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found to involve two steps, namely: (1) formation of a carbinolamine
and (2) dehydration of the carbinolamine to give the final schiff base,

through six-membered ring transition states. The carbinolamine is

intermediate and dehydration is rate determining step of the reaction. The formation of Schiff
base between the para-substituented aniline and pyrrole adehyde requires the contribution of
one auxiliary water molecule as a true reactive in order to facilitate proton transfer, and
allows the nucleophilic attack of the incoming amine to carbonyl group. The para-methoxy
substituent has less energy barrier than the other two substituents, according to more electron

withdrawing effect.
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INTRODUCTION
A Schiff base is a neutral molecule with an electron pair and contains a carbon-nitrogen
double bond. This class of compound was discovered in 1864 by Hugo Schiff, when he

reacted an aldehyde and amine, leading to a Schiff base.™

The Schiff bases are also called as imines!, anilis and azomithines. The kinetic studies of
Schiff base formation as well as other carbonyl addition reaction have been interesting to
chemists for some time. Schiff bases derived from anilines and its derivative with aromatic
aldehyde have a wide variety of applications in biological®* and analytical chemistry.®

671 antiviral® anticonvulsants™®,

[13]

Schiff bases are known to be neoplasm inhibitors!
antimicrobial™ anticancer*, plant growth regulator’*® and antituburecular agents.

Schiff bases formation involves a two step reaction between the carbonyl compound and the
amino compound. First, addition takes place to form a carbinolamine which then undergoes

dehydration.™ Both step are reversible and subject to general acid — base catalyst.[*"

The study of substituent effects on molecules containing the fundamental functional groups
of organic chemistry by the use of quantum chemical calculations has been the subject of
intense interest in recent years.™ The effect of substituents on chemical reactions is accepted
by workers as steric and electronic factors. Other factors are also important in individual
cases.l'’] The steric effect is determined by the size of the substituent. The presence of
electron releasing or withdrawing substituents is known as the electronic effect.l*®! The
resonance (delocalization of n -electrons) effect is a stabilizing effect. It leads to electron
withdrawal from a negatively charged center or releases electrons to a positively charged
center. Because the overall electronic effect is a combination of inductive, field and
resonance effects, groups like NH, and OCHy3 are electron releasing (by resonance) in some
cases, depending on the structure even though they are electron withdrawing when only field

and inductive effects are considered.

In our previous work®??  Theoretical study based on the Restricted Hartree- Fock
calculations (RHF/3-21G) of the formation of Schiff base of para-substituted aniline with
furaldehyde and thiophene-2-carbaldehyde were conducted. The reaction mechanism was
found to involve two steps, namely: (1) formation of a carbinolamine and (2) dehydration of

the carbinolamine to give the final Schiff base, through six-membered ring transition states.
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In this work, the substituent effect on the reactivity of pyrrole-2-carbaldehyde with para-
substituted aniline as regards to Schiff base formation will be discussed by means of the
description of the energy, the geometry, and the topology of the intermediate and the stability
of transition state structures involved in such reaction. This information provides a detailed
energy profile for Schiff base formation that matches conclusions which have been obtained

experimentally.

METHOD OF CALCULATIONS

A molecular complex consisting of pyrrole-2-carbaldehyde, aniline, para-methoxy, para-
methyl aniline and one water molecule was chosen as model compound to study the Schiff
base formation. The purpose of including one water molecule in the model molecular
complex was not the simulation of water solvation environment but its consideration as
reactive species for the processing of the reaction. In the present study Restricted Hartree-
Fock (RHF) calculations were performed with the Gaussian09 ! software packages, running
in an Intel Pentum (R) 1.86 GB personal computer. All structures were fully optimized at the
Restricted Hartree Fock (RHF) level, using the 3-21G basis set in gas phase. Also, the
geometries of the reactants, products, intermediates, and transition states involved in the
reactions were all fully optimized by using RHF/3-21G. The structures thus obtained were
subjected to vibrational analysis calculations toward their characterization as local minima
(all positive force constants) or transition states (one imaginary force constant only). For the
later structures, IRC'?? calculations were performed along the transition vector defined by the
vibration mode of this imaginary frequency in order to asses that the saddle point structure
connected downhill the corresponding forward and backward minima. This methodology
allowed the identification of the reaction intermediates and transition state structures along

the reaction path. The standard state is 1 atm, which is the default in Gaussian calculations.

RESULTS AND DISCUSSION

The mechanism of the Schiff base formation reactions of para-substituted-aniline with
pyrrole-2-carbaldehyde involves two steps, namely: (1) formation of carbinolamine (1-3 in
scheme 1) and (2) dehydration of the carbinolamine to give the imine (3-5 in scheme 1),
scheme 1 shows the atoms directly involved in the reaction and the overall process. Figure 1
shows the energy profiles for the process in the gas phase with RHF/3-21G. Tables 1 and 3

show the relative energies, AH®°, AG® and AS° data for the structures involved, and table 2
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show the bond length for each substituent of the structures of the reaction path from reactants

to products in Angstrom.

x =H, CHz, CH30
Reactants-1

3
H

4 6 3
h — H #
2 4 6
8H —H 5 AOTTH T,
\ A . 8H’ O—H
I 10 -N= Co =
= H?° N a
20 10 N7
= %0 H?
NH F
X — NH
X —_—
carbinolamine-3 Transition State TS2-4

X

Schiff base-5

Scheme 1: Mechanism of Schiff base formation between para-substituted aniline and

Pyrrole-2-carbaldehyde
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Figure 1: Energy profile for the reaction, for Schiff base formation between para-
methoxyaniline and Pyrrole-2-carbaldehyde, Energy is in a.u.
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Table 1: Energies (RHF) for each of the structures of the reaction path from the

standard thermochemistry output of a frequency calculation ?

E(RHF)
Structure | X=CH3O X=CHj3 X=H
1° -792.7487 | -718.3443 | 679.5249
2° -792.7314 | -718.2998 | -679.4786
3 -792.7574 | -718.3329 | -679.5122
4° -792.6967 | -718.2652 | -679.4445
5f -792.7542 | -718.3178 | -679.4971

4All structures were fully optimized. Cartesian coordinates of all structures are available as

supplementary material. Energy in a.u.

bedef reactants, cyclic transition state-TS1, intermediate, cyclic transition state-TS2 and

product respectively (refer to Scheme 1).

Carbinolamine Formation: The starting point for this concerted step process is structure
1(scheme 1) where the incoming amino group (N7) of the para-substituted aniline is the site
of the nucleophilic attack on the carbonyl carbon in pyrrole-2-carbaldehyde (C1). The
distance N7-C1 is 2.242, 5.423 and 5.420 A at the start for methoxy, methyl and hydrogen
substituents respectively (table 2, scheme 1). The existence of auxiliary water molecule in
this reaction facilitates the transfer of the amine proton to the water molecule H3...04 which
distance is 1.927, 1.952 and 1.945 A for methoxy, methyl and hydrogen substituents
respectively (table 2, scheme 1). The simultaneous transfer of water proton to aldeyhde
oxygen H5...02 which distance is 1.650, 1.724 and 1.7230 A for methoxy, methyl and
hydrogen substituents respectively (scheme 1 and figure 1). This mechanism occurs via six-
membered ring transition state TS1-2 clearly involving the formation of an N7-C1 bond
(1.672 A), H3-04 bond (1.927 A) and 02-H5 bond (1.650 A). Then partial breaking of
N7...H3 (1.006 A), O4...H5 bond (0.992 A) and C1...02 bond (1.239 A) occurs in the case
of methoxy substituent. The energy barriers for the reaction of para-methoxy-aniline with
pyrrole-2-carbaldehyde to form six-membered ring transition state (TS1) is 10.855, 27.913
and 29.053 kcal mol™ for methoxy, methyl and hydrogen substituents respectively (table 3),
downhill from these transition state structure, the system evolves to the carbinolamine form 3
(schemel) via the formation of an N7-C1 covalent bond and complete transfer of the water
proton (H5) to carbonyl oxygen (02), and complete transfer of amine proton (H3) to water
oxygen (O4), scheme 1 and figure 2.This results explained that the formation of six —

membered ring transition state in the case of methoxy substituent is of less energy (10.855
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kcal mol™) than methyl (27.913 kcal mol™) and hydrogen (29.053 kcal mol™) according to

electron withdrawing power of methoxy substituent.

Water has been shown to take part in similar reactions in other simple systems where the

energy barrier for carbinolamine formation by proton transfer was found to be reduced if

explicit water molecules were used to facilitate proton transfer ). On the basis of

experimental work on other molecular systems, these protonation reactions are pH-dependent

in acid-base equilibri

Table 2: Bond length for each substituent of the structures of the reaction path from

reactants to products in Angstrom

. Transition | Carbinol- | Transition | Schiff
Bond length in A Reactants-1 state TS1-2 | amine-3 | state TS2-4 | base-5
N7-C1, x=CH50 2.2424 1.6723 1.5478 1.3206 1.2805
x=CH; 5.4225 1.6757 1.5058 1.3220 1.2727
X =H 5.4200 1.6800 1.5065 1.3234 1.2728
H3(8)...04,x=CH;30 1.9274 1.6304 1.0118 1.3580 1.0120
x=CHjs 1.9515 1.6223 0.9885 1.3419 0.9888
X =H 1.9455 1.6147 0.9880 1.3311 0.9883
H5(6)...02,x=CH;30 1.6508 1.2109 0.9757 1.1142 0.9934
x=CH; 1.7237 1.2062 0.9727 1.1152 0.9857
X =H 1.7230 1.2031 0.9727 1.1143 0.9856
N7...H3(8),x=CH;30 1.0068 1.0589 1.5981 1.1442 1.5320
x=CHjs 1.0028 1.0606 1.8426 1.1544 1.8079
X =H 1.0032 1.0621 1.8487 1.1618 1.8121
04...H5(6),x=CH30 0.9922 1.2080 1.6186 1.3115 1.5088
x=CH; 0.9648 1.2127 1.9479 1.3095 1.6983
X =H 0.9856 1.2159 1.9468 1.3105 1.6987
C1...02, x=CH30 1.2397 1.3529 1.4127 1.9864 1.1040
x=CHjs 1.2306 1.3527 1.4240 1.9729 3.0997
X =H 1.2307 1.3520 1.4238 1.9628 3.0959

Transition state -TS1

Intermediate carbinolamine -3
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Transition state -TS2

Figure 2: Optimized structures of six-membered ring transitions states TS1, TS2 and
carbinolamine intermediate 3 of the above reaction in the case of methoxy substituent
calculated by RHF/3-21G.

Table 3: Calculated energies of reactants, six-membered ring transition states,

I-l a,b

carbinolamine and products using RHF/3-21G in kcal mo of methoxy, methyl and

Hydrogen substituent’s,

Compound AE AG AH AS
kcal mol? | kcal mol? | kcal mol? | Cal mol*K™
CH30
1° 0 0 0 0
TS1-2° 10.855 23.763 2.297 -133.874
3° -16.315 -14.544 -1.114 45.044
TS2-4" 38.089 33.093 20.768 -41.34
59 -36.081 -25.772 -2.215 79.013
CH;s
1° 0 0 0 0
TS1-2¢ 27.913 25.024 12.976 -86.874
3° -20.770 -14.950 -2.623 39.334
TS2-4 42.481 32.766 22.147 -35.616
59 -33.006 -26.353 -2.636 79.551
H
1° 0 0 0 0
TS1-2¢ 29.053 25.674 0.037 -85.992
3° -21.084 -16.093 -2.739 44,791
TS2-4 42.481 34.172 21.952 -40.988
59 -33.006 -26.707 -2.718 80.462

& All structures were fully optimized. Cartesian coordinates of all structures are available as

supplementary material.
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® Energies reported relative to the sum of energies of separated reactants.
cdefd Reactants, cyclic transition state-TS1, intermediate, cyclic transition state-TS2 and

product respectively (refer to Scheme 1).

Schiff base formation: In this step the carbinolamine is dehydrated to give the
corresponding Schiff base through the six-membered ring transition state TS2 (Scheme 1,
figure 2) in the presence of the auxiliary water molecule to facilitate the reaction, in which
the second amine proton (H8) transfer to water oxygen(O4), simultaneously the water proton
(H6) is transferred to hydroxyl oxygen (O2) of carbinolamine , and C1-O2 start to break to
release water molecule, this step causes the formation of an imine double bond between C1
and N7. In fact the distance between these two atoms decreases from 1.547 A in structure 3 to
1.320 A in structure 4 (table 2, Scheme 1) in the case of methoxy substituent. The energy
barriers for the reaction of carbinolamine with water to form six-membered ring transition
state (TS2) is 54.404, 63.251 and 63.565 kcal mol™ for methoxy, methyl and hydrogen

substituents respectively (table 3).

If we consider the energy values (table 3) calculations (RHF/3-21G) show that the initial
attack of Pyrrole aldehyde has energy barrier of is 10.855, 27.913 and 29.053 kcal mol™ for
methoxy, methyl and hydrogen substituents respectively, whereas the potential energy barrier
for dehydration of the carbinolamine is 54.404, 63.251 and 63.565 kcal mol™. This suggests
that the carbinolamine deyhdration is the rate-determining step of the process. Similar
conclusions for this type of reaction have been drawn from the theoretical and experimental

results for other simpler systems.[2627: 28]

If Gibbs energy is considered, RHF calculations show barriers of 23.763, 25.024 and 225.674
kcal mol™*for initial attack for methoxy, methyl and hydrogen substituents respectively, and
47.637, 47.716 and 50.265 kcal mol™ for the dehydration of carbinolamine to form the Schiff
base. If we compare the effect of these substituents in the case of dehydration of
carbinolamine to form the Schiff base, we find that methoxy is also more favorable than the

other two substituents.

According to calculations, the energy of formation of our Schiff base from these substituents
are in the following order: methoxy(-792.7487a.u)>methyl(-718.344 a.u) > H (-679.5249
a.u) tablel.
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CONCLUSIONS

On the bases of our Schiff base formation model, water plays a prominent role in all protons
transfers, by which the two amine protons were exchanged through two six-membered ring
transition states to form carbinolamine intermediate and Schiff base respectively.

Dehydration of carbinolamine to form Schiff base is rate-determining step.

The para-methoxy substituent is more powerfull electron withdrawing effect than the other
two substituents to form six — membered ring transition state and dehydration of

carbinolamine to form the Schiff base.

SUPPLEMENTARY INFORMATIONS
Supplementary information (output results of RHF calculations) are available free of charge

on request.
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