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a b s t r a c t

The state of the tautomeric equilibria of 2(6)-hydroxy-4-methyl-6(2)-oxo-1-(substituted phe
nyl)-1,2(1,6)-dihydropyridine-3-carbonitriles, 2-PY/6-PY, was evaluated using experimental and theoret-
ical methodology. The experimental data were interpreted with the aid of time-dependent density
functional (TD-DFT) method. Electron charge density was obtained by the use of Quantum Theory of
Atoms in Molecules, i.e. Bader’s analysis. Linear solvation energy relationships (LSER) rationalized solvent
influence on tautomeric equilibrium. Linear free energy relationships (LFERs) were applied to the
substituent-induced NMR chemical shifts (SCS) using SSP (single substituent parameter) and DSP (dual
substituent parameter) model. Theoretical calculations and obtained correlations gave insight into the
influence of molecular conformation on the transmission of substituent electronic effects, as well as on
different solvent–solute interactions, and the state of tautomeric equilibrium.

� 2015 Elsevier B.V. All rights reserved.
Introduction significant biological activity. They can possess antibacterial, anti-
2-Pyridones are important heterocyclic compounds widely
used in medicinal chemistry, and their various derivatives have
fungal, anti-inflammatory, antiviral, antitumor and antiplatelet
properties [1]. In addition, they are used in the manufacturing of
paints, pigments, additives for fuels and lubricants, acid-base indi-
cators, stabilizers for polymers and coatings [2]. Many medications
containing 2-pyridone structure are cardiotonics: Milrinone and
Amrinone; antibiotics: Pilicides and Curlicides, and antiepileptic:
Perampanel [1].
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In general, 2(1H)-pyridones exhibit keto-enol or 2-pyridone
(PY)/2-hydroxypyridine (HP) (lactam/lactim) tautomerism. The
small free energy difference between tautomers makes them
sensitive to the influence of environment (e.g. pH, temperature,
solvent polarity and the ability of solvents to hydrogen bond with
each tautomer), substituent effects (their position in the ring and
their electronic effects, and inter- and intramolecular interactions
[3]. Therefore, it is important to evaluate the potential for tau-
tomerization in heteroaromatic systems and to assess the role of
individual tautomers in biological activity. In this context, using
the cardiotonic agent Milrinone as the template, structure–
property and structure–activity relationships of several series of
differently substituted 2(1H)-pyridones have been investigated. It
has been shown that their lipophilicity (expressed as octanol–
water partition coefficient, log P) significantly depends on the
tautomerism [4] i.e. ’’hydroxy’’ (HP) tautomer should be at least
20-fold more lipophilic than the respective ’’oxo’’ (PY) tautomer.
Lipophilicity is directly related to the change in the Gibbs energy
of a solute solvation between octanol and water; solute dipolar-
ity/polarizability and, especially, solute hydrogen bond basicity
favors partitioning into water and thus decreases lipophilicity,
while solute size favors octanol [5]. Because of this, solvation
characteristics of the corresponding tautomeric forms need
to be taken into account for an accurate estimation of their
pharmacologically-relevant properties.

Due to diversity of their physico-chemical properties and
biological effects, tautomerism of 2(1H)-pyridones was extensively
studied from both experimental and theoretical point of view:
UV–Vis [6,7], infra-red [8–10], nuclear magnetic resonance
[7,11–13], gas-phase [8,14–16], theoretical [16–19] and crystallo-
graphic studies [7,20–21]. These studies have shown that the pyri-
done form predominates in polar solvents and the solid [6,7,12],
while in non-polar solvents both tautomers can co-exist [7].
Other studies showed that there is an existence of an equilibrium
mixture of two tautomers in the solid, liquid and vapor phases
[10,14]. Theoretical studies based on different methods have been
used to calculate the tautomerization energy for lactim/lactam and
similar heterocyclic systems. Geometry optimization, rotational
constants, dipole moments, relative electronic energies, solvation
energy, tautomerization constants, have been recognized as impor-
tant data to these and related isomerization reactions [22–25].

In this work, linear solvation and free energy relationships, LSER
and LFER, respectively, and quantum-chemical calculations of
recently synthesized 2(6)-hydroxy-4-methyl-6(2)-oxo-1-(substitu
ted phenyl)-1,2(1,6)-dihydropyridine-3-carbonitriles (Fig. 1) [25],
were performed.

Quantification of the solvent effects: dipolarity/polarizability
and the hydrogen-bonding ability on the UV spectral shifts were
interpreted by means of the Kamlet–Taft (LSER) Eq. (1) [26]:

v ¼ vo þ sp� þ bbþ aa ð1Þ

where p* is an index of the solvent dipolarity/polarizability; a is a
measure of the solvent hydrogen-bond acceptor (HBA) basicity; b
is a measure of the solvent hydrogen-bond donor (HBD) acidity
Fig. 1. Microwave assisted synthesis of tautomeric 2-PY and 6-PY pyridones, where
X is: H (1); 4-CH3 (2); 4-OCH3 (3); 4-NO2 (4); 4-COCH3 (5); 4-OH (6); 4-I (7); 4-Cl
(8); 4-Br (9); 4-F (10); 3-CF3 (11); 3-Cl (12); 3-Br (13); 3-OCH3 (14); 3-CH3 (15);
3-COCH3 (16).
and mo is the regression value in cyclohexane as reference solvent.
The solvent parameters used in Eq. (1) are given in Table S1. The
regression coefficients s, b and a in Eq. (1) measure the relative sus-
ceptibilities of the absorption frequencies to the different solvent
parameters.

More elaborated LSER model uses Catalán solvent parameters
scale [27,28], i.e. Eq. (2) which qualitatively and quantitatively
interprets the effect of solvent dipolarity, polarizability and
solvent–solute hydrogen bonding interactions according to Eq. (2):

v ¼ vo þ aSAþ bSBþ cSP þ dSdP ð2Þ

where SA, SB, SP and SdP characterize solvent acidity, basicity,
polarizability and dipolarity, respectively (Table S2). The regression
coefficients a-d describes the sensitivity of the absorption maxima
to different types of the solvent–solute interactions.

In the second part of the work, LFER analysis was applied to the
UV and SCS data in the studied compounds (Fig. S1). The transmis-
sion of polar (field/inductive) and resonance effects from the
substituent (X) to the carbon atoms of interest were studied using
Eqs. (3) and (4):

s ¼ qrþ h ð3Þ

s ¼ qIrI þ qRrR þ h ð4Þ

where s are substituent-dependent values: SCS or absorption fre-
quencies (m); q is a proportionality constant (reaction constant)
reflecting the sensitivity of the spectral data to the substituent
effects; r, rI and rR are the substituent constants (Table S3), and
h is the intercept (i.e. it describes the unsubstituted member of
the series) [29]. Single substituent parameter Eq. (3) (SSP; the
Hammett Equation) attributes the observed substituent effect to
an additive blend of polar and p-delocalization effects given as
corresponding the r values. In the dual-substituent parameter
(DSP) Eq. (4) (the Extended Hammett Equation), s are correlated
by a linear combination of inductive (rI) and various resonance
scales (rR

0, rR and rR
+), depending on the electronic demand of the

atom under study. Calculated values qI and qR, are relative mea-
sures of the transmission of the inductive and resonance effects.

Experimental and theoretical data of both tautomeric forms are
considered. The UV–Vis and NMR data were analyzed by the use of
LSER and LFER models, respectively, in order to evaluate influences
of solvent/solute interactions and substituent effects on tautomeric
equilibria and the extent of ICT. Due to overlapping of the absorp-
tion bands, applied methodology for resolution of UV–Vis spectra
was based on certain approximations [30]. The algorithm applied
for evaluation of the state of tautomeric equilibria was described
elsewhere [25,31]. A thorough study of the relative stability of tau-
tomers typically requires the use of computational techniques to
supplement the experimental findings. Geometries of compounds
were optimized by DFT calculations. Time-dependent density func-
tional theory (TD-DFT) calculation was applied for estimation of
the transition energy. TD-DFT was successfully applied for descrip-
tion of solvated organic molecules with a possibility of estimation
of electronic density transfer [32], and the influence of molecular
geometry on ICT [33]. The transmission of substituent effects, i.e.
LFER study, was discussed in relation to the geometry of molecules
(DFT) and the charge distribution analysis (Bader’s analysis).
Material and methods

Materials

All used materials and solvents (UV spectrophotometric grade)
were obtained commercially (Fluka and Sigma–Aldrich), and used
without purification.
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Synthesis and characterization of tautomeric pyridone products

Synthesis of 2(6)-hydroxy-4-methyl-6(2)-oxo-1-(substituted
phenyl)-1,2(1,6)-dihydropyridine-3-carbonitriles was described in
the previous study [25]. Detail on FTIR and NMR characterization
methods is provided in Supplementary material.

The UV absorption spectra were recorded in the range from 200
to 600 nm in sixteen solvents of different polarity using UV–Vis
Shimadzu 1700A spectrophotometer. Spectra were recorded at
variable conditions, temperature and concentration, as well as
solvent mixtures, to study their effect on the tautomeric equilibria.
Concentration was changed in the range from 1.00 � 10�4 to
1.00 � 10�7 mol dm�3, and at temperature of 25, 35, 45 and
55 ± 0.1 �C (Fig. S1). The constant KT = [6-PY]/[2-PY] ([b]/[a]) was
calculated as the ratio of the estimated area of the corresponding
tautomeric form.

Molecular geometry optimization and theoretical absorption spectra
calculation

The ground state geometries of compounds 1–6 and 8–16 were
fully optimized with DFT method, more specifically the Becke
three-parameter exchange functional (B3) and the Lee–Yang–Parr
correlation functional (LYP) with 6-311G(d,p) basis set without
symmetry constrain, and with default tight convergence criteria.
Because no adequate basis set was found for Iodine atom, com-
pound 7 was excluded from computational consideration. Global
minima were found for each optimized compound. Harmonic
vibrational frequencies have been evaluated at the same level to
confirm the nature of the stationary points found (to confirm that
optimized geometry corresponds to minimum that has only real
frequencies), and to account for the zero point vibrational energy
(ZPVE) correction. The frontier molecular orbital energies: EHOMO

for highest occupied molecular orbital (HOMO) and ELUMO for low-
est unoccupied molecular orbital (LUMO) and HOMO–LUMO
energy gaps (Egap) were calculated with B3LYP/6-311G(d,p)
method on gas phase optimized geometries. Theoretical absorption
spectra of both tautomeric forms were calculated in gas phase,
ethanol, tetrahydrofuran and dimethylsulfoxide with TD-DFT
method. For TD-DFT calculations solvents have been simulated
with standard static isodensity surface polarized continuum model
(IPCM) [34].

NMR chemical shifts are calculated on the optimized structures
using GIAO calculations in chloroform as a solvent, with the
specially parameterized WP04 [35] functional using cc-pVDZ basis
set. This method was proven to give best accuracy/cost ratio in
NMR chemical shift prediction, and was invoked in Gaussian
program by method prescribed by Jain, Bally and Rablen [36].
The values of 13C chemical shifts presented in Tables S4 and S5
Fig. 2. Absorption spectra of compound
are scaled relative to 13C chemical shift of TMS, calculated with
the same method. Solvent in NMR calculations was simulated
with Polarizable Continuum model (PCM). Good agreement of
calculated and experimental NMR value was obtained (Fig. S2).
All calculations were done with Gaussian09 software [37].

The Bader‘s analysis were done on charge density grid with pro-
gram ‘‘Bader’’ [38]. The ground state and excited state electron
densities were calculated on ground state optimized geometries
with B3LYP/6-311(d,p) method. Density difference maps were
plotted as difference between electron densities of the first excited
state and the ground state, in program gOpenMol [39].
Results and discussion

Resolution of UV spectra. Solvent effects on the state of 2-PY/6-PY
equilibrium

Pyridones could exist in a solution as the equilibrium of
tautomeric forms and eventually dimer forms [39,40]. This phe-
nomenon has significant influence on physico-chemical properties
of the studied pyridones. Tendency of 2-pyridone to aggregate was
evaluated from NMR and FTIR spectral data [39]. State of tau-
tomeric equilibrium sensitively depends on solvent properties like
polarity, stabilization of the charges in the solvation sphere and
alteration of a solute’s electronic structure in the ground and
excited state due to both short- and long-range interactions with
surrounding solvent molecules [25,41]. Additionally, geometries
and substituent effects could be of appropriate significance.

Various spectroscopic techniques were applied for studying the
state of tautomeric equilibria, mechanism of proton-transfer and
solvent–solute interactions [42–44]. The rate of prototropic
exchange depends on energetic phenomena, i.e. transformation
barrier, system parameters and environment. Slow proton
exchange allows observation of distinct signals in 1H NMR spectra
and quantitative determination of the tautomeric forms [25].
Oppositely, under fast proton exchange in tautomeric mixture,
only one, average, signal in the NMR spectrum was observed.
UV–Vis technique is a useful method for study of tautomeric equi-
librium which could be based on the following advantages: differ-
ent spectral properties of tautomeric forms, tautomeric equilibria
sensitivity to environment (solvent), substituent effect, acidity,
temperature, etc. Accordingly, state of the tautomeric equilibria,
influences of substituent effect and geometry of investigated
compounds 1–16 were studied by analyzing UV–Vis spectra [45].
Absorption spectra of the investigated compounds, recorded in six-
teen solvents, showed that spectra consist of two overlapped bands
in the region 300–500 nm (Fig. 2). The band structure depends on
both substituent effects and solvent properties.
s 1–16 in (a) ethanol and (b) THF.



578 I. Ajaj et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 150 (2015) 575–585
Dimerization process was not observed at concentration lower
than 1 � 10�5 mol dm�3, indicating no monomer content rising
upon dilution. Therefore, all UV–Vis spectra were recorded at con-
centration of 1 � 10�5 mol dm�3. The characteristic absorption
spectra of investigated compounds in ethanol and THF are shown
in Fig. 2.

A semi quantitative approach was applied for the analysis of the
state of tautomeric equilibria. The spectra were analyzed by a
stepwise procedure, whereby an estimation of tautomerization
constants, individual spectra of the tautomers and absorption
bands numbers were obtained from both experimental data and
TD-DFT calculation. The second and fourth derivative spectroscopy
are useful methodologies for determining the number and approx-
imate position of the absorption bands [25,45]. In the second step,
the initial approximation of the band intensities and band widths,
as well as the assignment to the appropriate tautomeric form were
performed. The final refinement is performed by simultaneous res-
olution of the whole set of spectra according to literature proce-
dures [25,29,30,46]. TD-DFT calculations have shown (Tables S6
and S7; Figs. S3 and S4) that 2-PY form will have absorption max-
ima on higher wavelength (lower energy) than 6-PY form in all
investigated solvents as well as in gas phase. The results of the
applied methodology are exemplified in Fig. S5. Absorption max-
ima of both 2-PY and 6-PY forms obtained in the set of selected
solvents are summarized in Tables 1 and S8, respectively. Such
methodology provides differentiation without loss of the terminal
spectral points [47].

The absorption band maxima could be assumed to be mainly p–
p⁄ transition involving the p-electronic system throughout the
whole molecule including ICT. The considerable ICT nature of this
band is obvious from its broadness, the sensitivity of its kmax to
the substituent effects and the solvent properties. The data from
Table 1 confirm that the positions of the UV–Vis absorption fre-
quencies depend on the nature of the present substituent on the
benzene ring. The introduction of both electron-donating and
electron-withdrawing substituents contributes to the positive
solvatochromism, comparing to the unsubstituted compound,
except for compounds 5, 11 and 15. The absorption spectra showed
relatively low dependence on both solvent and substituent effects
for 2-PY tautomer (Table 1), and somewhat higher influence was
observed for 6-PY tautomer (Table S8). Solvent dependent spectral
shifts are influenced by non-specific (dipolarity/polarizability) and
specific (HBA/HBD) solvent–solute interactions. Generally, tau-
tomeric equilibrium is shifted to more dipolar form with increasing
solvent polarity [48].
Table 1
Absorption frequencies of 2-PY tautomer in selected solvents.

Solvent/compound mmax � 10�3 (cm�1)

1 2 3 4 5 6 7

Ethanol 31.25 30.67 30.96 29.85 31.26 30.21 30.
Methanol 31.55 30.86 31.25 29.85 31.63 30.49 30.
2-Propanol 31.95 30.49 31.06 28.82 31.24 30.12 30.
1-Propanol 31.35 30.67 30.77 28.40 30.98 30.39 30.
1-Butanol 31.45 30.58 31.06 28.57 31.50 30.30 30.
2-Butanol 31.35 30.39 30.96 28.41 31.23 30.21 30.
DMSO 29.95 29.74 29.72 27.24 29.99 29.52 29.
Tetrahydrofurane (THF) 31.45 30.39 31.15 31.15 31.43 30.03 30.
Acetonitrile (AcN) 31.25 30.39 30.77 31.54 31.00 29.94 30.
Anisole 31.06 30.96 31.06 31.35 31.20 30.58 30.
Dimethylacetamide DMAc) 30.58 30.03 30.39 30.58 30.54 29.59 29.
Dimethylformamide (DMF) 30.03 29.59 30.03 26.88 30.22 29.67 29.
Ethyl acetate (EtAc) 31.35 30.39 31.15 31.75 31.42 30.03 30.
Chloroform (Chl) 31.68 30.95 31.00 32.00 31.21 30.45 30.
Dioxane 31.40 30.54 31.25 31.21 31.45 30.05 30.
Diethyl ether (DEE) 31.50 30.74 31.36 31.00 31.56 30.14 30.

a Tautomer 6-PY predominates.
LSER analysis of UV data

The contribution of specific and nonspecific solvent–solute
interactions was quantitatively evaluated by the use of LSER Eqs.
(1) and (2). The LSER concepts developed by Kamlet and Taft and
Catalán are some of the most successfully used for quantitative
treatments of solvation effects [48]. This treatment assumes
attractive/repulsive solvent/solute interactions and enables an
estimation of the ability of the solvated compounds to interact
with solvent. Correlation results obtained by the use Kamlet-Taft
and Catalán model are given in Tables 2 and 3 for 2-PY form, and
S9 and S10 for 6-PY form, respectively.

The percentages contribution of the nonspecific (Pp) and the
specific solvent/solute interactions (Pb and Pa) are given in Tables
S11 and S12.

The positive values of the coefficient a obtained for both 2-PY
and 6-PY forms, except for compounds 5, 8 and 11 in 6-PY form,
indicate better stabilization of the molecule in the ground state
(Tables 2 and S9). It implies that proton-accepting capabilities of
both pyridone nitrogen and keto/hydroxy group contribute in
moderate/high extent to the solute stabilization in ground state.
The highest values of coefficient a were found for compound 11
in both 2-PY and 6-PY forms.

A negative sign of the coefficients s and b, obtained in correla-
tions for compounds in 2-PY form, except for compounds 12–15,
for non-specific solvent effect (Table 2), indicates a batochromic
shift of the absorption maxima with the increasing contribution
of solvent dipolarity/polarizability and hydrogen-accepting capa-
bility. The largest value of coefficient s (�3.29) and b (�7.51)
(Table 2) was found for compound 4 in 2-PY form. It means that
the most effective transmission of the substituent effect, i.e.
electron-accepting ability of the nitro group (comp. 4), from
para-position to the pyridone ring cause higher susceptibility of
electronic density to solvent dipolarity/polarizability and
hydrogen-bonding ability, i.e. higher value of coefficients s and b
was obtained. Conversely, positive sign of the coefficients s and
a, obtained for 6-PY form (Table S9; except for comps. 3–5, 8 and
9 – coefficient s; and compounds 2, 13 and 16 – coefficient b), indi-
cates hypsochromic shift in relation to increased contribution of
the non-specific and HBD solvent effects. Complex influences of
solvent effects on mmax shift were observed for both forms, while
solvent effect on UV–Vis absorption maxima of the compounds
in 6-PY form could be interpreted as inconsistent alteration of
correlation parameters with respect to solvent effect (Tables 2
and S9).
8 9 10 11 12 13 14 15 16

49 30.49 30.96 31.15 32.34 30.41 30.19 30.72 31.55 30.19
49 30.86 31.25 31.25 32.26 30.34 30.56 30.87 31.62 30.11
30 30.39 30.86 31.06 31.43 30.17 29.96 31.11 31.51 29.96
30 30.30 30.49 31.06 32.09 30.11 30.11 30.72 31.43 30.41
30 30.30 30.77 31.15 31.27 30.04 29.96 30.72 31.75 30.34
21 30.30 30.77 30.96 31.72 29.97 30.10 30.71 31.35 30.10
66 29.65 29.74 30.03 –a 29.87 29.73 30.73 30.71 29.86
21 30.21 30.93 31.25 30.85 29.77 30.17 30.64 30.99 30.03
39 30.30 30.92 30.86 30.57 30.10 29.90 30.37 31.30 29.97
77 30.67 30.96 31.06 30.22 30.04 28.85 30.04 30.28 30.01
76 29.76 30.30 30.39 31.15 30.16 29.81 30.16 31.08 30.04
41 29.50 29.50 29.76 29.23 29.04 29.16 29.83 30.58 29.01
21 30.49 30.49 31.25 30.40 29.75 29.69 30.43 30.53 29.97
98 30.85 31.36 31.35 32.24 30.31 30.60 30.81 31.45 30.06
15 30.66 30.89 31.31 32.03 29.70 29.50 30.31 30.41 30.21
06 30.51 30.95 31.42 31.56 29.58 29.31 30.15 30.14 30.15



Table 2
Correlation results of the 2-PY form obtained according to the Kamlet–Taft equation.

Comp. m0 � 10�3 s � 10�3 b � 10�3 a � 10�3 Ra Sdb Fc Solvent excluded from correlation
(cm�1) (cm�1) (cm�1) (cm�1)

1 32.69 ± 0.25 –1.83 ± 0.34 –0.97 ± 0.26 0.46 ± 0.19 0.93 0.22 23.45 2-Propanol
2 31.33 ± 0.17 –1.00 ± 0.23 –0.81 ± 0.18 0.55 ± 0.13 0.94 0.15 26.48 Anisole
3 32.53 ± 0.22 –1.79 ± 0.30 –1.05 ± 0.22 0.28 ± 0.16 0.93 0.19 27.11 –
4 36.10 ± 1.01 –3.29 ± 1.24 –7.51 ± 1.40 0.78 ± 0.40 0.91 0.77 16.59 DMAc, Chl
5 32.81 ± 0.27 �1.75 ± 0.34 �1.23 ± 0.37 0.46 ± 0.22 0.92 0.22 20.37 Chl
6 30.59 ± 0.09 –0.66 ± 0.13 –0.52 ± 0.10 0.56 ± 0.07 0.97 0.08 54.71 Anisole
7 30.81 ± 0.17 –0.36 ± 0.23 –1.10 ± 0.18 0.77 ± 0.13 0.93 0.15 25.28 Anisole
8 31.32 ± 0.20 –0.95 ± 0.27 –1.02 ± 0.20 0.53 ± 0.15 0.92 0.17 21.42 Anisole
9 31.94 ± 0.29 –1.17 ± 0.39 –1.46 ± 0.29 0.84 ± 0.22 0.91 0.24 16.36 THF, Anisole
10 32.55 ± 0.22 –1.79 ± 0.30 –1.03 ± 0.26 –d 0.92 0.21 23.14 –
11 33.06 ± 0.49 –2.96 ± 0.67 –1.74 ± 0.14 2.12 ± 0.31 0.95 0.34 27.78 DMAc, Dioxane
12 29.49 ± 0.14 0.81 ± 0.19 –0.33 ± 0.14 0.69 ± 0.10 0.91 0.12 17.09 DMF
13 29.56 ± 0.23 0.70 ± 0.30 –0.87 ± 0.23 1.19 ± 0.17 0.91 0.19 16.43 THF, Anisole
14 29.70 ± 0.21 0.40 ± 0.25 0.82 ± 0.29 0.31 ± 0.17 0.91 0.15 13.73 THF, DMF, Chl, DMAc
15 30.30 ± 0.28 0.48 ± 0.20 – 1.41 ± 0.21 0.93 0.24 20.16 AcN, Chl
16 32.47 ± 0.39 –2.95 ± 0.49 –1.21 ± 0.34 0.30 ± 0.20 0.94 0.16 16.59 DMAc, DMSO, Chl, 2-Butanol, DEE

a Correlation coefficient.
b Standard deviation.
c Fisher test of significance.
d Negligible values with high standard errors.

Table 3
Results of the correlation analysis for 2-PY tautomer according to Catalán equation.

Comp. m0 � 10�3

(cm�1)
c � 10�3

(cm�1)
d � 10�3

(cm�1)
b � 10�3

(cm�1)
a � 10�3

(cm�1)
Ra Sdb Fc Solvent excluded from correlation

1 35.12 ± 0.93 �3.65 ± 1.24 �1.39 ± 0.37 –0.94 ± 0.39 0.87 ± 0.49 0.90 0.28 10.41 2-Propanol
2 32.23 ± 0.59 �0.82 ± 0.78 –1.17 ± 0.23 –0.99 ± 0.24 1.43 ± 0.31 0.92 0.18 15.72 –
3 34.40 ± 0.64 �3.15 ± 0.85 –1.47 ± 0.25 –0.60 ± 0.26 0.57 ± 0.34 0.93 0.19 18.23 –
4 43.13 ± 2.56 �10.62 ± 3.34 –3.27 ± 1.06 –5.99 ± 1.04 –0.84 ± 1.37 0.93 0.75 15.52 DMAc
5 34.70 ± 0.68 �3.27 ± 0.91 �1.49 ± 0.27 –0.58 ± 0.28 0.79 ± 0.36 0.93 0.21 17.45 –
6 30.89 ± 0.41 �d –1.19 ± 0.18 –0.60 ± 0.17 1.43 ± 0.22 0.95 0.12 21.85 Dioxane
7 31.74 ± 0.69 – –0.89 ± 0.32 –1.53 ± 0.31 1.98 ± 0.47 0.91 0.20 11.11 Methanol, Dioxane
8 32.59 ± 0.46 �1.37 ± 0.61 –1.15 ± 0.18 –1.15 ± 0.19 1.27 ± 0.24 0.95 0.14 28.29 –
9 33.74 ± 0.92 �2.36 ± 1.23 –1.00 ± 0.37 –1.66 ± 0.411 1.48 ± 0.51 0.90 0.28 9.61 THF, 2-Butanol

10 34.37 ± 0.72 �2.78 ± 0.96 –1.59 ± 0.29 –0.77 ± 0.29 0.83 ± 0.38 0.92 0.22 15.76 –
11 29.08 ± 1.37 – –0.96 ± 0.50 1.21 ± 0.55 2.56 ± 0.60 0.94 0.32 15.76 Chl, DMF
12 28.73 ± 0.49 1.27 ± 0.60 0.67 ± 0.18 –0.34 ± 0.17 0.94 ± 0.21 0.92 0.11 13.42 DMF, DMSO
13 30.54 ± 0.77 �2.90 ± 1.06 1.03 ± 0.37 0.44 ± 0.39 0.98 ± 0.43 0.91 0.23 10.04 THF, Chl, Dioxane
14 29.67 ± 0.55 – 0.62 ± 0.25 0.90 ± 0.27 – 0.90 0.16 9.07 DMF, DMAc, Chl
15 32.69 ± 0.65 –2.34 ± 0.93 –0.95 ± 0.26 –0.64 ± 0.25 1.22 ± 0.34 0.92 0.18 14.50 Anisole
16 28.75 ± 1.13 2.30 ± 1.47 –1.84 ± 0.44 0.89 ± 0.51 1.89 ± 0.56 0.90 0.21 6.03 DMAc, THF, EtAc, AcN,Chl

a Correlation coefficient.
b Standard deviation.
c Fisher test of significance.
d Negligible values with high standard errors.

I. Ajaj et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 150 (2015) 575–585 579
Quantitative separation of the non-specific solvent effect
(coefficient s; Tables 2 and S9) into polarizability and dipolarity
term (coefficients c and d, Tables 3 and S10) point out to more pro-
nounced influence of the solvent polarizability on stabilization of
the excited state in both forms (except comps. 12 and 16, coeffi-
cient c; and comps. 12–14, coefficient d in 2-PY form; Table 3).
An exception for compounds 6, 7 and 11 in 2-PY form, with highest
values of coefficient a was observed. Inconsistent alternation of the
sign of coefficients c and d was found for compounds in 6-PY
form (Table S9). Significant number of compounds shows negligi-
ble values of non-specific and HBA solvent effects on mmax shift of
the investigated compounds in 6-PY form (Table S9). The highest
value of coefficient c found for compound 4 in 2-PY form
and significantly lower in 6-PY form indicate that strong
electron-withdrawing character of the nitro group causes the
higher extent of p-electron delocalization which contributes to
larger p-electron polarizability in 2-PY form. This could not be
applied for compounds in 6-PY form where the pronounced
non-specific solvent effect was observed for compounds 4, 6 and
11, showing that both strong electron-donor and electron-
acceptor substituents showed significant contribution of the
polarizability effect to overall solvent effect. Similar values of
coefficients a and b for most 2-PY and higher values of coefficient
a with respect to b for 6-PY (except for comp. 16) indicate different
site dependent hydrogen bonding capabilities of keto/hydroxyl
group. Negative values of the coefficient b indicate higher stabiliza-
tion of the excited state in 2-PY form (except comps. 11, 13, 14 and
16), while opposite is true for 6-PY form (except comps. 2, 13 and
16, Table S10). Moreover, solvent hydrogen-bonding interactions
have moderate to high contribution to the absorption maxima shift
for compounds in 6-PY form (Table S9), and preferentially act
through hydrogen-bonding with the keto/hydroxyl group and the
pyridine nitrogen.

The correlation results obtained for unsubstituted compound
indicate highest contribution of non-specific solvent effect in
2-PY form while highest HBA effect in 6-PY form was found
(Tables 2 and S9, respectively). Similar results were obtained
according to Catalán equation (Tables 3 and S10). Larger



Fig. 3. The plot of mexp versus mcalc.

580 I. Ajaj et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 150 (2015) 575–585
polarizability of 2-PY form and lower in 6-PY form are mainly con-
sequence of appropriate molecular adjustment which enables def-
inite extent of p-electron conjugative transfer in the former one.
Introduction of the substituents causes changes of p-electron
mobility and proton-donating ability.

The success of the quantification and interpretation of solvent
effects on the position of the absorption maxima of the investi-
gated molecules was evaluated by plotting the calculated fre-
quency (mcalc), obtained by Catalán parameter set, versus the
measured frequency (mexp) (R = 0.97, Sd = 0.29, F = 7100) (Fig. 3).

Applying described methodology [45], KT values
(KT = [6-PY]/[2-PY]) of the investigated compounds were deter-
mined, and the results are presented in Table 4. In addition, good
agreement of the presented results (Table 4) with those calculated
from NMR data [25] in DMSO was obtained. The changes in the KT

values are consequence of the balanced contribution of both sol-
vent and substituent effects. The contribution of protic solvent
effects on KT (increased contribution of HBD effect) causes shift
of the tautomeric equilibria to 6-PY form (higher KT values); the
opposite is true for aprotic solvents, i.e. solvent with increased
dipolarity/polarizability and proton-accepting capability (lower
KT values). It could be postulated that such behavior is a conse-
quence of the differences in conjugational ability of the p-electron
densities through localized or delocalized p-electronic systems of
the appropriate tautomeric forms.
Table 4
Equilibrum constants KT of the investigated pyridones in selected solvents.

Solvent/Comp. mmax � 10�3 (cm�1)

1 2 3 4 5 6 7

Ethanol 0.51 1.99 0.13 0.83 2.01 1.33 1.53
Methanol 0.44 0.76 0.22 0.28 3.95 1.84 1.02
2-Propanol 3.53 1.63 2.39 2.54 2.97 1.17 1.39
1-Propanol 2.36 1.32 1.49 0.42 0.42 1.27 0.93
1-Butanol 1.57 1.24 1.51 3.69 3.17 0.99 1.16
2-Butanol 0.18 1.67 0.46 0.24 1.67 0.82 1.33
DMSO 1.41 0.42 0.46 2.38 0.35 –a 0.34
THF 3.63 3.12 3.02 2.06 0.50 1.21 1.27
AcN 1.24 0.67 0.55 5.72 0.87 2.75 2.23
Anisole 2.30 1.51 1.59 1.51 1.00 0.95 2.01
DMAc 0.57 1.43 1.66 0.74 1.23 - 1.56
DMF 2.71 1.13 0.47 1.23 1.32 - 0.78
EtAc 1.13 0.61 1.98 4.42 1.50 1.05 1.02
Chl 1.12 0.62 0.52 4.88 0.77 2.34 2.04
Dioxane 4.22 2.98 3.21 2.44 0.44 1.32 1.33
DEE 2.21 1.42 1.89 2.06 0.54 1.22 1.06

a Tautomer 2-PY exists in solution (KT � 0).
However, surprisingly few LSER studies of tautomerism have
been published on pyridones. Recently, Antonov et al. have
published a paper [49] concerning tautomerism of the Schiff bases
and related azo compounds which include data in a variety of
solvents that have proved to be suitable for LSER study by correlat-
ing log KT values with Kamlet-Taft solvent parameter set.
Additionally, another advantage of LSER study is its ability to allow
cross-comparison between the behavior of different chemical
classes. The results of LSER correlation analysis using both
Kamlet-Taft and Catalán set of solvent parameters are presented
in Tables S13 and S14, respectively. The results display significant
negative terms s, except positive found for compounds 4–6, 11, 15
and 16 (Table S13) related to solvent dipolarity/polarizability.
Negative coefficients s identify the 2-PY form as the more polar
and the greatest negative values of s are observed for compounds
3 and 11. Similar results were obtained according to Catalán
equation.

In order to investigate the influence of the substituent
electronic effects to tautomeric equilibria, log KT values were
correlated with substituent constants, rp, and the results are
presented in Table S15. Generally, with increasing electron-
accepting ability of the substituent, tautomeric equilibria is
shifted to 6-PY form. The correlation analysis of the substituent
effect on tautomeric equilibria pointed out that there are
two different trends involving two groups of substituents
(Table S15). The first group includes electron-donating sub-
stituents and CF3 substituent that exhibits somewhat unusual
behavior and unexpectedly high log KT value and the highest
term concerning solvent polarity, i.e. solvent polarizability
(Tables S13 and S14). The most pronounced p-electron polariz-
ability originates from strong electron-accepting character of
three fluoro atoms, and thus high susceptibility to solvent polar-
izability of compound 11 is a consequence. The second group of
substituents contains mostly electron-accepting substituents and
halogens, and also other substituents with weak electronic
effects that can be placed in one or another group depending
on solvent influence.
LFER analysis of UV data

A comprehensive analysis of substituent effects on absorption
spectra of the investigated molecules, by using LFER principles in
the form of the Hammett equation (Eq. (3)), was performed. The
correlation results for 2-PY and 6-PY forms are given in Tables 5
and S16, respectively.
8 9 10 11 12 13 14 15 16

1.87 0.33 2.47 22.1 1.04 1.50 1.07 1.18 1.68
0.75 0.72 0.51 34.4 1.78 1.70 1.43 0.83 1.26
1.49 1.73 3.87 21.2 1.17 2.02 1.12 0.73 0.86
0.59 0.51 1.94 11.1 1.11 0.82 0.97 1.06 1.14
1.01 1.18 3.73 8.2 1.52 1.62 1.78 1.65 0.83
0.49 0.46 2.65 9.6 1.27 0.72 1.32 1.63 0.87
0.46 0.62 1.23 54.6 1.23 1.13 0.40 2.77 1.44
1.18 1.23 3.91 18.7 2.08 0.57 1.04 2.69 1.71
0.78 0.76 1.00 26.5 0.95 0.80 0.39 2.11 1.08
1.72 1.43 1.20 48.6 0.92 0.83 3.03 2.83 1.00
0.89 0.84 0.68 328.1 1.09 0.71 1.08 2.06 0.85
0.37 0.63 0.80 420.3 1.86 0.69 0.92 1.06 5.27
0.96 1.18 1.01 12.6 2.52 2.13 1.05 1.64 1.31
0.90 0.81 0.88 32.1 0.87 0.77 0.32 2.01 0.99
1.30 1.30 3.63 15.2 2.11 1.73 0.92 2.28 1.38
1.22 1.12 2.45 6.2 1.28 1.26 1.08 1.77 1.47



I. Ajaj et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 150 (2015) 575–585 581
To explain substituent effects on electronic absorption spectra
of the investigated pyridones, the mmax of the unsubstituted com-
pound 1 in used solvents was taken as the reference. The LFER
results indicate complex influences of both solvent and substituent
effect on UV–Vis absorption maxima of both forms (Tables 5 and
S16). The correlation results (Table 5), classified in the eight sets
of solvents, and three groups (columns) of substituent-dependent
correlation results, reflect the complex and balanced interplay of
solvent and substituent electronic effects on tautomeric absorption
maxima shifts. Similar results were found for compounds in 6-PY
form (Table S16).

In the two sets of protic solvents and three set of aprotic
solvents, except DMAc (first column; Table 5), negative correlation
slopes were obtained. Somewhat higher sensitivity of mmax to sub-
stituent effect was found for protic solvents. In the third (AcN, THF)
and fourth set of solvents (Chl, Anisol), and DMAc negative solva-
tochromism was noticed with respect to substitutent effects.
Somewhat higher values and similar trend of correlation slope
were found for second column, except DMSO, indicating the signif-
icance of the solvent dipolarity/polarizabilty and hydrogen-
bonding ability to higher stabilization of excited states. Results
presented in the third column indicate high sensitivity of mmax to
substituent effect in aprotic solvents (AcN, THF, Chl and Anisol).
In the second set of protic solvents contribution of aliphatic alcohol
residue plays a significant role in the stabilization of ground state
of compounds 6, 10 and 14.

Generally, results of LFER study show better stabilization of
both forms in the excited state in protic solvents. Lower sensitivi-
ties of absorption frequencies to substituent effects in aprotic sol-
vents can be explained by the effect of high relative permittivity of
surrounding medium which causes that the energies necessary to
bring about charge separation in the ground and excited state are
relatively similar, which gives rise to a lower susceptibility to elec-
tronic substituent effects. Dipolar aprotic solvents behave as poor
anion solvators, while they usually better stabilize larger and more
dispersible positive charges. The electronic systems of the investi-
gated pyridones, considering their non-planarity, could be more
susceptible to the substituent influence. Study of the transmission
of substituent electronic effects through defined p-resonance units
of investigated compounds showed contribution of the transmis-
sion of electronic effect through isolated p-electronic unit and
overall conjugated system, and their ratio depend on substitution
pattern under consideration.

LFER analysis of NMR data

A comprehensive analysis of the 13C NMR chemical shifts has
been performed to get a better insight into transmission mode of
substituent effect. The experimental and calculated 13C NMR
chemical shifts of the corresponding carbon atoms are given in
Tables S4 and S5. The differentiation in 13C NMR chemical shifts is
less than 8 ppm. The general conclusion derived from the data in
Tables S4 and S5 indicates that all substituents from the
N(1)-phenyl ring influence SCS values of the carbon atoms of inter-
est (C10, C2-C6) via their electronic effects. The effective transmission
of substituent effects, i.e. differences in SCS values, is affected by the
conformational (geometry) change of the investigated molecules
which stems from an out-of-plane rotation of the N(1)-phenyl ring,
i.e. defined by the torsion angle h values (Fig. 1). Optimized
geometries were calculated by the use of B3LYP functional with
6-311G(d,p) basis set (Tables S17 and S18) [25].

The analysis of the substituent effect on the SCS of the carbon
atoms of interest, performed by the use of LFER’s Eq. (3) (i.e. SSP)
with r or r+ substituent constants have been applied, and the cor-
relation results obtained for C10, C2–C6 carbons are presented in
Tables 6 and S19.
The observed q values indicate different susceptibilities of the
SCS to substituent effects. It can be noticed from Tables 6 and
S19 that correlations are of good to high quality which means that
the SCS values reflect electronic substituent effects. It is apparent
that chemical shifts of C10 show an increased susceptibility and
normal substituent effect. Reverse substituent effect was observed
at C2 for para-substituents, as well as for C3 and C4 atoms (Table 6).
The negative sign of reaction constant, q, means reverse behavior,
i.e. the value of SCS decreases although the electron-withdrawing
ability of the substituents, measured by r, increases. The reverse
substituent effect at C2 (for para-substituents), C3 and C4 atoms
can be attributed to localized p-polarization [50], which predomi-
nates over the extended p-polarization (Table 6) in the compounds
in 2-PY form. Correlations for C10 carbon are slightly improved
when electrophilic substituent constants r+ are used (second line;
Table 6), which indicates that contribution of extended resonance
interaction, i.e. more intensive interaction of electron-donating
substituent with electrophilic C10 carbon, is operative within
phenyl ring. The SCS of C6 showed nonlinear (parabolic)
dependence with respect to substituent effect. Similar results were
found for compounds in 6-PY form (Table S19), except normal
substituent effect found for C2 carbon.

To measure separate contributions of the polar (inductive/field)
and resonance effects of substituent, the regression analysis
according to DSP Eq. (4) with rI and rR constants has been per-
formed, and the results are given in Tables 7 and S20. The DSP
equation does not provide significant improvement in fits when
compared to the results of SSP Eq. (1). The positive qI and qR values
have been obtained for the C10, C2 (3-sub. comps.), C3 and C5 atoms,
while the negative values have been found for C2 (comps. 1, 2, 3, 6
and 10) and C4 confirming that reverse substituent effect is opera-
tive at these carbons. All the s values are higher than 1, except for
C5 carbon, which means that resonance substituent effect predom-
inates over field effect, and the most pronounced is at C4. The res-
onance interaction significantly depends on spatial arrangement of
the molecules, i.e. the values of torsional angle h, and thus, the
resonance substituent effect is most effectively transmitted to C10

and C4 carbons, i.e. C4 is para-position of the carbon of pyridone
ring with respect to N-substituted phenyl ring.

Comparative analysis of the structural effect of the substituent
at C6 position: OH group in compounds in 2-PY form and methyl
group in a series of N(1)-(4-substituted phenyl)-3-cyano-4,6-dime
thyl-2-pyridones [51] could give some additional information on
structural effect, the mode and extent of transmission of sub-
stituent effect.

On the basis of the sign of the constants q for investigated
compounds (Table 7) and from the literature data for
N(1)-(4-substituted phenyl)-3-cyano-4,6-dimethyl-2-pyridones
[51], similar behavior was found for C10 and C5, while positive
and significantly lower proportionality constants for C2 and C3

atoms were obtained [51]. The highest influence of substituent
effects is observed at C10 carbon for investigate compounds in
2-PY form and also highest and somewhat lower values were
found for N(1)-(4-substituted phenyl)-3-cyano-4,6-dimethyl-2-pyr
idones. Higher values of correlation coefficients for C3 and C5 car-
bons indicate the significance of electron-donating capability of
hydroxyl group at C6 carbon, in comparison to low hyperconjuga-
tive character of methyl group.

DFT, TD-DFT and Bader’s analysis. Evaluation of electronic transition
and charge density change

An additional analysis of solvent and substituent effects on
absorption frequencies, tautomeric equilibria and conformational
changes of the studied compounds, necessitated quantum-
chemical calculations, i.e. geometry optimization and charge



Table 5
Regression fits according to Eq. (3) for the 2-PY form.

m0 � 10�3

(cm�1)
q � 10�3

(cm�1)
R Sd F m0 � 10�3

(cm�1)
q � 10�3

(cm�1)
R Sd F m0 � 10�3

(cm�1)
q � 10�3

(cm�1)
R Sd F

2, 3, 15 1, 7, 10, 14 9, 12, 13, 16
Methanol 30.07 ± 0.06 �4.45 ± 0.32 0.99 0.04 196.39 31.57 ± 0.02 �5.93 ± 0.23 0.99 0.03 660.08 32.58 ± 0.69 �5.89 ± 1.99 0.90 0.26 8.79
Ethanol 30.50 ± 0.15 �1.55 ± 0.78 0.90 0.11 3.95 31.31 ± 0.08 �4.52 ± 0.71 0.98 0.09 40.20 32.05 ± 0.24 �4.72 ± 0.68 0.98 0.09 43.38

1, 4, 7, 8, 9, 12, 13, 14 2, 3, 15 6, 10, 14
1-Propanol 31.25 ± 0.15 �3.38 ± 0.41 0.95 0.26 68.89 30.37 ± 0.06 �1.55 ± 0.32 0.98 0.04 23.83 30.89 ± 0.03 2.08 ± 0.14 0.99 0.05 1.77
2-Propanol 31.49 ± 0.18 �3.67 ± 0.49 0.94 0.31 56.07 30.24 ± 0.33 �2.65 ± 1.76 0.83 0.25 2.26 30.80 ± 0.22 1.27 ± 0.95 0.80 0.36 217.90
1-Butanol 31.27 ± 0.14 �3.35 ± 0.39 0.95 0.25 73.12 28.88 ± 0.41 �8.55 ± 2.16 0.97 0.31 15.59 30.79 ± 0.17 1.00 ± 0.75 0.80 0.28 1.78
2-Butanol 31.25 ± 0.14 �3.47 ± 0.38 0.96 0.24 81.76 29.79 ± 0.17 �4.15 ± 0.89 0.98 0.13 21.50 30.71 ± 0.14 1.29 ± 0.62 0.90 0.23 4.37

2, 5, 6, 9, 14 4, 7, 8, 11 12, 13, 16
AcN 30.45 ± 0.09 1.18 ± 0.29 0.92 0.20 16.93 29.67 ± 0.11 2.43 ± 0.34 0.97 0.22 50.10 33.79 ± 0.66 �10.00 ± 1.73 0.98 0.02 33.33
THF 30.59 ± 0.04 1.54 ± 0.14 0.99 0.09 122.12 29.97 ± 0.09 1.59 ± 0.22 0.97 0.14 49.96 22.39 ± 1.32 20.00 ± 3.46 0.98 0.05 33.33

2, 5, 6, 9 4, 7, 8, 11, 15 12, 13, 16
Chl 30.95 ± 0.13 0.87 ± 0.37 0.85 0.25 5.46 30.66 ± 0.11 1.64 ± 0.25 0.98 0.16 41.22 24.81 ± 8.67 14.7 ± 8.8 0.54 0.32 0.64
Anisol 30.90 ± 0.07 0.58 ± 0.21 0.89 0.14 7.45 30.27 ± 0.25 1.15 ± 0.60 0.74 0.38 3.66 52.24 ± 12.4 �59.5 ± 32.62 0.88 0.46 3.33

2, 3, 7, 12, 13, 14, 15 1, 8, 9, 10, 16 4, 5, 6
EtAc 30.44 ± 0.08 �1.76 ± 0.34 0.92 0.22 26.58 31.40 ± 0.04 �3.81 ± 0.20 0.99 0.06 358.16 30.61 ± 0.05 1.52 ± 0.08 0.99 0.07 343.95
Dioxane 30.42 ± 0.08 �2.10 ± 0.33 0.94 0.21 41.26 31.46 ± 0.08 �3.15 ± 0.37 0.98 0.11 73.15 30.55 ± 0.28 1.15 ± 0.48 0.92 0.41 5.70
DEE 30.46 ± 0.06 �2.66 ± 0.23 0.98 0.14 133.25 31.57 ± 0.14 �3.67 ± 0.62 0.96 0.19 34.69 30.61 ± 0.41 0.96 ± 0.71 0.80 0.60 1.82

5, 7, 8, 9, 12, 13, 16 3, 6, 14, 15 1, 2, 10
DMSO 29.47 ± 0.08 �0.95 ± 0.23 0.88 0.06 16.66 30.39 ± 0.04 2.45 ± 0.15 0.99 0.06 248.92 29.95 ± 0.01 1.25 ± 0.02 0.99 0.01 3830.6

1, 2, 3, 5, 10, 11, 15, 16 4, 7, 8, 16 3, 6, 9
DMAc 30.48 ± 0.08 1.76 ± 0.27 0.94 0.22 42.62 29.50 ± 0.04 1.35 ± 0.09 0.99 0.04 221.06 30.02 ± 0.01 1.18 ± 0.02 0.99 0.01 4973.75

1, 2, 9, 11, 13, 14 7, 10, 12, 16 2, 4, 6
DMF 30.06 ± 0.04 �2.16 ± 0.16 0.99 0.07 182.97 29.87 ± 0.04 �2.27 ± 0.15 0.99 0.09 219.24 29.44 ± 1.41 �1.70 ± 2.46 0.57 2.08 0.48
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Table 6
Correlation results of the SCS values of 2-PY tautomer with rp/rm and rp

+/rm
+ substituent constants using Hammett Eq. (3).

q h R F Sd n Included

C10 r 13.76 ± 1.59 �2.20 ± 0.53 0.923 75 1.83 15 All
r+ 9.45 ± 0.92 �0.53 ± 0.41 0.943 105 1.58 15 All
r� 10.05 ± 1.43 �2.08 ± 0.52 0.925 77 1.80 15 All
r 15.32 ± 1.58 �2.41 ± 0.56 0.960 94 1.66 10 4-Substituteda

r+ 10.30 ± 0.98 �0.22 ± 0.49 0.966 111 1.53 10 4-Substituted
r 16.62 ± 0.87 �3.26 ± 0.34 0.992 368 0.86 8 4-(H i Me excluded)
r+ 8.91 ± 0.41 0.70 ± 0.24 0.992 476 0.76 8 4-(H i Me excluded), rp

� (NO2)
r 3.70 ± 1.00 0.20 ± 0.27 0.880 14 0.46 6 3-Substitutedb

r+ 3.36 ± 1.00 0.28 ± 0.28 0.860 11 0.50 6 3-Substituted
r 4.58 ± 0.46 0.20 ± 0.11 0.985 99 1.93 5 3-(COMe excluded)
r+ 3.73 ± 0.81 0.44 ± 0.24 0.956 21 0.34 5 3-(COMe excluded)

C2 r �1.70 ± 0.17 0.02 ± 0.04 0.985 96 0.06 5 H, OH, OMe, Me, F
r+ �0.37 ± 0.05 0.26 ± 0.03 0.967 58 0.06 6 OH, OMe, Me, Cl, Br, COMe
r 1.13 ± 0.21 0.03 ± 0.06 0.936 28 0.10 6 3-substituted
r 0.95 ± 0.09 0.02 ± 0.02 0.988 28 0.04 5 H, 3-Br, 3-OMe, 3-Me, 3-COMe

C3 r �1.94 ± 0.16 0.18 ± 0.04 0.975 156 0.13 10 H, OH, OMe, Me, Cl, Br, I, COMe, 3-Br, 3-Me
r+ �1.17 ± 0.12 �0.04 ± 0.05 0.954 104 0.16 10 H, OH, OMe, Me, Cl, Br, I, COMe, 3-Br, 3-Me

C4 r �0.64 ± 0.12 0.10 ± 0.03 0.912 30 0.08 8 H, OH, OMe, Me, F, I, COMe, 3-Me
r �0.80 ± 0.15 0.51 ± 0.06 0.938 29 0.08 6 NO2, Cl, Br, 3-Cl, 3-Br, 3-OMe

C5 r+ 0.55 ± 0.05 0.38 ± 0.03 0.965 109 0.08 10 OH, OMe, Me, F, Cl, Br, COMe, 3-Br, 3-Cl, 3-OMe

C6 r (1.31 ± 0.31) r2 (�0.65 ± 0.18) r 0.926 9 0.08 6 H, OH, F, I, COMe, NO2

r (4.79 ± 0.72) r2 (�0.89 ± 0.17) r 0.958 22 0.08 7 Me, OMe, 3-Cl, 3-Br, 3-OMe, 3-Me, 3-COMe

a All 4-substituted compounds.
b All 3-substituted compounds.

Table 7
Correlation results of the SCS values of 2-PY tautomer with rI and rR substituent constants using Eq. (4).

Atom qI qR h R sa F Sd n

C10 r 8.47 ± 1.92 17.13 ± 1.59 0.13 ± 0.78 0.956 2.02 63 1.45 15 All
r 9.66 ± 1.98 18.25 ± 1.57 0.17 ± 0.85 0.979 1.89 82 1.28 10 4-Substitutedb

r 9.75 ± 5.43 18.26 ± 2.38 0.14 ± 2.70 0.982 1.87 58 1.51 8 4-sub. (H i Me excluded)
r 3.84 ± 0.78 0.22 ± 2.00 �0.05 ± 0.25 0.947 0.06 13 0.36 6 3-Substitutedc

r 4.48 ± 0.23 2.64 ± 0.65 0.07 ± 0.07 0.998 0.59 208 0.10 5 3-sub. (COMe excluded)

C2 r �1.31 ± 0.34 �1.30 ± 0.26 0.08 ± 0.09 0.963 0.99 13 0.12 5 H, OH, OMe, Me, F
r 1.12 ± 0.25 1.22 ± 0.63 0.03 ± 0.08 0.936 1.09 11 0.11 6 3-Substituted
r 0.94 ± 0.09 1.12 ± 0.21 0.04 ± 0.03 0.992 1.19 59 0.04 5 H, 3-Br, 3-OMe, 3-Me, 3-COMe

C3 r 1.56 ± 0.31 �2.06 ± 0.26 0.02 ± 0.10 0.957 1.32 38 0.19 10 H, OH, OMe, Me, Cl, Br, I, COMe, 3-Br, 3-Me

C4 r �0.55 ± 0.24 �0.62 ± 0.18 0.08 ± 0.06 0.850 1.13 7 0.12 8 H, OH, OMe, Me, F, I, COMe, 3-Me
r �0.15 ± 0.74 �1.22 ± 0.51 0.18 ± 0.39 0.945 8.13 12 0.08 6 NO2, Cl, Br, 3-Cl, 3-Br, 3-OMe

C5 r 2.42 ± 0.76 1.92 ± 0.67 0.02 ± 0.31 0.779 0.79 9 0.57 15 all
r 2.65 ± 1.02 2.04 ± 0.81 0.10 ± 0.44 0.813 0.77 7 0.66 10 4-substituted
r 0.97 ± 0.24 0.83 ± 0.18 0.17 ± 0.09 0.898 0.86 17 0.13 11 H, OH, OMe, Me, Cl, Br, I, COMe, 3-Br, 3-Me, 3-OMe
r 1.80 ± 0.44 4.16 ± 1.04 0.16 ± 0.17 0.965 2.31 14 0.17 5 3-substituted

a s = qR/qI.
b All 4-substituted compounds.
c All 3-substituted compounds.
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density analysis were performed. Geometry optimization of the
investigated molecules was performed by the use of B3LYP func-
tional with 6-311G(d,p) basis set. The most stable conformations
of compounds 1–16 (with exception of compund 7) in 2-PY and
6-PY forms are presented in Figs. S6 and S7, respectively.
Elements of optimized geometries of calculated compounds are
given in Tables S17 and S18.

The calculation of optimal geometry, with focus on determina-
tion of the value of torsion angle h (Fig. 1), gives valuable results
required for better understanding of the transmission of sub-
stituent effects, i.e. electron density distribution. More planar
molecule, i.e. molecule with lower torsional angle, induces red shift
in the absorption spectra [25]. In the investigated molecules these
values are fairly similar and mostly depend on substituent present.
Somewhat larger differences of h was noticed for electron-donor
substituted compounds (Tables S17 and S18: 80.18 for compound
2 in 2-PY form and 82.77 for compound 14 in 6-PY form), indicat-
ing significance of extended resonance interaction in electron-
donor substituted compounds. Oppositely, in electron-acceptor
substituted compounds appropriate contribution of n,p-
conjugation (nitrogen lone pair participation) to overall electronic
interaction with p-electronic system of pyridone unit causing
perturbation of p-electron density.

The results shown in Tables S17 and S18 indicate that bond
lengths of 2-PY and 6-PY forms are obviously different and there
is similar alteration of the values with respect to form under con-
sideration. Some values of bond distances are in the frame of sta-
tistical errors and thus they are not suitable for evaluation
purpose. In general, low influences of electronic substituent effects
could be noticed. Since the TD-DFT results have indicated a large
contribution of single particle HOMO to LUMO excitations in
ground to first excited state transition (greater than 80% for all



Fig. 4. ICT processes from ground state (red) to excited state (blue) of compounds 1–16 in 2-PY form. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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calculated compounds, except for 6-PY form of compound 16,
Tables S6 and S7), mechanism of electronic excitations and the
electron density distribution in ground and excited states can be
studied by calculation of HOMO/LUMO energies (EHOMO/ELUMO)
and Egap values (Tables S21 and S22, and Fig. S8–S11). In
conclusion, a lower Egap values were observed for all compounds
in 2-PY form, and the lowest values were found for
nitro-substituted compound, which is consistent with largest
batochromic shift. Concerning electron-donor substituents, small
influences on Egap changes could be observed. For compounds
1–16 in 6-PY form (Table S22), the substituent effects influence
Egap changes displaying similar trend as for compounds in 2-PY
form. Additional discussion on TD-DFT results is given in
Supplementary material (pages 37 and 38). In order to obtain data
on electronic density distribution, the Bader‘s charge analysis was
performed. Bader’s theory of atoms in molecules is useful to define
the charge enclosed within the Bader volume as a good approxima-
tion of the total electronic charge of an atom. Atom and ring num-
bering used in Bader’s analysis is given in Fig. S12. Difference of
atomic charges in the excited and in the ground state (Dcharge)
for appropriate atoms, as well as calculated changes in overall
electron density of molecules are given in Tables S23–S27, and
Figs. 4 and S13.

According to the results shown in Tables S23–S27 and Figs. 4
and S13, it could be observed that in both 2-PY and 6-PY forms
nitro-substituted compounds 4 exhibit distinct ICT processes.
Electron density was transferred from the pyridone ring to the sub-
stituted phenyl. According to the character of the ICT processes,
molecules can be divided in three groups:

The first group includes compounds 1, 2, 8–10, 14, 15 in 2-PY
form (Fig. 4), along with 1–3, 6, 14 and 15 in 6-PY compound
(Fig. S13). In these molecules no observable ICT process was found,
and electron density was concentrated on pyridone moieties in
both ground and excited states: moderate Dcharge for the pyridone
ring vary from -0.0056 to -0.0625 in 2-PY form and from -0.0022 to
-0.0661 in 6-PY form. Along with this, carbonyl O13 atom of the
pyridone ring loses a significant amount of charge (Dcharge): from
�0.039 to �0.2219 for compounds in 2-PY form, while in 6-PY
form non-consistent alteration at carbonyl O15 atom was found.
Exception is compound 5 in 2-PY form and compounds 5 and 16
in 6-PY form where low extent of ICT is operative with mostly
observable Dcharge at substituted phenyl ring.

In the second group, which includes compounds 4 and 16 in
2-PY and compounds 4 (strong), while in compounds 8, 9 and
11–13 in 6-PY, ICT process is less pronounced. The calculation
showed that pyridone moiety of compounds 4 and 16 loses
�0.9346 and �0.4468 electrons, while nitro- and acetyl-substituted
phenyl ring receives 0.9438 and 0.4466 electrons, respectively.
Along with this, O13 carbonyl oxygen of the pyridone ring loses
low amount of charge (Dcharge): �0.1917 for comp. 4 and
�0.1068 for comp. 16). Similar result was found for compound 4
in 6-PY form: Dcharge shows loses from pyridone is �0.9384 and
nitro substituted phenyl ring receives 0.9381 electron.

In the third group, compounds 3 and 6 in 2-PY form shows
moderate ICT which occurs from methoxy- and hydroxy-substituted
phenyl to pyridone ring with Dcharge �0.2438 and -0.1622, and
pyridone ring receives 0.2439 and 0.1617 electrons, respectively
(Table S27). Observed charge transfer can be explained by reso-
nance effect of compounds 3 and 6, bearing electron-donating,
moderate, methoxy- and, strong, hydroxy-substituent. It should be
noted that in hydroxy-substituted compound charge difference
between the ground and the excited state is lower than in com-
pound 3, which means that significantly higher proton-donating
capabilities of hydroxy group contribute to lower polarizability of
p-electron density.
Conclusions

Tautomeric equilibria of 2(6)-hydroxy-4-methyl-6(2)-oxo-1-
(substituted phenyl)-1,2(1,6)-dihydropyridine-3-carbonitriles were
qualitatively/quantitatively analyzed by UV–Vis spectroscopy and
quantum chemical calculations. Results of LSER analysis imply
that negative sign of coefficients s and b indicate better stabiliza
tion of the molecule in the ground state for compounds in 2-PY f
orm, while the opposite is true for HBD solvent effect. On the con
trary, most of compounds in 6-PY form display a hypsochromic
shift with increasing solvent dipolarity/polarizability and
hydrogen-accepting capability.

The tautomeric constants KT were estimated by using an
advanced spectral data processing method based on resolution of
overlapping bands. The study of solvent influence on tautomeric
equilibria showed high contribution of solvent dipolarity/
polarizability, i.e. the negative s term indicates that increasing sol-
vent polarity favors 2-PY tautomer. The analysis of the substituent
effect on KT change shows that increasing electron-accepting
ability of the substituents shifts tautomeric equilibria to 6-PY form.

The LFER analysis applied on mmax implies that solvent effects
have significant influence on the transmission mode of substituent
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effects. Positive solvatochromism was found mainly for protic
solvents. The LFER analysis of SCS data for C10 shows the largest
and normal substituent effect. Reverse substituent effect was
observed at C2 for para-substituents, as well as for C3 and C4 atoms
for compounds in 2-PY form. Similar results were found for
compounds in 6-PY form. The correlation results for SCS values
of C6 showed nonlinear (parabolic) dependence on substituent
constants.

Quantum chemical calculations of the optimal geometries of
both tautomeric forms were performed by the use of B3LYP func-
tional with 6-311G(d,p) basis set. The inclusion of solvent effects
and the TD–DFT calculations demonstrated that substituents,
depending on their position in molecules, significantly change
the conjugation extent, and further affect the ICT character of the
investigated pyridones. In addition, Bader’s analysis showed that
similar processes of electronic excitation are operative in both
2-PY and 6-PY forms. In nitro-substituted compound a distinct
ICT was noticed and moderate process in halogen substituted com-
pound in 6-PY form.
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