J Mol Model (2015) 21:57
DOI 10.1007/s00894-015-2606-4

ORIGINAL PAPER

The DFT study on the reaction between benzaldehyde

and 4-amine-4H-1,2,4-triazole and their derivatives as a source
of stable hemiaminals and schiff bases. Effect of substitution
and solvation on the reaction mechanism

Slawomir Berski « Agnieszka J. Gordon -
Leszek Zbigniew Ciunik

Received: 10 May 2014 / Accepted: 1 February 2015
© Springer-Verlag Berlin Heidelberg 2015

Abstract Reaction mechanism for the benzaldehyde (ald)
and 4-amine-4H-1,2 4-triazole (4at) has been investigated at
the DFT (B3LYP)/6-31+G(d) computational level. Three
transition states (TS) have been identified. The TS1 corre-
sponds to hydrogen transfer from the NH, group to the C=
O bond and nucleophillic attack of the carbon atom from the
aldehyde group on the nitrogen atom from the NH, group in
4at. The result of this reaction is the hemiaminal molecule.
The TS2 characterises an internal rearrangement of the ben-
zene and triazole rings in the hemiaminal molecule. The TS3
leads to breaking of the O-H bond, the elimination reaction of
the H,O molecule, and formation of the C=N bond. The final
product of this reaction is a Schiff base. In order to determine
the most favorable conditions for hemiaminal formation, the
influence of electronic structure modification on the energetic
properties during the reaction of benzaldehyde and 4-amine-
4H-1,2,4-triazole has been studied. Thirteen substituents:
NH,, OH, OCHj3;, CHj, F, 1, Cl, Br, COH, COOH, CFj3, CN,
NO,, with different Hammett’s constant values (o = —0.66—+
0.78) have been considered. Finally, the reaction mechanism
has been investigated in the presence of 1 to 5 water
molecules.
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Introduction

During the condensation reaction between primary amines
and aromatic aldehydes, stable Schiff bases (imines) are
formed through the interaction of functional groups and a
water molecule elimination [1]. The reaction takes place in
two stages. In the first one, an intermediate product,
hemiaminal, is formed. It is characterized by the presence of
a tetrahedral carbon atom, Ar-CH (OH) (NHR), and its gen-
eral instability. During the second stage, a water molecule is
eliminated, leading to a stable Schiff base, Ar-CH=NR, with
the imine functional group. Schiff bases constititute a large
group of stable and well known compounds. However, studies
on hemiaminals, especially the open-chain ones, have been
relatively rare due to their low stability. Hemiaminals have
been found in solutions at low temperatures, [2, 3] or observed
using sophisticated host-guest chemistry as trapped molecules
in deep molecular cavities or in a porous coordination network
[4—6]. From the NMR measurements, chemical half-lives of
these compounds have been found to vary from 30 min to over
100 h at room temperature [7]. They have also been observed
in solvent-free reactions as unstable compounds [8]. The first
stable open-chain hemiaminal has been obtained in crystalline
form from the reaction of di-2-pyridyl ketone with 4-
cyclohexyl-3-thiosemicarbazide [9]. The compound was sta-
bilized by the intramolecular hydrogen bonding.

Recently a new general method for an efficient preparation
of stable open-chain hemiaminals has been proposed [10].
During synthesis, neutral solvent reaction conditions have
been used and the reaction has been carried out using 4-
amine-4H-1,2,4-triazole with benzaldehyde derivatives con-
taining electron-withdrawing substituents (—-NO,, —Cl), which
decrease the electrophilicity of the carbonyl carbon atom. It
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has also been shown that using the same reactants in acidic
conditions yields higher stability of a Schiff base.

The current paper focuses on the mechanism and energetics
of the reaction between benzaldehyde (ald) and 4-amine-4H-
1,2,4-triazole (4at) using ab initio calculations at the DFT
(B3LYP) level. In order to find the best conditions improving
the efficiency of the synthetic method and also to increase a
range of compounds, the electronic structure of the reactants
has been modified by varying the substituents and its effect on
the reaction mechanism has been investigated. The substitu-
ents (R) with a wide range of the Hammett’s constants (o)
have been selected (—0.66—0.78). The following 13 R substit-
uents have been chosen: NH,, OH, OCH;, CHs, F, I, Cl, Br,
COH, COOH, CF;3, CN, NO,. Initially, a monosubstituted
derivative of benzaldehyde (R-ald) reacting with 4at has been
studied. Then unsubstituted benzaldehyde (R=H, the refer-
ence molecule) and the 4at molecule reaction has been inves-
tigated with the 3,5 positions in the triazole ring subsequently
occupied by a series of 13 R1 substituents (R1R1-4at): NH,,
OH, OCHj;, CHj, F, 1, Cl, Br, COH, COOH, CF3;, CN, NO,.
Finally, the influence of varied number of water molecules
(n=1-5) on the reaction mechanism has been examined.

Computational details

The optimization of the geometrical structures and harmonic
vibrational analysis has been performed using the GAUS
SIAN 09 program [11]. The DFT (B3LYP) method [12-14]
with the 6-31+G(d) basis set [15] as implemented in the
Gaussian 09 program, has been used. The minima and transi-
tion states (TS) on the potential energy surface (PES) have
been confirmed by the analysis of the harmonic vibrational
frequencies. The reagents and products, connected by each
TS, have been described using the IRC procedure [16, 17].
All calculations have been performed for the molecules in a
singlet state.

Activation energies (E,) have been calculated as a differ-
ence between the total energies (E) of the geometrical struc-
tures found on the IRC path toward the reagents (products)
and subsequently optimized to local minimum of E and the
total energy of TS. The vibrational zero-point energy differ-
ence (AZPVE) has been applied to all the E, values, excluding
one imaginary frequency for TS.

Interaction energies (E;,,) for the pre-reactive (ald 4at) and
post-reactive (Sch"H,0O) complexes have been defined as a
difference between E,; of the complex and E, of the molec-
ular fragments with geometrical parameters as in the respec-
tive optimized complex. The E;,, values have been corrected
(Ein"") for the basis set superposition error (BSSE) using the
counterpoise procedure (CP) [18]. Finally, ZPVE has been
included in the values of Ey <" (B "+ AZPVE).
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Reaction energy (AE,) has been calculated as a sum of E,
of benzaldehyde and 4-amine-4H-1,2,4-triazole monomers
and corrected for AZPVE.

All parameters, both geometrical and energetic, if not stated
otherwise, have been calculated at the B3LYP/6-31+G(d) lev-
el of theory. Atom numbering in this paper corresponds to that
adopted by Barys et al. in ref. [10].

Topological analysis of the electron density field, p(r)
(AIM) has been carried out using AIMall program [19] at
the DFT (B3LYP)/6-311++G(d,p) [20, 21] computational
level. The following parameter for the bond critical points
(BCP) are discussed: p(r) — the value of the electron density
for BCP, Ap(r) — the Laplacian value of the electron density
for BCP, ¢ — “ellipticity” for BCP, H(r) — the total energy
density for BCP.

Topological analysis of the electron localization function, 1
(r) (ELF) has been performed using TopMod package [22, 23]
with a cubical grid with the step size of 0.08. The ELF
domains have been visualized using the VMD program [24].

Benzaldehyde with 4-amine-4H-1,2,4-triazole reaction

A search for transition states (TS), related to atomic rearrange-
ment from benzaldehyde (ald) and 4-amine-4H-1,2 4-triazole
(4at) to a Schiff base (Sch) and water (Scheme 1) yielded three
TSs. The optimized geometrical structures of all stationary
points are presented in Fig. 1. The TS1 describes the forma-
tion of the hemiaminal (t-hem1), TS2 describes internal reori-
entation of the triazole and benzene rings occuring in the equi-
librium between two hemiaminal conformers (t-heml « t-
hem?2) and the TS3 describes formation of a Schiff base and
water. In the first reaction formation of hemiaminal starts with
a pre-reactive complex from ald and 4at (ald 4at). In the
second reaction, a post-reactive complex, formed between
the Schiff base molecule and water (Sch'~"H,O) can be ob-
served. The optimized geometrical structures of the ald 4at
and Sch"H,0 complexes are shown in Fig. 1.

Orientation of the C=0 bond in relation to the NH, group
and the C-H bond from ald ‘pointing’ to the triazole ring
nitrogen atom (see Fig. 1) suggests that the ald 4at complex
is stabilized by intermolecular hydrogen bonds. Indeed, the
topological analysis of the electron density, p(r) (AIM [25])
shows bond critical points (BCP) between the O1 atom from
the C7=01 group and the H1 atom from the N4H1H2 group
[p(r)=0.019 e/bohr?, p(r)=0.069 e/bohr’, e= 0.040, H(r)=
0.002 E,]. According to the Bader theory [26] those atoms
are bonded and the respective stabilizing interaction can be
associated with the N4-H1"O1 hydrogen bond. Similarly, the
BCP [p(r)=0.004 e/bohr’, p(r)=0.014 e/bohr’, e=0.728, H(r)=
0.001 E,,] found between the C7-H3 bond from ald and the C2T
atom of the triazole ring confirms the existence of the C7-
H3C2T interaction. Since the carbon atom plays a proton
acceptor role here, this interaction is bound to be very week.
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Scheme 1 The reaction between benzaldehyde 4-amine-4H-1,2,4-triazole hemiaminal Schiff base
(modified) benzaldehyde and 4-
. . 5 6 1 1 1T H
amine-4H-1,2 4-triazole 0 H o7 H
\a /=N
R o+ N—N, | — r M & &
4 1 / B\ =N N \ 7N\
H H H \ N H H
3 2 3 g 2T N /
g “
N\ /N l >
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R= NHz, OH, OCHjs, CHjs, F, I, Cl, Br, COH, COOH, CF3, CN, NO2

All critical points for the ald ~"4at complex localized in the p(r)
field are shown in Fig. 2a.

The delocalization index, 8(A, B), defined as the integral of
the exchange density over both atomic basins, A and B, is an
important indicator of electron delocalization in the quantum
theory of atoms in molecules. It is particularly important in
bridging classical notions of bonding and quantum mechanics
[27]. For the ald'-4at complex, the value of & (H3, C2T) index
is about 0.01 and of 6(H1, O1) index is 0.06. This shows a
very weak character of the H3~"C2T interaction.

The interaction energy, Ei,"", for the ald"4at complex is
—7.05 kcal mol™' and the zero-point energy correction
(AZPVE) changes its value to —5.42 kcal mol ', The pre-
reactive complex moves onto the TS1 after the supplied acti-
vation energy E,' reaches the value of 45.49 kcal mol . The
reaction is slightly endothermic and its product, hemiaminal
(t-heml) has energy 2.02 kcal mol " higher than the sum of
the total energies (E,) of ald and 4at. Calculated height of the
activation barrier is large, thus the probability of spontaneous
hemiaminal formation is very small. In experimental

Fig. 1 The stationary points on
PES and relative energies for the
reaction of benzaldehyde (ald)
with 4-amine-4H-1,2,4-triazole
(4at) yielding the Schiff base
(Sch) and water. The values of
AE are calculated in realtion to
the isolated ald and 4at molecules

4 AE [kcal/mol]

0.0]----cceennn--

ald4at

45.49|EJ |

conditions other factors are bound to contribute to the de-
crease of the E,' value. Solvation is one of the most possible
ones, especially as water molecules are byproducts of the final
reaction. The nucleophilic attack of the carbon atom from the
C7=01 group occurs on the nitrogen, N4, from the NH,
group. This process is associated with proton transfer from
the NH, fragment to the O1 atom. There is no reason to expect
that these two rearrangements occur at the same time on the
reaction path.

Two mechanisms of this reaction can be considered and
they are shown in Scheme 2. The former assumes proton
transfer in the N4-H1 O1 bridge, followed by the C-N bond
formation. The latter assumes the reverse. Since the formation
of'a covalent bond (C-N, O-H) requires transfer of the electron
density from the carbon-oxygen bond into the interatomic
region and the C7=01 bond has a polarized character with
arbitrary partial charges, 6" and 35", on the C7 and O1 atoms,
a simple analysis can be performed. If the proton transfer
occurs first, the charge increase on the C7 atom (26") facili-
tates the nucleophilic attack of N4 atom in the second step. If

TS3
®
TS1 ﬁ«&
=
: 43.67 i .: 44.70
i E4ll|38.05 EaV | =AY
&? j Sch  H:0
SER
TS2
= = Ealv — 3121 AE,
"""""""""""""""""""" % R S
AE=2.02 AE=3.80 AE=277 AE=5.89
t-hem1l t-hem2 SchH20
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Fig. 2 The critical points of
index 0, 1, 2, and 3, localized for
the electron density field in the
intermolecular complexes formed
between benzaldehyde and 4-
amine-4H-1,2 4-triazole
(ald'4at), and Schiff base and
water (Sch'"H,0)

in contrast, the C-N bond formation occurs first, as in the
second mechanism, the atomic charge decreases on the Ol
atom (20") and therefore the proton transfer is less favorable.
This suggests that proton transfer in the N4-H1~O1 bridge
facilitates the nucleophilic attack and should occur first.

In order to support this simple analysis, the electronic struc-
ture of the TS1 has been examined with the topological anal-
ysis of the ELF function [28-33]. Such bonding analysis is
performed in a real space and the presence of particular va-
lence bonding attractors indicates clearly the existence of co-
valent bonds [34, 35]. The ELF-localization domains for the
TSI, related to topological basins of atomic cores, chemical
bonds, and lone pairs are shown in Fig. 3. In the C7"N4
region, the valence bonding attractor, related to the covalent
C7-N4 bond, has not been found. It is evident that the
nucleofilic attack has not yet been finished and the new bond
is not formed. In N4 vicinity, the ELF-domain corresponding
to the lone pair is observed and its basin population is 1.73e.
More advanced atomic rearrangement is observed within the

Scheme 2 Two mechanisms of
electron density redistribution
during the proton transfer and the
C-N bond formation
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transfer of electron density
to the O-H bond
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valence region between the N4 and O1 atomic cores
(N4-01). The nitrogen-hydrogen (N4-H1) bond is already
broken, confirmed by presence of the non-bonding domain
on the N4 atom. The domain is related to the remains of the
N4-H1 bond. Its basin population is 1.91e. The topology of
1(r) function in the vicinity of detached H1 is described by the
protonated asynaptic basin, V(H1). Such topological feature
of the proton with the reminder electron density has been
named “dressed proton” [36]. Its basin population is much
larger than expected (0.51e). This result is similar to the one
obtained for the proton transfer in malonaldehyde, 0.44e [36].
It is worth emphasizing that the O1-H1 bond in the TS1 is not
formed at this stage. The detailed mechanism of the reaction
between ald and 4at through the synthesis of hemiaminal and
a Schiff base, has been studied lately using a combination of
topological analysis of ELF and catastrophe theory [37]. The
sequence of breaking and formation of chemical bonds obtain-
ed there, supports the results presented here. The first reactiom
mechanism is as follows: the N-H bond in the 4at is broken,

I. proton transfer and formation of the O-H bond

transfer of electron density
to the C-N bond

II. nucleophilic attack and formation of the C-N bond
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Fig. 3 The ELF-localization domains for TS1 and TS3

then the non-bonding basin V(O) on the O atom is created in
ald, and finally the O-H bond is established. This atomic re-
arrangement is followed by nucleophillic attack of the carbon
atom to nitrogen atom and a formation of the C-N bond.

The product of the first reaction is the heminal molecule (t-
heml1). Its optimized geometrical structure is presented in
Fig. 1. The N3-N4-C7—-C1 torsion angle, determining mutual
orientation of the benzene and triazole rings is =74 [°]. The
atomic chain is synclinal (sc) and both rings are approximately
perpendicular. Barys et al. [10] described such conformation
as twisted. In a stretched conformation, the chain is
antiperiplanar (ap) and both rings are nearly parallel to each
other. Among seven crystal structures, five hemiaminals with
the stretched conformation and two with twisted conformation
have been identified [10].

Formation of the Schiff base from hemiaminal requires
elimination of a water molecule. This is only possible if the
H2 atom and the lone pair on the O1 atom are in the positions
supporting hydrogen transfer in the N4-H2O1 bridge.
Appropriate position of one of the O1 lone pairs in respect
to the H2 atom is very important. Therefore, the molecule t-
hem1 undergoes conformational change from a twisted con-
formation, where the N3-N4—C7—C1 torsional angle is =74
[°] (t-hem1), to a twisted conformation with the angle of 61 [°]
(t-hem2). In t-heml, the H2'~O1 distance is 2.794 A and is
shortened to 2.559 A in t-hem2. This process is associated
with the transition state TS2 that describes internal equilibri-
um t-hem1 < t-hem?2. The N3-N4—C7—C1 torsion angle for
the TS2 is =7 [°]. The activation energies, E,™ E,"Y are small-
er than 5 kcal mol . The reaction is slightly endothermic with
the AE, of 3.80 kcal mol .

In the second reaction, a Schiff base is formed (TS3, see
Fig. 1). The energetic barrier, E,", calculated from the

remainder of
N4-H1 bond
1.91e

/ yet formed

TS3

Wwe:
1.43e—>

Y

N4-H2

bond
s 2.33e Nd. ... 2.02¢e
k,': ! g . lone pair
i for ¥ 3.03e
A P / ‘ /401
. dressed proton R.4%¢e T ™
X b‘ V(H1) 0.81le \ lone pair
01-H1 bond is not R.9le

01-HR bond is not
yet formed

3

direction of t-hem2 is 43.67 kcal mol . This result is 1.82 kcal
mol ! smaller than E,, thus the effectiveness of the Sch for-
mation should be larger than that of hemiaminal. In respect to
t-hem?2, the reaction is slightly exothermic due to the value of
E,"" calculated in relation to the energy of the SchH,O com-
plex, (44.70 kcal mol ', E,*"). Comparison with ald and 4at
shows that the reaction occurs at an energy level which value
is above the sum of their total energies.

In the reaction leading to the TS3, the C7-O1 bond is bro-
ken, the H2 atom is transferred to the O1 atom through the N4-
H20O1 bridge and the H2-O1 bond is created. Finally the
water is separated from the Sch molecule. Furthermore, the
single C7-N4 bond is transformed into the double C7=N4
bond. Analysis of the bond lengths in the TS3 suggests that
the N4-H2 bond is not broken at this stage. Furthermore, the
presence of well isolated O1-H1 moiety implies a broken C7-
O1 bond. In order to verify this statement, the topological
analysis of 1(r) function for TS3 has been carried out. The
ELF-localization domains are presented in Fig. 3. The bond-
ing attractor, V(N4, H2), can be found in the N4-H2 region.
This confirms the presence of the N4-H2 bond. The C7-O1
bond is gone, which is confirmed by the absence of the V(C7,
O1) attractor. The O1HI fragment is described by the oxygen
core basin, C(O1), the protonated H1-O1 bond basin V(HI1,
O1), and two non-bonding basins Vi-; 5(O1) related to two
lone pairs in the Lewis formula. It is worth emphasizing that
hydrogen transfer in the N4-H2~"O1 bridge to one of the O1
lone electron pairs represented by Vi—; ,(O1) domains does
not occur (see Fig. 4). Formation of the new H2-O1 bond
requires a reorganization of the electron density in a valence
shell of the O1 atom and as a result a new basin, V3(O1), is
observed. In the reaction course that basin is joined to the V
(H2) basin ‘creating’ the V(H2, O1) basin. Lone pairs, Vi,
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Fig. 4 The ELF-localization domains for TS3. The lone pairs V(O1)

is not oriented
towards one of

and V,(Ol) are not involved in the proton transfer in the N4-H2O1

bridge

the lone pairs
on oxygen

»(01), observed in the geometrical structures of t-heml, t-
hem?2 and TS3 are not directly involved in the formation pro-
cess of the H2-O1 bond.

The Sch and H,O molecules form a post-reactive
complex, (Sch"H,0). The interaction energy E;. ',
AZPVE corrected, is —3.84 kcal mol™'. The optimized
geometrical structure is shown in Fig. 1. Analysis of the
interatomic distances suggests that the complex is stabi-
lized by intermolecular hydrogen bonds. To verify this,
the topological analysis of the p (r) field at the DFT
(B3LYP)/6-311++G(d,p) level has been carried out. All
localized CPs are shown in Fig. 2b. The BCPs have
been found in the H2 N4 region (p(r)=0.024 e/bohr’,
Ap(r)=0.079 e/bohr’, e= 0.074, H(r)=0.002 E,) and the
HN3 region (p(r)=0.011 e/bohr®, Ap(r)=0.042 e/bohr’,
e= 0.158, H(r)=0.002 E,). The former can be associated
with the O1-H2"N4 hydrogen bond formed between the
water and Sch molecules. The latter describes the inter-
nal C2-H N3 interaction, formed by the benzene ring
hydrogen and the N3 lone pair. The value of delocali-
zation index &(H2, N4) is 0.072 and that of d(H, N3) is
0.029, supporting much weaker character of the internal
H N3 interaction.

To sum up the conclusions in relation to the energet-
ics: the two reactions and the internal equilibrium clear-
ly proceed above the total energy level for both ald and
4at. The reaction energy, associated with the interaction
of isolated water and Sch molecules, obtained in rela-
tion to ald and 4at, is 5.39 kcal mol™ . The whole
process is therefore endoenergetic.

@ Springer

Reaction of R-monosubstituted benzaldehyde (R-ald)
with 4-amine-4H-1,2,4-triazole

Effect of the benzaldehyde (R-ald) electronic structure modi-
fication on the reaction with 4-amine-4H-1,2,4-triazole ener-
getics (Scheme 1) has been carried out for a series of 13 sub-
stituents (R=NH,, OH, OCH3, CHs, F, I, Cl, Br, COH,
COOH, CF3, CN, NO,). The results have been compared with
the results obtained for the reaction with the unsubstituted ald
(R=H). Only para monosubstituted dervatives have been con-
sidered. It is widely recognized that the substituent electron-
withdrawing and electron-donating properties are represented
by the Hammett’s constant (o) [38]. Table 1 shows clearly that
the NO, group, with the o}, value of 0.78 has the maximal
electron-withdrawing power. On the other hand, the NH,
group with o, of —0.66 has the maximal electron-donating
power [38].

The mechanism of the reaction in question is similar to that
of the reaction of ald with 4at (see Fig. 1). Three energy bar-
riers are observed. Activation energies (E," ", and E,"* V') are
collected in Table 1. Furthermore, the interaction energies
(Ein""+AZPVE) for the pre-reactive complex (R-ald4at)
and the post-reactive complex (R-Sch'""H,O) are shown. The
final reaction energy, measured in relation to the isolated R-ald
and 4at molecules, is represented by AE,.

In the discussion of the results we are going to concentrate
on the activation energies only, E,' and E,", associated with
energy barriers in the first and second reaction. Activation
energies are the most important parameters in the description

Table 1  The values (kcal mol™') of activation energy (E,"V"),
interaction energy (Ein'=Ein" + AZPVE), and reaction energy (AE,)
for the reactions of the monosubstituted benzaldehyde (R-ald) with 4-
amine-4H-1,2 4-triazole. The values of the Hammett’s constant for the
para position

R c E  E' E' E" E. E. AE
NH, -0.66 4554 3476 42.05 43.13 740 -470 598
OH -0.37 4542 3657 4454 4393 -633 435 6.68
OCH; -0.27 4537 3630 44.17 4391 -643 446 539
CH; -0.17 45.60 3731 4577 44.09 -634 -382 6.31

0.00 4549 38.05 43.67 4470 -542 -3.12 589
F 0.06 4541 37.58 46.55 4448 574 -372 5.00
I 0.18 4544 3821 47.00 4444 -190 -3.14 8.08
Br 023 4541 3834 47.14 4465 -6.07 -3.99 435
Cl 023 4553 38.06 46.83 4463 568 -3.85 6.84
COH 042 4498 38.68 4829 4868 541 -3.61 4.71
COOH 045 4493 38.60 48.14 4529 -542 -3.61 657
CF; 0.54 4499 3859 4849 4537 -531 -3.66 6.83
CN 0.66 4490 38.55 48.61 4534 518 -3.62 7.04
NO, 0.78 44.67 3870 4930 4569 -5.10 -3.54 7.00
E; — interaction energy for ald " 4at complex, Einll — interaction

energy for Sch' H,O complex
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of the hemiaminal and Schif base synthesis. The E,' and E,",
calculated for the unsubstituted ald and all 13 derivatives R-
ald, are compared in Fig. 5. Firstly, E,' and E," depend on the
R substituent in different ways. In the case of E,' the 0.93 kcal
mol ! range of calculated values is very small (see Fig. 5a). It
is worth emphasizing that the barrier separating ald and 4at
from t-hem! does not change much with substitution. This is
most probably a result of the complicated reaction mechanism
(proton transfer and nucleophilic addition) combined with var-
ied energy redistribution related to the change of substituent of
different electron-withdrawing or donating properties. The
largest value of E,' has been obtained for ald modified with
the CH; group (45.60 kcal mol ") and the smallest for NO,-
ald (44.67 kcal mol ). In the case of the barrier determining
the formation of Sch, the 7.25 kcal mol range of the E.Y
values is much larger than those obtained for E,'. The largest
value (49.30 kcal mol ') has been obtained for the substituent
with the most electron-withdrawing group (NO,-ald), while
the smallest (42.05 kcal mol ') has been obtained for NH,-

Fig. 5 Comparison of the a

. kcal/mol
activation energy values, E,' and [keal/mol]
E," illustrating the R substituent 5000
effect on the energetics of the
reaction between (modified) 48.57
benzaldehyde (R-ald) and 4-
amine-4H-1,2 4-triazole. a) The 47.14
values of E,' and E," are arranged
in ascending order, b) the rela- 45.71 Ed
tionship between the values of E,' NO2
and E," and Hammett’s constant 44.29
Op

42.86

4143 N
Eav

40.00 !

[keal/mol]

50.00

48.57

47.14

CN COOH

45154 4542 4537 BE 4540

ald, where the substituent is known for its high electron-
donating properties. For the barrier separating R-ald and 4at
from hemiaminal, the modification of ald by ten R substitu-
ents (NO,, CN, COOH, COH, CF;, OCHj;, Br, F, OH, I)
results in the E,' values smaller than that obtained for the
unsubstituted ald. Thus any para-substitution of the ald mole-
cule yields small but favorable effect in support of the synthe-
sis of hemiaminal. The largest decrease of E," has been ob-
tained for NO,, CN, COOH, COH, and CF5 groups. In the
case of the E," barrier, the substitution yielded an increase in
its value for all the substituents, except for the NH, group
yielding smaller value of the barrier in comparison to the
barrier value obtained for the unsubstituted benzaldehyde
(42.05 kcal mol™' as opposed to 43.67 kcal mol "). Thus,
the effect is opposite and modification of ald does not facilitate
the Schiff base formation. Only the NH, substituent increases
the efficiency of the Schiff base synthesis.

Comparison of changes observed for the E,' and E," bar-
riers shows that modification of ald structure affects mainly

NO2

CN

Eav

CHs

Ed!

48.61
4829 4514 4849

41 45.44 4541 45.53
44.98 44.93 44.99 449

44.67

44.29
E.l
E4 :
42.86
42
41.43
o =10.66 o=0.00 R 0=0.78
40.00
NH2 OH OCH3 CH3 H F I Br Ci COH COOH CF3 CN NO2
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the barrier determining formation of a Schiff base. The E,'
barrier characterizing the hemiaminal formation is relatively
insensitive to the type of the R substituent. Thus, obtaining
higher yield of the hemiaminal in its synthesis reaction
through the modification of the ald electronic structure is pre-
sumably not caused by the height of E,' decrease, but due to
the increase of the E," barrier. From this point of view the
NO,, CN, COOH, COH and CFj; substituents are the most
desirable as they increase hemaminal formation efficiency
through inhabiting the formation of a Sch (see Fig. 5a).
Figure 5b shows a relationship between E.land E," values,
and the Hammett’s constant, 0. R substituents with increasing
electron-withdrawing properties lead generally to a small de-
crease of the E,' value. Analysis of the E," values shows an
opposite trend and the R groups with an increasing o value
cause the barrier height increase. Correlation between E.,E,Y

Fig. 6 Analysis of the corelation
between activation energy values,
E,' and E,", and the Hammett’s
constant oy, using linear
regression

Ea! [kcal/mol]

45.8

45.6

45.4 -

45.2 1

45

and o analysed using linear regression is shown in Fig. 6. The
determination coefficients (0.66, 0.89) indicate that the linear
model works much better for the E,", represented by a wider
range of the calculated values.

In order to ensure that our chosen level of calculations is
correct, five R groups have been chosen, namely NH,, H, I,
COH, and NO, for the calculation with the 6-311++G(d,p) to
see how higher level of calculations influences the activation
energy values. The results of the E," " and E,"> V" are collected
in Table 2. The basis set expansion leads to very small changes
in the results. |AE,ranges between 0.10 (R=NO,, E,") and
2.2 keal mol ' (R=COH, E,""). Essentially, the saturation of
the basis set from 6-31+G(d) to 6-311++G(d,p) causes the
maximum increase for the E,"" value for the COH group, only
by about 5 %. For the E,' and E," values, studied in details
here, the magnitude of change is smaller and ranges between

Esl = f (0)

y = -0.5893x + 45.35
R? = 0.6579

Ea¥ [kcal/mol]

50 4

EaV = f (0)

y = 4.9242x + 45.736

49 - R? = 0.8901 =

48 A

47 4

46 A

45

44 4

43 1

42 A o

41
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Table2 Comparison of the values (kcal mol ") of the activation energy
(B T and E,Y VI) calculated for the reactions of the monosubstituted
benzaldehyde (R-ald) with 4-amine-4H-1,2,4-triazole using the DFT
(B3LYP) method and 6-31+G(d) and 6-311++G(d,p) basis sets

R/basis set 6-31+G(d) 6-311++G(d,p)

barrier: E] E" EY EY E! E" EYV EY
NH, 4554 3476 42.05 43.13 4390 33.92 40.61 44.18
H 4549 3805 43.67 44.70 4440 3731 4522 45.79
I 4544 3821 47.00 44.44 4444 3734 4530 45.67
COH 4498 3868 4829 4868 44.70 3791 4678 46.48
NO, 44.67 3870 4930 4569 4439 3860 47.80 46.75

0.28 kcal mol ' (R=COH, NO,) and 1.70 kcal mol ' (R=I).
We conclude therefore that the calculations performed at the
B3LYP/6-31+G(d) level satisfactorlily describe energetic
properties of the reaction between ald and 4at.

In the previous section a simple model for redistribution of
the electron density (charge separation) during the reaction of
ald and 4at confirmed by the ELF analysis has been proposed.
That model predicted the increase of a positive charge on
carbon as a consequence of the proton transfer. It is evident
that such redistribution of the electron density must also be
reflected by partial atomic charges obtained from a population
analysis. In oder to verify this the approximation based on the
atomic polar tensor (APT) proposed by Cioslowski et al. [39]
have been used. Comparison of the APT charges calculated

for the C7 and O1 atoms for ald and R-substituted aldehydes
in the isolated molecules and the molecules reacting with 4at
is shown in Fig. 7.

For the C7 atom, in ald and R-ald molecules optimized to
the energy minimum, almost all substituents increase its pos-
itive charge when compared to the unsubstituted ald (0.977¢).
The exceptions are the NO, and CF5 groups that cause small
decrease of the value of the APT charge (0.972¢). The atomic
charge values are within the range between 0.972¢ (NO,, CF3)
and 1.107e (NH,). It is worth noting that the largest partial
atomic charge for the C7 atom has been obtained for ald,
modified with the NH, group (1.106e) and the smallest one
with CF3 and NO, groups (0.972¢). Similar analysis per-
formed for the O1 atom shows that all R substituents with o
< 0 and the halogens (o > 0) increase the value of the negative
charge on O1 (—0.829¢ for NH, - —0.747¢ for F) when com-
pared to the unsubstituted ald (—0.742e). The substituents
COH, COOH, CF3, CN and NO, that lead to significantly
smaller values of E,' than those obtained for the unsubstituted
ald (see Fig. 5) lead to the atomic charges smaller than those
obtained for ald. It is worth noting that the largest atomic
charge for the O1 atom has been calculated for ald modified
with the NH, group (—0.829¢) and the smallest charge for the
derivative with the NO, group (—0.718e).

When the reacting system approaches TS, the atomic
charges at the C7 and O1 atoms change their values (see
Fig. 7). The C7 atom becomes more positively charged with
the values varying from 1.319e for NH, to 1.081e for NO,.

[e]
1.70
Cc7 TSt C7
1.319
TS1 1d1e 1257 ki 1246 1232 122
124 1.162 1139 1137 1144 144 1.131
: 1.0817¢,
min  o...... Guveere U A P SO
1.106 i A ez P ”"o....‘;GoS LCEERRE o SRR Oysisiasis s Ooeee Cyscicisss, o818 0555 0 s © min
: 1025 9977 0993 10411024 0996 0998 g7p 1006 (g70
0.79 min
1O H
7
0.33
R
-0.13
1
o) TS1 01
-0.59 o719 0892 0702 0BT8 L, 0697 781 0760 0761 0740 0739 0724 0740 -0718 )
TS1 N st ) e s Y Ty YRR I PR ® min
31 o o m— — NI VPSR * - I — i S— i
min_ ®°“" 0787 0809 -0.770 b
.0.829 TSt
-1.04 -0.925 0956 0949 0941 -0.940 -0.941 -0.934 -0.945 -0.937
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-1.50
NH2 OH OCH3 CH3 H F Br Cl COH COOH CF3 CN NO2

Fig. 7 Comparison of the partial charges (in e) calculated for the C7 and O1 atoms in (modified) benzaldehyde (R-ald) for both optimized minimum

energy structure (min, dotted line) and transition state (TS1, straight line)
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Those extreme values correspond to the extreme values of the
Hammett constant. However, the largest positive charge cal-
culated for the C7 atom (NH,) does not correspond to the
lowest value of the E,' barrier. Similarly, the smallest positive
charge calculated for the C7 atom (NO,) is found for the
derivative with the smallest value of E,'. In the case of the
O1 atom almost all groups having o > 0, with one exception of
F atom, increase its negative charge in TS1 (—0.956¢ for I, —
0.925¢ for H). The substituents having ¢ <0 and F atom cause
decrease of the negative charge.

It is interesting to examine the influence of the R group on
the atomic charges for the H1 and N4 atoms in 4at. Those
atoms are involved in interactions with the aldehyde group
in the first reaction and the TS1. Respective values of the
atomic charges, calculated with the APT method are shown
in Fig. 8. For the optimized geometrical stuctures of the 11
derivatives (including 4at), very small range of values is ob-
served. Such regularity is interrupted by exceptionally large
values obtained for the COH and COOH groups (about 0.2¢
for H1 and —0.4e for N4). This can be caused by additional
influence of internal hydrogen bonds formed between the N-H
bonds from the NH, group and the O atom from the COH and
COOH groups. For the 11 derivatives mentioned the H1 atom-
ic charge lies between 0.144¢ (CH;3) and 0.183¢ (CF3), and for
the N4 atom between —0.134e (OH) and —0.186¢ (I). After the
reorganization for TS1 the values of atomic charge are much
more perturbed than those observed for the minium structure

(see Fig. 8). Nevertheless, for all the R1R1-4at derivatives the
hydrogen atom H1 becomes more positively charged (0.329¢
for I - 0.480e for CH;) which can be caused by a electron
density transfer in the O 'H region. The charge on the N4
atom becomes less negative only for the OH and OCHj;
groups but negative charge increase for other substituents
can be found. It is worth noting that redistribution of the elec-
tron density, observed for the TSI associated with hydrogen
transfer increases both positive charge on the C7 atom and
negative charge on the N4 atom (except for OH, OCH;) which
facilitates nucelofillic addition. Unfortunately, the relationship
between the substituent strength expressed by the Hammett
constant and the TS1 activation energy cannot be easily ob-
tained with the APT charges calculated for C7, 01 and H1, N4
atoms.

Reaction of benzaldehyde with R1R1-disubstituted
4-amine-4H-1,2,4-triazole (R1R1-4at)

The second way to influence barrier height in the formation
reaction of the hemiaminal and Schiff base is to modify an
electronic structure of 4-amine-4H-1,2,4-triazole. In order to
perform this, 13 substituents (R1=NH,, OH, OCH;, CH3, F, I,
Cl, Br, COH, COOH, CF3, CN, NO,) in 3,5-positions have
been selected (R1R1-4at). The Lewis formulas for the respec-
tive reactions are shown in Scheme 3. Similarly to the study
on the modified benzaldehyde, only the first and second

[e]
0.70
H1 H1
TS1 0.478 048 0.48 TS1
0.46 "
341 0357 342 309 0343 0335 0.28/03,6,3,;. TSt
0.247 0-0 9
0.23 0436 0156 015 o145 0153 0169 0769 017 0167.. 046 0269 Q188 o
in-2 B8 g il St SO STPIN . SPPNg
0.164 0155 015 (144 0.153 0169 0169mino17 0168 0.1830.179
-0.01
N4 0.157 -0.117 min N4
0.177 /g -0.178 0179 0165 0186 0172 0167 -0.181 0.174
T SV o i o, LT TR PO SN ot MnNOAT . SAROEA | ) GoliN
04347071 pi o :
0.24 ) 54\ -6F~' . min :
TS1 -0.254 ¢ 0257 0.264
A LETL A -0.298 e, 5
-0.48 - ' 0406 0418 5
~N \
N-—N | -0.459 e
4 ’ TSt
i =" =t 0596
-0.71 )/
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Fig. 8 Comparison of the partial charge (in e) calculated for the H1 and N4 atoms in (modified) 4-amine-4H-1,2,4-triazole (R1R1-4at) for both
optimized minimum energy structure (min, dotted line) and transition state (TSI, straight line)
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Scheme 3 The reaction between
benzaldehyde and (modified) 4-
amine-4H-1,2 4-triazole (R1R1-

R1
[¢] H
O /< \ )§
+F: N—N
4at) T >¢

R1

P

() H
N H
| — / _ + (0)
N AT \(M N\ N,

R1= NHz, OH, OCHs, CHs, F, |, Cl, Br, COH, COOH, CF3, CN, NO2

reaction have been selected due to their importance in
hemiaminal (TS1) and Shiff base (TS3) formation.

Activation energies for both reactions (E," ", E,*" V') are
collected in Table 3. For two substituents, NO, and COH, we
were unable to optimise the geometrical structures of the tran-
sition states. In the case of NO,, both TSs were difficult to
localise. For the COH group only the TS3 could be found.
Graphical comparison of the E,' and E," values arranged in
ascending order is shown in Fig. 9a.

In order to explain the reactivity trend for R1R1-4at, the
influence of the R1 substituent on the electronic structure of
4at has been investigated. The calculations have been per-
formed in real space using topological analysis of the ELF
function. Similar investigations have been previously pub-
lished for monosubstituted benzene derivatives [40], six-
membered heterocycles [41], and monohalogen substituted
phenols [42].

The electronic structure of unsubstituted 4at, represented
by a set of the core and valence domains, corresponding to
the ELF-basins (C(A) — core, V(A, B) — bonding and V
(A) — non-bonding) is shown in Fig. 10. The basin popula-
tions N for the C-N, C=N, N-N, N-H covalent bonds and
formal lone pairs on the nitrogen atoms are presented in

Table3  The values (kcal mol ') of activation energy E T EN VY for
the reaction of the benzaldehyde with disubstituted derivatives of 4-
amine-4H-1,2,4-triazole (R1R1-4at)

R1 Eal Eall EaV EaVl
NH2 41.45 36.37 38.50 38.85
OH 43.37 36.43 47.53 47.56
OCH3 42.66 36.25 48.11 48.63
CH3 45.09 36.33 44.80 42.30
H 45.49 38.05 43.67 44.70
F 46.38 3594 47.77 47.52
I 44.10 34.96 47.37 48.10
Br 45.85 37.18 46.71 4722
Cl 43.80 34.81 47.03 47.17
COH - - 45.59 46.02
COOH 39.68 31.55 50.25 51.62
CF3 43.78 31.58 46.76 48.28
CN 40.84 30.96 45.98 46.41
NO2 - - - -

Table 4. The N-N and C=N covalent bonds are represented
by single bonding basins with populations smaller than those
expected on the basis of the Lewis formula. For example,
formally double bonds, N2=C2T and N1-C1T, are represent-
ed by the ELF-basins with the populations of 2.90 and 2.96e,
respectively. The N-N bonds, formally single, are described
by the basins with populations of 1.53e (N1-N2) and 1.37¢
(N3-N4). In contrast, the C-H, C-N and N-H bonds exhibit
larger basin populations than the prediction for single bonds
on the basis of Lewis formula. The ‘missing’ electron density
is found mainly in the regions of the lone electron pairs. The
lone pairs on the N1 and N2 atoms are described by the non-
bonding localization basins with the populations of 3.04 and
3.02e, respectively. Similarly, the single non-bonding locali-
zation basin on the N4 atom exhibits a population of 2.18e.
Due to the planarity of the triazole ring, the lone pair on the N3
atom is characterized by two ELF-basins, located below and
above symmetry plane. The total population of two basins is
1.71e. It is worth noting that the lone pair on the N3 atoms has
the smallest basin population among the lone pairs. This result
can be explained by delocalization of its electron density in a
five-membered ring.

The topology of n(r) studied in the R1R1-4at derivatives is
very similar to that in 4at except for the COH, COOH and
NO, derivatives. These groups have a strong delocalization
ability within the triazole ring. As a result, its electronic struc-
ture is modified both in quantitative and qualitative aspects.
Firstly, the local topology of 11(r) in the valence space of the
N3 atom is changed. The non-bonding electron density is
characterized only by a single non-bonding basin, V(N3),
with 0.70e (COH), 0.74e (COOH), and 0.81e (NO,), respec-
tively. It is worth emphasizing that a basin population is great-
ly reduced in comparison to the formal 2e expected for a
single lone pair. In comparison to the unsubstituted 4at, the
electron density is shifted to the N3-C1T, N3-C2T, N1-N2,
and N3-N4 bonds (see Table 3). For other derivatives, two
non-bonding basins are found below and above the ring plane.
Their total basin population is approximately two times larger
than that of V(N3) and its value ranges from 1.68e (CN) to
2.10e (OCHs;). It corresponds much better with a description
of a single lone pair. Furthermore, such topology of ELF is
similar to that observed for the unsubstituted 4at. Secondly,
observed redistribution of the electron density causes the
appareance of the new non-bonding basins V(C1T), V(C2T)
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Fig.9 Comparison the activation a  [keaimol]
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in the valence space of the carbon atoms C2T. Their basin
populations are relatively small: 0.21 and 0.09¢ for the COH
derivative and 0.33, 0.03e for the COOH derivative.
Interestingly, no such basins are observed for the NO, deriv-
ative. Although both V(CIT) and V(C2T) basins are unex-
pected topological features, they emphasize redistribution of
the electron density to the triazole ring.

Correlation between the difference of the Hammett’s con-
stants for meta and para positions (0,-0,,) and the population
of the bonds and lone pairs in 4at and R1R1-4at derivatives
are presented in Fig. 11. The linear regression with the corre-
lation coefficient larger than 0.5 has been found only for the
N1-N2 and N3-N4 bonds and the lone pairs on the N1 and N2
atoms. In the case of the N1-N2 bond of the triazole ring, the

Fig. 10 The ELF-localization N3-C2T )
. . 2.11e N4 lone pair 2.18e
domains and the Lewis structure N2-C2T N3 lone
of 4-amine-4H-1,2,4-triazole 2.90e pair H
N2 lone pair\ t.7le
3.02e 2
‘ N==
[ 4
N2 V. l N3__ N '1,
N1-N2—— @ & N~ \ ’H
1.53e (}NJQCJ'T \»\ 1 H
¢ o N4-H1
g N3-N4 1.37e 2.01le H

N1 lone pair
3.04e

N1-

1T-H \N3-C1T
.22e /2.06e
ClT

2.96e
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Table 4 The mean electron populations N [e] calculated for the basin corresponding to the covalent bonds in 4-amine-4H-1,2 4-triazole and its

derivatives, where the hydrogen atoms were substituted by R1 groups

R1 Bond Lone pair

N3-N4  N4-HI/N4-H2  N3-CIT  N3-C2T  NI-CIT N2-C2T NI-N2 NI N2 N3 N4
NH, 133 2.00/2.01 1.98 2.02 3.14 295 1.43 311 323 085+123 219
OH 1.34 2.01/2.01 2.03 2.06 3.11 3.05 1.37 3.19 322 1.03+1.03  2.18
OCH; 1.34 2.00/2.00 2.01 2.03 3.11 3.06 138 320 322 1.05+1.05  2.18
CH; 135 2.01/2.01 2.01 2.05 3.01 2.96 1.52 306 307  095+095 219

137 2.01/2.01 2.06 2.11 2.96 2.90 1.53 3.04 302  086+085 218
F 1.34 2.01/2.01 2.06 2.10 3.24 3.19 139 309 311 099+099 216
I 138 2.01/2.01 1.93 1.97 3.05 297 1.47 305 306  097+097 217
Br 1.38 2.01/2.01 1.98 2.02 3.20 3.13 1.47 305 3.06  096+096  2.17
Cl 1.37 2.01/2.01 1.99 2.04 323 3.16 1.47 3.04 307  097+097 217
COHV 1.47 2.03/2.03 249 249 239 234 1.76 299 299 0707 2.04
COOH" 145 2.02/2.02 247 247 2.65 2.65 1.73 299 298 0747 2.08
CF, 1.37 2.01/2.01 2.11 2.19 3.04 3.09 1.57 298 299  0.82+0.82  2.17
CN 1.39 2.01/2.01 2.06 2.13 2.99 2.94 1.64 298 299  0.84+0.84  2.16
NO, 145 2.02/2.02 246 246 322 321 1.70 297 297  081? 2.06

!single non-bonding basins, V(C1T), V(C2T), in a vicinity of the carbon cores, C1T and C2T, are found. They are localized below and above the

symmetry plane with 0.21e, 0.09¢ (COH) and 0.33e, 0.03e (COOH)

2 single non-bonding basin V(N3) corresponding to a formal lone pair in the Lewis formula is found

R1 groups with increasing electron-withdrawing properties
cause the depopulation of the bond. Similar effect is observed
for the N3-N4 bond, although the correlation is much smaller.
The depopulation of the N1-N2 bond leads to saturation of the
non-bonding basins corresponding to the lone pairs on the N1
and N2 atoms. For other bonds and lone pairs no essential
linear correlation between the differences 0,-0y,, and the basin
populations is observed.

Various substituents in 4at influence the energetic profile of
the reaction between ald and R1R1-4at. Comparison of the E,’
and E," values (see Figs. 9a and b) shows that for the OH,
OCH;, F, I, Br, Cl, COOH, CN, and CFj3, groups, the E,Y
barrier, determining formation the Schiff base (TS3) is larger
than the EaI. This is a favorable situation for the kinetic stabi-
lization of hemiaminal. Only the Br and F substituents yielded
slightly higher E,' values (0.36 and 0.89 kcal mol ") than
calculated for unsubstituted 4at. Thus, other substituents
(CHs;, I, Cl, CF5, OH, OCHj3;, NH,, CN, COOH) can be used
in order to increase the hem formation probability. The largest
decrease in the height of Eal was obtained for the COOH, CN,
NH,, OCHj;, and OH groups: 5.81, 4.65, 4.04, 2.83, and
2.12 keal mol ™, respectively. In the case of the E," barrier
determining the Schiff base formation, all substituents except
the NH, group increase the barrier height. Thus all these sub-
stituents are favorable for the hem stabilization as they de-
crease probability of a Schiff base formation. Comparison of
the results obtained for both TSs, shows that the OCH; and
OH groups seem to be the most effective. The respective

energy barriers are relatively high for E," (48.11, 47.53 kcal
mol ") and relatively small for E,' (42.66, 43.37 kcal mol ")
compared to the reaction with the usubstitued 4at (45.49,
43.67 kcal mol ).

Figure 9b presents E,' and E," plotted against the increas-
ing difference of the Hammett’s constants for the meta and
para positions (0,-0,). A difference of the o values has been
used to establish a positional hierarchy of the substituents. It is
evident that modification of 4at results in the activation energy
changes for a whole range of the o values, but lack the regu-
larity observed for the reaction with the unsubstituted 4at (see
Fig. 5). Therefore the application of the o parameter for mol-
ecules with similar structure to 4-amine-4H-1,2,4-triazole
seems to be questionable.

The influence of water solvation on the reaction
of benzaldehyde with 4-amine-4H-1,2,4-triazole

Experimental conditions, under which the hemiaminal synthe-
sis is usually conducted and the fact that the Schiff base for-
mation is associated with the water molecule release, suggest
solvent effect importance on the energy properties related to
the reaction between benzaldehyde and 4-amine-4H-1,2,4-tri-
azole. The microsolvation process has been studied in the gas
phase. Water molecules (1-5) have been placed around the
reagents involved (ald, 4at, hem, Sch) and the obtained sys-
tems underwent geometry optimizations. Optimized
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Fig. 11 Relationship between the
basin population, N [e] of the
chemical bonds and lone pairs in
(modified) 4-amine-4H-1,2 4-
triazole (R1R1-4at), localized
using topological analysis of
electron localization function
(ELF) and the difference of the
Hammett’s constants for the meta
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. n(H0)=1
geometrical structures of the substrates, TS1, and the products CHe ),
associated with the hemiaminal formation in the presence of 7 o
up to five water molecules are shown in Fig. 12. Similar re- & ) -
search has been published by Williams [43] for the addition )
reaction (ammonia with formaldehyde) and Hall and Smith . )
[44] for the reaction between methylamine and formaldehyde. ald-Hz0-t4a, hem-Hz0
Analysis of the geometrical structures at the TS1 shows n(H0) = 5 “' <

that the presence of one water molecule, results in the forma-
tion of two intermolecular hydrogen bonds, O-H O and N-
H-O. In the molecular clusters constructed this way, double
proton transfer is observed. The hydrogen atom from the NH,
group is transferred to the water molecule while the oxygen
and the hydrogen atom from the H,O molecule is shifted to
the C=0 bond. Finally, the O-H bond is formed and the water
molecule is released. Similar mechanisms are observed for
two, three, four, and five water molecules. In the case of
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ald-(Hz0)s-t4a

Fig. 12 Optimized geometrical structures for the TS1 in the reaction of
benzaldehyde with 4-amine-4H-1,2 4-triazole in the presence of one and
five H,O molecules

hem-(Hz0)s
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TS3

Fig. 13 Optimized geometrical structure for the TS3 with three
molecules of water

TS3, one H,O molecule participates in the intermolecular hy-
drogen bonds, O-H 'O and N-H O, for the systems up to two
water molecules. When the number of water molecules in-
creases to three, four or five, intermolecular hydrogen bonds
are formed by two H,O molecules (see Fig. 13).

Comparison of the barrier heights, E.' and E,", calculated
for an increasing number of water molecules (see Fig. 14)
shows a dramatic decrease of the activation energy. The larg-
est effect is found for the barrier separating the hem from ald
and 4at with three H,O molecules surrounding the reacting
molecules, because the E,' is reduced by approximately 57 %
(25.79 kcal mol ). For the barrier controlling the formation of
the Schiffbase, E, ", the largest effect is found when five water
molecules are involved. The E," is reduced by approximately
38 % (16.72 kecal mol ). It is worth emphasizing that solvent
effect is much more profound during formation of hemiaminal
than during formation of Sch. These results confirm that

Fig. 14 Change in the activation Bulkzarol
energies, E, and E,Y determining (EJ) 47 \=2
the energetics of the reaction 45.49

between benzaldehyde and 4-
amine-4H-1,2 4-triazole in the 35

presence of 1 to 5 water
molecules
24
12
0

gas phase

solvent effects largely influence the conditions under which
the hemiaminal is formed.

Conclusions

Quantum-chemical calculations using DFT (B3LYP) method
have been performed to determine important factors in the
process of hemiaminal synthesis and stabilization. The reac-
tion mechanism of benzaldehyde and 4-amine-4H-1,2,4-tri-
azole synthesis to form hemiaminal and subsequently leading
to a Schiff base has been proposed and studied. A set of 13
substituents of various electron-withdrawing and electron-
donating properties has been examined, with main focus on
the substitution effect on the electronic structure and energetic
properties of the substituents, namely benzaldehyde and 4-
amine-4H-1,2,4-triazole and the whole reaction process. The
results aid devising the reaction mechanism of the hemiaminal
and Schiff base formation and specifying the nature of favor-
able substituents in hemiaminal synthesis. The main findings
are presented below:

1. The mechanism of reaction between the benzaldehyde
and 4-amine-4H-1,2 4-triazole consists of two steps.

2. First, the proton transfer in the N-H O bridge occurs. The
proton (dressed proton) is transferred from 4-amine-4H-1,
2,4-triazole to benzaldehyde and this process is followed
by the nucleophilic attack of the carbon atom from the
COH group on the nitrogen atom in the 4-amine-4H-1,2,
4-triazole. The product of this reaction is a twisted con-
formation of the hemiaminal molecule. The reaction is
preceded by an intermolecular complex formation be-
tween the ald and the 4at. Similar mechanism was de-
scribed by Feldman et al. [45] for the reaction of ammonia
with formaldehyde and Erdtman et al. [46] for a range of

— hemiaminal — Schiff base

_7.61 2771

R1.65

19.70

microsolvation in gas phase (n*H20)

1*H20 2*H20 3*H20 4*H20 5*H20

ald-(HzO)n4at — TS1 — hem-(Hz0)n
hem-(Hz20)n — TS3 — Sch+ (Hza0)nn
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systems (acetone, aminoacetone plus methylamine) that
modeled the active site of porphobilinogen synthase.

3. Next, the internal equilibrium occurs between two con-
formers of the hemiaminal molecule. The distance be-
tween the H atom of the N-H bond and the O atom of
the O-H group decreases from 2.794 to 2.559 A. It is
worth noting that a similar step (TS2) was also observed
by Erdtman et al. [42] and described as “low barrier
carbinolamine rearangement”.

4. The second step is the C-O bond breaking, followed by
internal proton (dressed proton) transfer in the N-H O
bridge. The product of the reaction is an intermolecular
complex, formed between Schiff base molecule and water.

5. A simple model of atomic rearrangements, associated with
the TS1 based on the charge separation in the C=O bond
and electron density redistribution during the formation of
new bonds, suggests that the proton transfer facilitating
nucleophilic attack of the C atom on the N atom takes
priority. Topological analysis of the ELF function, carried
out for the TS1, supports this model, showing a broken N-
H bond in the absence of the C-N bond. This has also been
confirmed before by detailed topological analysis of ELF
combined with the catastrophy theory [37].

6. Modification of the electronic structure of benzaldehyde
using a variety of R substituents with different electron-
withdrawing and electron-donating properties has a very
small influence on the height of the energetical barrier E,"
separating the ald and 4at from hemiaminal. The influence
of the substitution is much more profound on the barrier,
E,", related to the Schiff base formation. Stabilization of
the hemiaminal, the main product of the reaction, occurs
mainly as a result of the E," barrier height increase.

7. Modification of the benzaldehyde structure using the
NO,, CN, CF;, COH and COOH, substituents gives the
most significant effects manifested in the E,' barrier
height decrease with a simultaneous increase the E," bar-
rier height.

8. Modification of 4-amine-4H-1,2,4-triazole with almost all
R1 substituents results in a favorable stabilization of
hemiaminal, decreasing the height of E,' and increasing
the height of E,". The only exceptions are the Br and F
substituents as they increase the height of E,' slightly
when compared to the usubstituted 4at. On the other hand,
the NH, group reduces the height of the E," barrier.

9. Solvent effect drastically reduces the barrier height for the
hemiaminal formation. When three water molecules are
considered, E,! is decreased by about 57 %. For the Schiff
base formation, the effect is smaller. When five water
molecules are involved, E," is decreased by about 38 %.
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