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ABSTRACT  
Theoretical study based on the Restricted Hartree- Fock calculations (RHF/3-21G) of the formation of Schiff base of para-
methoxyaniline, para-methylaniline and anline with thiophene-2-carbaldehyde was 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. The carbinolamine is intermediate and dehydration is rate determining 
step of the reaction. The formation of Schiff base between the para-substituented aniline and thiopheneadehyde 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 1. 
The Schiff bases are also called as imines 2, anilis and 
azomithines. The kinetic studies of Schiff base formation as 
well as other carbonyl addition reaction have been interested 
chemists for some time. Schiff bases derived from anilines 
and its derivative with aromatic aldehyde have a wide 
variety of applications in biological3,4 and analytical 
chemistry5.Schiff bases are known to be neoplasm 
inhibitors6,7, antiviral8, anticonvulsants9, antimicrobial 10, 
anticancer11, plant growth regulator12 and antituburecular 
agents 13. 
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 dehydration14. Both step are reversible and 
subject to general acid – base catalyst15.  
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 years16.The effect of substituents 
on chemical reactions is accepted by workers as steric and 
electronic factors. Other factors are also important in 
individual cases 17. The steric effect is determined by the 
size of the substituent. The presence of electron releasing or 

withdrawing substituents is known as the electronic 
effect18.The resonance (delocalization of π -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 NH2 and OCH3 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 work19, Theoretical study based on the 
Restricted Hartree- Fock calculations (RHF/3-21G) of the 
formation of Schiff base of para-methoxyaniline with 
furaldehyde was 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.  
In this work, the substituent effect on the reactivity of 
thiophene-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. 
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METHOD OF CALCULATIONS 
A molecular complex consisting of thiophene-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 Gaussian0320 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, 
IRC21 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 thiophene-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, ∆Hº, ∆Gº and ∆Sº data for the structures 
involved, and table-2 show the bond length for each 
substituent of the structures of the reaction path from 
reactants to products in Angstrom. 
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Scheme-1: Mechanism of Schiff base formation between para-substituted aniline  and thiophene-2-carbaldehyde 
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Figure-1: Energy profile for the reaction, for Schiff base 
formation between para-methoxyaniline and thiophene-2-

carbaldehyde, Energy is in a.u. 
 

Table-1: Energies (RHF) for each of the structures of the 
reaction path from the standard thermochemistry output of a 

frequency calculation a 

 

                                                       E(RHF) 

Structure  X=CH3O        CH3
 H          

1b 

2c 

3d 

4e 

5f 

 -1133.575   
 -1133.542 
 -1133.580 
 -1133.513   
 -1133.584 

-1059.146    
-1059.111 
-1059.149 
-1059.082 
-1059.136 

-1020.326    
-1020.289 
-1020.328 
-1020.260 
-1020.316 

 

aAll structures were fully optimized. Cartesian coordinates of 
all structures are available as supplementary material. Energy 

in a.u. b,c,d,e,f  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 thiophene-2-carbaldehyde (C1). 
The distance N7-C1 is 2.999, 3.036 and 3.066 Å 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…O4 which distance is 
1.908, 1.900 and 1.894 Å for methoxy, methyl and hydrogen 
substituents respectively (Table-2, Scheme-1). The 
simultaneous transfer of water proton to aldeyhde oxygen 
H5…O2 which distance is 1.941, 1.946 and 1.942 Å 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 (1.618 Å), H3-O4 bond (1.356 
Å) and O2-H5 bond (1.242 Å). Then partial breaking of 
N7…H3 (1.153 Å), O4…H5 bond (1.176 Å) and C1…O2 
bond (1.356 Å) occurs in the case of methoxy substituent. 
The energy barriers for the reaction of para-methoxy-aniline 
with thiophene-2-carbaldehyde to form six-membered ring 
transition state(TS1) is 20.71, 21.96 and 23.22 kcal mol-1 for 
methoxy, methyl and hydrogen substituents respectively 

(table 3), downhill from these transition state structure, the 
system evolves to the carbinolamine form 3 (Scheme-1) via 
the formation of an N7-C1 covalent bond and complete 
transfer of the water proton  (H5) to carbonyl oxygen (O2), 
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 less energy (20.71 kcal mol-1) than 
methyl (21.96 kcal mol-1) and hydrogen (23.22 kcal mol-1) 
according to electron withdrawing power of methoxy 
subsituent. 
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 transfer22. On the basis of experimental work on other 
molecular systems, these protonation reactions are pH-
dependent in acid-base equilibria 23,24. 

 
Table-2: Bond length for each substituent of the structures of the reaction path from reactants to products in Angstrom 

 

Bond length in Å Reactants-1 Transition state TS1-2 Carbinol- 
amine-3 Transition state TS2-4 Schiff base-5 

N7-C1, x=CH3O 
x=CH3 
x =H 

2.999 
3.036 
3.066 

1.618 
1.621 
1.625 

1.495 
1.496 
1.453 

1.316 
1.317 
1.319 

1.266 
1.265 
1.265 

H3(8)…O4,x=CH3O 
x=CH3 
x =H 

1.908 
1.900 
1.894 

1.356 
1.349 
1.346 

0.975 
0.975 
0.964 

1.305 
1.291 
1.278 

0.987 
0.987 
0.986 

H5(6)…O2,x=CH3O 
x=CH3 
x =H 

1.941 
1.946 
1.942 

1.242 
1.244 
1.246 

0.981 
0.981 
0.969 

1.113 
1.115 
1.114 

0.986 
0.986 
0.986 

N7…H3(8),x=CH3O 
x=CH3 
x =H 

1.008 
1.008 
1.008 

1.153 
1.158 
1.160 

2.012 
2.013 
3.831 

1.182 
1.193 
1.204 

1.822 
1.826 
1.830 

O4…H5(6),x=CH3O 
x=CH3 
x =H 

0.971 
0.970 
0.970 

1.176 
1.174 
1.173 

1.750 
1.749 
1.829 

`1.312 
1.309 
1.309 

1.697 
1.697 
1.697 

C1…O2, x=CH3O 
x=CH3 
x =H 

1.218 
1.218 
1.218 

1.356 
1.356 
1.355 

1.411 
1.411 
1.454 

1.939 
1.925 
1.911 

3.088 
3.088 
3.085 
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Transition state -TS1                            Intermediate carbinolamine -3                           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. 
 

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 
transfered 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 1.49 Å in structure 3 to 1.31Å 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 65.89, 
65.89 and 67.14 kcal mol-1 for methoxy, methyl and 
hydrogen substituents respectively (Table-3). 
 
Table 3.Calculated energies of reactants, six-membered ring 
transition states, carbinolamine and products using RHF/3-

21G in kcal mol-1 a,b of methoxy, methyl and Hydrogen 
substituent’s 

 

Compound 
ΔE 

kcal mol-1 
ΔG 

kcal mol-1 
ΔH 

kcal mol-1 
ΔS 

Cal mol-1K-1 
CH3O 

1c 
TS1-2d 

3e 
TS2-4f 

5g 

CH3 
1c 

TS1-2d 
3e 

TS2-4f 

5g 

H 
1c 

TS1-2d 
3e 

TS2-4f 

5g 

 
0 

20.71 
-23.85 
42.04 
-44.55 

 
0 

21.96 
-23.85 
42.04 
-33.89 

 
0 

23.22 
-24.47 
42.67 
-34.51 

 
0 

26.56 
-17.34 
34.15 
-26.58 

 
0 

27.76 
-18.76 
35.46 
-27.23 

 
0 

28.46 
-19.59 
35.98 
-27.08 

 
0 

1.76 
-3.56 
22.35 
-3.02 

 
0 

3.11 
-7.01 
24.10 
-3.39 

 
0 

4.00 
-7.69 
24.38 
-3.44 

 
0 

-0.35 
-0.18 
-0.17 
0.17 

 
0 

-82.68 
39.41 
-33.49 
79.95 

 
0 

-84.72 
39.94 
-38.90 
79.28 

a All structures were fully optimized. Cartesian coordinates of 
all structures are available as supplementary material. 
b Energies reported relative to the sum of energies of 

separated  reactants. 

c,d,e,f,g Reactants, cyclic transition state-TS1, intermediate, 
cyclic transition state-TS2  and product respectively (refer to 
Scheme-1). 
 
If we consider the energy values (Table-3) calculations 
(RHF/3-21G) show that the initial attack of 
thiophenealdehyde has energy barrier of is 20.71, 21.96 and 
23.22 kcal mol-1 for methoxy, methyl and hydrogen 
substituents respectively , where as the potential energy 
barrier for dehydration of the carbinolamine is 65.89, 65.89 
and 67.14 kcal mol-1. 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 25,26, 27. 

 

If energy Gibbs is considered, RHF calculations show 
barriers of 26.56, 27.76 and 28.46 kcal mol-1for initial attack 
for methoxy, methyl and hydrogen substituents respectively, 
and 51.49, 54.22 and 55.57 kcal mol-1 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 found that also 
methoxy is 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 (-1133.584 a.u) > methyl(-1059.136 a.u) > H (-
1020.316 a.u ) table 1. 
 
CONCLUSION 
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 power full electron 
withdrawing effect than the other two substituents in the 
formation of 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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