this work, the C—OH stretching mode was assigned to the
medium intensity infrared band at 1232 cm~"'. This vibration is
Raman inactive and had its frequency calculated at 1205 em~', A
coupled mode involving this movement was also predicted at
127615cm’1 [experimental: 1299 (infrared) and 1304 (Raman)
cm™'].

Another important vibration concerning the phenol group is
in-plane bending, which typically appears in the region 1440-
1260 cm ! [36), attributed to the weak infrared band (medium in
the Raman spectrum) at 1371 cm™". Coupled modes are observed
in the infrared spectrum at 1465, 1280, 1252, and 1204 cm ™", The-
oretical frequencies show good agreement with the experimental
values (Table 4).

N—N stretching vibrations

This mode was assigned to the medium intensity infrared/Ra-
man absorption present at 1156 cm™", which has also contribu-
tions from the pyridinic and quinolinic rings p CH modes.

Skeletal modes
CH vibrations. When a structure presents one or more aromatic
rings, this can be evidenced from the C—H and C=C—C ring related
vibrations [36,38]. The CH stretching vibrations give rise to bands
in the region 3100-3000 cm™' in aromatic compounds [38]. For
INHHQ, a series of infrared/Raman absorptions between 3148
and 3059 cm™" were assigned as CH stretching modes of the quin-
oline and pyridine rings. The respective calculated frequencies are
in the range 3012-2981 cm™". The azomethine v CH mode appears
as a weak band at 2852 cm! in the infrared spectrum, but is
Raman inactive.

For aromatic compounds, the C—H in-plane (g) bending vibra-
tions are observed in the region 1300-850 cm™! and are usually

of medium to weak intensity. The C—H out-of-plane () bending
modes are usually of weak intensity and are observed in the region
950-600 cm ™" [38]. All these vibrations were allocated and are
presented in Table 4.

Aromatic C=C—C and C=N stretching vibrations. Carbon-carbon
stretching modes of the phenyl group are expected in the region
from 1650 to 1200 cm™". In order to determine the actual position
of these modes is necessary to know the nature of the substituents
and the substitution pattern around the ring [39]. For the studied
compound, a series of infrared bands having significant v (=C con-
tributions were observed at 1595, 1556, 1545, and 1465 cm™'
(most of them are also Raman active). Of these, modes at 1556
and 1545 cm~' show contributions from the quinoline and pyri-
dine v C=N vibrations, respectively, which may in future be crucial
to assess the involvement of these groups in coordination. Fre-
quencies obtained through the DFT methodology are in excellent
agreement with the experimental values reported above.

Conclusions

The isonicotinoyl hydrazone of 8-hydroxyquinoline-2-carboxal-
dehyde, a potential MPAC for the treatment of Alzheimer’s disease,
was synthesized in good yield by the condensation reaction be-
tween 8-hydroxyquinoline-2-carboxaldehyde and isoniazid. The
crystal structure of this molecule is reported here for the first time.
INHHQ adopts an (E) configuration relative to the hydrazonic
C7=N3 linkage. Crystalline packing is maintained by intermolecu-
lar hydrogen bonds, as well as 7-7 and O1—H12. - -z stacking inter-
actions. The gas phase optimized structure shows a very good
accordance with X-ray results and was subsequently used to ob-
tain reliable theoretical vibrational frequencies for the molecule.
Additionally, a thermodynamic comparison between all possible
conformations was conducted to clarify structural aspects. Based
on the calculated modes, an attempt of total assignment of the
FT-IR and Raman spectra of INHHQ was performed, shedding
new light on previous partial assignments present in literature.
Studies involving the interaction of INHHQ with transition metals
of interest for AD are underway and will be the subject of a future
publication.
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