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Abstract

The derivatives of 1,2,4- triazole have attracted great attention among medicinal chemists due to their wide range of biological
activity, good pharmacodynamic and pharmacokinetic profiles, and low toxicity, that necessitates the development of various
synthesis methods and a comprehensive study of their reaction mechanisms. A detailed investigation of possible pathways
for formation of new spiro-condensed [1,2,4]triazolo[1,5-c]quinazolines, that combine two structural domains with different
biological properties, was performed by computational study at the SMD/B3lyp/6-31+G(d) theory level. The mechanism
of interaction between [2-(3-hetaryl-1,2,4-triazol-5-yl)phenyl]Jamine and cyclohexanone in methanol involves three main
processes: formation of carbinolamine by addition of an amine to double bond C=0, elimination of a water molecule, and
intramolecular cyclization leading to formation of spiro compounds. Results show increase in reactivity of reactants during
acid-catalyzed reaction compared to uncatalyzed one. The nature of the heterocyclic substituent on the triazole ring has little

effect on the reaction energy, while the mechanism is unchanged.

Keywords 2-(3-hetaryl-1,2,4-triazol-5-yl)anilines - Photolysis - DFT - Reaction mechanism

1 Introduction

One of the most challenging tasks in medicinal chemistry
is the search for new biologically active compounds, that
may be used in efficient drug discovery. Derivatives of
1,2,4-triazole usually possess a series of pharmacological
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properties such as antibacterial, antiviral, antifungal, antitu-
bercular, and anticancer activities [1-15]. Combination of
two or more structural domains, which possess different
biological properties, can overcome drug resistance and
reduce toxicity. The presence of 1,2,4-triazole moiety can
influence dipole moment, polarity, solubility, lipophilic-
ity, and hydrogen bonding capacity of molecule, improving
physicochemical, pharmacological, and pharmacokinetic
properties of the compounds [1-3]. Synthesis of compounds
that combine 1,2,4-triazole and quinazoline moieties in one
structure leads to the discovery of new effective agents with
antibacterial, antifungal, and anticancer capabilities [16-23].
Spiro compounds are particularly interesting, as spiro[5,6-
dihydro-(1,2,4)triazolo[4,3-c]quinazoline-5,1'-cyclohexan]-
3(2H)-one showed high inhibitory activity on poly (ADP-
ribose) polymerase 1 (PARP-1) [16]. Inhibition of PARP-1 is
necessary to cell survival when PARP-1 is overactivated and
induces depletion of cellular NAD* and ATP levels leading
to cell dysfunction or necrotic cell death.

A group of new spiro-condensed [1, 2, 4]triazolo[1,5-c]
quinazolines was synthesized by reaction of [(1,2,4-triazol-
5-yDphenyl]amines with ketones in high yields (Scheme 1)
[17, 24]. Synthesized compounds displayed moderate
to good affinity for the nociception (NOP) receptor and
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Scheme 1 Formation of spiro-condensed [1, 2, 4]triazolo[1,5-c]
quinazolines (modified from Ref. [24])

behaved as partial agonists [17]. NOP receptor is an impor-
tant biological target for a number of potential therapeutic
applications due to induction of analgesia, hypotension,
bradycardia, and diuresis, stimulation of food intake, pro-
duction of anxiolysis, inhibition of memory processes, and
neurotransmitter release at central and peripheral sites [19].
The reaction of synthesis of the spiro derivatives can be con-
sidered as a binucleophilic addition of [(1,2,4-triazol-5-yl)
phenyl]amines to cyclic ketones with sequential elimination
of a water molecule [17, 24]; however, the mechanism of the
reaction process is still unknown. To shed light on the issue,
the mechanism of interaction between [2-(3-hetaryl-1,2,4-
triazol-5-yl)phenyl]amines and cyclohexanone was modelled
in the present paper.

There are computational studies on mechanism of interac-
tion of amines with oxo compounds [25-29]. Usually, the
mechanism consists of the addition of an amine to carbonyl
group with formation of a carbinolamine intermediate, and
the sequential elimination of a water molecule, that leads to
the formation of an imine (Schiff base). The rate-limiting
step was reported to be the dehydration of the carbinolamine
with an activation energy of more than 40 kcal/mol [25-27].
The activation barriers for the both steps can be reduced by
assisting of proton transfer with water molecules or sterically
approached group bearing acidic hydrogen [26, 29, 30], as
well as using basic or acidic catalyst [26, 28]. In the acid-
catalyzed mechanism, the protonation of amines has more
stabilizing effect than the protonation of carbonyl group [28,
31]. The presence of two amino groups in one structure may
lead to the formation of spiro intermediate in reaction with
oxo compounds [31].

The present work aimed to model mechanism for reac-
tion of [2-(3-hetaryl-1,2,4-triazol-5-yl)phenylJamines with
cyclohexanone. The possibility of unassisted as well as acid-
catalyzed mechanisms was considered.

1.1 Computational methods
The geometries of all structures were optimized within the
Gaussian 09 program [32], using the B3lyp functional of

the density functional theory (DFT) and 6-31 + G(d) basis
set [33, 34]. The influence of methanol (¢ =32.613) bulk
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was simulated within SMD model [35]. Stationary points for
modeled reactions were characterized as either local minima
(reactant, intermediate, product) having all real frequencies,
or as transition states possessing only one imaginary fre-
quency, by calculation of the analytic harmonic vibrational
frequencies at the SMD/B3lyp/6-31 + G(d) theory level.

2 Results and discussion

Modeled mechanisms for reaction between [2-(3-(fur-
2-y1)-1,2,4-triazol-5-yl)phenyl]amine and cyclohexanone
are shown in Figs. 1, 2, 3, 4, 5, while the mechanisms for
interaction of [2-(3-(thiophen-2-yl)-1,2,4-triazol-5-yl)phe-
nyl]amine and [2-(3-(pyrrol-2-yl)-1,2,4-triazol-5-yl)phenyl]
amine with cyclohexanone are presented in Figs. S1 and S2
(SI), respectively. Calculated relative Gibbs free energies are
discussed throughout the text.

In methanol solution [2-(3-(fur-2-yl)-1,2,4-triazol-5-yl)
phenyl]amine exists as an equilibrium mixture of two tau-
tomers [36]. The [2-(3-(fur-2-yl)-1H-1,2,4-triazol-5-yl)phe-
nyl]amine (R102) is slightly more stable than the [2-(3-(fur-
2-y1)-2H-1,2,4-triazol-5-yl)phenyl]amine (R1o1) (Fig. 1).
The activation barrier for the isomerization catalyzed by
three methanol molecules is 21.7 kcal/mol, that allows the
process to occur at ambient temperature. Therefore, the reac-
tion of [2-(3-(fur-2-yl)-1,2,4-triazol-5-yl)phenyl]amine with
ketone was studied for both isomers.

2.1 Uncatalyzed mechanism

The addition of cyclohexanone to [2-(3-(fur-2-yl)-2H-1,2,4-
triazol-5-yl)phenyl]amine (R101) requires a high activation
energy and leads to unstable carbinolamine intermediates
INT1 and INT2 (Fig. 1). The formation of a new C-N bond
between the carbon of carbonyl group and the nitrogen N1
of triazole cycle is energetically more favorable, than the
formation of C-N bond involving the nitrogen of amino
group due to more stability of the five-membered structure
of the transition state as compared with the four-membered
one (Fig. S1). The reaction between [2-(3-(fur-2-yl)-1H-
1,2,4-triazol-5-yl)phenyl]amine (R102) and cyclohexanone
also has high activation barriers for formation of C-N bond
between the carbon of carbonyl group and the nitrogen of
amino group or the nitrogen N2 of triazole cycle leading to
carbinolamine intermediates INT3 and INT4, respectively.
If the proton transfer is assisted by methanol molecule, the
activation energy decreases from 53.8 to 46.9 kcal/mol in
case of formation of INT3. The decrease of activation energy
occurs due to more stability of the six-membered structure
of the transition state compared with the four-membered one
(Fig. S1). Close location of NH, and N1H groups in R102
allows them both to be involved in the reaction with R2. If
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the carbon of double bond C=0 forms a new C-N bond with
the nitrogen of amino group, and the oxygen takes proton
from the nitrogen N1 of triazole, the activation barrier is sig-
nificantly reduced to 30.6 kcal/mol. The decrease of activa-
tion barrier occurs due to lower steric tension of the formed
transition state as compared with the four-membered one
(Fig. S1). In addition, the interatomic distance C-N of newly
formed bond is longer in transition state leading to INTS5
(1.67 A) than in one leading to INT3 (1.58 A). Although the
formed INTS5 is 29.7 kcal/mol less stable than the reactants,
the subsequent proton transfer between the two nitrogen
atoms occurs quickly and increases stability of INTS. The
elimination of water molecule from INT6 proceeds easy if
the hydrogen from the triazole ring participates in the for-
mation of the water molecule. Formed zwitterionic inter-
mediate INT7 can decompose in two ways: a proton transfer
between two nitrogen atoms leading to Schiff base INT8, and
an attack of triazole nitrogen onto carbon of cyclohexane
moiety that yields spiro compounds. Formation of C-N bond
between the nitrogen atoms N1 and N4 of triazole cycle and
the carbon of cyclohexane moiety requires activation energy
of 7.8 and 12.3 kcal/mol, respectively, and leads to spiro
compounds Plo and P20, which are 12.3 and 0.6 kcal/mol,
respectively, more stable, than INT7.

The difference in activation energy values can be
explained by a higher nucleophilicity of nitrogen N1 com-
pared to nitrogen N4. Obtained results show that the forma-
tion of Schiff base INTS8 has a lower activation barrier than
the formation of spiro compound Plo, while Plo is more
stable than INTS8. One can conclude that INTS8 can be con-
sidered as a kinetic product, while Plo is a thermodynamic
product of the studied reaction. This means that INTS is
formed and then rearranged into more stable P1o via INT7.
The rate-limiting step is the addition of cyclohexanone to
[2-(3-(fur-2-yl)-1H-1,2,4-triazol-5-yl)phenyl]amine. The
activation barrier can be overcome under reaction condi-
tion (heating) [24].

2.2 Acid-catalyzed mechanism

In the presence of a strong acid, the protonation of [2-(3-(fur-
2-yl)-1,2,4-triazol-5-yl)phenyl]amine as well as cyclohex-
anone can occur at the nitrogen atoms and the oxygen of
carbonyl group, respectively (Figs. 2, 3, 4). The protonation
of cyclohexanone is 5.2 kcal/mol exergonic. The addition of
protonated cyclohexanone to [2-(3-(fur-2-yl)-2H-1,2,4-tria-
zol-5-yl)phenyl]amine (R1o1) requires a significantly lower
activation energy as compared with the addition of neutral
cyclohexanone (Figs. 1 and 2). The formation of INT1h is
the dominant pathway due to the lower energy barrier and
higher stability of product as compared with the formation of
INT2h and INT3h. The situation for reaction of protonated
cyclohexanone with [2-(3-(fur-2-yl)-1H-1,2,4-triazol-5-yl)

phenyl]amine (R102) is the same as for R1o1. The forma-
tion of a new C-N bond occurs more easily for the nitro-
gen of amino group than for the nitrogen atoms of triazole
cycle. The activation energy for formation of INT4h is only
9.4 kcal/mol, that is considerably lower compared to the
reaction for unprotonated cyclohexanone (Figs. 1 and 2).
The decrease of activation energy can be explained by the
increase of electrophilicity of the carbon atom of carbonyl
group after protonation, that facilitates formation of a new
C-N bond. Structures of transition states for reactions of
Rlol and R1o02 with protonated cyclohexanone (R2h)
show a longer C-N bond formation distance (2.53, 2.41 10\)
than in case of reaction with unprotonated cyclohexanone
(1.57,1.58 A) (Fig. S1). According to the obtained results,
the most energetically favorable pathway for reaction of
[2-(3-(fur-2-y1)-1,2,4-triazol-5-yl)phenylJamine with proto-
nated cyclohexanone is the formation of INT1h and INT4h.

Protonation of [2-(3-(fur-2-yl)-2H-1,2,4-triazol-5-yl)phe-
nylJamine (R1o1) and [2-(3-(fur-2-yl)-1H- 1,2 4-triazol-5-yl)
phenyl]amine (R102) are highly acceptable (Figs. 3 and 4).
The R1o1 and R102 protonated at the amino group are more
stable than the protonated at the nitrogen atoms of triazole
cycle. The addition of R2 to R1olhl occurs by a nucleo-
philic attack of nitrogen atoms N1 or N4 onto carbon of
C=0 bond with the simultaneous proton transfer from the
protonated amino group to oxygen. The required activation
energy is 33.5 and 41.1 kcal/mol, respectively. There are two
pathways for the addition of R2 to R1o1h. The first pathway
involves formation of a new C-N bond between the nitrogen
N1 of triazole ring and the carbonyl carbon that is accom-
panied by a proton transfer from nitrogen N2 to oxygen. The
second one consists of an attachment of nitrogen of amino
group to carbon of C=0 bond and a proton transfer from
nitrogen N4 to oxygen. The activation barrier of the second
pathway leading to INT1h is considerably lower than of the
first one. The intermediate INT1h is also formed by the addi-
tion of R2 to R1oh. The reaction occurs by the formation of
a C-N bond between the nitrogen of amino group and the
carbonyl carbon, and the simultaneous proton transfer from
nitrogen N1 to oxygen of C=0 bond.

The attachment of R2 to nitrogen atoms N2 and N4
of R102h1 requires high activation energy of 38.3 and
40.5 kcal/mol to form high-lying intermediates INT8h and
INT6h, respectively (Fig. 4). The same energy is needed for
an addition of R2 to nitrogen N2 of R102h. Considerably
lower activation barrier is calculated for an attachment of
R2 to nitrogen of amino group in R102h with simultane-
ous proton transfer from nitrogen N4 to oxygen, that leads
to INT4h. Protonated R1oh is formed from both isomers
Rlol and R1o2. Structures of the transition states for the
formation of INT1h from R1oh and INT4h from R102h are
asynchronous (Fig. S1). Proton transfer from nitrogen atom
of triazole cycle to oxygen atom of cyclohexanone occurs

@ Springer
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«Fig. 1 SMD/B3lyp/6-31+G(d) modeled pathways for reaction of
[2-(3-(fur-2-yl)-1,2,4-triazol-5-yl)phenylJamine with cyclohexanone
in methanol along with the corresponding Gibbs free energy diagram.
Numbers along with each of the arrow indicate the corresponding
Gibbs free activation energies, while numbers under structures indi-
cate Gibbs free energies for reactions in kcal/mol. Gibbs free activa-
tion energy is in italics in the diagram

before the formation of C-N bond. Earlier proton transfer
leads to increasing of electrophilicity of carbon atom of car-
bonyl group, that promotes C-N bond formation.
According to the obtained results, the most energetically
favorable pathway for reaction of protonated [2-(3-(fur-2-yl)-
2H-1,2,4-triazol-5-yl)phenyl]amine (R1o1) and [2-(3-(fur-
2-y)-1H-1,2,4-triazol-5-yl)phenyl]amine (R102) with
cyclohexanone (R2) is the formation of INT1h and INT4h
(Figs. 3 and 4). These intermediates are also dominant in the
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Fig.2 SMD/B3lyp/6-31+G(d) modeled pathways for reaction of
[2-(3-(fur-2-yl)-2H-1,2,4-triazol-5-yl)phenylJamine (R1ol) and
[2-(3-(fur-2-yl)-2H-1,2,4-triazol-5-yl)phenylJamine (R102) with pro-
tonated cyclohexanone in methanol along with the corresponding

case of interaction of [2-(3-(fur-2-yl)-1,2,4-triazol-5-yl)phe-
nyl]amine with protonated cyclohexanone (Fig. 2). The acti-
vation energy for the acid-catalyzed addition of cyclohex-
anone to [2-(3-(fur-2-yl)-1,2,4-triazol-5-yl)phenylJamine is
significantly lower than for the uncatalyzed reaction (Figs. 1,
2,3,4).

The mechanism of further transformation of INT1h and
INT4h during the studied reaction is shown in Fig. 5. It
should be noted that INT1h and INT4h are tautomers with
the close stability and exist simultaneously in the reaction
mixture. The activation energy for the isomerization of
INT1h into INT4h is 15.7 kcal/mol.

Dehydration of protonated carbinolamine INT1h occurs
easier by a two-step mechanism than by a one-step transfor-
mation. Firstly, a proton is transferred between two nitro-
gen atoms, then a water molecule is eliminated with the
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Fig.3 SMD/B3lyp/6-31+G(d)
modeled pathways for reaction
of protonated [2-(3-(fur-2-yl)-
2H-1,2,4-triazol-5-yl)phenyl]
amine (R1ol) with cyclohex-
anone in methanol along with
the corresponding Gibbs free
energy diagram. Numbers along
with each of the arrow indicate
the corresponding Gibbs free
activation energies, while num-
bers under structures indicate
Gibbs free energies for reactions
in kcal/mol. Gibbs free activa-
tion energy is in italics in the
diagram
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Fig.4 SMD/B3lyp/6-31+G(d)
modeled pathways for reaction
of protonated [2-(3-(fur-2-yl)-
1H-1,2,4-triazol-5-yl)phenyl]
amine (R102) with cyclohex-
anone in methanol along with
the corresponding Gibbs free
energy diagram. Numbers along
with each of the arrow indicate
the corresponding Gibbs free
activation energies, while num-
bers under structures indicate
Gibbs free energies for reactions
in kcal/mol. Gibbs free activa-
tion energy is in italics in the
diagram
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cyclohexanone in methanol along with the corresponding Gibbs free
energy diagram. Numbers along with each of the arrow indicate the
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Fig.5 (continued)

participation of a hydroxy group and a proton at nitrogen
N1. Intramolecular cyclization in INT30 occurs via bond
formation between the nitrogen N1 or N4 of triazole and the
carbon of cyclohexane moiety. A lower activation energy
is required for formation of C-N1 bond. Deprotonation of
INT50 by treatment with sodium acetate leads to product
Plo.

Dehydration of INT4h also occurs in two steps: a pro-
ton transfer to nitrogen N4 leading to INT70, and an elimi-
nation of a water molecule involving proton transfer from
N1 or N4, that results in formation of INT80 or INT10o,
respectively (Fig. 5). Intramolecular cyclization for INT80
occurs rapidly with an activation barrier of 7.4 kcal/mol.
Deprotonation of INT90 yields Plo. Intermediate INT100
can undergo cyclization leading to INT110 or tautomerizes
into INT3o0, which transforms into spiro intermediate INT5o.
The activation energy for both processes of INT10o0 trans-
formation is similar, while tautomerization leads to more
stable intermediate INT30. Deprotonation of intermediates
INT3o0, INT80, and INT100 leading to formation of Schiff
bases INT120, INT130, and INT 140, respectively, is hard
to achieve due to the high endergonicity of the process.
Obtained results reveal that the dominant product for the
transformation of INT1h and INT4h is Plo (Fig. 5). The
result is consistent with the main product for uncatalyzed
mechanism (Fig. 1) and with experimental data for interac-
tion between [2-(3-R-1,2,4-triazol-5-yl)phenylJamines and
oxo compounds [24].

Comparative analysis of modeled reac-
tion pathways for the acid-catalyzed interaction of

[2-(3-(fur-2-yl)-1,2,4-triazol-5-yl)phenylJamine, [2-(3-(thio-
phen-2-yl)-1,2,4-triazol-5-yl)phenyl]amine, and [2-(3-(pyr-
rol-2-yl)-1,2,4-triazol-5-yl)phenylJamine with cyclohex-
anone showed that all three heterocycles react according
to the same mechanism, and the corresponding activation
energies differ insignificantly (Figs. 5, S2 and S3).

3 Conclusions

Triazole, a heterocyclic core, has attracted great attention
among medicinal chemists in search of new therapeutic
molecules. Increased amount of methods for synthesis of
new biologically active compounds with several structural
domains causes necessity to study the mechanism of the
whole synthetic process. Reaction pathways of interaction
between [2-(3-hetaryl-1,2,4-triazol-5-yl)phenylJamine and
cyclohexanone in methanol were modeled at the SMD/
B3lyp/6-31+ G(d) theory level. Computational study
showed that the mechanism consists of three main processes:
addition of an amine to double bond C=0 of cyclohexanone,
elimination of a water molecule, and intramolecular cycliza-
tion leading to formation of a spiro compound. The ortho-
position of the triazole substituent relative to the amino
group on benzene ring enables intramolecular catalysis dur-
ing the reaction process, that promotes the reaction. Acidic
catalysis also facilitates the reaction by reducing activation
barriers. The nature of the heterocyclic substituent on the
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triazole ring has little effect on the reaction energy, while
the mechanism is unchanged.
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