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4-Hydroxyquinolin-2(1H)-one (4HQ20) was synthesized, isolated in cryogenic matrices (argon and xenon), and
studied by infrared spectroscopy. Quantum chemical calculations carried out at the DFT(B3LYP)/6-311++G
(3df,3pd) level of theory were used to determine the conformational and tautomeric properties of the molecule.
Two tautomeric forms were identified in the as-deposited matrices with the help of the theoretical data. To
investigate the photochemistry of the compound, in situ broadband ultraviolet (1 > 283 nm) irradiation of the as-

deposited argon matrix was performed. This irradiation led to the generation of an additional tautomer, together
with the products of fragmentation of the heterocyclic ring of the molecule, specifically isocyanic acid and
carbon monoxide. Photoproducts such as 1,3-dihydro-2H-indol-2-one and cyclohepta-1,2,4,6-tetraene were also
observed in the photolyzed argon matrix. A comprehensive assignment of the infrared spectra of all the species
observed experimentally is presented.

1. Introduction

Quinolines and their derivatives exhibit extensive biological activity
[1-4]. Quinolinones, both natural and synthetic, in particular, have
garnered significant attention due to their wide-ranging use in medicinal
chemistry, serving diverse roles as antibacterial [5,6], antimicrobial [5,
71, antitumor [6,8], anticancer [4,9], antimalarial [4], antifungal [4], as
well as molluscicidal, and larvicidal agents [10]. Following the first
synthesis of quinolone, nalidixic acid, many biologically active com-
pounds within this general family have been described [11].

Quinolinones are composed of a benzene ring fused to a pyridine
ring, creating a two-ring system. In 4-hydroxy-2(1H)-quinolones, a hy-
droxyl (-OH) group is attached to the pyridine ring at position 4. The
remarkable chemical reactivity of 4-hydroxy-2(1H)-quinolinones places
these compounds as highly sought-after building blocks in synthetic
organic chemistry. Their derivatives are valuable not only for their
various pharmaceutical applications [12-16] but also as crucial in-
termediates in the production of dyestuffs [17] and herbicides [12].
Certain 4-hydroxy-2(1H)-quinolinones play essential roles in nature
[18,19], with 3-substituted-4-hydroxyquinolin-2(1H)-ones, in partic-
ular, identified as selective non-competitive agonists of
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N-methyl-D-aspartate (NMDA) receptors [20,21] and antagonists of
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type
glutamate receptors, in neurons [22].

Herein, we present an investigation of the structure (in particular,
conformational and tautomeric properties) and photochemistry of the
parent compound, 4-hydroxyquinolin-2(1H)-one (4HQ20), isolated in
low-temperature argon and xenon matrices, employing infrared (IR)
spectroscopy. The interpretation of the experimental data was substan-
tiated by theoretical calculations at the DFT(B3LYP)/6-311++G
(3df,3pd) level of theory. Two tautomeric forms of the compound were
identified in the as-deposited matrices, allowing for their detailed
vibrational characterization. In addition, the effect of in situ broadband
irradiation of the matrix-isolated (in argon) compound with UV light (1
> 283 nm) was explored. Irradiation was found to generate a third
tautomeric form and cause fragmentation of the heterocyclic ring, with
production of carbon monoxide and isocyanic acid, concomitantly with
1,3-dihydro-2H-indol-2-one and cyclohepta-1,2,4,6-tetraene. Overall,
this investigation contributes to expanding the existing knowledge
regarding the structure, tautomerism, and photochemistry of 4-
hydroxyquinolin-2(1H)-ones.
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2. Computational details and results
2.1. Computational details

Quantum chemical calculations were performed with the Gaussian
16 software package (Rev. B.01) [23] at the DFT(B3LYP) [24-26] level
of theory, using the 6-311++G(3df,3pd) basis set [27-29]. Relaxed
one-dimensional (1-D) potential energy scans were undertaken to locate
the minima and transition state structures of 4HQ20 and its tautomeric
forms. The geometries were optimized using the TIGHT convergence
criteria established in the software. Transition state structures for
conformational interconversion were located using the synchronous
transit-guided quasi-Newton (STQN) method [30]. The nature of all
described stationary points on the studied potential energy surface (PES)
was characterized through the analysis of the corresponding Hessian
matrices.

The harmonic vibrational wavenumbers and infrared intensities of
the relevant species were also calculated at the DFT(B3LYP)/6-311++G
(3df,3pd) level and are provided in the Supplementary Information
(Tables S1-S3). Wavenumbers were scaled by two factors, 0.954 for
values above 3000 cm™! and 0.978 for those below, primarily compen-
sating for the effects of basis set limitations, the neglected electron
correlation, and anharmonicity. The resulting (scaled) wavenumbers,
along with the calculated intensities, were employed to simulate the
spectra depicted in the figures. In these simulations, the absorptions
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were convoluted using a Lorentzian function with a full-width at half-
maximum (FWHM) of 2 cm ™. The vibrational analysis was supported
by the animation of the vibrations of all calculated species, provided by
the Chemcraft software [31].

The ultraviolet (UV) absorption spectrum of 4HQ20 was also
calculated within the framework of the time-dependent DFT (TD-DFT)
theory, employing the same functional and basis set utilized for the
structural and vibrational analyses [32,33].

2.2. Computational results

2.2.1. Geometries and energies of 4HQ20 and its tautomeric forms and
barriers for internal rotation

The molecular structure of 4HQ20 has been previously investigated
using various experimental techniques, including UV [34], IR [34,35],
and nuclear magnetic resonance (NMR) spectroscopies [34]. The com-
pound has five tautomeric forms related by prototropism involving the
hydroxy/oxo and amino/imino fragments of the molecule; however,
only three tautomeric species have been considered in prior in-
vestigations [36-38]. Fig. 1 illustrates these tautomeric forms along
with their possible conformers. Table 1 provides the relative energies of
these species.

In 4HQ20 (an amino-hydroxy-oxo form), there is only one con-
formationally relevant degree of freedom, namely, the internal rotation
of the hydroxyl group around the C—O bond. The calculations conducted
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Fig. 1. Schematic structures of the 4HQ20 and its tautomeric forms and the corresponding conformers. The optimized structures obtained at the DFT(B3LYP)/

6-311++G(3df,3pd) level, with atom numbering, are provided in Fig. S1.
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Table 1

Electronic relative energies without (AE) and with (AE(0)) zero-point correc-
tion) and standard free Gibbs energies at 298.15 K (AG®°) calculated at the DFT
(B3LYP)/6-311++G(3df,3pd) level of theory for 4HQ20 and its tautomeric
forms, and their corresponding conformers®.

Form AE AE(0) AG®
4HQ20 cis 0.0 0.0 0.0

trans 9.4 8.4 7.7

2,4-Q0 7.5 4.8 1.9

2,4-QOH CC 20.9 20.1 20.6
CT 45.6 43.6 43.7
TC 25.3 23.8 23.9
TT 46.9 44.5 44.3
2HQ40(3H) cis 51.3 47.8 45.3
trans 75.2 70.9 68.0
2HQ40(1H) cis 53.4 50.6 49.5
trans 33.1 31.7 31.3

2 Energies in kJ mol™. See Fig. 1 for schematic representation of the forms.

at the DFT(B3LYP)/6-311++G(3df,3pd) level of theory have unveiled
the existence of two planar (Cs symmetry) conformers of the compound
(refer to Fig. 1), which correspond to the cis and trans orientations of the
OH group as defined by the C(3)=C(4)—O—H dihedral angle (0° and
180°, respectively). The trans conformer exhibits a higher energy
compared to the cis form, with a measured difference of 9.4 kJ mol ! (8.4
kJ mol™! when including zero-point correction). This increased energy
primarily stems from the stronger repulsive (O)H 'H interaction in the
trans conformer due to the closer proximity of the positively charged
hydroxylic hydrogen and the ring hydrogen at position 5 (d(O)H"Hcs)
=1.882 A). In contrast, the cis form features a lesser repulsion between
the hydroxyl hydrogen and the ring hydrogen atom at position 3 (d(O)
H''Hcs) = 2.312 A). The calculated potential energy profile for internal
rotation around the C-O bond, which interconverts the two conformers,
is presented in Fig. S2. The energy barrier separating the two conformers
is 24.1 kJ mol™! in the cis—trans direction and 14.7 kJ mol™ in the
reverse direction (21.2 and 12.8 kJ mol™, respectively, including the
zero-point correction).

Among all the tautomers of the studied compound, 2,4-QO (see
Fig. 1) has the lowest energy, being 7.5 kJ mol ! higher in energy than
cis-4HQ20 (4.8 kJ mol™! after inclusion of the zero-point correction).
This tautomer, 2,4-QO, can be formed from cis-4HQ20 by migration of
the hydroxylic hydrogen atom to the carbon at position 3 of the het-
erocyclic ring of the molecule, resulting in an amino-dioxo structure. It
exhibits only one conformer (with two symmetrically-equivalent forms)
that shows a geometry with the molecular skeleton slightly deviating
from planarity, where the N-C(2)-C(3)-C(4) dihedral angle is £16.6°.
The remaining amino tautomer, 2-hydroxyquinolin-4(1H)-one (2HQ40
(1H)), like 4HQ20, is an amino-hydroxy-oxo form. However, in this
case, the hydroxylic group is situated at position 2 of the heterocyclic
ring, while the carbonyl group is at position 4 (see Fig. 1). This tautomer
features two conformers distinguished by the orientation of the hy-
droxylic group. The trans form (with an N-C-O-H dihedral of 180°) is
the most stable one, being 33.1 kJ mol™ higher in energy than cis-
4HQ20 (31.7 kJ mol’l, after consideration of the zero-point correction).
Conversely, the (nearly) cis conformer (N-C-O-H dihedral equal to
+31.9°) is less stable, with a relative energy of 53.4 kJ mol ™, i.e., 20.3kJ
mol ™ higher than that of trans-2HQ4O(1H). When the zero-point
correction is included, these energy differences are 50.6 and 18.9 kJ
mol?, respectively. In the trans-2HQ40(1H) form, a stabilizing inter-
action occurs between the nearly anti-parallel C-O and N-H bond-
dipoles. This interaction is the primary factor contributing to the
lower energy of this conformer relative to that of its cis counterpart,
where a repulsive (O)H ~H(N) interaction is present. The potential en-
ergy profile for interconversion between the two 2HQ4O(1H) con-
formers (and between the two equivalent-by-symmetry non-planar
nearly cis structures) is presented in Fig. S3. The trans—cis energy barrier
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amounts to 22.3 kJ mol™ (2.0 kJ mol ! in the opposite direction), while
that separating the two symmetry-equivalent non-planar cis forms is as
low as 0.9 kJ mol ™}, staying only 0.3 kJ mol™ above the zero-point level
of the two cis minima.

In addition, there are two imino tautomers, 2-hydroxyquinolin-4
(3H)-one (2HQ40(3H)) and quinoline-2,4-diol (or 2,4-quinolinediol)
(2,4-QOH), the first being an imino-hydroxy-oxo form and the latter
an imino-diol form (Fig. 1). 2HQ40(3H) has two high-energy con-
formers, which differ in the orientation of the hydroxylic group. The cis
conformer has an energy higher than cis-4HQ20 by 51.3 kJ mol !, while
the trans conformer exceeds it by 75.2 kJ mol! (the corresponding zero-
point corrected values are 47.8 and 70.9 kJ mol ™). The relative energies
of the two conformers of 2HQ40(3H) (23.9 kJ mol ! ;23.1kJ mol ! after
consideration of the zero-point correction) can be explained in a manner
akin to that of 2HQ40(1H). In this instance, the more stable cis-2HQ40
(3H) conformer bears a weak stabilizing interaction between the nearly
anti-parallel O-H and C=N bond-dipoles, while the trans form is desta-
bilized by repulsive (O)HH3(C(3)) interactions, stemming from the
distinct orientation of the hydroxylic group. Fig. S4 shows the potential
energy profile for the interconversion between the two 2HQ4O(3H)
conformers, the calculated cis—trans barrier being 46.7 kJ mol™ (22.8
kJ mol ! in the reverse direction). On the other hand, 2,4-QOH may exist
in four different conformational states, herein designated as CC, CT, TC,
and TT, where C and T refer to cis and trans arrangements of the hy-
droxylic groups, respectively. In this notation, the first letter is related to
the conformation defined by the dihedral angle C(3)=C-O-H, whereas
the second is related to that defined by the dihedral angle N=C-O-H.
The two conformers of 2,4-QOH featuring a cis arrangement of the
N=C-O-H fragment (CC and TC) are significantly more stable than the
trans counterparts (CT and TT). The CC and TC forms have energies
higher than that of cis-4HQ20 by 20.9 and 25.3 kJ mol ™}, respectively
(zero-point corrected values: 20.1 and 23.8 kJ mol’l), while the trans
N=C-O-H 2,4-QOH conformers are high-energy species, with relative
energies of 45.6 (CT) and 46.9 (TT) kJ mol ™ above cis-4HQ20. If the
zero-point corrections are considered, the energies of the CT and TT 2,4-
QOH conformers become 43.6 and 44.5 kJ mol ™}, respectively, above
that of cis-4HQ20 (i.e., ca. 20 kJ mol ™! above those of the corresponding
cis-2,4-QOH counterparts). The rationale for the relative energies of the
conformers of 2,4-QOH mirrors that proposed for 2HQ40(3H) and
2HQ40(1H). The most stable conformers of 2,4-QOH are stabilized by a
weak interaction between the nearly anti-parallel O-H and C=N bond-
dipoles, whereas in the two higher-energy conformers, this interaction
is replaced by a repulsive (O)H ~H(C(3)) interaction. The calculated
potential energy profiles for interconversion between the conformers of
2,4-QOH are shown in Fig. S5. All the energy barriers for interconver-
sion between the different pairs of conformers of 2,4-QOH, taken in the
direction corresponding to the conversion of the higher energy form into
the lower energy form, are similar and fall within the 15.7-18.4 kJ mol !
range. In the opposite direction, the energy barriers of conversion be-
tween the two cis N=C-O-H conformers (CC and TC) and between the
two trans N=C—O-H conformers (CT and TT) are 22.0 and 19.7 kJ mol’l,
respectively, while those between the two cis C=C-O-H conformers (CC
and CT) and between the two trans C=C-O-H conformers (TC and TT)
are considerably higher, amounting to 40.4 and 40.0 kJ mol™,
respectively.

Several bond lengths undergo significant changes owing to the tau-
tomerization. As expected, the calculated NC(2) bond length varies from
1.39/1.40, 1.37/1.36, and 1.38 A, in the amine tautomers (cis/ trans
4HQ20, cis/trans 2HQ40(1H), and 2,4-QO, respectively), to 1.27 and
1.30 A in the imino forms (cis and trans 2HQ40(3H) and all conformers
of 2,4-QOH, respectively), clearly revealing the change from an essen-
tially single bond into a predominantly double bond. The same applies to
the C(2)C(3), C(3)C(4), and C(4)C(5) bonds, involving the carbons
bearing the oxygen atoms (C(2) and C(4)), which are longer when they
are formally single bonds, e.g. in 4HQ20 (cis: 1.45, —, 1.44 10\, trans: 1.44,
-, 1.45 A, respectively), 2HQ40(3H) (cis: 1.49, 1.52, 1.47 A; trans: 1.50,
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1.53, 1.47 A), 2HQ40(1H) (both conformers: —, 1.45, 1.49 A), 2,4-Q0OH
(CC: 1.41, -, 1.43 A, TC: 1.42, -, 1.42 A, CT: 1.41, -, 1.43 A, TT: 1.42, -,
1.43 A) and 2,4-QO0 (1.51, 1.52, 1.48 A), than when they are formally
double bonds, i.e., C(3)C(4): 1.35 and 1.37 10\, in both the conformers of
4HQ20 and 2,4-QOH, respectively, and C(2)C(3): 1.35 and 1.36 A, in
cis- and trans-2HQ40O(1H).

The C(3)-C(2)-N bond angles also vary among the different tauto-
meric species, depending on whether the central carbon belongs to a
C=O0 or COH group. These angles are smaller when the central carbon
belongs to a C=0 group, with values of approximately 114.4° in 4HQ20
and 116° in 2,4-QO. Conversely, the angles are larger when associated
with a COH group, approximately 126° in 2HQ40(3H), 123° in 2HQ40
(1H), and 125° in 2,4-QOH. Similarly, the C(3)-C(4)-C(5) bond angles
follow the same general rule. The angle is smaller when C(4) belongs to a
C=0 group, ~116° in 2HQ40(3H), ~115° in 2HQ40(1H), and ~117° in
2,4-QO0. On the contrary, it is larger when C(4) is connected to a hy-
droxyl group, with values 121.5° in 4HQ20 and ~120° in 2,4-QOH. It
was pointed out before that for a formally sp? hybridized trigonal carbon
atom, under the condition that no significant steric hindrance between
the substituents occurs, the angle opposing a given bond reflects the
amount of p character of that bond (in the case of the double bound, of
its 6 component), larger angles correlating with a larger p character of
the bond [39,40]. In addition, the degree of p character of the bond is
determined by the electronegativity of the atom connected to the central
carbon atom, which is smaller for more electronegative atoms [39].
Being internal angles in a six-membered ring, both the C(3)-C(2)-N and
C(3)-C(4)-C(5) angles obey the condition above. Therefore, it can be
concluded that the ultimate reason for the smaller values of these angles
when the central carbon atom belongs to a carbonyl group, compared to
when it is connected to a hydroxylic moiety, is the smaller effective
electronegativity of the carbonyl oxygen atom when compared with the
hydroxyl one, which leads to a smaller p character of the bond and,
consequently, to a smaller opposite angle. The smaller effective elec-
tronegativity of the carbonyl oxygen, compared to that of the hydroxylic
oxygen, is clearly revealed by the smaller negative charges calculated for
the first type of atom in the whole set of studied molecules (within the
range —0.797 to —-0.867 e) in comparison with those obtained for the
second (-0.820 to —0.978 e).

3. Experimental details and results
3.1. Experimental details

3.1.1. Synthesis

Reagents for chemical synthesis were obtained from various sup-
pliers, including Fluorochem, Apollo Scientific, Sigma Aldrich,
Enamine, and Alfa Aesar, and were used without further purification.
Proton (*H) and carbon (*3C) NMR spectroscopy essays were conducted
using a Bruker Avance III instrument operating at 400 MHz and 101
MHz, respectively. Deuterated dimethyl sulfoxide (DMSO-d6) was
employed as the solvent for these analyses, and its residual peaks were
used as internal references (at § = 2.50 ppm and § = 39.51 ppm for the
'H and 3C spectra, respectively). 4HQ20 was synthesized using a two-
step method following the procedure by Chatterjee et al. [41] (Fig. 2).

O O

cat.DMF, 140°C, 8h
37%

NMN 64%
N N N0
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Initially, N1,N3-diphenylmalonamide (DPM) was prepared through a
double nucleophilic substitution of diethyl malonate with aniline in a
1:2 ratio, using dimethylformamide as the catalyst. Subsequently,
4HQ20 was obtained through the cyclization of DPM via intramolecular
Friedel-Crafts acylation catalyzed by polyphosphoric acid (PPA) at 150
°C. Melting point determination was performed using a Melting Point
Apparatus SMP3, a Bibby Stuart Scientific instrument.

Synthesis of N1,N3-diphenylmalonamide, DPM:

A catalytic amount of dimethylformamide (DMF) was added to a
stirred solution containing 9.8 mL of aniline (10 g, 108 mmol) and 8.25
mL of diethyl malonate (8.7 g, 54 mmol). The mixture was heated to 140
°C for 8 h, yielding a white crystalline precipitate, which was filtered
and washed with ethanol to obtain the pure product without further
purification. Yield: 5.17 g, 37%. Melting point: 230-231 °C. 'H NMR
(400 MHz, DMSO-d6) & (ppm): 10.16 (s, 2H), 7.65 - 7.57 (m, 4H), 7.37 -
7.27 (m, 4H), 7.10 — 7.02 (m, 2H), 3.48 (s, 2H). '3C NMR (101 MHz,
DMSO-d6) & (ppm): 165.41, 138.96, 128.76, 123.38, 119.06, 45.93. The
characterization data for this compound are consistent with those re-
ported in the literature [42].

Synthesis of 4-hydroxyquinoline-2(1H)-one, 4HQ20:

Under agitation, DPM (4.8 g, 18.88 mmol) was gradually added to a
solution of 84 % polyphosphoric acid (22.5 g) maintained at 150 °C. The
reaction proceeded for 3 h, followed by quenching with ice water to
generate a solid yellow precipitate. Subsequently, the precipitate was
filtered and dissolved in 100 mL of 1 M NaOH. The insoluble residue was
removed by filtration. Dropwise addition of concentrated HCI to the
filtrate under agitation resulted in the precipitation of 4HQ20, which
was filtered, washed with distilled water, and dried under vacuum to
obtain the desired pure product as a pale-yellow solid. Yield: 1.94 g,
64%. Melting point: 345-347 °C. 'H NMR (400 MHz, DMSO-d6) &
(ppm): 11.22 (s, 1H), 7.78 (dd, J = 8.1, 1.5 Hz, 1H), 7.52 - 7.45 (m, 1H),
7.28 — 7.23 (m, 1H), 7.17 — 7.10 (m, 1H), 5.75 (s, 1H). 13C NMR (101
MHz, DMSO-d6) & (ppm): 163.65, 162.51, 139.22, 130.91, 122.71,
121.13,115.19, 115.06, 98.27.

3.1.2. Infrared spectroscopy

The matrices were prepared by co-deposition of the sublimated
compound and a large excess of the matrix host gas [Ar (N60) and Xe
(N48) obtained from Air Liquide] onto a Csl substrate attached to the
cold tip of the cryostat (APD Cryogenics closed-cycle helium refrigera-
tion system with a DE-202A expander). The temperature of the substrate
during the deposition of the matrices was maintained at 14 K in the case
of Ar experiments and at 25 K for Xe experiments. The different depo-
sition temperatures used in the experiments were chosen to guarantee
optimal matrix optical properties in each case. In both cases, the spectra
were acquired at 14 K. For deposition, the compound was placed in a
specially designed homemade temperature-variable mini-oven attached
to the cryostat through a needle valve. The temperature used to subli-
mate the compound (ca. 423 K) was monitored by a thermocouple
placed inside the oven, while the valve nozzle was kept at room tem-
perature (298 K). The temperature of the CsI substrate of the cryostat
was measured directly at the sample holder using a silicon diode sensor
connected to a digital temperature controller (LakeShore 335) with an
accuracy of 0.1 K.

OH

PPA, 150°C, 3h

Fig. 2. Synthesis of 4-hydroxyquinoline-2(1H)-one (4HQ20).
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The IR spectra were obtained in the 4000—450 cm™! mid-IR range
using a Thermo Nicolet 6700 Fourier transform infrared spectrometer,
equipped with an ETC EverGlo globar source, a deuterated triglycine
sulfate (DTGS) detector, and a potassium bromide (KBr) beam splitter,
with 0.5 cm™! spectral resolution. To avoid interference from atmo-
spheric H>0 and COs, a stream of dry CO»-filtered air was continuously
purging the optical path of the spectrometer.

Broadband UV irradiation of the matrices was carried out using a 200
W high-pressure Hg(Xe) lamp (Newport, Oriel Instruments) fitted with a
water filter through the outer quartz window of the cryostat and using
an additional long wave pass optical filter (4 > 283 nm).

3.2. Experimental results

3.2.1. Infrared spectra of matrix-isolated 4HQ20

The infrared spectra of 4HQ20 isolated in argon and xenon matrices
are presented in Fig. 3(a) and (b). As shown in the figure, the experi-
mental spectra are well reproduced when the DFT(B3LYP)/6-311++G
(3df,3pd) calculated spectra of cis-4HQ20 and 2,4-QO are considered
together (Fig. 3(c)), demonstrating that both species are present in the
as-deposited matrices. It is also worth mentioning the remarkable sim-
ilarity between the profiles of the two experimental spectra. Most bands
show site-splitting, indicating the existence of multiple trapping sites in
both matrices, which is a common feature in matrix isolation IR spec-
troscopy. Tables 2 and 3 provide the proposed band assignments, which
were facilitated by the good general agreement between the calculated
and experimental data.

Considering the calculated relative Gibbs energies of the two con-
formers of 4HQ20 (7.7 kJ mol™}; Table 1), the expected gas phase
equilibrium populations of the most stable cis and higher energy trans
forms are 89.9 % and 10.1 %, respectively, at 423 K (the temperature of
sublimation of the compound) and 95.7 % and 4.3 % at room temper-
ature (298 K), which was the temperature of the nozzle in the performed
experiments. The latter temperature determines the equilibrium in the
gas phase immediately prior to deposition of the vapor of the compound
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onto the cold optical substrate of the cryostat, meaning that without
further considerations we could expect to experimentally observe both
conformers. Moreover, the calculations indicated that the trans-4HQ20
— cis-4HQ20 isomerization energy barrier is 12.8 kJ mol™ (after
consideration of the zero-point correction), which is high enough to
prevent the over-the-barrier trans — cis isomerization. Nevertheless, it
falls within the range known to facilitate fast conformational relaxation
of the hydroxyl group via quantum mechanical tunnelling. This mech-
anism was shown previously for many compounds bearing this group
connected to an sp? hybridized carbon belonging to a ring under matrix-
isolation conditions [43-45]. Consequently, it was not surprising that
the obtained IR spectra of the prepared matrices of the studied material
showed no compelling evidence of the presence of the higher-energy
trans-4HQ20 conformer. On the other hand, the observation of the 2,
4-QO tautomer in the as-deposited matrices was also not a surprise.
Tautomerization upon sublimation, presumably taking place in the
solid-gas interface, has been observed many times, in particular when
the tautomeric forms involved have similar energies. A well-known
example is the case of cytosine, where all its 4 lowest tautomeric
forms (one of them exhibiting two conformers) were observed in argon
matrices immediately after their preparation, with relative populations
matching well their predicted gas phase equilibrium populations prior to
deposition [46]. In the case of the presently studied chemical system, the
Gibbs energy (at 298 K) of 2,4-QO was calculated to be only 1.9 kJ mol !
higher than that of cis-4HQ20 (Table 1). Following the above trend,
these two species appear to be present in the as-deposited matrices in a
relative amount that should not differ significantly from those estimated
for the equilibrium gas phase populations of the two forms at a tem-
perature close to the sublimation temperature of the sample in the
performed experiments. It is assumed here that this temperature is
relevant in determining the tautomerization process at the solid-gas
interface during sublimation, most probably in a process involving
more than one participating molecule and an intermolecular H-transfer.
It is important to note the fundamental difference when this is compared
to the aforementioned conformational cis-4HQ20 / trans-4HQ20
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Fig. 3. Experimental IR spectra of the as-deposited argon (a) and xenon (b) matrices (14 K) of a sample of 4HQ20, compared with the DFT(B3LYP)/6-311++G
(3df,3pd) calculated IR spectra of cis-4HQ20 and 2,4-QO species (c). Bands due to minor traces of matrix-isolated water have been subtracted from the experimental
spectra. The calculated harmonic wavenumbers were scaled by 0.978 and 0.954 for wavenumbers below and above 3000 cm™, respectively. The most intense band

at 1697 cm™! in panel c has been truncated for clarity.
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Table 2

Experimental (matrix-isolation) and DFT(B3LYP)/6-311++G(3df,3pd) calcu-

lated infrared spectra of cis-4HQ20 and proposed vibrational assignments®.

Table 3
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Experimental (matrix-isolation) and DFT(B3LYP)/6-311++G(3df,3pd) calcu-
lated infrared spectra of 2,4-QO and proposed vibrational assignments.

Approximate Experimental* Calculated” Approximate Experimental Calculated
Descrip’(ionh X N R Description® X - R
Argon matrix Xenon matrix v I Argon matrix Xe matrix v I
12 12 12 v
Vv(OH) 3619.0/3617.0 3588.0/3579.0 3641.5 77.8 V(NH) 3431.0 3412.0 3426.1 38.2
v(NH) 3437.5/3434.0 3419.0/3416.0 3432.6 449 V(CH) 3092.0/3068.0/ 3089.0/3068.0/ 3058.5 7.9
v(CH) 3092.0/3068.0/ 3089.0/3068.0/ 3065.1 4.2 3059.0/3042.0 3059.0/3048.0/ 3047.5 3.0
3059.0/3042.0 3059.0/3048.0/ 3048.8 9.0 3030.0 3037.0 7.3
3030.0 3046.5 2.4 3023.2 4.4
3036.9 8.1 V(CHy) as. n.obs. n.obs. 2973.8 0.1
3023.7 2.5 V(CHy) s. 2888.0/2886.0 2886.0 2890.8 1.2
v(C=0) 1697.0/1695.0 1692.0/1687.0/ 1697.2 927.1 v1(C=0) s. 1731.0/1723.5 1731.0/1725.0 1737.7 477.6
1683.0/1676.5 V5(C=0) as. 1705.0 1699.0 1709.2 410.3
v(CC) 1637.0 1638.0 1630.8 119.6 v(CC) 1618.0 1616.0 1609.3 171.6
1613.0/1601.0 1610.5/1605.0 1603.3 57.8 1586.0 1590.0/1586.0 1586.5 18.7
1579.0 1570.5/1558.0 1569.4 18.0 1496.0 1493.0 /1491.0 1491.7 26.8
1Y(CC), 8(CH) 1508.5/1504.5 1506.0/1503.0 1499.5 24.0 1v(CC), 8(CH) 1486.0 1483.0 1479.4 161.0
8(CH) 1473.0 1470.0 1460.7 2.4 S8(NH), 6(CH) 1420.0/1412.0 1419.0/1409.5 1410.6 9.9
8(COH), 8(CH) 1445.0/1443.0/ 1444.0/1442.0/ 1435.3 44.0 8(CHy) 1380.0/1375.0 1377.0/1368.0 1385.0 3.6
1441.0/1439.0 1441.0/1436.0 v(CC), V(CN) 1344.0/1342.0 1342.0/1338.0 1328.0 222.0
8(CH) 1400.0/1397.0 1400.0/1396.0 1399.1 9.2 v(CC) 1330.0/1321.0 1320.0/1318.0 1313.8 140.0
v(CC), v(CN) 1355.0 1350.0 1335.9 22.6 wag(CH,) 1280.5/1274.0 1281.0/1278.0/ 1268.6 1.5
8(CH) 1299.0/1293.0 1297.0/1293.0 1288.2 23.3 1276.0
1263.0/1261.0 1262.0/1260.0 1250.4 61.3 v(CC), 8(CH) 1268.0/1265.5 1271.0/1268.0 1254.2 31.2
S8(NH) 1254.0/1250.0 1251.0/1249.0 1241.6 59.2 v(CC), 8(NH) 1241.0/1240.0 1243.0/1240.0/ 1234.8 7.4
v(CO), &(CH) 1234.0/1233.0/ 1232.0/1231.0/ 1230.4 113.6 1238.0
1231.0 1228.0 v(CO), 8(CH) 1225.0/1223.0 1225.0/1222.0 1211.6 35.1
8(COH), 8(CH) 1201.0/ 1205.0/1202.0/ 1191.2 43.6 twist(CHy) 1173.0 1177.0 1170.8 2.9
1199.01194.0 1200.0/1195.0 8(CH) 1163.0 1158.0 1157.9 23.6
3(CH) 1161.0/1158.0 1158.0/1155.0 1156.9 19.9 8(CH) 1120.0 1116.0 1115.1 7.4
8(CH) 1147.5/1144.0/ 1147.0/1140.0 1139.0 21.1 v(CC) 1072.0/1064.0 1069.5/1066.0/ 1051.0 0.2
1143.0 1064.5
1(CO), v(CC) 1092.0/1087.0 1089.0/1087.0 1075.3 59.8 v(CC) 1028.0 1027.0/1017.5 1022.6 6.1
v(CC) 1036.0 1035.5 1035.2 7.1 y(CH) n.obs. n.obs. 989.4 0.1
vy(CH) n.obs. n.obs. 977.1 0.0 975.0 972.0 969.6 0.6
n.obs. n.obs. 951.9 1.7 v(CHy), y(C=0) s 927.0 923.0 924.1 8.6
Vv(CN), 1(CC) 960.0/950.0 958.0/950.0 948.0 19.3 8(ring) 921.0 918.0 909.9 5.8
8(ring) 897.0 896.0 884.6 2.0 8(ring) 873.0 873.0 863.1 4.0
y(CH) 840.5 840.0 853.5 0.5 y(CH) n.obs. n.obs. 858.4 0.3
832.0 834.0 839.9 44.2 y(CH) all in-phase 759.5/758.0 759.0/758.0/757.0 761.1 74.0
y(CH) all in-phase 767.0/765.0/764.0 764.0/763.0/ 761.9 60.8 8(ring) 742/746.0 744.0 736.0 12.9
761.0 7(ring) 735.5 732.0 725.6 2.0
8(ring) 756.0/755.0 754.0 753.5 3.5 8(ring) 671.0 669.0 662.9 5.7
v(CH), t(ring) 754.0/753.0/752.0 753.0/751.0/ 746.4 22.2 y(NH) 642.0 n.i. 646.4 23.3
750.0 8(ring), 5(C=0) as 617.0 613.3 5.6
vy(C=0) 721.0 719.0 717.9 1.0 y(NH), y(C=0) as 584.0 590.7 39.4
8(ring) 666.0 665.0 662.8 4.9 T(ring) 529.0 525.8 9.6
t(ring) 636.0 n.i. 633.9 0.5 8(ring) 521.0 518.7 1.1
y(NH) 596.0/593.0/591.0 596.1 59.2 7(ring), y(CHy) 493.0 488.2 11.2
8(C=0), 3(CO) 595.1 2.2 N - O - . T :
S(ring) 534.0 531.4 31 Wavenumbers in cm™, calculated intensities in km mol ™. "v = stretching; &
<(ring) 524.0 523.3 0.7 = in-plane bending; y = out-of-plane rocking; T = torsion; twist = twisting; wag
5(ring) 507.0 489.3 11.7 = wagging; s. = symmetric; as. = antisymmetric. “n.obs. = not observed; n.i. =

2 Wavenumbers in cm ™!, calculated intensities in km mol .
b — stretching; & = in-plane bending; y = out-of-plane rocking; T = torsion.
n.obs. = not observed; n.i. = not investigated.

4 The calculated harmonic wavenumbers were scaled by 0.978 and 0.954 for
wavenumbers below and above 3000 cm™, respectively.

c

equilibrium existing prior to deposition, that is an intramolecular pro-
cess taking place in the gas phase. Indeed, the estimated “equilibrium”
population at 423 K of 2,4-QO and cis-4HQ20 should be ca. 40 and 60 %.
In Fig. 3(c), the calculated spectra of the two tautomers were plotted
with their intensities not being subjected to any scaling, i.e. assuming
equal populations (50 %: 50 %). It is clear in the figure that the calcu-
lated relative intensities of the bands due to the two species fit rather
well those experimentally observed in both matrices.

Below, the discussion of the assignments will only focus on the most
intense bands and some of the most characteristic vibrations of the two
trapped species. In the high frequency region, cis-4HQ20 gives rise to
two doublets of bands in both argon and xenon matrices. The first is
assigned to the v(OH) stretching mode and is observed at 3619.0/3617.0

not investigated. “The calculated harmonic wavenumbers were scaled by 0.978
and 0.954 for wavenumbers below and above 3000 cm™, respectively.

em™' (Ar) and 3588.0/3579.0 cm ™ (Xe) (predicted at 3641.5 em™),
while the second is observed at 3434.0/3437.5 and 3419.0/3416.0
em’), in argon and xenon matrices, respectively, and is ascribed to the
v(NH) stretching mode (predicted at 3432.6 cm™D). The v(NH) stretching
mode of 2,4-QO is predicted at 3426.1 em™! and is assigned to the
shoulder observed at 3412.0 cm™. The single 1(C=0) stretching vibra-
tion of cis-4HQ20 is predicted to give rise to an intense band (927.1 km
mol™) at 1697.2 em™, and, accordingly, is observed experimentally as
intense site-split multiplets at 1697.0/1695.0 (Ar) and 1692.0/1687.0/
1683.0/1676.5 (Xe) cm ™. The two carbonyl modes of 2,4-QO are better
described as symmetric and antisymmetric combinations of the indi-
vidual oscillators and are predicted to occur at higher frequencies
(symmetric: 1737.7; antisymmetric: 1709.2 em™). In good agreement
with the theoretical predictions, the bands corresponding to these modes
are observed at 1731.0/1723.5 and 1705.0 cm™ in argon, and at
1725.0/1731.0 and 1699.0 cm ™! in xenon. According to the calculations,
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both the v(CO) and 8(COH) vibrations contribute significantly to two
modes, all of them being intense in infrared (predicted intensities above
43 km mol ™), as expected due to the polarity of the CO and OH bonds.
The ¥(CO) stretching contributes to the modes predicted at 1230.4 cm™
(mixed with in-plane 8(CH) bending vibrations) and at 1075.3 cm!
(mixed with v(CC) ring stretching vibrations), while the §(COH) bending
contributes to the modes predicted at 1435.3 and 1191.2 em™ (in both
cases mixed with in-plane §(CH) bending vibrations). In agreement with
the predictions, the corresponding experimental bands are intense and
appear as site-split multiplets, centered at values close to those predicted
by the calculations (see Table 2).

The vibrations of the amine group present in both cis-4HQ20 and
2,4-QO include, besides the v(NH) stretching mode discussed above, the
in-plane 8(NH) bending mode and the out-of-plane y(NH) rocking vi-
bration, which are also predicted to give rise to intense infrared bands.
In cis-4HQ20, these modes are predicted at 1241.6 and 596.1 em! with
an intensity of 59.2 km mol™ (both modes), and are observed in argon
matrix at 1254.0/1250.0 and 596.0/593.0/591.0 cm™, respectively (in
xenon, the first band is observed at 1251.0/1249.0 cm™, while the re-
gion where the second band should be observed was not investigated), in
good agreement with the theory. In 2,4-QO, both §(NH) and y(NH) vi-
brations are mixed with vibrations of other groups in two different
modes each. The §(NH) are predicted at 1410.6 and 1234.8 cm . These
are mixed with in-plane 8(CH) bending vibrations and v(CC) ring
stretching vibrations, respectively. On the other hand, the y(NH) vi-
brations appear at 646.4 and 590.7 cm™. The first is an essentially pure
mode, while the second is mixed with the antisymmetric out-of-plane
y(C=0) rocking. The predicted intensities of these four modes are
considerably lower than those predicted for the essentially pure 8(NH)
and y(NH) vibrations in cis-4HQ20, being in all cases lower than 40 km
mol ™! (see Table 3).

Some additional intense modes in the spectra of cis-4HQ2O corre-
spond to a v(CC) ring stretching vibration involving the bonds in the C(3,
4, 5, 6,7) and C(8, 9, 10) fragments, with adjacent bonds vibrating in
opposition of phase (predicted at 1630.8 cm™, and observed at 1637.0
and 1638.0 cm™ in argon and xenon, respectively) and the all-in-phase
out-of-plane y(CH) mode (predicted at 761.9 cm’l, and observed as site-
split features at 767.0/765.0/764.0 and 764.0/763.0/761.0 em™, in
argon and xenon, respectively). These two modes are also predicted and
observed as intense bands in the spectra of 2,4-QO at frequencies similar
to those found in cis-4HQ20 (calc: 1609.3 and 761.1 cm™; argon matrix:
1618.0 and 759.5/758.0 crn’l; xenon matrix: 1616.0 and 759.0/758.0/
757.0 cm™).

3.2.2. Results of UV irradiation of the as-deposited argon matrix

The as-deposited argon matrix containing both cis-4HQ20 and 2,4-
QO was subjected to broadband UV irradiation (A > 283 nm), as
described in Section 3.1. The experimental ultraviolet absorption spec-
trum of 4HQ20 (in methanol) exhibits two intense bands with maxima
at ~314 and ~269 nm [34]. According to the accomplished TD-DFT
(B3LYP)/6-311++G(3df,3pd) calculations, these bands shall be
assigned to the S;<Sp and Ss<Sy transitions (both of n*«n= type), pre-
dicted at 305.3 and 232.9 nm, respectively, and that involve essentially
the HOMO — LUMO and HOMO — LUMO+1 // HOMO-1 — LUMO
transitions (Table S4). Thus, in the performed excitation (with A > 283
nm) the bright state corresponds to the S; state, involving mostly the
HOMO — LUMO transition. For 2,4-QO, the TD-DFT calculations indi-
cate that the bright state in the performed irradiation experiments is
mostly Sy (nn*), with excitation (323.1 nm) predicted to correspond
essentially also to the HOMO — LUMO transition (Table S5).

After ca. 9 h of irradiation, ~63% of the initially present species were
consumed, as determined by the reduction of intensity of the bands
belonging to the reactants. The bands assigned to the two forms
decreased in intensity at nearly the same rate, with those assigned to cis-
4HQ20 experiencing only a marginally faster decay. These results
indicate that the global efficiency of the photoprocesses undergone by
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the two reactant species is essentially identical. Concomitantly with the
reduction of the intensity of the bands due to cis-4HQ20 and 2,4-QO,
new bands emerged in the spectra, testifying the formation of a new
species.

In the spectra of the photolyzed matrix, two distinct features with
absolute maxima at 2272.0 and 2137.0 cm™ are easily identified as
being due to isocyanic acid (HNCO) and carbon monoxide (CO),
respectively [47-52]. The last feature shows a multiplet structure, which
is a clear indication of the participation of CO molecules in different
types of associates. Other characteristic bands of isocyanic acid are
observed at 3553.5, 769.0, and 566.5 cm™'. The frequency values for the
bands of isocyanic acid observed in the present study somewhat deviate
from previously reported values for the isolated molecule of the com-
pound in an argon matrix (3516.8/3505.7, 2259.0, 769.8, 573.7 em™)
[51], indicating that the photogenerated HNCO molecules are also
interacting with other photoproducts produced from the same reactant
molecule. Indeed, the cage confinement conditions imposed on a
matrix-isolated molecule make it highly improbable for the photo-
produced fragments to diffuse away from their original matrix cage. In
this case, while cross reactions involving fragments produced from
different molecules are generally inaccessible, the different species
formed in the same cage (from the same original molecule) most of the
time interact with each other.

Other bands of the photoproducts were observed in the photolyzed
matrix besides those ascribable to HNCO and CO. Among possible
products that can result from the reactant molecules upon extrusion of
CO, HNCO or CO + HNCO, it was possible to identify in the spectra of
the photolyzed matrix two sets of bands that fit well the calculated
infrared spectra of 1,3-dihydro-2H-indol-2-one (DHI) and cyclohepta-
1,2,4,6-tetraene (CHT). The first molecule results from extrusion of CO
from the reactant species, while the second results from extrusion of
both CO and HNCO. Additionally, a third set of bands could be ascribed
to cis-2HQ40(3H), which can be obtained directly from 2,4-QO by [1,3]
H-atom transfer from the amine group of this molecule to its vicinal
carbonyl group. Fig. 4 summarizes the photoreactions proposed to take
place upon the performed UV irradiations. It is worth noticing that no
evidence of the higher-energy trans conformer of 2HQ40(3H) was found
in the spectra of the matrix after UV irradiation. This strongly suggests
that the formation of cis-2HQ4O(3H) takes place via a concerted
mechanism, considering the favorable geometric orientation of the H-
donor and acceptor groups in the reactant species leading to formation
of this conformer. In any case, if the trans conformer was formed one
would expect its prompt decay, by quantum mechanical tunneling, to
the more stable cis conformer, considering that the trans—cis barrier is
only of ca. 20 kJ mol™}; see Section 2.2. On the other hand, the mech-
anism of formation of CTH cannot be extracted from the experimental
data. However, it appears reasonable to state that, together with the CO
and HNCO leaving fragments, carbene (:CHy) and benzyne (C¢Hy4) were
also generated. These species promptly reacted via a rapid ring-
expansion reaction, by insertion of the carbene into a CC bond, thus
leading to the formation of CHT. Alternatively, it is possible that bicycle
[4.1.0]hepta-1,3,5-triene was initially formed following the extrusion of
CO and HNCO, subsequently undergoing fast opening of its 3-membered
ring, generating CHT.

The assignment of the bands to the different photoproducts is given
in Table 4, where the observed frequencies are compared with the
calculated values and, where available, with previously reported data.
Band marks for CHT, DHI, and cis-2HQ40O(3H) are observed, corre-
spondingly, at 1842.5 and 775.0 cm™* (calculated at 1842.1 and 788.8
ecm™! and observed previously experimentally at 1824.0/1816.0 and
771.0 cm™! [53]), 3485.0 and 1746.0/1740.5 (calculated: 1764.7 cm’l),
and 3573.5, 1669.5, and 1137.5/1133.0 em™! (calculated: 3567.2,
1665.4, and 1144.0 cm ™). The spectroscopic data showing the results of
the UV irradiation (obtained after 530 min. of irradiation) are shown in
Fig. 5, where the experimental results are compared with the relevant
calculated data. Fig. 6 displays the evolution of the relative amounts of
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Fig. 4. Proposed photochemical reactions taking place upon UV (A = 283 nm) photolysis of cis-4HQ20/2,4-QO in an argon matrix.

various species in the matrix over time, as determined by the changes in
the intensities of selected characteristic bands of each species with
irradiation. The chosen bands correspond to intense mark-bands of each
compound that appear well-separated from other bands, thus allowing
to minimize the error in the intensity measurements. The wavenumber
ranges used for band area integrations are indicated in the caption of
Fig. 6.

To calculate the relative amounts from the band intensities, the
following procedure was used, which took into account the mechanism
shown in Fig. 4 and assumed that the two reactants (cis-4HQ20 and 2,4-
QO) were reacting at the same rate (as suggested by the relative changes
of their individual spectra along the irradiation, as it has already been
mentioned above). At each point, the sum of the amounts of CHT, DHI,
and cis-2HQ40(3H) must equal the total amount of the consumed re-
actants, so that the percent of reduction of intensity of the mark-band of
the two reactants used in the performed calculations, weighted by the
average of the corresponding calculated band intensities, must equal the
sum of the band intensities of CHT, DHI, and cis-2HQ40(3H) weighted
by their calculated intensities. After 530 min of UV irradiation, the
amount of reactants decreased by ~63%, with CHT comprising 57%,
DHI ca. 1%, and cis-2HQ40(3H) 5%. These numbers demonstrate that
the pathway leading to extrusion from the reactant species of both CO
and HNCO strongly dominates over that leading to extrusion of CO only.

The amounts of CO and HNCO are correlated because HNCO can be
expected to be photolyzed to CO, along with HN. However, the experi-
mental observation of HN is challenging. Its unique IR band, observed in
gas phase at 3125.0 cm™! [54], lies in a congested spectral range where
the CH stretching modes of the reactants and remaining products are
also observed. Normalization of the HNCO band intensity by its DFT
calculated intensity (757.7 km mol‘l), compared to that expected if the
photo-decomposition of HNCO was not taking place (case where the
amounts of HNCO and CHT should be equal), revealed that about half of
the HNCO molecules initially formed underwent photo-decomposition
to CO and HN. After 530 min of UV irradiation, the amount of HNCO
in the matrix corresponds to ~29% (taking the initial amount of re-
actants as reference). The amount of CO can then be calculated as being
equal to 1.5 times that of CHT plus that of DHI (ca. 87% of the initial

amount of the reactants). However, these calculations do not fit the
experimental data when the intensity of the CO band, normalized by the
corresponding DFT predicted IR intensity for the monomer (79.8 km
mol™), is directly used to estimate the amount of CO. In this case, the
amount of CO is estimated to be considerably larger than the expected
value presented above. To fit the quantity of CO prediction, a correction
factor of about 2 must be applied to the DFT calculated IR intensity of
the CO band. The need for such correction is in line with the involve-
ment of the CO molecules in different associates with other species
present in the matrix-cage after photolysis (including in the form of CO
dimeric structures), which has already been pointed out based on the
observed complex profile of the CO band.

It is interesting to note that in the spectra of the photolyzed matrix,
no evidence was found of the presence of the molecules that could result
from exclusive HNCO extrusion, either directly from 2,4-QO or cis-
4HQ20, specifically benzocyclobutanone or its enol tautomer, the same
applying to 2,4-QOH and 2HQ4O(1H) tautomeric forms of 4HQ2O,
which were also not identified in the photolyzed matrix.

4. Conclusion

In the present work, 4-hydroxyquinolin-2(1H)-one was investigated
by infrared spectroscopy in argon and xenon matrices and by theoretical
calculations carried out at the DFT(B3LYP) level of theory using the
6-311++4G(3df,3pd) basis set. The five lowest tautomeric structures
predicted by the calculations were characterized structurally and con-
formationally, and their relative energies and most significant structural
differences were rationalized in terms of the distinct intramolecular
interactions they exhibit.

Two tautomeric forms (cis-4HQ20 and 2,4-QO), whose identity
could be established with help of the theoretical data, were found to be
present in the as-deposited cryogenic matrices (argon, xenon). Among
the different tautomeric forms of the studied compound, these two forms
correspond to those having the lowest energies (with 2,4-QO being only
4.8 kJ mol~! higher in energy than the most stable cis-4HQ20 form when
the zero-point correction is considered; the standard free Gibbs energy
difference between these forms at 298.15 K calculated at the DFT
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Table 4
Assignment of the bands due to the products of the photochemical reactions taking place upon UV () = 283 nm) photolysis of cis-4HQ20/2,4-QO in an argon matrix."
Approximate Exp. Calculated" Exp. Exp.
Descrip’(ionh Ar matrix Ar matrix [49] Ar matrix [51]
cis-2HQ40(3H) CHT! DHI Cco HNCO
v v ® v ® v ™ v v
v(OH) 3573.5 3567.2 74.2
V(NH) 3535.5 3516.8/
3505.7
V(NH) 3485.0 3471.4 47.8
VY(NCO) as 2272.0/2265.0/ 2259.0
2260.5
v(CO) 2157.0/2155.5/ 2140.1/
2152.0/2150.0/ 2138.5/
2143.0/2141.0/ 2136.7
2138.0/2137.0/
2129.5/2127.0/
2123.5
VY(C=C=C) as 1842.5 1842.1 15.3
v(C=0) 1746.0/1740.5 1764.7 661.3
v(C=0) 1714.0 1712.9 303.2
Y(C=N) 1669.5 1665.4 438.0
v(C=C) ph 1637.5 1622.0 72.7
v(C=C) ph 1625.0 1601.4 134.6
Y(C=C) as 1590.0 1578.2 2.7
v(C=C) ph 1571.0 1564.3 26.4
8(CH), v(C=C) ph 1477.0 1466.5 75.6 1469.5 68.3
8(COH), wag(CHy), v(CC) 1406.5 1400.8 60.1
8(CH) s 1391.5 1380.6 14.4
8(CHy) // 8(NH) (DHI) 1384.5 1375.1 76.6 1388.4 38.3
YC=C=0C) s 1360.0 1355.3 14.6
v(C=C) pH, 5(COH) 1311.0 1303.7 12.7
8(CH), wag(CHy), 5(COH) 1304.5 1301.0 21.9
8(CH) s (allene) 1287.0 1280.1 3.8
V(CCQ) as, 5(CH) 1275.0 1278.2 98.8
V(CN), wag(CH3) 1256.0 1250.4 36.3
V(CN), wag(CHy), v(C-——0) 1245.0 1237.2 36.3
V(NC), 8(NH), wag(CHy) 1208.0 1209.3 47.2
wag(CHy), v(CN) 1185.0 1192.9 62.8
8(CH) as 1181.0 1189.9 1.9
8(CH) ph 1147.0 1158.5 58.3 1157.3 21.9
1154.2 30.1
8(COH), v(C—O0) 1137.5/1133.0 1144.0 251.0
8(CH) as (allene) 1099.0 1101.1 3.6
v(CC) ph 1074.5 1090.9 25.5
v(CC) ph 1027.5 1019.7 6.3 1020.1 6.4
vy(CH) as 979.0 978.1 4.0
v(CH) as // y(CH3) (DHI) 953.5 957.9 2.1 953.5 4.0
y(CH) s (allene) 775.0 788.8 63.3
8(HNC) 769.0 769.8
v(CH) s 761.0/756.0 771.0 59.9
y(CH) s ph 748.0/740.0 746.6 57.5
8(ring) pH, 8(C-C=N) 717.0 729.9 13.8
t(ring) ph 707.0 703.9 7.3
3(C=C=C) 697.0 689.6 23.5
v(CH) s 678.5 681.5 79.4
8(ring) ph, 8(CNC) 662.0 668.8 13.5
5(ring) ph 661.0 655.8 12.3
y(OH) 630.0 629.6 25.5
8(NCO) 566.5 573.7
y(NH) 547.5 538.9 43.4
8(CO) 530.0 526.5 13.5

3 Wavenumbers in cm™!, calculated intensities in km mol ™.

b

v = stretching; § = in-plane bending; y = out-of-plane rocking; © = torsion; wag = wagging; s. = symmetric; as. = antisymmetric; ph = phenyl ring; when a band is

assigned to two species and the approximate descriptions are different, these are separated by // with the first description of the mode applying to the species indicated

in the column most at the left and the second to the species indicated in the column most at the right.

¢ The calculated harmonic wavenumbers were scaled by 0.978 and 0.954 for wavenumbers below and above 3000 cm™?, respectively.
dIna previous argon matrix study [53], mark bands of CHT have been observed at 1824.0/1816.0 (v(C=C=C) as), 1380.0 (5(CH) s), 1270.0 (5(CH) s (allene)), 771.0
(y(CH) s (allene)), 690.0 (8(C=C=QC)), and 679.0 (y(CH) s), in good correspondence with those observed in the present study.

(B3LYP)/6-311++G(3df,3pd) level of theory is even smaller, being only
1.9 kJ mol ). A rationale was presented for the observation of the 2,4-
QO tautomer in the as-deposited matrices, which considers occurrence
of tautomerization upon sublimation, presumably taking place in the
solid-gas interface, as found before for other tautomeric systems, in

particular when the tautomeric forms involved have similar energies.
The absence of the trans-4HQ20 conformer in the as-deposited matrices,
which can be expected to be significantly populated in the gas phase
equilibrium prior to deposition of the matrices, was explained by its
rapid conversion to the more stable cis-4HQ20 form during matrix
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Fig. 5. Experimental difference FTIR spectrum of 4HQ20 isolated in Ar matrices after UV irradiation at A > 283 nm (after 530 min) minus the spectrum of the as-
deposited 4HQ20 (a-c, g) compared with the simulated difference infrared spectrum of the harmonic frequencies of the most stable tautomer cis-4HQ20 and 2,4-QO
tautomer minus the sum of cis-2HQ40(3H) and trans-2HQ4O(3H) calculated at the DFT(B3LYP)/6-311++G(3df,3pd) level of theory (d-f, h). The calculated har-
monic frequencies were scaled by 0.978 and 0.954 for frequencies below and above 3000 cm™?, respectively. Some of the most intense bands of have been truncated

for clarity.

deposition via the tunnelling mechanism (by internal rotation around
the C-OH bond, through the low trans-4HQ20 — cis-4HQ20 isomeri-
zation energy barrier of 12.8 kJ mol™!). A comprehensive assignment of
the IR spectra of both cis-4HQ20 and 2,4-QO isolated in Ar and Xe
matrices was presented.

The photochemistry of the studied compound in solid argon upon in
situ ultraviolet irradiation (4 > 283 nm; bright state: S;) of the as-
deposited matrix was investigated. Following irradiation, the two
forms initially present in the matrix, cis-4HQ20 and 2,4-QO, were found
to react at nearly the same rate, generating an additional tautomeric
form, cis-2HQ40(3H), together with products of fragmentation of the
heterocyclic ring of the molecules, specifically isocyanic acid, carbon
monoxide, 1,3-dihydro-2H-indol-2-one, and cyclohepta-1,2,4,6-
tetraene. The relative amounts of the different species present in the
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irradiated matrix were estimated from the observed intensity changes of
their selected band-marks along the irradiation time. It was shown that
the pathway leading to extrusion from the reactant species of both CO
and HNCO strongly dominates over that leading to extrusion of CO only.
Furthermore, no evidence was found in the spectra of the photolyzed
matrix of any putative photoproduct resulting solely from the extrusion
of HNCO. The kinetic studies also revealed that, under the used exper-
imental conditions, approximately half of the formed HNCO molecules
undergo a subsequent reaction to CO (plus non-observed NH). In addi-
tion, both the spectroscopic and kinetic data revealed that CO molecules
form different associates with other species present in the matrix-cage
where they are formed (including CO dimeric structures).

Overall, the present study contributes to expanding the available
knowledge on the structure, tautomerism, and photochemistry of 4-
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Fig. 6. Evolution of the relative amounts of the different species present in the matrix with the time of irradiation, obtained from the changes in the integrated

intensities of selected characteristic bands of each species. Bands/region used: cis-4HQ20/2,4-QO: 3445-3425 cm™;

cis-2HQ4O0(3H): 1143-1120 cm™; HNCO:

2285-2243 cm™!; CO: 2177-2120 cm™; DHI: 1748-1738 cm™}; CHT: 1855-1825 cm™. See text for details.

hydroxyquinolin-2(1H)-ones.
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