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The work presents 2-amino-5-methyl-1,3,4-thiadiazole formation simulation by DFT/B3LYP/6-31G(d,p), DFT/
B3LYP/6-311+G(2d2p), MP2/6-311+G(2d2p) methods. It was established that the 2-amino-5-methyl-1,3,4-thiadiazole 
formation is a complicate multi-stage process that occurs  through a number of elementary chemical transformations, 
the activation barriers of which were estimated.
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В работе представлено моделирование образования 2-амино-5-метил-1,3,4-тиадиазола методами DFT/
B3LYP/6-31G(d,p), DFT/B3LYP/6-311+G(2d2p), MP2/6-311+G(2d2p). Было установлено, что образование 
2-амино-5-метил-1,3,4-тиадиазола представляет собой сложный многостадийный процесс, который проис-
ходит через ряд элементарных химических превращений, барьеры активации которых были оценены.

Ключевые слова: Аминотиадиазол, квантово-химический расчет, теория функционала плотности.

Introduction

Substances bearing pharmacophore 1,3,4-thiadiazole 
groups are widely used as active components of various 
medical drugs such as Diacarb, Methazolamide, Ethazole, 
Tizanidine exhibiting anti-inflammatory, antimicrobial, 
antiviral, bronchodilator, antituberculosis and antitumor 
activities.[1–3] 

Due to different structural modifications, such as 
amino groups transformation and introduction of substitu-
ents into heterocyclic core, 2,5-diamino-1,3,4-thiadiazole 
and its bi- and polynuclear derivatives are widely applied as 
precursors in the synthesis of various compounds.

Among the synthetic methods of the compounds 
bearing one or several 1,3,4-thiadiazole rings developed so 
far,[1–5] an oxidative condensation of dithiourea by hydrogen 
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peroxide is the most prevalent.[2,4,5] In order to synthesize 
binuclear amines  consisting of two 1,3,4-thiadiazole resi-
dues united by alkyl bridges of various length, a condensa-
tion of corresponding dicarboxylic acids dichlorides with 
thiosemicarbazide in acid medium was used.[1] 

Moreover, binuclear diamines corresponding to the ge- 
neral formula H2N-R-X-R-NH2 (where R is 1,3,4-thiadiazole 
ring) present a special interest as precursors of macrohet-
erocyclic compounds (Mc) since their implementation into 
macrocyclic framework leads to the macrocyclic systems 
with expanded and well adjustable coordination cavities. 
By selection of diamines, it is possible to design a number 
of macrocycles with various coordination cavity,[6–10] which 
can be used as therapeutic agents for photodynamic therapy 
and virology,[11–12] nonlinear optical materials,[13] anion re-
ceptors,[14–17] and controlled drug release systems.[18]

An expanded AABAAB-type macroheterocycle (Fig-
ure 1A) was synthesized for the first time by the authors[19] 
using 4,4’-oxodianiline and 1,3-diiminoisoindoline as initial 
compounds. Its structure was confirmed by X-ray analysis. 

In 1996 the authors[6] have obtained the similar 
six-membered Mc with thiadiazole subunits bounded 
via disulfide bridges (Figure 1B) by interaction of bis(5-
amino-1,3,4-thiadiazole-2)disulfide and 1,3-diiminoisoin-
doline in alcohol medium. Due to presence of expanded 
coordination cavity including a number of heteroatoms, this 
Mc is able to coordinate the cations of large radius metals 
by selective and reversible way fashion. Therefore, it is rec-
ommended for purification of aqueous solutions from heavy 
metal ions such as strontium and lead.[20]

Cu complex of AAB’AAB’-type Mc (where B’ is pyr-
role ring bearing bulky substituents) (Figure 1C) was syn-
thesized by condensation of 2,5-diamino-1,3,4-thiadiazole 
and 3,4-bis(4-tert-butyl)diiminopyrroline in boiling isopro-
panol using copper acetate as template in 2010.[21]

In 2016 the Mc of AABAAB-type with expanded 
coordination cavity was obtained by condensation of bis(5-
amino-1,3,4-thiadiazole-2-yl)ethane (fragment A) and tert-
butyldiiminoisoindoline (fragment B) (Figure 1D).[22]

It appears from the above materials, that structural 
diversity of macroheterocyclic compounds with expanded 
coordination cavity in comparison with enlarged phthalo-
cyanine analogues[23] is essentially determined by the nature 
of parent binuclear diamines involved into crossover con-
densation with phthalogenes. Moreover, binuclear diamines 
such as bis(5-amino-1,2,4-triazole-3-yl)alkanes and bis(5-
amino-1,3,4-thiadiazole-2-yl)alkanes have the greatest po-
tential. The synthesis and properties of bistriazole alkanes 
were studied earlier.[24–27] The methods of obtaining of bis(5-
amino-1,3,4-thiadiazole-2-yl)alkanes having antibacterial 
and antifungal properties also were claimed by the authors.[1] 

Despite its significant importance, formation mechanism 
of the latter remains unknown at the moment. 

The authors[28] hypothesized that the 2,5-diamino- 
1,3,4-thiadiazole formation occurs due to an intramolecular 
nucleophilic attack of mercapto or amino group of dithiou-
rea followed by elimination of hydrogen sulfide or ammonia 
molecules, respectively. However, any evidence of the pro-
posed mechanism has not been published.

Taking into consideration that in the molecules of bis(5-
amino-1,3,4-thiadiazole-2-yl)alkanes the 2-amino-1,3,4-
thiadiazole subunits are separated by the alkyl groups 
and thereof a formation of each of heterocycles can be 
considered as the same independent process, the 2-amino-
5-methyl-1,3,4-thiadiazole formation was accepted as a mod-
eling one. In view of the foregoing, we have earlier published 
the preliminarily studies of a mechanism of 2-amino-
5-methyl-1,3,4-thiadiazole formation using quantum 
chemistry methods.[29] It is worthy to note, that 2-amino-
5-methyl-1,3,4-thiadiazole has practical importance itself. 

A

C

B

D

Figure 1. The structure of Mcs with expanded coordination cavity.
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For example, the metal complexes of Mg(II), Zn(II), Mn(II), 
Cu(II), Co(II), Ni(II), Be(II), Cd(II), Pb(II), Al(III), Fe(III), 
and La(III) derived from 2-amino-5-methyl-1,3,4-thiadiazole 
and its derivatives behave as very powerful inhibitors against 
the three carbonic anhydrase isozymes.[30] 

Thus, the aim of this work is 2-amino-5-methyl-1,3,4-
thiadiazole formation simulation by quantum chemistry 
methods.

Computations

Quantum chemistry calculations of the reactants, transition 
states and products of all elementary stages which form full reac-
tion pathway were carried out by DFT method using B3LYP hybrid 
functional (Becke + Slater + HF exchange and LYP + VWN5 cor-
relation) and basis sets 6-31G(d,p) and 6-311+G(2d2p) as well as 
MP2/6-311+G(2d2p) computations. All calculations of protonated 
(q=1, M=1) and neutral (q=0, M=1) molecular forms were carried 
out using Firefly 8.2.0[31,32] software package with full geometry 
optimization without geometry constrains. Transition states (TSs) 
were found using SADPOINT procedure. Cartesian coordinates 
(Å) and total energy values (a.u.) of the structures optimized 
at the DFT/B3LYP/6-311+G(2d2p) and MP2/6-311+G(2d2p) 
levels are shown in Supporting Materials. Vibration frequencies 
performed in harmonic approximation show that the optimized 
structures as well as transition states are the corresponding 
critical points of the potential energy surfaces.[33] IRC subroutine 
was used to check each TSs on correspondence to the considered  
reaction pathway. Thermochemistry calculations were performed 
at various temperatures using Firefly 8.2.0.[31] Preparation of initial 
geometry, processing and obtained results visualization were 
performed using the ChemCraft program.[34]

Results and Discussion

Presumably, mechanism of 2-amino-5-methyl-1,3,4-
thiadiazole formation can be represented as multisteps 
pathway (Scheme 1): 

1. Tautomerism of thiosemicarbazide from thione- 
amino- (1a) to thioleimino- (1b) form.

2. The formation of protonated N-[(dihydroxymethyl)-
methane]hydrazinoiminomethanethiole (2a) is carried 
out at interaction of protonated acetic acid molecule with 
thiosemicarbazide (1b);

3. Following dehydratation of 2a, protonated 
N-[(hydroxymethyl)methane]hydrazinoiminomethanethiole 
(2b) is formed;

4. The cyclization and dehydratation of 2b lead to pro-
tonated 2-imino-5-methyl-1,3,4-thiadiazoline (3a) formation;

5. Transformation of the protonated 3a to 4 can go 
by two ways: tautomerism of 3a and deprotonation of 3b; 
or deprotonation of 3a and tautomer transformation of 3c.

At the first stage the calculations were performed at 
the DFT level using the most spread combination of hybrid 
functional B3LYP and basis set 6-31G(d,p). In order 
to increase the calculations accuracy, the enlarged basis 
6-311+G(2d,2p) was applied since earlier it was successfully 
applied in SE2 mechanism simulation.[35–37] 

In the first step of the research, the thione- (1a)/
thiole-(1b) tautomerism of thiosemicarbazide (Scheme 2) 
was studied. In results of both B3LYP/6-311+G(2d2p) and 
MP2/6-311+G(2d2p) calculations, the similar configurations 
have been achieved (see Supporting Materials).

Scheme 2. Tautomeric forms of thiosemicarbazide molecule.

It was found that the hydrogen atom H1 is transferred 
between the nitrogen atom N3 of the amino group and sulfur 
S1 via the transition state TS1. Views of optimized con-
figurations 1a, TS1, and 1b derived from calculations 
by DFT method using B3LYP hybrid functional and basis set 
6-31G(d,p) are shown in Figure 2. The calculations by both 
B3LYP/6-311+G(2d2p) and MP2/6-311+G(2d2p) methods 
lead to similar configurations.

Following DFT calculations, amino/imino-tautom-
erism runs over an activation barrier, the value of which 
is decreased when enlarged basis set is used. Compared 
to the data, MP2 overestimates this characteristic. Such lack 
of accordance was described earlier.[38] 

Scheme 1. Probable mechanism of 2-amino-5-methyl-1,3,4-thiadiazole formation.
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In pristine molecule 1a the hydrogen atom H1 is located 
about 2.756 Å from sulfur atom S1. The distances C1–N3 
and С1–S1 are found to be equal to 1.368 Å and 1.679 Å, 
respectively. The angle N3–C1–S1 is 122.6°. In the transition 
state TS1 the N3–C1–S1 angle is decreased to 106.8° and its 
value approaches to that of tetrahedral angle. On going 
from TS1 to 1b the value of N3–C1–S1 angle is increased 
slightly to 119.8°, and its value is close to the similar angle 
of 1a. The length of C1–N3 bond of 1b is estimated to be 
of 1.275 Å and its character is approached to double bond.

The bond lengths and angles in the thiosemicarbazide 
1a calculated by quantum chemical methods are in agree-
ment with the results of X-ray analysis (Table 1).[39]

Since the reaction occurs in the acid medium, the pro-
tonation of acetic acid molecules takes place. The interac-
tion of a protonated acetic acid with 1b leads to 2a formation 
(Scheme 3). 

The 2b formation occurs due to dehydratation of 2a 
which runs via four-central transition state TS2. The views 
of optimized configurations 2a, TS2, and 2b are shown 
in Figure 3. 

The transition state formation TS2 occurs due to intra-
molecular transfer of hydrogen atom H8 from nitrogen 
atom N1 to oxygen atom O2. Thereby, significant loosening 
of O2–H8 bond to 1.215 Å is observed, due to hydrogen 

1a TS1 1b

B3LYP/6-31G(d,p)                   Erel = 0*
B3LYP/6-311+G(2d2p)           Erel = 0
HF/MP2/6-311+G(2d2p)         Erel = 0

Erel = 41.33
Erel = 36.42
Erel = 53.17

Erel = 19.27
Erel = 15.35
Erel = 19.21

Figure 2. Models, methods and calculated values of relative energy (Erel, kcal∙mol–1) of optimized configurations of 1a, TS1, and 1b. 
*The total energy of the most stable structure revealed by each method of calculations is assumed as relative energy to be equal to 0.

Table 1. Selected bond lengths and angles for 1a by quantum chemical calculations and X-ray analysis data.

Selected bond lengths, Å, 
and angles, o, for 1a

DFT/B3LYP/6-
31G(d,p)

DFT/B3LYP/6-
311+G(2d2p) MP2/6-311+G(2d2p) X-Ray analysis[39]

C1–N3 1.368 1.368 1.374 1.316

C1–N2 1.365 1.363 1.364 1.327

C1–S1 1.679 1.670 1.655 1.704

N2–N1 1.407 1.407 1.407 1.401

N3–C1–N2 114.04 113.82 112.99 118.56

N3–C1–S1 122.62 122.56 123.37 122.14

N2–C1–S1 123.33 123.60 123.62 119.28

C1–N2–N1 123.38 123.04 121.96 121.40

bond formation.[40] The distance N1–H8 is estimated to be 
1.378 Å what is determined by significant hydrogen bond 
impact. Moreover, comparing with 2a, length bond C1–O2 
of TS2 is increased from 1.370 Å to 1.536 Å. The relaxation 
of TS2 to 2b leads to significant shortening of the C1–N1 
bond length to 1.324 Å, and its character is approached 
to that of double bond.

The free rotation of the fragments in 2b around 
the N1–N2 bond leads to further formation of 3a through 
the four-center transition state TS3. As a result, the S1 
and O1 atoms turn out to be spatially close, the S1–H5 bond 
is relaxed and a new O1–H5 bond is formed. Subsequent 
elimination of the water molecule leads to the formation 

Scheme 3. The protonation of acetic acid and its interaction 
with 1b. 
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2a TS2 2b

B3LYP/6-31G(d,p)            Erel = 21.79
B3LYP/6-311+G(2d2p)     Erel = 24.66
MP2/6-311+G(2d2p)         Erel = 22.76

Erel = 54.94
Erel = 53.57
Erel = 69.43

Erel = 0
Erel = 0
Erel = 0

Figure 3. Views and calculated values of relative energy (Erel, kcal∙mol–1) of the optimized configurations 2a, TS2, and 2b. 

of 3a. The 2b, TS3, and 3a-water models optimized using 
the DFT B3LYP/6-31G(d,p) are shown in Figure 4. 

The formation of target 4 can be realized by two 
ways: 1) tautomeric transformation of 3a–3b, which occurs 
through the four-center transition state TS4, and depro-
tonation of 3b or 2) deprotonation of 3a and tautomerism 
of 3c–4 via transition state TS5 (Scheme 1). Due to present 

2b-H2O TS3 3a+H2O

B3LYP/6-31G(d,p)              Erel = 0.55
B3LYP/6-311+G(2d2p)       Erel = 9.00
MP2/6-311+G(2d2p)           Erel = 4.04

Erel = 50.01
Erel = 50.56
Erel = 69.99

Erel = 0
Erel = 0
Erel = 0

Figure 4. Models and calculated values of relative energy (Erel, kcal∙mol–1) of the optimized configurations 2b, TS3, and 3a.

of imino group and hydrogen atoms at intercycle nitrogen 
atoms, 3a can form a tautomeric structure 3b (Scheme 1).

It was established that intramolecular transfer 
of hydrogen atom H6 between intracyclic nitrogen atom 
N2 and nitrogen atom of imino group N3 occurs through 
the four-center transition state TS4. Models 3a, TS4, and 3b 
optimized are shown in Figure 5. 

3a TS4 3b

B3LYP/6-31G(d,p)            Erel = 25.08
B3LYP/6-311+G(2d2p)     Erel = 23.48
MP2/6-311+G(2d2p)         Erel = 23.35

Erel = 66.12
Erel = 62.84
Erel = 81.55

Erel = 0
Erel = 0
Erel = 0

Figure 5. Models, methods and calculated values of relative energy (Erel, kcal∙mol–1) of the optimized configurations 3a, TS4, and 3b.
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By B3LYP/6-31G(d,p) calculations it was determined 
that in parent molecule 3a the hydrogen atom H6 remotes 
from nitrogen atom N2 at 1.017 Å. The distances C2–N2, 
C2–N3 and С2–S1 are 1.412 Å, 1.246 Å and 1.854 Å, respec-
tively. The angle N2–C2–N3 is 122.4°. In transition state 
TS4 the angle N2–C2–N3 is decreased to 106° and approxi-
mates at value by tetrahedral.

In tautomer 3b the angle N2–C2–N3 is increased 
to 123.65°, i.e. approximates to value of such angle in mol-
ecule 3a. The length bond C2–N2 is 1.316 Å and its character 
is approached to double bond.[40]

Tautomeric transformation 3c–4 occurs via transition 
state TS5. Views of 3c, TS5 and 4 are shown in Figure 6.

In molecule 3c the length bond N2–H5 is 1.006 Å. 
This bond is increased to 1.320 Å in transition state TS5. 
The angle N2–C2–N3 is 123.654° in tautomer 3c. In transi-
tion state TS5 this angle N2–C2–N3 decreases to 106.16° 
and approximates at value by tetrahedral. In molecule 4 
the angle N2–C2–N3 is increased to 123.52°, i.e. approxi-
mates to value of such angle in molecule 3b. Following 
the results obtained by three applied computation methods, 
pathway via TS5 is realized via the higher activation bar-
rier what is considered as less probable if compared with 
an alternative path via TS4 (Figure 7).

Atom coordinates of the optimized configuration 
of 1a, TS1, 1b, 2a, TS2, 2b, TS3, 3a, TS4, 3b, 3c, TS5, 4 are 
collected in Supplementary Materials (Tables S1–S4).

Thus, it was established by quantum chemistry 
methods that the target 2-amino-5-methyl-1,3,4-thiadiazole 
formation is complicated multi-stage process which occurs 

3c TS5 4

B3LYP/6-31G(d,p)            Erel = 3.77
B3LYP/6-311+G(2d2p)     Erel = 3.44
MP2/6-311+G(2d2p)         Erel = 3.54

Erel = 52.12
Erel = 53.67
Erel = 69.43

Erel = 0
Erel = 0
Erel = 0

Figure 6. Views and calculated values of relative energy (Erel, kcal∙mol–1) of optimized configurations 3c, TS5, and 4.

Figure 7. Diagrams of relative activation energy (kcal∙mol–1) of tranformations 1a – TS1, 2a – TS2, 2b – TS3 and 3a – TS4. a) B3LYP/6-
31G(d,p), b) B3LYP/6-311+G(2d2p), c) MP2/6-311+G(2d2p).

through a number of elementary chemical transformations 
with overcoming of four activation barriers; cyclic product 
formation stage has a limitative rate. In a row B3LYP/6-
311+G(2d2p) => B3LYP/6-31G(d,p) => MP2/6-311+G(2d2p), 
the values of activation barriers increase (Figure 7).

Values of enthalpy and Gibbs energy of reactants 
and products at 298.15 (room temperature) and 393.15 K 
(temperature of experiment[1]) were evaluated by B3LYP/6-
311+G(2d2p) for configurations optimized by B3LYP/6-
311+G(2d2p) method are shown in Table 2.

Table 2. Values of enthalpy (H, kcal/mol) and Gibbs free energy 
(G, kcal/mol) calculated at 298.15 and 373.15 K by B3LYP/6-
311+G(2d2p) level for configurations optimized by B3LYP/6-
311+G(2d2p).

Compound
298.15 K 373.15 K

ΔH ΔG ΔH ΔG
1a 55.43 24.72 55.69 23.89
1b 51.21 28.20 53.11 22.20
2a 102.95 72.29 106.42 64.19
2b 101.81 68.03 105.47 59.12

2b-H2O 84.63 54.68 87.57 46.81
3a+H2O 85.00 54.07 88.15 45.94

3a 67.80 43.01 70.10 36.51
3b 68.18 42.87 70.51 36.24
3c 59.74 35.05 61.95 28.58
4 59.79 35.33 62.00 28.93
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Following the data shown in Table 2 an increasing 
of the temperature is favorable to shifting the equilibrium 
processes towards the products. 

Conclusions 

Multi-stage process of 2-amino-5-methyl-1,3,4-
thiadiazole formation was studied by quantum chemistry 
DFT and MP2 methods with 6-311+G(2d2p) basis sets. 
Activation barriers of each of the elemental stage were 
estimated by DFT and MP2 methods. It was shown that 
the transformation of protonated methyliminothiadiazole 
3a into target compound 4 can be realized by two ways 
and deprotonation-tautomerism pathway was estimated 
to be the most favorable. In comparison with DFT, the MP2 
method in general overestimates the values of activation 
barriers. Based on calculation results the most probable 
mechanism of 2-amino-5-methyl-1,3,4-thiadiazole forma-
tion was generated.
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