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ABSTRACT: Tautomerization of 2-(2-hydroxyphenyl)-1-azaazu-
lene (2OHPhAZ) in the gas phase and ethanol has been studied
using B3LYP, M06-2X, and ωB97XD density functional theory
(DFT) with different basis sets. For more accurate data, energies
were refined at CCSD(T)/6-311++G(2d,2p) in the gas phase.
Nuclear magnetic resonance (NMR), aromaticity, Fukui functions,
acidity, and basicity were also calculated and compared with
experimental data. Time-dependent density functional theory
(TDDFT)-solvation model based on density (TDDFT-SMD)
calculations in acetonitrile have been utilized for the simulation of
UV−vis electronic spectra. In addition, electronic structures of the
investigated system have been discussed. The results reveal that the
enol form (2OHPhAZ) is thermodynamically and kinetically stable
relative to the keto tautomer (2OPhAZ) and different rotamers
(2OHPhAZ−R1:R3) in the gas phase and ethanol. A comparison with the experiment illustrates a good agreement and supports the
computational findings.

1. INTRODUCTION
Azulene, an isomeric structure of naphthalene (Scheme 1), has
a fused five- and seven-membered ring.1,2 It has a blue color

and high dipole moment.3−6 This nonbenzenoid nonalternant
structure attracts the interest of theoretical and experimental
studies for its unusual photophysical properties.7,8,17,9−16

Azulene derivatives have biological activities as well they can
be anti-inflammatory18 or have anti-cancer properties.19

Azaazulenes, an azulene heterocyclic analogue (Scheme 1),
has attracted interest owing to their chemical and physical

properties and their biological activity20,21 as anticancer
agents.22 1-Azaazulenes is the most stable structure among
the various structures of azaazulenes. Some 1-azaazulene
derivatives have been used as ligands in metal complexes.23−25

For example, 2-chloro-8-(2-pyridyl)-1-azaazulene acts as a
bidentate ligand when reacted with Cu, Fe, and Pd ions and
forms trigonal bipyramidal metal chelate complexes.23

1-Azaazulene with a phenol functional group at the 2-
position has been synthesized by Oda et al.26 This structure is
similar to 8-hydroxyquinoline, which is an important chelating
agent.27,28 Thus, 2-(2-hydroxyphenyl)-1-azaazulene (2OH-
PhAZ) has the potential to be used as a chelating ligand
through the imino nitrogen atom and the phenolic oxygen
atom. 2OHPhAZ has intense absorption in the visible region,
and its long-wavelength absorption band shifts in the presence
of several metal ions, and its emission upon excitation in the
presence of Pb2+, Al3+, and Sc3+ ions is 103 times higher than
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Scheme 1. Structures of Azulene, 1-Azaazulene, and
Tautomeric Forms (Enolimine and Ketoenamine Form) of
2-(2-Hydroxyphenyl)-1-azaazulene
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the quantum yield determined in the absence of ions, which
suggests potential sensing of metal ions by this compound. A
previous experimental study26 reported the synthesis of
2OHPhAZ, its X-ray crystallographic analysis, acidity, basicity,
and UV−vis absorption, and emission spectra.
Tautomerism is a phenomenon of coexistence of two or

more isomers of the same molecule. Many types of
tautomerization can be found depending on the transferred
atom. Our case study of tautomerism includes the transfer of
hydrogen atom from one position to another within the same
structure. In the system under consideration, such hydrogen
transfer gives keto-enol tautomers. The intramolecular hydro-
gen transfer between two equilibrium structures exhibits
extreme importance in pharmacology, organic chemistry,
medicinal chemistry, and molecular biology.29,30 Tautomers
are formed by the exchange of hydrogen atoms between
nitrogen and oxygen atoms of the heterocyclic ring. The
proton transfer and hydrogen bonding are important character-
istics of the hydrogen atom in chemistry. 2OHPhAZ has
hydroxyl substitution and azaazulenyl rings. Therefore,
equilibrium between enolimine (phenol-imine, OH-form)
and ketoenamine (CO, NH-form) tautomeric forms is
expected (Scheme 1).
Experimental studies on the subject of tautomerism are a

challenging problem in chemistry and molecular biology. Most
tautomers are not observed experimentally because of their low
concentration. Detailed analysis of the structural and energetic
parameters caused by the migration of hydrogen atoms would
enable understanding different properties of tautomers.
Knowledge of the relative stabilities of tautomeric forms and
their mutual conversion represent an important issue from a
structural chemistry point of view. Understanding physical and
chemical properties of 2OHPhAZ tautomers may assist future
experimental studies on their potential use in some
applications, particularly in metal complexes for analytical
and biological applications. Comparing obtained results with
experimental data26 might give important information
concerning the origin of the observed spectra and other
properties. However, there is a lack of theoretical studies on
2OHPhAZ.
In this work, we present a computational study on

2OHPhAZ (Scheme 1) at the B3LYP/6-31G(d,p) level of
theory. The relative stabilities and electronic absorption
spectra of their tautomers and rotamers have been conducted
using B3LYP, M06-2X, and ωB97XD functional using the 6-
311++G(2d,2p) basis set at the B3LYP/6-31G(d,p) optimized
structures in the gas phase and ethanol. Also, single point
energy calculations at CCSD(T)31,32/6-311++G(2d,2p) in the
gas phase have been performed. Two aspects here are
important and will be addressed, namely, proton transfer and
hydrogen bonding. A strong correlation exists between
aromaticity and structure/stability and, therefore, aromaticity
of tautomers and rotamers has also been examined in the light
of nucleus-independent chemical shift (NICS) index33,34 and
harmonic oscillator model of aromaticity (HOMA).35−37

2. COMPUTATIONAL METHODS
Tautomers, rotamers, and transition states (TSs) for their
interconversions were fully optimized at the density functional
theory (DFT) of Becke’s three-parameter and Lee−Yang−Parr
hybrid functional (B3LYP)38−40 in conjunction with the 6-
31G(d,p) basis set. Vibrational frequency calculations have
been conducted for each stationary point at the same level of

optimization to characterize its nature as a minimum or
transition state on the potential energy surface of the relevant
systems. TSs were confirmed by the presence of one imaginary
frequency that is examined using the ChemCraft 1.8
program.41 Minima show real frequencies. The minimum
energy path (MEP) was carried out at the level of optimization
(B3LYP/6-31G(d,p)) through intrinsic reaction coordinate
(IRC)42,43 in order to verify that the located TSs connect the
reactants and the desired products. It has been found that the
energy of the transition state for tautomerization is higher than
that of the keto form (2OPhAZ) because they include the
zero-point correction. Energies were refined at B3LYP, meta
hybrid generalized gradient approximation (M06-2X),44,45 and
long-range-corrected hybrid functional of Becke’s 97 that
include dispersion correction (ωB97XD)46−49 functionals
using the 6-311++G(2d,2p) basis set at the B3LYP/6-
31G(d,p) optimized structures. For species in which a single-
reference wavefunction is a good approximation, the CCSD-
(T)31,32 calculations represent a powerful tool for accurate
reaction and activation energies. Therefore, we have conducted
single point energy calculations at CCSD(T)/6-311++G-
(2d,2p) using the B3LYP/6-31G(d,p) geometries. The zero-
point-corrected relative energies (ΔE0) reveal that M06-2X/6-
311++G(2d,2p) has a slightly better performance than
ωB97XD/6-311++G(2d,2p) relative to the more accurate
(CCSD(T)/6-311++G(2d,2p) level. Thus, unless noted
otherwise, the M06-2X/6-311++G(2d,2p) level is used for
the discussion of energetics.
Natural bond orbital (NBO) analysis50,51 has been

performed at B3LYP/6-31G(d,p) using NBO program version
3.152 to compute the atomic charges, orbital interactions, and
their impact on the structure and stability of the investigated
systems. Optimization of all investigated structures has also
been conducted in ethanol at B3LYP/6-31G(d,p) using the
solvation model based on density (SMD).53 In addition, the
single point solvation effect in ethanol has been calculated
using M06-2X, B3LYP, and ωB97XD functionals with 6-311+
+G(2d,2p) basis sets at the B3LYP/6-31G(d,p)-optimized
geometries in ethanol. All calculations were performed using
the Gaussian 09 W program.54

Nuclear magnetic resonance (NMR) spectroscopy is a
helpful tool for studying tautomeric equilibria. NMR shielding
was calculated using the gauge-independent atomic orbital
(GIAO) method,55−57 relative to the13C and 1H isotropic
chemical shielding of tetramethylsilane (TMS), at B3LYP/6-
31G(d,p) in chloroform using the optimized gas-phase
geometry. These calculations yield the NICS33,34 index that
is used to evaluate aromaticity, antiartomaticity, and non-
aromaticity of each ring for the structures under consideration
and the corresponding TSs for their conversions. A ghost
atom/probe (bq’s) has been located at the center of the ring
for determining NICS(0) and at 1 Å perpendicularly above the
ring center for determining NICS(1).33,34,58,59 Another
criterion of aromaticity is the geometry-based index,
HOMA,35−37 which utilizes bond lengths according to the
procedures given by Krygowski.36

To understand reactivity and stability of the studied
structures, global chemical reactivity descriptors60−63 have
been determined using energies of highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO).
Accordingly, ionization potential (IP), electron affinity (EA),
absolute hardness (η), softness (S), electronegativity ( χ),
chemical potential (μ), and electrophilicity index (ω) were
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computed at B3LYP/6-31G(d,p) in the gas phase. The global
chemical reactivity descriptors have been calculated using the
following equations:

= −EIP HOMO (1)

= −EEA LUMO (2)

η = −E E( )/2LUMO HOMO (3)

η=S 1/2 (4)

χ = − +E E( )/2LUMO HOMO (5)

μ = +E E( )/2LUMO HOMO (6)

ω μ η= /22 (7)

The Fukui function represents one of the density functional
descriptors used to model chemical reactivity and site
selectivity.64 UCA-FUKUI software65 has been used to
calculate condensed Fukui functions (CFF) f+(r), f−(r), and
f 0(r) of the studied structures using atomic populations
purposed by natural population analysis (NPA). Fukui
functions are calculated utilizing the following equations:

= + −+f r q N q N( ) ( 1) ( ) for nucleophilic attackr r (8)

= − −−f r q N q N( ) ( ) ( 1) for electrophilic attackr r (9)

= + − −f r q N q N( ) ( 1) ( 1) for radical attack0
r r (10)

where +, −, and 0 denote the nucleophilic, electrophilic, and
radical attack, respectively.
Chattaraj et al. proposed the concept of generalized

philicity66 containing information about known various global
and local reactivity. The dual descriptor Δf(r) is the difference

between nucleophilic and electrophilic attack in the Fukui
function. If Δf(r) is larger than zero at the specific site, this site
will be favored for nucleophilic attack. To understand stability
and reactivity of the studied structures, chemical reactivity
toward positive and negative charges can be predicted through
mapping the ESP.
Electronic absorption spectra for the studied structures were

calculated at TD-DFT PBE67,68 (TD-PBE/6-311+G(d,p)) in
acetonitrile using the SMD approach at the B3LYP/6-
31G(d,p)-optimized gas-phase geometry. The Perdew−
Burke−Ernzerhof method (PBE0)69 accurately estimated
electron excitations of most organic dyes.70 However, for the
molecule under consideration compared to experimental
results, it underestimates λmax by 59 nm, whereas the PBE
functional slightly overestimates λmax by 11−13 nm depending
on basis sets. The GaussSum program71 was used to simulate
the ultraviolet−visible (UV−vis) spectra. The natural tran-
sition orbitals (NTOs)72 were analyzed for each electron
excitation instead of particularly discussing the canonical
orbitals. The frontier orbitals and NTOs were drawn using
Chemcraft.41

3. RESULTS AND DISCUSSION

3.1. Structural Analysis. Five isomers are discussed for
2OHPhAZ. The optimized structures of these forms are
collected in Figure 1. Reliable structures are required in order
to determine and rationalize the stability order of the
investigated system. Gad et al.16 reported that B3LYP/6-
31+G(d,p) produces the same order of stability obtained by
the ab initio multilevel CBS-QB3 method. Previous stud-
ies44,45,73−77 illustrated high performance of M06-2X and
ωB97XD functionals in predicting the trend of tautomers and
conformer stability. Therefore, the structures will be discussed

Figure 1. Optimized structures of the 2OHPhAZ tautomers and rotamers at B3LYP/6-31G(d,p).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00866
ACS Omega 2022, 7, 14222−14238

14224

https://pubs.acs.org/doi/10.1021/acsomega.2c00866?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00866?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00866?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00866?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


at B3LYP/6-31G(d,p) and energies at M06-2X/6-311++G-
(2d,2p), ωB97XD/6-311++G(2d,2p), and CCSD(T)/6-311+
+G(2d,2p). However, energies at B3LYP/6-31G(d,p) and
B3LYP/6-311++G(2d,2p) are presented in the Supporting
Information. To demonstrate the reliability of the obtained
data, a comparison between the theory and the experiment has
to be established. The geometrical parameters of 2OHPhAZ
optimized at B3LYP/6-31G(d,p) compared with the X-ray
data of 2OHPhAZ26 are listed in Table 1. To measure
geometrical similarities and differences between two structures,
we used the root-mean-square deviation (RMSD).78−81 The
RMSD is calculated by the “RMS Compare Structures” utility
in the ChemCraft program. A good agreement was recorded
between the X-ray and the calculated 2OHPhAZ structure in
the gas phase and ethanol with RMSD values of 0.10 and 0.11
Å, respectively. Therefore, the B3LYP/6-31G (d,p) level well
reproduces the X-ray structure. This supports the reliability of
this level for structure optimization.
As displayed in Figure 1, the 2OHPhAZ form shows an

intramolecular hydrogen bond (IHB) between the hydrogen
atom of the phenolic group and the nitrogen atom of the
azaazulenyl moiety, (O−H···N, 1.68 Å); see Scheme 1. This
value matches the H···N bond distance of 1.69 Å reported
experimentally using 1H NMR.26 Also, the keto tautomer
(2OPhAZ) illustrates an HB between the oxygen atom of the
carbonyl group and the hydrogen attached to the nitrogen
atom of the five-membered ring (N−H···O, 1.55 Å). The
calculated donor−acceptor (O1−N1) distance of 2.59 Å in
2OHPhAZ agrees very well with the experimental value (2.58

Table 1. X-Ray and Calculated Geometrical Parameters of
2OHPhAZ at B3LYP/6-31G(d,p) in the Gas Phase and
Ethanol

bond/anglesa,b exp. gas phase ethanol

N1−C2 1.365 1.369 1.370
C2−C3 1.401 1.415 1.409
C3−C3a 1.390 1.395 1.400
C3a−C4 1.388 1.404 1.404
C4−C5 1.378 1.388 1.389
C5−C6 1.394 1.405 1.404
C6−C7 1.382 1.393 1.395
C7−C8 1.386 1.399 1.398
C8−C8a 1.388 1.391 1.393
C8a−N1 1.353 1.349 1.353
C2−C1′ 1.456 1.455 1.461
C1′−C2′ 1.408 1.426 1.424
C2′−C3′ 1.376 1.406 1.403
C3′−C4′ 1.385 1.386 1.390
C4′−C5′ 1.367 1.404 1.402
C5′−C6′ 1.392 1.385 1.388
C6′−C1′ 1.408 1.411 1.410
C2′−O 1.353 1.341 1.352
O−N1 2.583 2.590 2.572
O−H 0.975 0.999 1.007
N···H 1.688 1.684 1.653
O−H···N 150.740 148.563 149.579
N1−C2−C1′−C2′ 0.829 −0.001 −0.009
C2−C1′−C2′−O1 −0.512 −0.003 −0.009
C1′−C2′−O1−H1 −2.175 −0.002 −0.008
RMSD 0.103 0.106

aAtom numbering is given in Figure 1. bBond lengths (Å) and angles
(in °).

Figure 2. Potential energy diagram (ΔE0, ΔE0‡, kcal/mol) for
tautomerization and rotamerization of 2OHPhAZ (a) in the gas
phase and (b) in ethanol using the SMD solvation model at
ωB97XD/6-311++G(2d,2p) (bold), M06-2X/6-311++G(2d,2p)
(italic), and CCSD(T)/6-311++G(2d,2p) (normal) in the gas phase.

Scheme 2. RAHB in the 2OHPhAZ-2OPhAZ Tautomer

Table 2. Relative Gibbs Free Energies (ΔG298) and Gibbs
Free Energy Barrier (ΔG298

‡ ), in kcal/mol, and Dipole
Moments (μ, in Debye) for the Tautomers and Rotamers of
2OHPhAZ in the Gas Phase and Ethanol at M06-2X/6-311+
+G(2d,2p) and CCSD(T)/6-311++G(2d,2p)

compound

gas phase ethanol

M06-Xa CCSD(T)a M06-2Xa

ΔG298 μ ΔG298 μ ΔG298 μ

2OHPhAZ 0.00 4.69 0.00 4.98 0.00 7.74
2OPhAZ 10.09 6.79 10.50 7.58 4.92 13.47
R1 11.49 1.20 11.10 1.36 6.72 2.75
R2 7.56 3.86 7.51 4.18 5.71 6.32
R3 7.48 2.11 7.50 2.10 4.82 3.77
TST 9.02 6.64 9.84 7.39 3.82 11.21
TSR1 12.83 1.94 12.23 2.17 9.23 4.20
TSR2 11.27 4.79 10.16 5.09 8.64 7.27
TSR3 13.81 2.11 12.44 2.20 8.92 3.90

aMethod/6-311++G(2d,2p)//B3LYP/6-31G(d,p).
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Å) and 2.49 Å in 2OPhAZ. The HB strength in the tautomeric
structures can be predicted from N−H···O, O−H···N, and O···
N bond lengths.82,83 As a result, the keto form has stronger
HB, which might be attributed to the effect of the resonance-
assisted hydrogen bond (RAHB).35,84 The short donor−
acceptor atom distance gives an indication about the existence
of a low-barrier hydrogen bond (LBHB). The LBHB is
biologically important85 and is characterized by a short donor−
acceptor distance of approximately between 2.4 and 2.6
Å.83,86−88

Three rotamers have been found for the enol isomer
(2OHPhAZ), Figure 1. In the first rotamer, (R1), the OH
bond adopts an anti-orientation with respect to the nitrogen
atom. The other two rotamers (R2 and R3) are obtained via
rotation around the inter-cycle bond (C2−C1′) of 2OHPhAZ
and R1, respectively. In the R1 rotamer, there is no hydrogen
bond and, therefore, the donor−acceptor distance of 2.82 Å is
longer than the corresponding distance of 2.59 Å in
2OHPhAZ. In R2 and R3, there are two stabilizing
interactions that are absent in R1. These are attractive
interaction between phenyl hydrogen with nitrogen and
azulenyl hydrogen with oxygen. Both interactions exist in R3
and the former one only in R2. Therefore, R2 and R3 are
slightly more stable than R1 at all levels.
Relative to the enol form, the calculated RMSD values for

keto or rotamers in the gas phase are listed in Table S1. The
RMSD value is larger for R1 than the keto tautomer because of
the different orientation of the hydroxyl group in the calculated
2OHPhAZ structure, whereas R2 and R3 give the largest
deviation.
Tautomerization and rotamerization pass through transitions

states TST, TSR1, TSR2, and TSR3. The optimized structures of

Figure 3. Plot of the experimental chemical shifts verses the calculated
13C and 1H NMR chemical shifts at the B3LYP/6-31G(d,p) level of
theory 2OHPhAZ using the GIAO method in CHCl3.

Table 3. 13C and 1H NMR Chemical Shifts (in ppm) for C2′
and H1 Attached to O/N at B3LYP/6-31G(d,p) for
2OHPhAZ Tautomers and Rotamers Using the GIAO
Method in CHCl3

C2′ H1 attached to O/N

2OHPhAZ 157.64 14.76
2OPhAZ 171.33 19.40
R1 150.67 4.51
R2 150.87 5.97
R3 151.47 4.67

Table 4. NICS(1)zz (in ppm) and the HOMA Index of the Studied Tautomers and Rotamers Calculated at B3LYP/6-31G(d,p)
in the Gas Phase and Ethanola

gas phase ethanol

compound NICS(0)iso NICS(1)zz HOMA NICS(0)iso NICS(1)zz HOMA

benzene −9.84 (−8.06)b −29.44 (−29.25)b 0.98 (0.99)b −9.51 −28.59 0.98
pyrrole −15.97 (−17.3)c −29.80 0.92 (0.93)d −15.75 −30.01 0.92
C7H7+ −6.81 (−6.7)e −26.34 0.97 −6.87 −26.36 0.98
azulene five-membered ring −19.42 (−21.5)c(−18.1)f −44.70 0.29 (0.42)g −19.23 −51.49 0.29

seven-membered ring −6.95 (−8.3)c(−5.5)f −21.07 0.52 (0.60)g −6.84 −21.18 0.52
aza-azulene five-membered ring −16.89 ( −15.0)f −45.47 0.43 −16.66 −44.63 0.49

seven-membered ring −8.03 (−6.9)f −24.43 0.60 −7.97 −24.61 0.65
2OHPhAZ five-membered ring −14.22 −34.83 0.47 −14.34 −34.83 0.53

seven-membered ring −6.79 −20.23 0.64 −7.15 −20.69 0.68
six-membered ring −8.11 −18.66 0.89 −8.33 −19.30 0.91

2OPhAZ five-membered ring −11.85 −26.67 0.53 −12.90 −29.20 0.61
seven-membered ring −3.49 −11.97 0.66 −5.00 −16.30 0.73
six-membered ring −3.69 −12.01 0.51 −4.73 −14.12 0.62

R1 five-membered ring −14.44 −37.76 0.42 −14.44 −37.76 0.48
seven-membered ring −7.20 −22.16 0.61 −7.14 −22.33 0.65
six-membered ring −8.92 −18.36 0.94 −8.84 −18.45 0.93

R2 five-membered ring −14.42 −36.26 0.45 −14.40 −35.96 0.51
seven-membered ring −7.16 −20.37 0.64 −7.15 −20.69 0.68
six-membered ring −8.77 −20.94 0.94 −8.80 −21.17 0.94

R3 five-membered ring −14.90 −39.58 0.40 −14.66 −38.76 0.49
seven-membered ring −7.05 −21.52 0.62 −7.02 −21.67 0.66
six-membered ring −8.98 −22.25 0.94 −8.80 −22.20 0.93

aFive- and seven-membered rings of azaazulene and six-membered phenyl ring are given as presented in Figure 1. bRef 109. cRef 34. dRef 110. eRef
111. fRef 114. gRef 113.
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TST, TSR1, TSR2, and TSR3 for 2OHPhAZ at B3LYP/6-
31G(d,p) in the gas phase are presented in Figure S1. For R2
and R3 and their corresponding TSs, the dihedral angles of
N1−C2−C1′−C2′, C2−C1′−C2′−O1, and C1′−C2′−O1−
H1 are listed in Table S2. The breaking O−H bond in TST is
stretched by 43.14% and the formed N−H bond is elongated
by 33.79% with 0.146 Å of RMSD compared to 2OHPhAZ.
With respect to the 2OPhAZ form, the breaking/forming, N−
H/O−H bonds for TST are elongated/shortened by 4.01/
7.80% with an RMSD equal to 0.027 Å. Therefore, the TST
structure is closer to the structure of the keto form than the
enol form. According to the Hammond postulate,89 the
transformation of the enol to keto form is endothermic. The
donor−acceptor distance in the TST is lower than the
corresponding values in enol and keto forms (2.44 Å). The
O−H bond length in TSR1 and R1 is comparable but shorter
than that in 2OHPhAZ by 0.03 Å because of the presence of
HB in the latter structure. The H−O−C angle is rotated by
2.09° from R1. The donor−acceptor distance in the TSR1 is
stretched to 2.88 Å.
3.2. Energies and Stability. The potential energy diagram

for tautomerization and rotamerization of 2OHPhAZ at
ωB97XD/6−311++G(2d,2p), M06-2X/6-311++G(2d,2p),
and CCSD(T)/6-311++G(2d,2p) levels of theory is illustrated
in Figure 2a,b in the gas phase and ethanol, respectively.
Energy profiles for tautomerization and rotamerization from
IRC calculations at the B3LYP/6-31G(d,p) level are displayed
in the Supporting Information (Figures S2 and S3,
respectively). Compared to (CCSD(T)/6-311++G(2d,2p))
results, ωB97XD/6-311++G(2d,2p) and M06-2X/6-311++G-
(2d,2p) exhibit a good agreement in reproducing ΔE0 for
2OHPhAZ tautomers and rotamers, with a slightly better
performance of the latter method (see Figure 2). Therefore, we
will continue our discussion at the M06-2X/6-311++G(2d,2p)
level unless noted otherwise.
As displayed in Figures 2 and S2, ketonization and

rotamerization of 2OHPhAZ are endothermic processes that
give further support for the experimental26 finding of the
2OHPhAZ enol form in the gas phase and ethanol solution as
a thermodynamically most stable form (Figure 2a,b). It is more
stable than the keto form by 10.08 (4.89) kcal/mol using the
M06-2X/6-311++G(2d,2p) in the gas phase (ethanol). The

stability of the 2OHPhAZ is expected from the aromaticity of
the phenyl ring recorded in 2OHPhAZ relative to the broken
aromaticity in 2OPhAZ (as will be discussed in Section 3.4).
2OHPhAZ is also more stable than its rotamers R1, R2, and
R3 by 12.04 (6.99), 7.73 (5.94), and 7.95 (5.39) kcal/mol in
the gas phase (ethanol), respectively. The stabilization of
2OHPhAZ and 2OPhAZ relative to the rotamers R can be
rationalized in terms of the RAHB effect according to similar
previous studies.84,90−92

In accordance with Scheme 2 as explained by Lenain et al.84

for similar systems, the difference of stability 2OHPhAZ/
2OPhAZ is attributed to the direction of the π-electron
delocalization that favors/hinders the proton transfer from the
donor atom to the acceptor atom. This affects the relative
stabilization or destabilization of the IHB. Thus, 2OPhAZ is
expected to have IHB that causes destabilization of the π-
system.
From the calculated barrier heights for tautomerization, it

can be noticed that IHB plays a vital role in the kinetic stability
of the TST form in accordance with the results obtained by
Garcia-Viloca et al. for the maleate anion.93 The barrier from
2OPhAZ to 2OHPhAZ over TST equals −1.41 kcal/mol in
the gas phase at M06-2X/6-311++G(2d,2p). Garcia-Viloca et
al.93 reported an energy barrier of −0.85 kcal/mol for the
intramolecular proton transfer in the maleic monoanion
calculated at MP2/6-31+G(d,p) in the gas phase. TST is
considered as a mixture of two RAHB structures with the
largest π-electron delocalization within the NCCCO quasi-ring
and a higher covalent character of HBs that gives the
explanation about the higher stability of TS over 2OPhAZ.
In the TST (Figure S3), the N1−H1 bond is formed gradually
with the breaking of the O−H bond; the two curves cross each
other near the transition state (s = −0.4 amu1/2 bohr). The
double bond of C−O and the single bond of N1−C2 are
gently formed during the course of the reaction.
Determination of the equilibrium constant depends on

Gibbs free energies (ΔG) for the investigated tautomers/
rotamers according to K = e( − ΔG/RT) relation, where K is the
equilibrium constant, R is the universal gas constant, and T is
the temperature in Kelvin. Relative Gibbs free energies (ΔG298,
ΔG298

# ) calculated at the M06-2X/6-311++G(2d,2p) and
CCSD(T)/6-311++G(2d,2p) levels of theory are collected in
Table 2, and those at the B3LYP/6-31G(d,p), B3LYP/6-311+
+G(2d,2p), and ωB97XD/6-311++G(2d,2p) levels are listed
in Table S3. The values of ΔG298 give nearly the same order of
stability for the investigated tautomers/rotamers as relative
zero-point-corrected energies. It can be noticed that the energy
differences in ethanol are higher than the corresponding results
in the gas phase. This observation can be ascribed to the higher
difference of dipole moments in ethanol than in the gas phase.
The dipole moments of the studied tautomers/rotamers in the
gas phase and in ethanol calculated at the M06-2X/6-311+
+G(2d,2p) levels of theory are also given in Table 2.

Table 5. Global Chemical Descriptor (eV) of the Studied Structures at B3LYP/6-31G(d,p) in the Gas Phase

EHOMO ELUMO Eg IP EA χ Η S Μ ω

2OHPhAZ −5.46 −2.38 3.08 5.46 2.38 3.92 1.54 0.33 −3.92 4.99
2OPhAZ −4.85 −2.55 2.30 4.85 2.55 3.70 1.15 0.43 −3.70 5.94
R1 −5.51 −2.04 3.47 5.51 2.04 3.77 1.74 0.29 −3.77 4.10
R2 −5.69 −2.34 3.35 5.69 2.34 4.01 1.68 0.30 −4.01 4.81
R3 −5.48 −2.06 3.43 5.48 2.06 3.77 1.71 0.29 −3.77 4.14

Table 6. NPA Charges of Some Selected Atomsa of the
Investigated Systems Calculated at the B3LYP/6-31G(d,p)
Level of Theory in the Gas Phase

N O C2 C1′ C2′ H1

2OHPhAZ −0.557 −0.701 0.229 −0.169 0.386 0.522
2OPhAZ −0.543 −0.688 0.250 −0.202 0.439 0.486
R1 −0.466 −0.667 0.213 −0.125 0.368 0.489
R2 −0.560 −0.567 0.193 0.070 0.273 0.312
R3 −0.586 −0.562 0.234 0.055 0.284 0.318

aAtom numbering is given in Figure 1.
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3.3. NMR Analysis. LBHB can be investigated by NMR
calculation.94−96 In the NMR spectrum, the appearance of a
low-field proton signal (high chemical shifts) is a well-known

effect of forming a hydrogen bond with a sign for an LBHB.
The calculated 13C and 1H NMR chemical shifts for
2OHPhAZ in CHCl3 show good agreement with the
experimental findings in CDCl3. Plotting of the calculated
13C and 1H NMR chemical shifts against the experimental
values of 2OHPhAZ is displayed in Figure 3. A high
correlation was noticed, which gives confidence on the used
computational procedures. Detailed data about NMR of the
studied tautomers and rotamers at B3LYP/6-31G(d,p) are
summarized in Table S4. An inspection of Table 3 indicates
that C2′ in the 2OPhAZ has the highest chemical shift (171.33
ppm) because of the electron-withdrawing effect of the
attached oxygen atom of the carbonyl group. Apparently, H1

Figure 4. Molecular ESP surfaces of the investigated structure at B3LYP/6-31G(d,p).

Scheme 3. Thermodynamic Cycle Connecting Gas (g) and
Aqueous (s) Phases for pKa Calculation

Figure 5. Optimized structures and the relative energy of protonated (AH2
+, cation) and deprotonated (A−, anion) forms of 2OHPhAZ at B3LYP/

6-31G(d,p).
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of the 2OPhAZ has the highest chemical shift (19.40 ppm)
that accompanies the formation of strong LBHB (N1−H1···
O1), followed by H1 of the 2OHPhAZ (14.76 ppm). On
contrary, H1 of the studied rotamers have lower chemical shift
that range from 4 to 6 ppm. The calculated 1H NMR chemical
shifts for LBHB reveal an agreement, to some extent, with
those reported by Hibbert and Emsley97 for a proton chemical
shift. Therefore, the calculated 1H NMR chemical shifts help in
confirming the presence of IHB and distinguish LBHB in the
studied tautomers.
3.4. Aromaticity. Aromaticity can be assessed through

energy, structural, or magnetic and reactivity criteria. One of
the widely used criteria to determine the aromaticity of the
studied compound is nucleus-independent chemical shifts
(NICS), which is a magnetic-based criterion.34,98,99 NICS is
defined as the negative of the absolute magnetic shielding
calculated at selected points near the investigated molecule

starting from zero to a couple of angstroms, in the ring center,
above it or sometimes on grids. Negative NICS values imply
diatropric ring current that reflects aromatic character, and
positive ones indicate paratropic ring current, which leads to
antiaromaticity, while zero NICS means nonaromatic.
Although the NICS index is somewhat sensitive to basis set,
previous studies34,100 calculated NICS as single point at
B3LYP/6-31G(d,p) with a reasonable accuracy. NICS(0)
refers to the isotropic shielding at the center of the ring,
while NICS(1) is computed at 1 Å above the ring center.
However, NICS(0)zz and NICS(1)zz correspond to the out-of-
plane component of the magnetic shielding tensor. Among the
four NICS indices, the NICS(1)zz will be used in further
discussion because it gives a reliable measure of magnetic
shielding of the out-of-plane component of NICS99,101−105 and
correlates well with π-electron delocalization and the ring
current.103−105 Because NICS is not sufficient to predict the
antiaromaticity of the heteraromatic system,104−107 another
criterion has been used to determine aromaticity such as the
geometrical-based HOMA.35−37 The higher the HOMA value,
the more aromatic is the ring in question, and hence, more
delocalized the π electrons of the calculated ring. It is defined
as follows:

∑ α= − −
=n

R RHOMA 1
1

( )
j

n

i i j
1

opt,
2

(11)

where n represents the total number of bonds in the molecule,
and αi is a normalization constant (αCC = 257.7 and αCN =
93.52). Ropt is the optimized bond length, for C−C = 1.388 Å
and for C−N bond Ropt = 1.334 Å. It is worth noting that the
HOMA is a relative index and that the maximum aromaticity is
found when HOMA = 1 and it equals zero for a nonaromatic
system.108

For the investigated systems, NICSzz and HOMA calcu-
lations were performed at the B3LYP/6-31G(d,p) level in the
gas and ethanol to evaluate the aromatic character of each ring
are presented in Table 4. Apparently, the NICS and HOMA

Table 8. Calculated Acidity Constant (pKa) for the Protonated And Deprotonated Forms in Ethanol at B3LYP,aM06-2X,a and
ωB97XDa

B3LYP/6-31G(d,p) B3LYPa M06-2Xa ωB97XDa

AH2
+ (R1) → AH (R1) + H+ 15.84 11.25 8.23 12.47

AH2
+ (R2) → AH (R2) + H+ 8.34 5.26 1.76 6.16

AH2
+ (R3) → AH (R3) + H+ 11.34 18.45 4.85 9.49

AH (enol) → A1
− + H+ 28.90 21.30 20.44 23.17

AH (keto) → A1
− + H+ 26.55 19.92 16.84 21.14

AH (R1) → A1
− + H+ 21.97 15.50 15.51 17.78

AH (R2) → A2
− + H+ 18.98 13.07 13.06 15.58

AH (R3) → A2
− + H+ 19.84 3.15 13.72 15.99

aMethod/6-311++G(2d,2p)// B3LYP/6-31G(d,p).

Table 9. First λmax for 2OHPhAZ Using Different Functionals (Solvation Model, Acetonitrile)/6-311+G(d,p)//B3LYP/6-
31G(d,p) with a Variety of Solvation Models (Experimental26 Value Is 495 nm)a

model\functional B3LYP CAM-B3YP PBE PBEb ωB97X-D M06-2X CIS

CPCM 448 (0.2715) 423 (0.2067) 513 (0.2005) 514 (0.2005) 422 (0.1906) 422 (0.2048) 361 (0.5763)
SMD 445 (0.2765) 420 (0.2166) 506 (0.2131) 508 (0.2125)c 418 (0.2003) 419 (0.2143) 360 (0.6115)
PCM 447 (0.2626) 422 (0.1992) 512 (0.1934) 513 (0.1933) 421 (0.1836) 421 (0.1973) 358 (0.5405)
gas phase 459 (0.2169) 429 (0.1523) 553 (0.1051) 552 (0.1054) 429 (0.137) 428 (0.1513) 386 (0.2389)

aValues in parentheses represent oscillator strength. bPBE/6-311+G(2d,2p). cThe result of PBE0/6-311+G(2d,2p) using the SMD model is 436
nm (0.2739).

Figure 6. Simulated UV/Vis absorption spectra for the keto, enol, and
rotamers of 2OHPhAZ at TD-PBE/6−311 + G(d,p).
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results in Table 4 provide a good match with previous studies
on benzene,109 pyrrole,110 C7H7

+,111 azulene,34,112,113 and
azaazulene114 and also can support the order of stability. Both
NICS(1)zz and HOMA indices show good performance with
the relative energies of enol and keto tautomers. The phenyl
ring of 2OHPhAZ has a high value of HOMA (0.89) and a
negative value of NICS(1)zz (−18.66 ppm) than 2OPhAZ
(NICS(1)zz/HOMA; −12.01/0.51) in the gas phase as its
aromaticity does not affect the delocalization in the RAHB.
The lower values of HOMA of the five-membered ring in the
enol form 2OHPhAZ compared to keto tautomer 2OPhAZ
point out to the participation of its electron delocalization to
the IHB ring and, therefore, increase RAHB in the enol form.
The seven-membered ring for all the studied structures has a
higher HOMA value than the five-membered one, indicating
their higher aromatic character. Very negligible changes of
magnetic indices of aromaticity are observed upon the
presence of the polar solvent, like water or chloroform. π-
electron delocalization of the phenyl ring in the studied
rotamers has a slightly higher aromaticity than that in the enol

and keto forms. This picture is in line with other
observations.84,115

The stability and aromaticity are related concepts, and thus,
some of the DFT descriptors can be discussed to analyze
aromaticity.116−120 Table 5 lists the energies of the HOMO,
the LUMO, energy gap (Eg), vertical IP, and EA as well as η, S,
χ, μ, and ω. From Table 5, it has been found that the keto form
has the lowest HOMO−LUMO gap (2.30 eV) followed by
enol forms (3.08 eV). The rotamers have the highest energy
gap (3.35−3.47 eV). It is known that the lower the energy
gaps, the higher the reactivity of the molecule.121,122 Thus, the
keto form is expected to have high chemical reactivity, low
hardness, high softness, and highest electrophilicity than enol
and their rotamers. This might explain the low aromaticity of
the keto form and its high global activity. In accordance with
the summation of the calculated NICS and HOMA indices
presented in Table 4, the enol and rotamers forms illustrate
lower electrophilicity (ω) and higher hardness (η) than the
keto form, which reflects high aromatic character of the former
structures.

3.5. Charge Distribution, Fukui Functions, and ESP
Analysis. The charge distribution and the ESP surface are
widely used to determine the reactivity of a given molecule and
its expected interaction with other systems. NPA charges of
some selected atoms of the investigated structures have been
calculated in the gas phase at the B3LYP/6-31G(d,p) level
(Table 6). For 2OHPhAZ tautomers and rotamers. The results
indicate high negative charges on the N1 and O1 atoms and
high positive charge on H1. The highest negative and positive
charges on the O (−0.701 e), N (−0.557 e), and H (0.522 e)
atoms for the enol form indicate the larger electrostatic
interaction through N···H−O IHB. The high negative charge
on the O and N atoms of enol sheds light on the potential use
of this structure as a bidentate ligand when they come close to
metal ions.
The calculated condensed Fukui functions ( f k

+, f k
−, and f k

0)
evaluated from NPA for the investigated tautomer and
rotamers at B3LYP/6-31G(d,p) are given in Tables 7 and
S5. Higher values indicate more reactivity.123,124 An inspection
of these data reveals that the preferred site for electrophilic
attack for 2OHPhAZ and 2OPhAZ tautomers are C6, and for
R1, R2 and R3 are C7 and C5 of the highest value of f−. On
the other hand, H1 and C6 (2OHPhAZ, 2OPhAZ and R1)
are the sites prone to nucleophilic attack as they have the
highest f+ values. Table 7 shows that at the DFT level, the most
susceptible site to a nucleophilic attack for R2 is located on O1
and C3′. For Rotamer R3, the reactivity descriptors show that
H1 and C3′ are more reactive site for nucleophilic attack. For
2OHPhAZ, 2OPhAZ, R1 (H1, C6), R2 (C6, C5′), and R3
(O1, C3′) are the most active site for free radical reactions.
The charged regions in the molecule can be depicted by ESP

maps. The different colors represent different values of the
electrostatic potential. The potential increases in the order red
< orange < yellow < green < blue. The red color in ESP maps
represents the most negative electrostatic potential while the
blue color reflects the most positive electrostatic potential
regions. The ESP surfaces of investigated structures obtained
using B3LYP/6-31G(d,p) are depicted in Figure 4. ESP of
enol/keto forms shows the localization of a significant negative
charge on the O atom while blue color appears around some
hydrogen atoms of the azaazulene ring. Therefore, the O atom
has the ability for electron donation to electron-deficient
centers such as metal ions. A slight electron-donating ability of

Table 10. Excitation Energies (eV) at (TD-PBE-SMD,
Acetonitrile)/6-311 + G(d,p)//B3LYP/6-31G(d,p),
Oscillator Strengths ( f > 0.15), and their Transition
Characters for 2OHPhAZ Tautomer and Rotamers

compound state Ea f assignmentb

2OHPhAZ 1 2.45
(506)

0.2131 H → L (88%)

4 3.28
(378)

0.2137 H−2 → L (55%), H−1 → L+1
(27%), H → L+1 (11%)

6 3.76
(329)

0.2990 H−2 → L (10%), H−2 → L+1
(27%), H−1 → L + 1 (40%),
H → L+1 (12%)

8 4.18
(297)

0.2947 H−4 → L (27%), H−2 → L+1
(45%), H−1 → L + 1 (13%),
H → L+2 (10%)

2OPhAZ 1 1.94
(638)

0.2023 H → L (89%)

4 2.81
(441)

0.1868 H−2 → L (90%)

7 3.59
(346)

0.4396 H−3 → L (40%), H−2 → L+1
(34%), H → L+2 (14%)

R1 1 2.59
(479)

0.1951 H → L (88%)

6 3.84
(323)

0.2506 H−4 → L (15%), H-2 → L+1
(31%), H-1 → L+1 (26%), H
→ L+1 (17%)

9 4.17
(297)

0.2348 H−3 → L + 1 (13%), H−2 → L
+1 (16%), H → L+2 (50%)

10 4.43
(280)

0.3647 H−1 → L+2 (70%)

R2 1 2.56
(483)

0.1759 H → L (86%), H−2 → L (11%)

8 4.20
(295)

0.3645 H−3 → L+1 (24%), H → L+2
(53%)

10 4.54
(273)

0.1509 H−1 → L+2 (82%)

R3 1 2.63
(471)

0.2036 H−2 → L (11%), H → L (84%)

3 3.15
(393)

0.1745 H−2 → L (65%), H → L+1
(21%)

6 3.81
(325)

0.1594 H−2 → L+1 (60%), H−1 → L
+1 (11%), H → L+1 (15%)

8 4.18
(297)

0.4859 H−1 → L+1 (11%), H → L+2
(66%)

aValues in parentheses are wave lengths in nm. bOnly contributions
above 10% are shown. H and L represent HOMO and LUMO,
respectively.
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the N atom has been noticed as well. A remarkable blue color
on the H1 attached to O atoms in rotamers has been observed
where there is no nearby nitrogen (R1 and R3) or CC
bonds (R2). A clear electron-rich area (red color) has been
observed in the region between N1 and O1 atoms in R1,
which denotes a bidonating ability of this compound when
interacting with metal ions as reported experimentally for
similar azaazulene derivatives.23−26

3.6. Acidity and Basicity. Our investigated compound has
one labile proton which is attached to either a nitrogen or
oxygen atom. The reliable and quick estimation of the acidity
and basicity of a molecule without synthesis and experimental
determination is very important to interpret the structure
reactivity and property relationships. Moreover, knowledge of
the acidity constants, (pKa), is important for determining
equilibrium constant (K) of reactions, especially that involving
proton transfers. However, when the determination of pKa

Figure 7. NTOs for the excitation with significant and small but non-negligible oscillation strengths for the studied structures at the PBE/6-
311+G(d,p) level with solvent effects of acetonitrile through SMD. The displayed occupied (holes) and unoccupied (electrons) NTO pairs are
only that have contribution more than 50% to each excited state (λ is eigenvalues of the pairs).
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experimentally is difficult, computational approaches can be
applied to estimate the pKa using the thermodynamic free
energies cycle that is shown in Scheme 3. Consequently, DFT
calculations were applied to study the possible protonated
(cation) and deprotonated (anion) forms of 2-(2-hydrox-
yphenyl)-1-azaazulene that is depicted in Figure 5. The
protonated form, denoted as AH2

+, has a net charge of +1,
while the corresponding enol/rotamers or keto, AH, is neutral.
According to the optimized structure of the protonated form,
the hydroxyl group of the phenyl ring has been rotated to give
the rotamer structure. Therefore, throughout the acidity
constant calculation from the protonated form, we will
consider the energy of the rotamer. On the other hand, the
deprotonated form, denoted as A−, has a net charge of −1. The
equations used for calculating pKa values are given below:

= Δ +K G RTp (aq)/2.303a AH2 (12)

Δ = Δ + ΔΔ+ + +G G G(aq) (g) (solv)AH AH AH2 2 2 (13)

Δ = + −+ + +G G G G(g) (g) (g) (g)AH AH H AH2 2 (14)

ΔΔ = Δ + Δ

− Δ

+ +

+

G G G

G

(solv) (solv) (solv)

(solv)

AH AH H

AH

2

2 (15)

where Gi(g) is the standard free energy of the species “i” in the
gas phase, ΔGi(solv) is the solvation free energy of “i”, and
Gi(aq) is the free energy change in the aqueous phase. The
GH

+(g) and ΔGH
+(solv) values are −6.28125,126 and − 265.90

kcal/mol,127,128 respectively.
The experimental acidity constants were taken in our

consideration. The correlation between the experimental and
the calculated acidity constants revealed that the ωB97XD/6-
311++G(2d,2p) level yields the closest pKa value to experi-
ment. As given in Table 8, the experimental pKa of 2OHPhAZ
was reported as 12.7,26 and the calculated pKa from the
protonated form is found as 15.84, 11.25, 8.23, and 12.47 using
B3LYP/6-31G(d,p), B3LYP/6-311++G(2d,2p), M06-2X/6-
311++G(2d,2p), and ωB97XD/6-311++G(2d,2p) levels,
respectively. By comparing the pKa obtained by deprotonation,
we can find that the enol form is a weaker acid than its keto
and rotamers. This can be attributed to the strength of the OH
and NH bonds, presence or absence of hydrogen bonds, and
the stability of the resulting conjugate base upon deprotona-
tion. More negative charges on the nitrogen and oxygen atoms
for enol than keto and rotamers forms (Table 6) might reflect
the strength of the OH and NH bonds.
In this study, we examine the intrinsic basicity in the gas

phase that can be given by proton affinity (PA), which is the
negative of the protonation reaction of AH.

+ → = −Δ °+ + HAH H AH , PA2 (16)

According to a previous study on the 2-pyridone tautomer
and rotamer,73 Michelson et al. found that the stable enol form
has lower PA followed by the keto form with difference 5.7
kcal/mol at M06-2X/6-311 + G(2df,2p), and the rotamer has
slightly higher PA. Our calculated PA of 2-(2-hydroxyphenyl)-
1-azaazulene tautomer differs by 8.6 kcal/mol (241.88 (enol)
versus 250.51 (keto), kcal/mol), while the rotamer forms are
slightly higher in the calculated PA than the enol form (254.92,
242.81, and 248.13 kcal/mol for R1, R2, and R3, respectively)
at ωB97XD/6-311++G(2d,2p). The calculated PA at B3LYP/
6-31G(d,p), B3LYP/6-311++G(2d,2p), M06-2X/6-311++G-

(2d,2p), and ωB97XD/6-311++G(2d,2p) levels has been
listed in Table S6.

3.7. UV−Vis Spectral Analysis. Potential use of any
compound as a dye or sensor can be deduced from its
photophysics and photochemistry. The first maximum wave-
length of absorption using TDDFT calculation of the
2OHPhAZ in the gas phase by means of different solvation
models PCM, CPCM, and SMD at different levels of theory
such as B3LYP, CAM-B3LYP, PBE,PBE0, ωb97X-D, M06-2X,
and CIS with the 6-311+G(d,p) basis sets is collected in Table
9. The results of calculations are compared with the available
experimental data. The TDDFT-PBE/SMD model chemistry
exhibits a good quantitative agreement regarding the first and
second maximum excitation peak (Eex; the discrepancy
between the calculated and experimental first maximum and
second excitation energy 11 and 12 nm, respectively).26

The hydrogen bond is one of the reasons responsible for the
strength, broadening, and shift of the absorption peaks. Table 9
presents the values of Eex, oscillator strength f, and transition
configurations of the intense peaks for enol, keto, and
rotamers. The keto form with the short HB is accompanied
by a large redshift (extended to 800 nm) followed by the enol
form (extended to 650 nm), and the lower shift has been found
with the rotamers (extended to 550 nm), as depicted in Figure
6. As expected from the lower Eg value of the keto, enol, and
rotamers (Table 5), the maxima in the electronic absorption
spectra of keto in comparison with enol, R1,R2, and R3 are
shifted bathochromically by 17, 66, 51, and 49 nm,
respectively. The intense peaks in the UV−vis spectra of
keto spread over the range of 346−638 nm followed by enol
that illustrates spreading over the range 272−506 nm, and the
their rotamers (R1,R2, and R3) peaks spread over the range
(280−479, 273−483, and 276−471 nm, respectively). The
strong electronic absorption of keto is attributed to the
HOMO−3 to LUMO and HOMO−2 to LUMO+1
transitions. The maximum absorption peak for enol appears
at a lower wavelength than keto, which is attributed to
HOMO−2 to LUMO+1 and HOMO−1 to LUMO+1
transitions. However, the strong electronic absorption of the
rotamer R1 is mainly due to the HOMO−1 to LUMO+2
transitions. The strong electronic absorption of the studied
rotamers has different contribution, as shown in Table 10.
The NTOs for high-intensity excited states of the

investigated systems are shown in Figure 7 to analyze the
nature of absorption. The occupied and unoccupied NTOs are
referred to as “hole” and “particles” transition orbitals,
respectively. The NTOs generally give a simpler description
of the excited state than the canonical orbitals. As displayed in
Figure S4, where the canonical orbitals were used, the
dominant transitions are π−π* for the excitations with some
contribution from n−π* excitation. This makes the analysis of
excitations cumbersome. However, as depicted in Figure 7, the
hole NTOs contributing to the illustrated band shown in
Figure 6 and Table 10 of all studied structures are delocalized
over the whole molecular skeleton while the particles NTOs
are mainly delocalized over either azaazulene or benzene rings.
This suggests π−π* excitation.

4. CONCLUSIONS
Tautomer and the related rotamers of 2-(2-hydroxyphenyl)-1-
azaazulene (2OHPhAZ) were theoretically investigated for
analyzing various molecular properties, stability, and aroma-
ticity. Relative energy results reveal that M06-2X/6-311+
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+G(2d,2p) has a good performance compared to CCSD(T)/6-
311++G(2d,2p). The structural parameters and vibrational
frequencies have been discussed at B3LYP/6-31G(d,p) and
compared with the available experimental data. Comparisons
with the experiment of 2-(2-hydroxyphenyl)-1-azaazulene
show a very good agreement. All the levels of calculations
demonstrate thermodynamic and kinetic stability of the enol
form in a good agreement with the presence of enol
experimentally exclusively as the most stable tautomer. The
remarkable chemical shift of a proton at 14.76 and 19.40 ppm
in the nuclear magnetic resonance spectrum has been
attributed to the existence of LBHBs for the enol and keto
forms, respectively. The aromaticity of the enol and rotamers
forms is slightly higher than the keto form. Hardness and the
electrophilicity trend show a good correlation with the HOMA
and NICS aromaticity indices. The sites of electrophilic and
nucleophilic were determined using Fukui functions. UV−vis
absorption spectra (in the gas phase and ethanol) were
examined by TD-DFT using B3LYP, CAM-B3LYP, PBE,
PBE0, ωb97X-D, M06-2X, and CIS methods with the 6−
311+G(d,p) basis sets for 2OHPhAZ. The TDDFT-PBE/
SMD approaches exhibit good agreement regarding the first
and second maximum excitation peaks. NTOs are used to
indicate the π−π* nature of the transitions.
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