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Quantum computational methods were used to elucidate the structures of the o-hydroxy Schiff ba-
ses with different substituents. It is possible for a Schiff base to have different tautomeric structures de-
pending on intramolecular proton transfer from the phenolic oxygen atom to the nitrogen atom. Proton
transfer results in two tautomeric structures known as the phenol-imine and keto-amine forms. To explain
the substituent effect on the proton transfer process in five o-hydroxy-Schiff bases, possible geometric
structures in gas phase were optimized using density functional theory (DFT) at the B3LYP/6-311G(d,p)
level. To describe tautomerism including intramolecular proton transfer, potential energy surface (PES)
scans were performed starting from the optimized geometry of the phenol-imine form. HOMA indices
were calculated in order to estimate n-electron delocalization. In addition, the substituent effect on the
tautomerization rate was examined using Hammett substituent constants and calculating the activation
energies.
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3ABUCHOCT HA TABTOMEPHUJATA OJf TUIIOT HA CYIICTUTYEHTOT
KAJ o-XHJIPOKCH HIM®OBHU BA3H

Co mpuMeHa Ha KBaHTHOIPECMETKOBHH METO/AM Oea ONpeNesieHHu CTPYKTYpUTE Ha O-XHIPOKCH
udosure 6a3u co paznuuHu cynctutyeHTH. lllndoBuTe 0a3u MoXkaT Jja UMaaT pa3IMYHA TaBTOMEPHU
CTPYKTYPH BO 3aBUCHOCT OJ] HHTPAMOJIEKYJICKHOT IIPEHOC Ha IIPOTOH O (PEHOIHHOT KUCIOPOJICH aTOM Ha
A30THHOT aToM. [IpeHOCOT Ha HMPOTOH pe3yJITHpa BO JIBE TABTOMEPHU CTPYKTYpPH MO3HATH Kako (heHOo-
HMMHHCKa M KeTo-aMHHCKa Gopma. 3a aa ce o0jacHu eheKTOT Ha CYICTUTYEHTOT Ha MPOLECOT Ha MPEHOC
Ha TPOTOH Kaj mer O-xuapokcu IlndoBn O6a3zm, Oea ONTHMU3MUPAHM METTE MOXKHHM T'€OMETPHCKU
CTPYKTYpH BO racHa (asa co ymotpeba Ha Teopujata Ha ¢(yHKuHMOHanoT Ha ryctuHara (DFT) na
B3LYP/6-311G(d,p) HuBO. 3a na ce omumile TaBTOMEpHjaTa BKIyYyBajKH 0 M HHTPAMOJICKYJICKHOT
NPEHOC Ha MPOTOH, Oellle N3BPIICH CKeH Ha MOBPLIMHATA Ha MOoTeHIjanHaTa eHnepruja (PES) nounysajku
0J1 ONITUMU3HMpaHaTa reoMeTpyja Ha GeHoa-nMuHcKaTa popma. Co 1er J1a ce IPOLEeHH AeIoKaTu3anujara
Ha T-enekTpoHute, Oea mpecmerann wuHiuekcure HOMA. Ilokpaj Toa, Oeme ucrnmTaH e(peKTOT Ha
CyNCTUTyIMjaTa Bp3 Op3WHaTa Ha TaBTOMEpHU3alMjaTa CO NpUMEHa Ha XaMETOBHTE CYNCTHUTYIHCKU
KOHCTaHTH U CO NPECMETYBabhe Ha aKTHBAI[MOHUTE SHEPTHH.

Kayuynu 300poBu: Illudosu 6a3u; Tapromepuja; heHon-umun; kero-amun; DFT; PES
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1. INTRODUCTION

An o-hydroxy Schiff base can have two tau-
tomeric structures, known as the phenol-imine and
keto-amine forms. The hydrogen atom in the phe-
nol-imine form is located on the phenolic oxygen
atom, while it is on the nitrogen atom in the keto-
amine form [1-3]. Proton transfer from the oxygen
atom to the nitrogen atom causes tautomerism,
which is responsible for the photochromic and
thermochromic properties of these compounds.
The photochromic character of Schiff bases is due
to the transfer of protons from the oxygen atom to
the nitrogen atom by the light effect, and the ther-
mochromic property occurs via the heat effect.
Photochromic and thermochromic compounds
have attracted considerable attention due to their
potential applications in numerous fields such as
optical switches and memories, variable electrical

(3)

O—H

current, ion transport through membranes [4-6], as
well as industrial [7-9], pharmaceutical [10-12],
biological [13-18] and chemical applications [19-
23]. Previous studies have shown that o-hydroxy
Schiff bases can have one or both of these forms in
the solid state [1-3]. In addition to solvent media,
the type of substituent affects tautomerism as well
[24, 25]. The abovementioned applications have
drawn interest regarding the investigation of the
structural properties presented by Schiff bases.
Therefore, in this study, the substituent effect of
both the electron donor methoxy group and the
electron withdrawing nitro group on tautomerism
in o-hydroxy Schiff bases was investigated. Stud-
ied Schiff bases have two aromatic rings. For this
reason, in order to understand the contribution of
the substituents in each aromatic ring on tautomer-
ism, we used five different Schiff bases. The se-
lected Schiff bases are shown in Scheme 1.

Scheme 1. Selected Schiff bases with different substituents
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2. THEORETICAL BACKGROUND

All calculations were performed by Gaussian
03W [26]. GaussView program was used for mo-
lecular visualization of calculated structures [27].
The geometry optimizations of two tautomers in the
gas phase were carried out by DFT using the hybrid
functional B3LYP (Becke’s three-parameter hybrid
functional with the LYP correlation functional) [28]
with the 6-311G (d,p) basis set [29]. To describe
tautomerism including intramolecular proton trans-
fer, potential energy surface (PES) scans were per-
formed using the optimized geometry of the phenol-
imine form. The O-H distance was selected as the
redundant internal coordinate from 0.9 to 1.80 A
with a step size of 0.05 A [30].

3. RESULTS AND DISCUSSION

3.1. Investigation of molecular structures

o-Hydroxy Schiff bases can have two differ-
ent structures in both the solid state and in solvent
media. These structures are known as the phenol-
imine form and the keto-amine form. The tauto-
meric proton in the phenol-imine form is located
on the phenolic oxygen atom, while the proton is
on the nitrogen atom in the keto-amine form. Con-
siderable changes in the bond lengths of the com-
pound occur with proton transfer from the oxygen
atom to the nitrogen atom. On the other hand, the
most important changes are seen in the aromatic

Table 1

ring where proton transfer takes place. The aro-
matic character of the phenol-imine form decreases
with the formation of the keto-amine form. How-
ever, both the phenol-imine and keto-amine forms
can exist in the solid state, according to X-ray stud-
ies [1-3]. In order to explain this phenomenon, the
geometry optimizations of five Schiff bases with
different substituents were performed using DFT
calculations with the B3LYP 6-311 G(d,p) basis
set. To understand the tautomerism process and its
effect on molecular structure, the energy levels of
tautomers were calculated. According to the re-
sults, the optimized phenol-imine tautomer, which
corresponds to the global minima for all com-
pounds, is more stable than the optimized keto-
amine form, which is the local minima. The calcu-
lated geometric parameters clearly show how im-
portant it is for determining tautomers to note
changes in the bond distances of C-O, C=N and the
aromatic ring related to proton transfer. More spe-
cifically, passing from the phenol-imine form to
the keto-amine form, the single C-O bond length
begins to shorten to the double bond length, while
the double bond length C=N begins to have a sin-
gle bond character. The shortening of the C1-O1
and C6-C7 bond lengths, the elongation of the C7-
N1 bond lengths and changes in the bond distances
of the tautomeric ring (C1-C6) clearly demonstrate
the effect of the location of the proton on bond
lengths. Important bond distances and energies for
both the phenol-imine and keto-amine forms are
given in Table 1.

Selected bond distances (4) and energies (a.u.) for both the phenol-imine and keto-amine forms

Compound Tautomers 1 2 3 4 5
C1-01 Phenol-imine 1.33718 1.32717 1.34292 1.33792 1.33598
Keto-amine 1.25471 1.25000 1.25636 1.25662 1.25135
C7-N1 Phenol-imine 1.28870 1.28639 1.28805 1.28903 1.29191
Keto-amine 1.33279 1.32420 1.33476 1.33024 1.34098
C1-C2 Phenol-imine 1.41791 1.42379 1.41243 1.41748 1.41858
Keto-amine 1.46432 1.46784 1.46261 1.46307 1.46635
C2-C3 Phenol-in_ﬂne 1.39007 1.38472 1.39465 1.39033 1.38960
Keto-amine 1.37105 1.36807 1.37275 1.37188 1.36964
C3-ca Phenol-in_ﬂne 1.40486 1.40313 1.40540 1.40451 1.40585
Keto-amine 1.43005 1.42650 1.43155 1.42886 1.43236
CA-C5 Phenol-imine 1.37826 1.37860 1.38231 1.37869 1.37674
Keto-amine 1.36061 1.36527 1.36228 1.36163 1.35858
C5-C6 Phenol-imine 1.41191 1.40323 1.40843 1.41154 1.41376
Keto-amine 1.4332 1.41836 1.43204 1.43201 1.43598
C6-C7 Phenol-imine 1.44959 1.45384 1.45134 1.45039 1.44451
Keto-amine 1.39403 1.40230 1.39483 1.39666 1.38765
Energy Phenol-imine -786.03487656 —990.60156934 —900.58680019 —900.59080526 —990.59899248
Keto-amine —786.02899070 —990.59876938 —900.57953378 —900.58463072 —990.59260640
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The activation energy for the transition state
from the global minima to local minima is signifi-
cantly small and excitation can occur with a small
amount of energy. As shown in Figure 1, the elec-
tron withdrawing nitro group makes the proton
transfer process much easier by lowering the acti-
vation energy. On the other hand, the electron do-
nor methoxy group increases the activation energy
and the proton transfer process becomes more dif-
ficult.
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The keto-amine form that occurs after pro-
ton transfer is also stabilized by the electron with-
drawing group NO- and the keto form of the com-
pound containing the electron donating methoxy
group is of higher energy. The relative activation
energy and keto form energy are given in Table 2.
In addition, the electron withdrawing group NO;
makes the keto-amine form more stable; that is, the
formation of the keto-amine form is easier than the

others.
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Fig. 1. Relative energy profiles during the proton transfer process.
The relative energy values were calculated relative to the energy of stable phenol-imine form.

Table 2

The relative activation energies and keto form energies of the compounds

Compounds

Relative activation energy

Relative keto form energy

(kcal/mol) (kcal/mol)
1 5.85 3.69
2 4.45 1.76
3 6.66 4.56
4 5.77 3.87
5 6.37 4.01

3.2. Hydrogen bond properties and natural bond
orbital (NBO) analysis

When the geometric parameters in the hy-
drogen bond responsible for tautomerization (O-
H...N) were examined, it was seen that an elonga-
tion occurs in the O-H bond length of compound 2,
including the electron withdrawing nitro group.

This stretch is accompanied by a shortening in the
distances between N...O and N...H. This is an in-
dication that the hydrogen bond in compound 2 is
stronger. The electron withdrawing effect of the
nitro group causes the electron density on the oxy-
gen to decrease. This means that the electrons of
hydrogen are found more on oxygen. The hydro-
gen bond properties are given in Table 3.
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Table 3
Hydrogen bond properties of the compounds
Compound O-H N...H N....O
1 0.99337 1.73477 2.62805
2 0.99938 1.70784 2.60932
3 0.99016 1.75514 2.64194
4 0.99398 1.73184 2.32766
5 0.99038 1.75119 2.63738

The second order Fock matrix was used to
evaluate the donor-acceptor interactions in NBO
analysis. For each donor NBO (i) and acceptor
NBO (j), the stabilization energy E® associated
with electron delocalization between donor and
acceptor is estimated as

(F,)°
£ —&

E® = AEij =-q; 1)

where ¢ is the donor orbital occupancy, &, and g
are diagonal elements (orbital energies) and F; is
the off-diagonal NBO Fock matrix element [31,
32]. The larger the E@ value, the more intensive
the interaction between electron donors and elec-
tron acceptors, i.e., the more donating tendency
from electron donors to electron acceptors and the

greater the extent of conjugation of the whole sys-
tem. NBO analysis for all compounds revealed that
there is a strong interaction LPni— BD*o1h1
(nn1—o0*01-11), Which corresponds to a hydrogen
bond interaction. The results of the NBO analysis
(Table 4) indicate that the hydrogen bond energy is
increased by the electron withdrawing NO, group.
In contrast to the other compounds, compound 2
becomes stable because of a combination of lone-
pair electrons (LP) on N and an unoccupied LP*
orbital on hydrogen. These phenomena can be ex-
plained by the mesomeric effect of the electron
withdrawing NO. group, as shown in Scheme 2.
Accordingly, Mulliken atomic charges show that
the density of electrons on oxygen atom decreases
relatively in compound 2 (Table 4).

Scheme 2. Resonance structure of compound 2

Table 4

Second order perturbation theory analysis of the Fock matrix in the NBO analysis

Compound Donor Acceptor (kcaEljzri]ol) Mulliken atomic charges
1 LP(1) N1 BD*(1)01-H1 23.59 -0.415714
2 LP (1) N1 LP* H1 42.62 —0.388220
3 LP(1) N1 BD*(1)01-H1 21.32 —0.420343
4 LP(1) N1 BD*(1)01-H1 24.10 —0.418270
5 LP(1) N1 BD*(1)01-H1 21.67 —0.403886
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Because of the resonance structure seen in
Scheme 2, proton transfer occurs much more easily
in the compounds containing an electron withdraw-
ing group. On the contrary, the electron donor
methoxy group makes it difficult for the proton to
migrate onto nitrogen by increasing the electron
density on the oxygen with the mesomeric effect.

3.3. Investigation of kinetic properties

The Hammet equation below [33] can be
used to explain the effect of substituents on the
reaction rate:

log k/ko = po 2

In the equation, k is the reaction rate con-
stant for substituted compounds, ko is the reaction
rate constant for unsubstituted compound with R =
H, p is the reaction constant and o is the substitu-
ent constant. The reaction constant (p) shows the
effect of substituents on the reaction rate. A high p
value indicates that the reaction rate is significantly
influenced by the substituents, while a small p val-
ue indicates little effect of the substituents. p<0
values mean that the reaction is accelerated by
electron donating groups, whereas p>0 values cor-
respond to a reaction accelerated by electron with-
drawing groups [34]. The Arrhenius equation is
given below:

k — AefEa/RT (3)

where k is the reaction rate coefficient, E, is the
activation energy, R = 1.985 x 1073 kcal.mol K™
and T = 298 K. Using these two equations, one can
derive the following expression in order to obtain
the reaction constant (p). First, the ratios of the rate
constants are calculated using the activation ener-
gies (Ea) obtained from the proton transfer process,
and then plotted against the substituent constants
(o), as shown in Figure 2.

logk /k, = (E,. —E,)/2.303RT =po (4)

When the graph is examined, it has p > 0
and specifically a high p value for the aromatic
ring | (Scheme 3). That is, the substituents in the
ring | are very influential in tautomerism. While
the electron withdrawing groups facilitate tautom-
erization, the electron donating groups make it dif-
ficult. For this reason, compounds containing an
electron withdrawing group tend to form more ke-
to-amines. Schiff bases containing an electron do-

nating group are present in the phenol-imine form.
However, aromatic ring Il exhibits the opposite
behavior. It has p < 0 and small p value. In other
words, the substituents have no remarkable effect
on tautomerism. Contrary to the substituents in the
tautomeric ring 1, electron donating groups in ring
Il facilitate tautomerization, but electron with-
drawing groups make tautomerization difficult.

logk/k,

y=0,7955x + 0,013
1,00 R2=0,9998

-1,00 1,50

y=-0,277x- 0,0096

-0,60
R*=0,9985

-0,80 -

Fig. 2. The substituent effect on the reaction rate
in Schiff bases

\

I N

//o 0—H1
Scheme 3. Numbering of the rings (aromatic and chelate)
for five Schiff bases

3.4. Tautomerism from the perspective
of the HOMA index

The harmonic oscillator model of aromatici-
ty (HOMA) index gives information about the ar-
omaticity of compounds, using average squared
deviation of bond lengths. The HOMA index is 1
for the pure aromatic systems. When aromaticity
decreases, the HOMA index approximates to zero.

HOMA=1—%ZO¢](R] —R,)? (5)
j=1

where n is the number of bonds and R; is individual
bond length. The normalization constant is equal to
257.7 for C-C, 93.52 for C-N and 157.38 for C-O
bonds; the optimal value Ropt = 1.388 A for C-C,
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1.334 A for C-N and 1.265 A for C-O [35, 36].
The HOMA indices of aromatic rings and chelate
rings (Scheme 3) were calculated at each step of
the scan process. The change in HOMA indices
versus the scan coordinate is shown in Figure 3. It
can be seen that the aromaticity level of C1/C6 in
ring | decreases while the aromaticity level of C8-
C13 in ring 1 increases slightly with the scan co-
ordinate changing from 0.9 to 1.80 A. There is a
decrease in the aromaticity of ring I up to 1.30 A,

while there is an increase in the aromaticity of che-
late ring 1l. The loss in aromaticity is accompanied
by an increase in the chelate ring, which causes the
aromaticity of the whole molecule to remain un-
changed. On the other hand, aromatic ring 111 shows
a small increase in its aromaticity. The aromaticity
is decreased in both I and II after 1.30 A. While the
aromaticity of chelate ring Il decreases slightly, it
decreases significantly in aromatic ring I.

1,20 +

1,00 o o o I

@\.@\,\3
-
% 080 i\ﬂ\
E \ 11
< 0,60
2 6\&
=] N
T 040 e
@\&\g
—~e |
0,20
0,00 ' 1 + + 1
0,80 1,00 1,20 1,40 1,60 1,80
dg 4 (A)

Fig. 3. The dependency of aromatic (I and I11) and chelate (1) rings on the HOMA indices for compound 1

Other compounds showed similar behaviors,
as seen in Figures 4 and 5. The HOMA indices
show that proton transfer from the phenol-imine to
keto-amine forms in o-hydroxy Schiff bases is fa-
cilitated by m-electron delocalization, which occurs
in the aromatic (1) and chelate (I1) rings (Scheme
4). This situation makes it possible to obtain the

1,200 -

1,000 -

keto-amine form in the solid state and in solvent
media, as previously reported in the literature, alth-
ough the loss of aromaticity in the pure keto form
is considerable in compounds containing both elec-
tron donating and electron withdrawing groups
[37-43].

Ring IIT

0,300 -

HOMA index
=
8

0,400 1

0,200 A

} Ring I

0,000 + +
0,30 1,00 1,20

1,40 1,60 1,80

d, A

Fig. 4. The dependency of aromatic rings on the HOMA index for all compounds
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Fig. 5. The dependency of chelate rings on the HOMA index for all compounds

Scheme 4. n-Electron delocalization in the aromatic (1)
and chelate (1) rings

4. CONCLUSIONS

Quantum chemical studies show that, in all
compounds, the phenol-imine form is more stable
than the keto-amine form. The electron withdraw-
ing nitro group makes the proton transfer process
much easier by lowering the activation energy. On
the other hand, the electron donor methoxy group
increases the activation energy and proton transfer
becomes more difficult. This result was also con-
firmed by the kinetic data. The p values obtained
from the graphical method show that the substitu-
ents greatly affect aromatic ring I; while electron
withdrawing groups facilitate tautomerization,
electron donating groups make it difficult. For this
reason, compounds containing an electron with-
drawing group tend to form more keto-amines.
Schiff bases containing an electron donating group
are present in the form of phenol-imine. On the
other hand, the substituent effect on tautomeriza-
tion in aromatic ring 1 is very small; contrary to
aromatic ring |, electron attracting groups slow
down the tautomerization reaction, while electron
donating groups accelerate it. Geometry-based ar-
omaticity HOMA indices provided important in-
formation on electron delocalization in the aro-
matic rings. The aromatic ring | in the phenol-

imine form for all compounds had a very high val-
ue of the HOMA index (about 0.9), indicating
strong mt-electron delocalization in this ring. On the
contrary, the keto-amine tautomer exhibits low
aromaticity (HOMA indices of about 0.3 for all
compounds), and the chelate ring has relatively
high electron delocalization. During tautomeriza-
tion, w-electron delocalization in the phenol-imine
form decreases, while r-electron delocalization in
the chelate ring increases; that is, HOMA index of
the chelate ring increases. These results show that
proton transfer from the phenol-imine to the keto-
amine form is facilitated by w-electron delocaliza-
tion. This situation makes it possible to obtain the
keto-amine form, although the loss of aromaticity
in the pure keto form is considerable in o-hydroxy
Schiff bases.
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