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Abstract The crystal and molecular structures of an
o-hydroxy Schiff base derivative, (E)-2-ethoxy-6-[(2-
methoxyphenylimino)methyl]phenol, have been deter-
mined by single crystal X-ray diffraction analyses at 296
and 100 K. The results from temperature-dependent
structural analysis regarding the tautomeric equilibrium of
the compound were interpreted with the aid of quantum
chemical calculations. To clarify the tautomerization pro-
cess and its effects on the molecular geometry, the gas-
phase geometry optimizations of two possible tautomers of
the title molecule, its OH and NH form, were achieved
using DFT calculations with B3LYP method by means of
6-31 4 G(d,p) basis set. In order to describe the potential
barrier belonging to the phenolic proton transfer, nonadi-
abatic Potential Energy Surface (PES) scan was performed
based on the optimized geometry of the OH tautomeric
form by varying the redundant internal coordinate, O-H
bond distance. The Harmonic Oscillator Model of Aro-
maticity (HOMA) indices were calculated in every step of
the scan process so as to express the deformation in the
aromaticities of principal molecular moieties of the
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compound. The results show that there is a dynamic
equilibrium between the aromaticity level of phenol and
chelate ring and furthermore n-electron coupling affecting
overall molecule of the title compound. Charge transfer
from phenol ring to pseudo-aromatic chelate ring increases
with increasing temperature, whereas m-electron transfer
from chelate ring to anisole ring is decreased as tempera-
ture increases. The most strength intramolecular H-bonds
are observed for conformers close to transition state.

Keywords Schiff base - Tautomerism -
SUMP instruction - HOMA - PES scan - Crystal structure

Introduction

Schiff bases have been widely used as organic ligands in
coordination chemistry due to their versatile abilities such
as metal binding and chelating. In Schiff base complexes of
both transition and p-block metals, which catalyze a wide
variety of reactions [1, 2], the coordination environment
can be modified by attaching different substituents to the
ligand in order to provide a useful range of steric and
electrostatic properties essential for the fine-tuning of their
structure and reactivity. In addition, Schiff bases are one of
the important classes of organic compounds and have
extensive applications in biological function materials [3,
4], polymer ultraviolet stabilizers [5, 6] and laser dyes [7],
as well as molecular switches in logic or memory circuits
[8].

o-Hydroxy Schiff bases display two well-known tauto-
meric forms, phenol-imine (benzenoid), and keto-amine
(quinoid). Except for these, another structural form known
as the zwitterion is also observed [9, 10]. Zwitterionic
forms of o-hydroxy Schiff bases are regarded as a variant
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Scheme 1 Proton transfer
equilibrium in o-hydroxy Schiff
bases. Dashed bonds in NH
tautomer indicate intermediate
bonds

OH tautomer

of their NH forms (Scheme 1), retaining the phenyl ring
aromaticity and containing the protonated nitrogen atom.
Thus, they have an ionic intramolecular hydrogen bond
(N*—H---O"). Zwitterionic forms are easily distinguishable
from the other NH forms, since N"—H bonds are longer
than the standard interatomic separations observed in
neutral N-H bonds (0.87 A) [9, 11-13]. The other ionic
bonds in the zwitterions, C—-O~ and C=NT, are not as
distinctive as N*—H bond to define the tautomeric form,
because NH tautomer can be regarded as a resonance
hybrid of two canonical structures, the cis-quinoid and
zwitterionic forms, as shown in Scheme 1 [14]. Although
NH forms of o-hydroxy Schiff bases seem to be the same
as each other in terms of atomic positions, their covalent
skeletons are different, since m-electron delocalization sit-
uation is a driving force affecting tautomeric equilibria of
o-hydroxy Schiff bases. Considering other tautomeric
forms, it can be stated that OH and NH forms of o-hydroxy
Schiff bases may coexist in the same crystal structure [15]
or in the same molecular structure [16]. In general,
o-hydroxy Schiff bases in NH form exist as resonance
hybrid of zwitterionic and cis-quinoid [16] or OH and cis-
quinoid tautomers [17, 18]. Electronic n-delocalization in
the chelate ring facilitates to stabilize such molecules and
determines the type of tautomer. Experimental verification
of this model is difficult, because keto and phenol tautomer
of the compound are not sufficiently distinguishable from
each other due to positional disorder when the tautomeric
protons are located at the midpoint of the hydrogen bridge
between O and N. In this study, distinct molecular geom-
etries at the different stages in tautomerism of the title
compound have been crystallographically examined and
physical reasons underlying intramolecular proton transfer
process has been investigated by quantum chemical cal-
culations. Since modeling studies for tautomerism in sali-
cylideneaniline derivatives by nonadiabatic proton transfer
using a redundant internal coordinate have been introduced
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recently [19], the present treatise is of importance for rel-
evant scientific community.

Experimental
Synthesis of the title compound

The compound (E)-2-ethoxy-6-[(2-methoxyphenylimi-
no)methyl]phenol (Scheme 2) was prepared by reflux a
mixture of a solution containing 3-ethoxysalicylaldehyde
(0.5 g 3 mmol) in 20-mL ethanol and a solution containing
2-methoxyaniline (0.369 g 3 mmol) in 20-mL ethanol. The
reaction mixture was stirred for 1 h under reflux. The crystals
of (E)-2-ethoxy-6-[(2-methoxyphenylimino)methyl]phenol
suitable for X-ray analysis were obtained from tetrahydro-
furan by slow evaporation (yield % 72; m.p. 356-358 K).

X-ray crystallography

A brown-colored prism-shaped crystal sample with
dimensions of 0.72 x 0.48 x 0.2 mm® was chosen for
the crystallographic study. The intensity data were col-
lected on a STOE IPDS 2 diffractometer using graphite

—0 OH

HsC 0}

AN

CH3

Scheme 2 Chemical chart of the title compound, C;¢H;7NO;3
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Table 1 Crystallographic data
and parameters of refinement

296 K

100 K

process for the title compound

Formula weight
Cy6H7NO; at 296 and 100 K

Cell setting, space group

Unit cell parameters

Volume (A%)

z

Absorption coefficient (1)

Tonins Timax

0 range for data collection
Tmin, Bimax

Kmins Kmax

Lmins Imax

Number of reflections collected
Independent/observed reflections
Data/restraints/parameters
Extinction Coefficient
Goodness of fit on F?

Final R indices [I > 20(])]

Apmax’ Apmin (e A73)

271.31
Monoclinic, P2/c
a = 12.9000(6) A
b = 28.3595(19) A
c = 11.8826(5) A
B = 94.031(4)°

271.31
Monoclinic, P2/c
a=12.6417(4) A
b = 28.6543(14) A
c=11.61734) A
B = 95.053(3)°

4336.3(4) 4191.9(3)

12 12

0.086 mm ™ 0.089 mm™!
0.952, 0.983 0.948, 0.982
1.44°-26.04° 1.42°-26.05°
—14, 15 —13, 15
—34, 34 —35, 35
—14, 14 —14, 14
46653 48455
8509/3298 8226/5739
8509/10/572 8226/0/560
0.0010(1) 0.0017(2)
0.770 0.942

R, = 0.038 R, = 0.036
R, = 0.074 R, = 0.081
0.095, —0.125 0.180, —0.165

monochromated MoK, radiation (4 = 0.71073 A) at 296
and 100 K in the w scan mode and cell parameters were
determined using X-AREA software [20]. The systematic
absences and intensity symmetries indicated the mono-
clinic P2,/c space group at both the temperatures. Inten-
sity data collected at both the temperatures were corrected
for absorption effects by the integration method via
X-RED software [20]. Other details of the data collection
conditions and parameters of refinement process are
summarized in Table 1. The structures at 296 and 100 K
were solved by direct methods using SHELXS-97 [21].
The refinement was carried out by full-matrix least-
squares method on the positional and anisotropic thermal
parameters of the nonhydrogen atoms, equivalently cor-
responding to 572 crystallographic parameters at 296 K
and to 560 crystallographic parameters at 100 K. The
scattering factors were taken from SHELXL-97 [21]. For
both the temperatures, all nonhydrogen atoms were
refined anisotropically and all H atoms except for Hl
atoms for the three molecules in the asymmetric unit were
positioned geometrically and treated using suitable riding
models, fixing the aromatic C-H distances at 0.93 A, the
methylene C-H distances at 0.97 A [UisoH) = 1.2
Ueq(©)], and the methyl C-H distances at 0.96 A
[UisoH) = 1.5 Ueq(C)]~

Treatment of the tautomeric hydrogens

The difference-Fourier synthesis located one peak to be
attributed to tautomeric hydrogen atoms (H1) for each
molecule in the asymmetric unit. Since these peaks were
located at midpoints of hydrogen bridges between O1 and
N1 at 296 K, it is hard to determine precisely the parent
atoms of tautomeric hydrogen atoms. Due to ambiguity in
positions of the H1 atoms at 296 K, these atoms were
treated as positional disordered in the refinement process
using SUMP restraints on their site occupancy factors
(s.0.f.), so that different assignments to the partitions of site
occupancy factors of the disordered H-atom pairs make
possible. After the final refinement cycle, the s.o.f. values
of Hla (Ola) and H1b (N1a) in molecule A are 0.62(3) and
0.38(3), respectively; Hlc (Olb) and H1d (N1b) in mole-
cule B are 0.58(3) and 0.42(3), respectively; Hle (Olc) and
HI1f (Nlc) in molecule C are 0.48(3) and 0.52(3), respec-
tively. The tautomeric H-atoms at 100 K were located in
difference Fourier map and refined independently.
Supplementary data Crystallographic data excluding
structure factors for the structures reported in this article
have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication numbers CCDC
711348 and 711349. Copies of the data can be obtained
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free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: (4+44) 1223 336-033;
e-mail: data_request@ccdc.cam.ac.uk).

Computational details

The geometry optimizations leading to in vacuo energy
minima for OH and NH tautomers of the title molecule
were performed using DFT calculations with B3LYP
hybrid exchange correlation functional [22] by means of
6-31 + G(d,p) basis set implemented in Gaussian 03W
program package [23]. The crystallographic coordinates
were used as starting point in geometry optimizations. To
be able to describe the potential barrier height for the
intramolecular phenolic proton transfer, a relaxed Potential
Energy Surface (PES) scan was performed based on the
optimized geometry of OH tautomeric form at the B3LYP/
6-31 + G(d,p) level by varying the redundant internal
coordinate [O1-H1 bond] from 1.00 to 1.80 A with 17
steps of 0.05 A. All the remaining parameters were opti-
mized at each step in the overall scan process, i.e., non-
adiabatic approximation representing proton movement in
hydrogen bridge. The HOMA indices [24] were calculated
throughout the scan process to quantitatively express
changes in the aromaticities of the rings involving proton
transfer. HOMA index which is developed to quantitatively
express aromaticity levels of a molecular moiety can be
seen as a measure for m-electron delocalization level.
Electronic absorption spectra for OH tautomeric form of
the compound were calculated by time-dependent DFT
(TD-DFT) method in ethanol, including solvent—solute
interaction energy in the Hamiltonian of the system
according to Polarizable Continuum Model (PCM) at the
same level of theory [25].

Results and discussion
FT-IR spectrum of the compound

The IR spectrum was recorded by a Bruker Vertex 80V FT-
IR spectrometer using KBr pellets in the 4000400 cm ™'
region. In the FT-IR spectrum of the compound, broad
absorption band is observed in the 3050-2950 cm ™' region.
This can be interpreted as a sign of the formation of an
intramolecular hydrogen bond. Absorption bands between
1600 and 1700 cm™ "' are due to stretching vibrations of
C=N and C=0. In this region, both the bands were observed
for the compound. Sharp and strong first band was observed
at 1612.16 cm ™" (ve—o) and the second band as a shoulder
with weak intensity was located near the first band. This fact
can be explained by the presence of C=N*H stretching
motion from a zwitterionic structure (Scheme 1) [26, 27].
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On the other hand, strong band at 1251.10 cm~! can be

ascribed to C,,—OH stretching mode indicating high per-
centage of phenol-imine tautomeric form in solid state. In
addition, moderate absorption band at 1173.60 cm™! can be
assigned to C-N stretching. Spectral results suggest that
keto-amine and phenol-imine tautomer coexist and fur-
thermore, zwitterionic form of the title compound is found
in appreciable amounts as compared to the others. In this
regard, it is required careful X-ray crystallographic study to
properly determine tautomeric form of the title compound
and their percentage in solid state.

Molecular structure at 296 K

There are three crystallographically independent molecules
(referred to as molecule A, B, and C hereafter) in the
asymmetric unit. An ORTEP-3 [28] view is shown
in Fig. 1. Selected bond distances at both the temperatures
are given in Table 2. When the bond distances of the

C9c®
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C4c C2c
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Fig. 1 An ORTEP-3 view of the molecules in the asymmetric unit at
296 K. Displacement ellipsoids are drawn at the 30% probability level
and H atoms are shown as small spheres of arbitrary radii. The
tautomeric H atoms are disordered over Ol and N1 sites of each
molecule in the asymmetric unit. An identical numbering scheme was
applied to molecule B, but atoms in molecule B are not labeled for the
sake of clarity
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Table 2 Selected bond

distances (10\) for the three A B €

molecules in the asymmetric 100 K 296 K 100 K 296 K 100 K 296 K

unit at both temperatures
C2-01 1.353(2) 1.335(2) 1.342(2) 1.327(2) 1.343(2) 1.317(2)
C7-N1 1.295(2) 1.294(2) 1.295(2) 1.287(2) 1.289(2) 1.297(3)
C1-C7 1.444(2) 1.427(3) 1.444(2) 1.425(3) 1.440(2) 1.413(3)
Cl1-C2 1.403(2) 1.400(2) 1.408(2) 1.407(2) 1.409(2) 1.409(3)
C2-C3 1.408(2) 1.407(3) 1.411(2) 1.408(3) 1.408(2) 1.417(3)
C3-C4 1.381(2) 1.372(3) 1.379(2) 1.366(3) 1.377(2) 1.362(3)
C4-C5 1.396(2) 1.390(3) 1.401(2) 1.390(3) 1.399(2) 1.398(3)
C5-C6 1.370(2) 1.359(3) 1.370(2) 1.360(3) 1.370(2) 1.344(3)
Cl1-C6 1.4089(18) 1.404(3) 1.412(2) 1.406(3) 1.406(2) 1.414(3)
C8-N1 1.409(2) 1.413(2) 1.409(2) 1.415(2) 1.416(2) 1.418(3)
C3-02 1.367(2) 1.363(2) 1.372(2) 1.371(2) 1.369(2) 1.367(2)
C13-03 1.375(2) 1.367(2) 1.366(2) 1.366(2) 1.368(2) 1.356(2)
02-C15 1.432(2) 1.407(2) 1.430(2) 1.427(2) 1.439(2) 1.417(2)
C15-C16 1.497(2) 1.479(3) 1.506(2) 1.498(3) 1.508(2) 1.499(3)
03-Cl14 1.429(2) 1.426(2) 1.432(2) 1.431(2) 1.427(2) 1.431(3)

molecules A, B, and C in Table 2 are compared to those of
other similar structures in the literature, it is seen that the
molecules at 296 K are not of typical geometrical param-
eters of their two limiting tautomeric forms (phenol-imine
or keto-amine) exactly, probably due to the intramolecular
proton transfer process. While two of symmetry-indepen-
dent molecules in the asymmetric unit, molecules A and B,
are almost planar, molecule C slightly deviates from pla-
narity. The dihedral angle between the C1/C6 and C8/C13
rings are 4.56(4)°, 6.69(14)°, and 14.54(13)° for molecule
A, B, and C, respectively.

The heteroatom bonds are those most affected geomet-
rical parameters by intramolecular proton transfer in
o-hydroxy Schiff bases. Therefore, the C2-O1 and C7-N1
bonds are the most sensitive indicators of the tautomeric
form for the compound. The C2-O1 bond is a single bond
for the phenol-imine tautomer, whereas this bond displays
double-bond character in keto-amine tautomer. The C7-N1
bond is also a double-bond in phenol-imine tautomer,
whereas it is a single bond in canonical keto-amine tau-
tomers (Scheme 1). The C2a—Ola [1.335(2) /&], C2b-0O1b
[1.327(2) 10\] bonds are somewhat shorter; and C7a—Nla
[1.294(2) A], C7b-NIb [1.287(2) A], and C7c-Nlc
[1.297(3) A] bond distances are somewhat longer than
those of compounds previously reported as phenol-imine
(corresponding values for C2-0O1; 1.350(2) A [29],
1.359(3)-1.360(3) A [30], 1.346(4) A [31], and for C7-N1;
1.277(2) A [29], 1.286(3) A [30], 1.270(5) A [31]). The
C2¢c-Olc [1.317(2) 10\] bond distance is quite shorter than
those of phenol-imine tautomer and longer than those for
similar keto-amine tautomer (1.293(2) A [32], 1.286(5) A
[33], 1.291(2) A [34]). It can be said that this bond distance
is intermediate between single and double C to O.

Furthermore, the Cla—C7a [1.427(3) A], C1b-C7b
[1.425(3) A, and Clc—C7c [1.413(3) A] bond distances are
somewhat shorter than those of compounds reported as
phenol-imine in the literature (1.443(2) A [29], 1.454(5) A
[31]). This bond is also a double bond for keto-amine
taoutomer (1.391(6) A [33], 1.404(2) A [32]). For each
molecule in the asymmetric unit, the ambiguity in positions
of the tautomeric H1 atoms in the difference-Fourier maps
at 296 K supports this conclusion. These atoms were
treated as disordered in the refinement process. After the
final refinement cycle, the s.o.f. values of the tautomeric
hydrogen atoms attached to O1 atoms are 0.62(3), 0.58(3),
and 0.48(3) for molecules A, B, and C, respectively.
According to these values, it can be said that the molecules
A and B predominantly exist in OH (phenol-imine) form
with the respective 62 and 58% probability level. The
disordered H1 atoms attached to Olc and Nlc atoms have
close s.o.f. values of 48 and 52%, respectively.

Aromaticities of molecular fragments possessing
n-delocalized systems are defined quantitatively by
structural Harmonic Oscillator Model of Aromaticity
(HOMA) index [24]. HOMA index is defined by the
following equation:

n

1
HOMA = 1 — [ﬁ > oy(R; - Ropt)2] ,

J=1

where n is the number of bonds taken into the summation,
R;s stand for individual bond lengths, o; regarded as a
normalization constant is equal to 257.7 for C-C, 93.52 for
C-N, and 157.38 for C-O bonds, fixed to give HOMA = 0
for nonaromatic Kekulé systems and HOMA =1 for
purely aromatic systems with all bonds equal to the optimal
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value Ryp = 1388 A for C-C, Ry = 1.334 A for C-N,
and Ry, = 1.265 A for C-O [24].

It is well known that the C1/C6 ring is aromatic for
phenol-imine tautomer and zwitterionic form. In order to
investigate quantitatively the differences between the aro-
maticities of the three phenol (C1/C6) rings during intra-
molecular proton transfer, their harmonic oscillator model
of aromaticity (HOMA) indices [24] were calculated. The
calculated HOMA index of phenol ring is 0.92 for mole-
cule A, 090 for molecule B, and 0.80 for molecule
C. Comparing these values with the HOMA index calcu-
lated for canonic benzene (1.001) [35], it can be stated that
n-electron delocalizations of aromatic rings involving
proton transfer are considerably deformed, however, the
deviation from full aromaticity of phenol ring in molecule
C is more pronounced than those of molecules A and B.
Keeping in mind that each of the molecules in the asym-
metric unit can be regarded as a superposition of two
limiting tautomeric form and considering the deformations
in aromaticities of the phenol rings, it can be stated that OH
tautomeric character of molecules A and B is more pro-
nounced than that of molecule C.

Molecular structure at 100 K

In order to determine the positions of tautomeric H1 atoms
properly and to avoid the uncertainties in the positions of
tautomeric H atoms, the crystal structure of the title com-
pound was also determined at 100 K whose molecular
orientations are very similar those in Fig. 1. According to
the positions of tautomeric H atoms and indicative bond
distances, it can be clearly seen that three molecules in the
asymmetric unit adopt phenol-imine (OH) tautomeric form
at 100 K. Selected bond distances are listed in Table 2. The
dihedral angle between the C1/C6 and C8/C13 rings are
9.29(3)°, 5.69(9)°, and 25.53(8)° for molecules A, B, and
C, respectively. Considering deviation from planarity of
the molecules in the asymmetric unit, it is seen that pla-
narity of molecules A and C is increased, while that of
molecule B is decreased with increasing temperature.

It can be seen that most of the bond distances at 100 K
are slightly longer than those found at 296 K (Table 2), but
this is to be expected due to the thermal motion model.
There are also O-H:---N type strong intramolecular

Table 3 Intramolecular hydrogen bonding geometries (A, ©) for the
title compound at 100 K

D-H--A D-H H--A D--A /D-H.--A
Ola-Hla-Nla  1.02Q2)  1.5822)  25352) 154.1Q2)
Ol1b-HIb--NIb  1.022)  1.562)  2.511(1) 153(2)
Olc-Hlc-Nlc  1.002)  1.61Q2)  2.546(2) 153(2)

hydrogen bonds in each molecule in the asymmetric unit
(Table 3) and the OI---N1 distances are significantly
shorter than the sum of the van der Waals radii for N and O
atoms (3.07 A) [36]. Besides intramolecular hydrogen
bonds, there are three weak C-H---m interactions in the
crystal structure at 100 K (for more information about the
crystal structure at both temperatures, please see Electronic
supplemental material).

Computational study

The DFT calculations show that the NH form of the title
molecule is less stable than its OH form in the gas phase.
The energy difference between them is ca. 2.59 kcal/mol.
Selected bond distances, bond angles, and torsion angles of
the DFT optimized OH molecule are given in Table 4.

In order to better understand the proton transfer phe-
nomenon in this molecule, the potential barrier for the
transfer of the phenolic proton was calculated. DFT cal-
culation in the gas phase predicts the potential barrier as

Table 4 Selected bond distances (A), bond angles (°) and torsion
angles (°) calculated with DFT at the B3LYP/6-31 + G(d,p) level of
OH form of the title compound C;¢H7NO;3

C2-01 1.339
C7-N1 1.292
C1-C7 1.451
Cl-C2 1.417
C2-C3 1.421
C3-C4 1.393
C4-Cs5 1.408
C5-C6 1.382
N1-C7-Cl1 122.171
C7-N1-C8 121.745
01-C2-Cl1 122.495
CI1-C7-NI1-C8 176.799
C6-C1-C7-N1 —178.786
C13-C8-N1-C7 147.036
C1-Cé6 1.415
C8-N1 1.403
C3-02 1.362
C13-03 1.362
02-C15 1.428
C15-C16 1.519
03-Cl14 1.422
C2-C1-C7 120.614
C13-C8-N1 117.796
03-C13-C8 115.763
C7-C1-C2-01 0.306
C8-C13-03-Cl14 177.778
C16-C15-02-C3 179.700
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4.98 kcal/mol (Fig. 2). This barrier is probably altered in
the crystal structure due to the geometrical discrepancies
and intermolecular interactions. Nonetheless, this barrier
height is sufficiently small so that proton transfer is easily
occurred as compared to those of o-hydroxy aryl Schiff
bases, which are less than 5 kcal/mol [37]. In this sense,
formation of intramolecular H-bond of the title compound
can be classified as low-barrier H-bond (LBHB).
Variations of the indicative bond distances throughout
the PES scan process are shown in Fig. 3. It can be seen
that these bonds change so as to adopt ultimately the keto-
amine form of the title molecule. However, indicative bond
lengths C2=01 [1.259 A] and C1=C7 [1.396 A] belonging
to stable NH tautomer at the sixteenth scan step are dif-
ferent from their expected values of 1.222 and 1.333 A in
benzoquinones, respectively [38], whereas C7-N1 bond
length [1.335 10\] at the sixteenth scan step is close to its
corresponding value of 1.339 A [38]. While C2-O1 and
C7=N1 bonds become double- and single-bond during the
tautomerization, respectively, single-bond character of C2-
C3 is more pronounced than that of C1-C6 and C1-C2.
Variation of the HOMA indices belonging to phenol and
chelate ring depending on the scan coordinate are shown in
Fig. 4a. It is seen that the aromaticty of chelate ring is
increasing up to distance value of 1.25 A contrary to that of
phenol ring. After this critical point, aromaticities of both
fragments are starting to decrease, however, that of phenol
ring is decreasing remarkably. In addition to this, consid-
ering the variation of HOMA indices belonging to anisole
ring shown in Fig. 4b, it is obvious that the aromaticity of
anisole ring is increasing at least in a narrow interval.
These different behaviors of each fragment can only be
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minimized conformer of the title compound versus the redundant
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explained by the fact that the loss in aromaticity of the
phenol ring is compensated by augmentation in aromaticity
of the chelate ring under the value of 1.25 A of the scan
coordinate. Furthermore, synchronous decreasing in aro-
maticities of these adjacent fragments beyond this value
causes an increase in aromaticity of the anisole ring.
Similar tendencies are observed for another o-hydroxy
aromatic Schiff base, (Z)-6-((4-bromophenylamino) meth-
ylene)-2,3-di-hydroxycyclohexa-2,4-dienone [19]. It can be
mentioned here the presence of long-ranged m-electron
coupling for the title compound so that n-electrons transfer
from phenol toward anisole ring by means of chelate ring.

The mentioned charge transfer through m-orbitals fol-
lowed by aromaticity levels of the adjacent phenol and
chelate ring are generally verified by considering the rel-
evant aromaticity levels obtained from X-ray crystallo-
graphic study given in Table 5. HOMA values of phenol
rings in o-hydroxy aryl and naphthaldimine Schiff bases in
OH tautomeric form are in the interval of 0.90-0.99 [37,
39-41]. In Schiff base species in NH tautomeric form,
while HOMA values of the six-membered rings carrying O
atom in ortho position vary from 0.50 to 0.80 [39]. On the
other hand, while pseudo-aromaticity of the chelate ring
changes within the interval of 0.20-0.50 approximately for
Schiff base species derived from naphthaldimine [39], it
varies from 0.208 to 0.462 for OH and from 0.651 to 0.942
for NH forms of o-hydroxy aryl Schiff bases [37]. HOMA
values of phenol ring in the optimized OH and NH tauto-
mer of the title compound are found as 0.867 and 0.259. In
addition, pseudo-aromaticity of the chelate ring in the
optimized OH tautomer of the title compound (0.432) is
less than that of the energy minimized NH tautomer
(0.609) as shown in Fig. 4a. These results are in agreement
with those by Filarowski et al. As can be seen from the
results in Table 5, intramolecular charge transfer is also

@ Springer



688 Struct Chem (2010) 21:681-690
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Table 5 HOMA indices for certain fragments with respect to the crystallographically observed geometries of the title molecule
HOMA (phenol) HOMA (chelate) HOMA (anisole)
A B C A B C A B C
100 K 0.936 0.912 0.925 0.444 0.505 0.509 0.977 0.980 0.981
296 K 0.920 0.899 0.799 0.663 0.686 0.793 0.951 0.944 0.909

affected by temperature. While m-electron donation from
phenol to chelate ring is increased with increasing tem-
perature, electronic charge transfer from chelate to anisole
ring is somewhat decreased with increasing temperature.
Electronic absorption spectra were recorded in EtOH
between 200 and 600 nm on a Unicam V2-100 UV-VIS
spectrophotometer, using 1-cm quartz cells at the room
temperature. There are two evident absorption bands at
270 nm (log ¢ = 2.65) and at 340 nm (log ¢ = 2.72).
Another band observed at 461 nm (log ¢ = 1.93) can be
assigned to n—m* transition indicating partial keto-amine
character of the title compound [14]. FMO analysis can be
used to estimate the origins of the peaks in UV-Vis
spectrum. Calculated n—n* absorption bands in ethanol are
observed at and 272 and 337 nm. Energy gap between
HOMO and LUMO is 3.816 eV for stable OH tautomer.
Highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are shown in Fig. 5.
HOMO is predominantly localized on phenol rings,
whereas LUMO is almost localized overall molecule.
While the first band at 272 nm is primarily due to elec-
tronic charge transition from HOMO-3 to LUMO, the
second at 337 nm is originated from transition between

Fig. 5 HOMO (a) and LUMO
(b) for phenol-imine tautomer
of the title compound in gas
phase

(a)

@ Springer

HOMO-1 and LUMO. It is inferred from FMO analysis
that both the absorption bands below 400 nm may be
attributed to n—m* transitions between aromatic rings
through the imine functionality. Comparing these values
with the corresponding experimental values, it can be sta-
ted that TD-DFT within PCM framework is a useful tool
for estimation UV-Vis spectrum.

Intramolecular hydrogen bonding is of great impor-
tance in understanding details of charge transfer prop-
erties in the title compound, since pseudo-aromatic
chelate ring formation is established by decreasing in
phenol ring aromaticity. Estimating H-bond dissociation
energy Eyp is usually a laborious task because of the
fact that many different conformers as a result of
H-bonding are possible. A useful exponential model in
order to describe H-bond dissociation energy in terms of
geometrical parameters in the H-bond region has been
put forward by Musin and Mariam [42]. According to
Musin and Mariam approach, intramolecular H-bond
dissociation energy Eyp estimated by the following
empirical relationship;

Epp = 5.554 x 10° exp(—4.12dp. .4 ),
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Fig. 6 Variation of intramolecular H-bond dissociation energy of the
title compound

where dp..n denotes the distance between the donor (D)
and acceptor (A) atom involving intramolecular H-bond.
Dependency of intramolecular H-bond dissociation energy
of the title compound is shown in Fig. 6. According to
Fig. 6, the most strength H-bonds are observed for transi-
tion states (T'Ss) which tautomeric proton is almost located
at the midpoint of the hydrogen bridge. This result is in
agreement with Leffler—Hammond rule [43, 44], declaring
that the systems closer to TSs the stronger H-bonds than
those species far from TSs. This result is experimentally
confirmed by Filarowski et al. for distinct o-hydroxyaryl
Schiff base species in Refs. [37, 39—41]. H-bond dissoci-
ation energies of stable OH and NH form (at the sixteenth
step) of the title compound are approximately found as
12 kcal/mol and these values are comparable the corre-
sponding values obtained for o-hydroxy aryl Schiff bases
reported in [45]. Considering only the distances between
the donor and acceptor atom, it can be stated that intra-
molecular H-bonds in the title compound at both the tem-
peratures can be regarded as low-barrier hydrogen bonds
(LBHB), since the corresponding distances of O-H---N (or
O---H-N)- type LBHBs are less than 2.65 A [37]. Distances
between the donor and acceptor atoms are below 2.65 A at
both 100 and 296 K. This is in agreement with the fact that
the potential barrier height (4.98 kcal/mol) is sufficiently
small and therefore tautomeric proton can be easily trans-
ferred to N atom in imine bridge.

Conclusions

The results from FT-IR and UV-Vis suggest that both
tautomeric forms of the compound coexist in solid state

and solution. Tautomeric equilibrium in solid state is
examined by X-ray crystallographic study. Changes in both
covalent skeleton of the title compound accompanying
proton transfer were monitored by nonadiabatic PES scan
with respect to hydroxyl bond length. Quantum chemical
studies for the compound suggest that pseudo-aromatic
chelate ring formation causes to a decrease aromaticity (or
n-electron delocalization) in phenol ring, reflecting a
dynamic equilibrium between aromaticities of these adja-
cent fragments. In addition, further aromatization of ani-
sole ring during proton transfer reaction suggests the
presence of n-electron coupling affecting overall molecule.
Since the calculated potential energy barrier is sufficiently
small to transfer tautomeric proton from O to N as com-
pared to previously reported values for o-hydroxy aryl
Schiff bases, intramolecular H-bond in the compound may
be seen as a LBHB. These conclusions are experimentally
verified by X-ray crystallographic studies at 296 and
100 K. Charge transfer from phenol ring to pseudo-aro-
matic chelate ring increases with increasing temperature,
whereas m-electron transfer from chelate ring to anisole
ring is decreased as temperature increases.
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