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Abstract: In this paper, we report on the synthesis of new semisynthetic 
penicillins by acylating 6-aminopenicillanic acid with the sulphur derivatives 
transformed into pivalic acid anhydrides, containing nucleus composed of 3-[(5-
nitroindazol-1̓-yl-methyl)]-4-aryl-5-mercapto-1,2,4-triazole. The antibacterial 
properties determined by the presence of β-lactam ring and 5-mercapto-1,2,4-
triazoles nucleus in penicillin molecules has been previously evidenced. Factorial 
experiments were organized in order to establish the conditions in which the 
reaction yield becomes maximum. The obtained structures were analyzed from 
quantum-mechanical point of view and their physical-chemical properties were 
established by computation. The structure of the synthesized compounds was 
confirmed by the results of elemental and spectral analyses (FT-IR, 1H- and  
13C-NMR). The semisynthetic penicillins were previously verified for 
toxicological action and antibacterial activity and the obtained results were close 
to those for amoxicillin, used as reference drug. 
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 Introduction  

The challenge of developing new semisynthetic penicillins is 

currently the focus of many research teams.1,2 This endeavor aims to fulfill 

the long-standing desire for improved antimicrobial and pharmacological 

properties following years of penicillin therapy. Key objectives include 

stability against penicillinase, a wider antibacterial spectrum, resistance to 

acidic conditions and minimal side effects. 

 The importance of heterocyclic compounds previously recognized in 

the field of synthetic organic chemistry has been extensively studied due to 

their important properties and applications.3-6 It is well known that several 

heterocyclic compounds containing nitrogen exhibit a wide variety of 

biological activities.7-11  

Throughout our research, we noticed that 5-nitroindazole has 

important biological activities such as tuberculostatic activity,12,13 

antimicrobial activity14 that is why we tried to obtain penicillins based on  

5-nitroindazole.15  

The synthesis of these penicillins is intriguing due to the inclusion of 

the triazole nucleus in certain molecules, rendering them applicability in 

various medical fields.16-19 New pharmacological properties: anti-

inflammatory,20-24 antibacterial,24-28 antitumor,29-31 antifungal,32-34 analgesic-

antipyretic,14,35-37 are induced by the nature and position of the substituents 

in the penicillin molecules.  
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Results and Discussion   

The synthesis of penicillins goes through several stages. In general, 

the 6-aminopenicilanic acid (6-PA) is treated with acid chloride16,17 or 

mixed anhydride18,19 under specific conditions yields, when a semisynthetic 

penicillin from 6-acyl-aminopenicillanic acid is obtained (see Scheme 1).  

 

 
Scheme 1. Semisynthetic penicillins’ synthesis reaction. 

The acylation of this 6-PA with active forms of 5-mercapto-1,2,4-

triazole-disubstituted derivatives follows the general scheme permitting to 

obtain the final product (Scheme 1).  

The triazole derivatives were obtained by basic cyclization of  

1-(5′-nitroindazol-1′-yl-acetyl)-4-aryl-thiosemicarbazides prepared in turn 

by condensation of aromatic isothiocyanates with 5-nitroindazol-1-yl-acetic 

acid hydrazide.14  

In the basic environment 5-mercaptotriazoles show reaction center at 

the sulphur atom in position five of the triazole heterocycle. The sodium 

salts Ia–Ic are obtained by refluxing in anhydrous ethanol containing 

sodium ethoxide (see Scheme 2). 
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The mercapto-triazoles sodium salts (Ia-Ic) react with sodium 

monochloroacetate forming the derivatives IIa-IIc. For the grafting of the 

triazole ring on the nucleus of 6-aminopenicillanic acid, it was necessary to 

activate the carboxylic function of sodium thioacetates (IIa–IIc), 

transforming them into mixed type A anhydrides, able to react with the 

amine group of β-lactamic acid. An ideal partner for this transformation is 

the pivaloyl chloride which, for electronic and steric reasons due to the three 

methyl groups at the same carbon atom, facilitates the cleavage of the mixed 

anhydride at one of the two carbonyls in the desired way14,38,39 (Scheme 2). 

 
Scheme 2. The obtaining of mixed type A anhydride. 

It is important to state that the mixed anhydrides are unstable, so in 

the next step, we use them in situ in dichloromethane solution, in which the 

6-aminopenicillanic acid is dissolved in the form of triethylammonium salt. 

The dichloromethane is removed in vacuo. The distillation residue is 

dissolved in saturated sodium bicarbonate solution, after completion of the 

coupling reaction. Penicillin passes into alkaline solution as a sodium salt. 

By acidifying the bicarbonate solution to pH = 1.5–2 in the presence of 
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butyl acetate, the acid penicillin passes into organic layer, from where it is 

isolated as a sodium salt (IIIa–IIIc) by precipitation with sodium acetate or 

sodium ethylhexanoate (see Scheme 3). 

 

 
IIIa,b,c 

   

R = –C6H5; –C6H4–CH3; –C6H4–OCH3 

Scheme 3. The final reactions for obtaining the semisynthetic penicillins. 

The penicillins were synthesized through a series of reactions, 
starting from sodium 1,2,4-triazole-5-α-thioacetate derivatives which reacts, 
in the end, with penicillanic acid.  
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The structure of all compounds Ia,b,c, IIa,b,c, IIIa,b,c was verified 
by elemental and spectral analysis (FT-IR, 1H- and 13C-NMR)15. 

 Optimization reaction of penicillins 
Our preliminary studies relived the marked influence of both 

reaction time (X1 = t) and temperature (X2 = T) on the yield of chemical 
reactions for obtaining new penicillins. Factorial experiments of 32 type40-43 
were organized for each reaction in order to establish the best conditions for 
preparing the penicillin IIIa, IIIb and IIIc. In the statistical analysis, the 
reaction yield (η) was considered as indicator for the reaction optimization 
and its dependence on the relevant variables X1 and X2 was studied.  

With the extreme values of the real relevant variables [X(i,min),X(i,max)] 
one can define the dimensionless variables, usually recommended in order 
to facilitate the rapidity of computations, as it follows: 

 i i
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are made for the coordinate of the middle of the variation interval and 
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for the half-length of the variation range. 
After determination of the dimensionless variables, one can return to 

the real ones, using relation:   
 i i i iX X x X        (4) 

The real and dimensionless values of the relevant variables 

(temperature and time) of reactions are written for the compound IIIa in 

Table 1. 
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Table 1. Temperature, time and yield for reaction of obtaining penicillin  
                 IIIa. 

No. x1; X1 (°C) x2; X2 (h) x1x2 2

1 2 3x   2

2 2 3x   η (%) 

1 -1; 8 -1;1 1 1/3 1/3 75 
2 0;  9 -1;1 0 1/3 -2/3 77 
3 1; 10 -1;1 -1 1/3 1/3 76 
4 -1; 8 0; 1.25 0 -2/3 1/3 76 
5 0;  9 0; 1.25 0 -2/3 -2/3 79 
6 1; 10 0; 1.25 0 -2/3 1/3 77 
7 -1; 8 1;1.5 -1 1/3 1/3 74 
8 0;  9 1;1.5 0 1/3 -2/3 76 
9 1; 10 1;1.5 1 1/3 1/3 74 
Σ 0 0 0 0 0 684 

 
The average value of the reaction yield is   = 76.00%. A 

polynomial dependence of the type (5) can be written: 
2 2

0 1 1 2 2 12 1 2 11 1 22 2a a x a x a x x a x a x          (5) 

By the method described in 38, the correlation coefficients for 
reaction (IIIa, Scheme 3) are written below: 
a1 = - 0.667; a2 = 0.333; a12 = - 0.25; a11 = -1.333; a22 = - 2.00; a0 = 78.22.  
The dependence (5) for obtaining reaction of penicillin IIIa becomes: 

2 2
1 2 1 2 1 278.22 0.67 0.33 0.25 1.33 2.00x x x x x x        (6) 

The supplementary experiment to determine the yield in the centre 
of variation range gives for penicillin IIIa the values:  
η = (77, 78, 77) %; with average value   = 77.33%.  

The experiment’s precision is P = 0.1924. 
The results of applying the Student test for penicillin IIIa are shown in 

Table 2. 
Table 2. Student test for IIIa. 

 a0 a1 a2 a12 a11 a22 
t-test 406.5 3.48 1.72 1.30 6.91 10.40 
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As t-Student indicates, the product of the variable has the smallest 

influence on the reaction yield (the t-Student value of a12 correlation 

coefficient is smaller than 1.5) and it was eliminated from the polynomial 

equation. One obtains a new equation for the polynomial dependence of 

reaction yield on the relevant dimensionless variables of chemical reaction 

for compound IIIa. 

 2 2
1 2 1 278.22 0.67 0.33 1.33 2.00x x x x        (7) 

Fisher test, F = 25.98, shows that relation (7) can be used in estimation the 

reaction yield for compound IIIa. 

From the derivatives of the reaction yield on the relevant 

dimensionless variable one obtains the dimensionless coordinates of the 

extreme value of the reaction yield. For the dimensionless coordinates, one 

obtains M (-0.25, 0.08, 78.33%), which is expressed in real coordinates as:  

M (8.75℃, 1.020 h, 78.33%). 

 The plotting of the Eq. (7) is shown in Figure 1. 

 
Figure 1. Dependence of the yield of reaction for obtaining the penicillin IIIa on the 

dimensionless temperature and time (according to Eq. (7)).  
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The real and dimensionless values of the relevant variables 

(temperature and time) of reactions are written for the compound IIIb in 

Table 3. 

Table 3. Time, temperature and yield of reaction for obtaining penicillin IIIb. 

No. x1; X1 (°C) x2; X2 (h) x1x2 2

1 2 3x   2

2 2 3x   η (%) 

1 -1; 18 -1;2 1 1/3 1/3 78 

2 0;  19 -1;2 0 1/3 -2/3 80 

3 1; 20 -1;2 -1 1/3 1/3 79 

4 -1; 18 0; 2.25 0 -2/3 1/3 79 

5 0;  19 0; 2.25 0 -2/3 -2/3 82 

6 1; 20 0; 2.25 0 -2/3 1/3 80 

7 -1; 18 1; 2.5 -1 1/3 1/3 79 

8 0;  19 1; 2.5 0 1/3 -2/3 81 

9 1; 20 1; 2.5 1 1/3 1/3 79 

Σ 0 0 0 0 0 717 

 
In the case of reaction for obtaining penicillin IIIb, the average 

value of reaction yield for the 9 experiments organized in 32 factorial 
analysis is:   = 79.67 % and the values of the correlation coefficients of 
polynomial (5) are computed as being:  a1 = 0.67; a2 = 0.17; a12 = - 0.25; 
a11 = - 1.00; a22 = - 3.34; a0 = 81.56. The polynomial dependence for IIIb is 
written in (8). 

 2 2
1 2 1 2 1 281.56 0.67 0.17 0.25 1.00 3.34x x x x x x          (8) 

The supplementary experiment to determine the yield in the centre 
of the variation range gives:  η = (79, 78, 78) %;   = 78.33%; P = 0.1924 
and t-Student results for IIIb are given in Table 4. 
Table 4. Student test for penicillin IIIb. 

 a0 a1 a2 a12 a11 a22 

t-test 423.9 3.48 0.88 1.30 5.20 17.36 
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The dimensionless variable x2 has no influence on the reaction yield 

as the small value of t-Student shows. According to Student test it results 

that the polynomial equation 

 2 2
1 1 2 1 281.56 0.67 0.25 1.00 3.34x x x x x         (9) 

correctly describes the chemical reaction yield dependence on the time and 

temperature.  

The high value of Fisher test F = 81.49, shows that relation (9) 

correctly describes the reaction yield dependence on the dimensionless 

variables. 

From the derivatives of the reaction yield on the relevant 

dimensionless variable one obtains the dimensionless coordinates of the 

extreme value of the reaction yield. For the dimensionless coordinates, one 

obtains M (- 0.33, - 0.01, 81.23%), which is expressed in real coordinates as 

M (18.67°C, 2.247 h, 81.23%). 

 The plotting of the Eq. (9) is shown in Figure 2. 

 
Figure 2. Dependence of the yield of reaction for obtaining the penicillin IIIb on the 

dimensionless temperature and time (according to Eq. (9)). 
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The real and dimensionless values of the relevant variables 
(temperature and time) of reactions are written for the compound IIIc in 
Table 5. 
Table 5. Time, temperature and yield of reaction for obtaining penicillin  

                 IIIc. 

No. x1; X1 (°C) x2; X2 (h) x1x2 2

1 2 3x   2

2 2 3x   η (%) 

1 -1; 28 -1;3 1 1/3 1/3 85 

2 0; 29 -1;3 0 1/3 -2/3 87 

3 1; 30 -1;3 -1 1/3 1/3 85 

4 -1;28 0; 3.25 0 -2/3 1/3 86 

5 0; 29 0; 3.25 0 -2/3 -2/3 89 

6 1; 30 0; 3.25 0 -2/3 1/3 87 

7 -1; 28 1;3.5 -1 1/3 1/3 87 

8 0; 29 1;3.5 0 1/3 -2/3 88 

9 1; 30 1;3.5 1 1/3 1/3 86 

Σ 0 0 0 0 0 760 

In the case of compound IIIc, from Table 5 it results the following 
values: average value of reaction yield   = 84.44 % and the correlation 

coefficients of polynomial (5) a1 = 0.67; a2 = 0.00; a12 = - 0.75; a11 = - 1.00; 
a22 = - 2.00; a0 = 86.44. The polynomial dependence for reaction of 
penicillin IIIc is written in the form 

2 2
1 1 2 1 286.44 0.67 0.75 1.00 2.00x x x x x        (10) 

The supplementary experiment to determine the yield in the centre of range 
η = (87, 86, 86) %;   = 86.33%; P = 0.1924 and t-Student results for 

penicillin IIIc are given in Table 6. 
Table 6. Student test for IIIc. 

 a0 a1 a2 a12 a11 a22 
t-test 449.3 3.48 0 3.90 5.20 10.40 
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The dimensionless variable x2 has no influence on the reaction yield 
as the small value of t-Student shows. According to the t-Student test it 
results that the polynomial equation (10) correctly describes the chemical 
reaction yield dependence on the time and temperature, in the case of 
penicillin IIIc. This conclusion is confirmed by the Fisher test value, 15.59. 

From the derivatives of the reaction yield on the relevant 
dimensionless variable one obtains the dimensionless coordinates of the 
extreme value of the reaction yield. For the dimensionless coordinates, one 
obtains M (0.18, - 0,08, 86.53%), which is expressed in real coordinates as 
M (28.18°C, 3.23 h, 86.52%). 
 The plotting of the Eq. (11) is shown in Figure 3. 

 
Figure 3. Dependence of the yield of reaction for obtaining the penicillin IIIc on the 

dimensionless temperature and time (according to Eq. (11)). 
 

Quantum mechanical characterization of penicillins IIIa,b,c 
As new obtained chemical compounds, the penicillins IIIa,b,c were 

subjected to a quantum mechanical characterization using the program 
Spartan'1444,45 for isolated molecules in their electronic ground state. The 
aim of this analysis was to obtain information on the reactivity of the new 
compounds, as well as some molecular parameters of interest for 



                 Reaction optimization and quantum-mechanical characterization …              131 

 

applications (such as the dipole moment, polarizability or polar surface 
area). 

Some results obtained by molecular modeling46-48 are illustrated in 
the following. The optimized spatial distribution of the molecular atoms in 
the studied penicillins is illustrated in Figure 4. The optimized distribution 
of the molecular atoms corresponds to the best stability (minimum of the 
molecule’s energy) of the isolated molecule in its ground electronic state. 

  
(a) (b) 

 

 
(c) 

Figure 4. Optimized structures of the penicillins IIIa (a), IIIb (b) and IIIc (c). The colors 
of the atoms are: red for nitrogen, white for hydrogen, yellow for sulphur (large spheres) 

and sodium (small sphere), respectively. The arrow indicates the electrical dipole moment 
of the molecule. 

 
Figure 4 shows that the substituents influence the change in the 

orientation of the electric dipole moment in the compounds under study. 
The highest occupied molecular orbitals (HOMO) and the lowest 

unoccupied molecular orbitals (LUMO)49 of each studied penicillin are 
shown in Figure 5, in which the arrows suggest the electronic transitions 
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between these orbitals. From these figures it results that the UV absorption 
bands of penicillins are determined by intramolecular charge transfer (ICT). 

 
 

 

 
 

(a) 
 

(b) 
 

 
(c) 

Figure 5. Charge transfer transitions between HOMO and LUMO for penicillins IIIa (a), 
IIIb (b) and IIIc (c). 

 
From Fig. 5 it results that the absorption of the UV photons induces 

similar modifications in the three penicillins studied in this paper. 
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Some parameters47,48 corresponding to the optimized atomic 
configuration of the studied penicillins, computed with DFT (Density 
Functional Theory) method EDF2, together with the basis set 6-31 G* from 
Spartan'14, are given in Table 7. 

 
Table 7. Computed parameters of penicillins IIIa – IIIc. 

Parameter 
Penicillin 

IIIa IIIb IIIc 
Weight (a.m.u.) 630.642 644.669 660.668 

Energy (a.u.) -2851.38432 -2890.66758 -2965.84333 
EHOMO -5.67 -5.74 -5.73 
ELUMO -2.31 -2.22 -2.22 

Dipole moment (D) 12.38 6.58 5.54 
Tautomers 1 1 1 

Conformers 7776 7776 15552 
Area (Å2) 578.44 603.68 612.98 

Volume (Å3) 549.30 567.64 576.32 
Polar surface area (Å2) 136.298 137.865 144.525 

Polarizability (Å3) 85.14 86.59 87.30 
Hydrogen bond donor (HBD) count 1 1 1 

Hydrogen bond acceptor (HBA) 
count 

15 15 16 

 
From Table 7 it results the increase of the molecular stability when 

passes from penicillin IIIa to IIIc, induced by the substituents. 
The energy gap HOMO LUMOE E E    is in the UV range of the 

spectrum with the values: 27102 cm-1 for penicillin IIIa, 28392 cm-1 for 
penicillin IIIb and 28312 cm-1 for penicillin IIIc. These values47,48 show 
that the highest chemical reactivity corresponds to penicillin IIIa, while for 
the last two penicillins the values are very close. At the same time, by 
passing from penicillins IIIa to IIIc, the molecular dipole moment 
diminishes from 12.38 D to 5.54 D. The hydrogen substitution with –CH3 
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and with –O–CH3 determines the decrease of the dipole moment from 
12.38D to 6.58 D, respectively to 5.54 D. 

The molecular polar surface area (PSA)50 of the studied penicillins 
increases from IIIa to IIIc (see Table 7), showing a worst penetrability of 
the molecules in which the hydrogen atom is substituted. These values are 
probably diminished in polar liquids (as water or alcohols) in which the 
penicillins are dissociated, and their spatial configuration is modified. 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Electrostatic potential maps of the penicillins IIIa (a), IIIb (b) and IIIc (c). 
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Some information about the penicillins reactivity and about the 
places at which it can add protons, or it can donate protons can be obtained 
from the electrostatic potential maps51 shown in Fig. 6. Electrostatic 
potential map (an overlay of the electrostatic potential on the electron 
density) describes the overall molecular charges distribution and helps to 
anticipate the sites of the electrostatic addition47,48. 

From Fig. 6 it results some small modifications in the aspect of 
electrostatic potential in the molecular region of the hydrogen substitution 
by –CH3, or by –O–CH3. 

The biological activity of the obtained IIIa, IIIb and IIIc 
semisynthetic penicillins was analyzed, and the results are published in a 
previous article15, were their non-toxic character and antibacterial activity 
are established. 

In this paper 32 factorial experiments were made in order to establish 
the optimal conditions for synthesis. Additionally, quantum mechanical 
characterization with Spartan'14 evidenced the physical-chemical 
parameters of the semisynthetic penicillins.  

 Conclusions 

The penicillins were synthesized through a series of reactions, 

starting from sodium 1,2,4-triazole-5-α-thioacetate derivatives which reacts, 

in the end, with penicillanic acid.  

The favorable conditions for the obtaining reactions of semisynthetic 

penicillins IIIa – IIIc, established by 32 factorial experiments, showed that 

the reaction temperature was near the ambiental value. The reaction time 

was between one to three hours, increasing from IIIa to IIIc. The maximum 

yield was near 90% for compound IIIc. 

According to the quantum mechanical calculations one can find the 

penicillins stability, their dipolar and polarizable character. The small value 

of the energy gap, ΔE, demonstrates a good chemical reactivity of studied 



136                                                          C. Cheptea et al. 

 

penicillins. The dipole moments of the semisynthetic penicillins decrease 

from IIIa to IIIc, while the molecular polarizability increases in the same 

sense. These characteristics come in addition to the non-toxic and 

antibacterial properties previously established. The polar surface area (PSA) 

of the studied penicillins is high (higher than 90 Å2) and do not facilitate the 

cell penetration. The hydrogen bond acceptance (HBA) count (equal with 

15) shows that the synthetized compounds can add protons by hydrogen 

bonds. 

 

We honor the memory of Emeritus University Professor Valeriu Șunel, 
we will keep alive his dedication to science and to the undergraduate, 

master and doctoral students with whom he worked tirelessly and with 
great pleasure in the chemistry laboratory. 

With gratitude and respect, let's pay a final tribute to the one who 
guided our steps on the path of science,  

Professor Emeritus Chemist Dr. Valeriu Șunel 

 References 

1. Sambyal, K.; Singh, R.V. Exploitation of E. coli for the production 
penicillin G amidase: a tool for synthesis of semisynthetic β-lactam 
antibiotics. J. Genet. Eng. Biotechnol. 2021, 19, 156. 
 https://doi.org/10.1186%2Fs43141-021-00263-7 

2. Srirangan, K.; Orr, V.; Westbrook, A.; Moo-Young, M.; Chou, C. P. 
Biotechnological advances on penicillin G acylase: pharmaceutical 
implications, unique expression mechanism and production strategies. 
Biotechnol.Adv.2013,31,1319 – 1332. 
https://doi.org/10.1016/j.biotechadv.2013.05.006 

3. Kaur, M.; Banik, B.K.; Kaur, N. Green approaches in medicinal 
chemistry for sustainable drug design: methods, B. Banik, Ed., Second 
Edition, vol. 2, Elsevier: Amsterdam, 2024, pp. 233 – 258. 

4. Pal, R.; Singh, K.; Khan, S. A.; Chawla, P.; Kumar, B.; Akhtar, M. J. 
Reactive metabolites of the anticonvulsivant drugs and approaches to 



                 Reaction optimization and quantum-mechanical characterization …              137 

 

minimize the adverse drug reactions. Eur. J. Med. Chem. 2021, 226, 
113890. https://doi.org/10.1016/j.ejmech.2021.113890 

5. Popovici, L.; Amarandi, R. M.; Mangalagiu I. I.; Mangalagiu, V.; 
Danac, R.  Synthesis, molecular modelling and anticancer evaluation of 
new pyrrolo[1,2-b]pyridazine and pyrrolo[2,1-a]phthalazine derivatives, 
J. Enzyme Inhib. Med. Chem. 2019, 34(1), 230 – 243. 
https://doi.org/10.1080/14756366.2018.1550085 

6. Olaru, A.; Vasilache, V.; Danac, R.; Mangalagiu I. I. Antimycobacterial 
activity of nitrogen heterocycles derivatives: 7-(pyridine-4-yl)- 
indolizine derivatives. Part VII, J. Enzyme Inhib. Med. Chem. 2017, 
32(1), 1291 – 1298. https://doi.org/10.1080/14756366.2017.1375483 

7.  Roszczenko, P.; Holota, S.; Szewczyk, O. K.; Dudchak, R.; Bielawski, 
K.; Bielawska, A.; Lesyk, R. 4-thiazolodinone-bearing hybrid molecules 
in anticancer drug design. Int. J. Mol. Sci. 2022, 23, 13135. 
https://doi.org/10.3390/ijms232113135 

8. Gohil, M.; Prasad Das, S.; Boruah, J. J. Synthesis, characterization, 
antimicrobial activity, and molecular docking study of newer chalcone-
based triazolo pyrimidine compounds. Curr. Org. Chem. 2024, 28,  
636 – 648. https://doi.org/10.2174/0113852728298472240305110906 

9. Karan, R.; Agarwal, P.; Sinha, M.; Mahato, N. Recent advances on 
quinazoline derivatives: a potential bioactive scaffold in medicinal 
chemistry. Chem. Engineering. 2021, 5, 73.  
https://doi.org/10.3390/chemengineering5040073 

10. Mangalagiu,V.; Danac, R.; Diaconu, D.; Zbancioc, G.; Mangalagiu, I. I. 
Hybrids diazine: Recent Advancements in Modern Antimicrobial 
Therapy. Curr. Med. Chem. 2024, 31(19), 2687 – 2705. 
https://doi.org/10.2174/0929867330666230418104409 

11. Amariucai-Mantu, D.; Antoci, V.; Sardaru, M. C.; Al Matarneh, C. M.; 
Mangalagiu, I. I.; Danac, R.  Fused pyrrolo-pyridines and pyrrolo-
(iso)quinoline as anticancer agents. Phys. Sci. Rev. 2023, 8(9),  
2583 – 2645. https://doi.org/10.1515/psr-2021-0030 

12. Cheptea, C.; Sunel, V.; Popovici, C.; Dumitrascu, I.; Dimitriu, D.G.; 
Dorohoi, D. O. Synthesis and quantum mechanical characterization of 
three new 1-(5-nitro-benzimidazole-2′-yl-sulfonyl-acetyl)-4-aryl-



138                                                          C. Cheptea et al. 

 

thiosemicarbazide with biological potential. Mol. Cryst. Liq. Cryst. 
2022, 747, 72 – 80. https://doi.org/10.1080/15421406.2022.2066794 

13. Popovici, C.; Pavel, C. M.; Sunel, V.; Cheptea, C.; Dimitriu, D. G.; 
Dorohoi, D. O.; David, D.; Closca, V.; Popa, M. Optimized synthesis of 
new thiosemicarbazide derivatives with tuberculostatic activity.  Int. J. 
Mol. Sci. 2021, 22, 12139. https://doi.org/10.3390/ijms222212139 

14. Cheptea, C.; Șunel, V.; Desbrieres, J.; Popa, M. Synthesis and 
antimicrobial activity of new derivatives of 1,3,4-thiadiazoles and  
1,2,4-triazoles with 5-nitroindazole as support. J. Heterocycl. Chem. 
2013, 50, 366. https://doi.org/10.1002/jhet.1738 

15. Cheptea, C.; Zara, A.; Dimitriu, D. G.; Sunel, V.; Dorohoi, D. O.; Cigu, 
T. A. New semisynthetic penicillins Obtained by coupling of the  
6-aminopenicillanic acid with 5-Mercapto-1,2,4-triazoles-3,4-
disubstituted. Int. J. Mol. Sci. 2023, 24, 1497. 
https://doi.org/10.3390/ijms24021497 

16. Jarrahpour, A. A.; Shekarriz, M.; Taslimi, A. Synthesis and 
antimicrobial activity of some new sugar-based monocyclic-lactams. 
Molecules 2004, 9, 29 – 38. https://doi.org/10.3390/90100029 

17. Basu, C.; Sunel, V.; Soldea, C. Synthesis and microbiological action of 
new dipenicillins and dicephalosporins derived from asparagic acid. 
Indian J. Chem. 2004, 41B, 1467 – 1471. 

18. Sunel, V.; Basu, C.; Maftei-Sirbu, D.; Popa, M.; Diaconu, E.; Soldea, C. 
Synthesis and potential antibacterial activity of some new penicillins 
and desacetoxycephalosporins containing aspartic acid, asparagine and 
phenylalanine residues. Acta Pharm. 2001, 51, 35 – 44. 

19. Pintilie, O.; Moise, M.; Profire, L.; Sunel, V. Synthesis and biological 
activities of some beta-lactamic derivatives. Farmacia 2006, 54, 61 – 69. 

20. Paprocka, R.; Wiese, M.; Eljaszewicz, A.; Helmin-Basa, A.; Gzella, A.; 
Modzelewska-Banachiewicz, B.; Michalkiewicz, J. Synthesis and anti-
inflammatory activity of new 1,2,4-triazole derivatives. Bioorg. &Med. 
Lett. 2015, 25, 2664 – 2667. https://doi.org/10.1016/j.bmcl.2015.04.079 

21. Moise, M.; Sunel, V.; Profire, L.; Popa, M.; Desbrieres, J.; Peptu, C. 
Synthesis and biological activity of some new 1,3,4-thiadiazole and  



                 Reaction optimization and quantum-mechanical characterization …              139 

 

1,2,4-triazole compounds containing a phenylalanine moiety. Molecules 
2009, 14, 2621–2631. https://doi.org/10.3390/molecules14072621 

22. Al-Omar, M. A.; Al-Abdullah, E. S.; Shehata, I. A.; Habib, E. E.; 
Ibrahim, T. M.; El-Emam, A. A. Synthesis, antimicrobial, and anti-
inflammatory activities of novel 5-(1-adamantyl)-4-arylideneamino-3-
mercapto-1,2,4-triazoles and related derivatives. Molecules 2010, 15, 
2526 – 2550. https://doi.org/10.3390/molecules15042526 

23. Küçükgüzel, Ş. G., Pelin, Ç. -S. Recent advances bioactive 1,2,4-
triazole-3-thiones. Eur. J. Med. Chem. 2015, 97, 830 – 870. 
https://doi.org/10.1016/j.ejmech.2014.11.033 

24. Mathew, V.; Keshavayya, J.; Vaidya, V. P.; Giles, D. Studies on synthesis 
and pharmacological activities of 3,6-disubstituted-1,2,4-triazolo[3,4-b]-
1,3,4-thiadiazoles and their dihydro analogues. Eur. J. Med. Chem. 2007, 
42, 823 – 840. https://doi.org/10.1016/j.ejmech.2006.12.010 

25. Muglu, H.; Sener, N.; Emsaed, H. A. M; Ozkinali, S.; Gur, M.; 
Synthesis and characterization of 1,3,4-thiadiazole compounds derived 
from 4-fenoxybutiric acid for antimicrobial activities. J. Mol. Struct. 
2018, 1174, 151 – 159. https://doi.org/10.1016/j.molstruc.2018.03.116 

26. Padmavathi, V.; Sudhakar Reddy, G.; Padmaja, A.; Kondaiah, P.; 
Shazia, A. Synthesis, antimicrobial and cytotoxic activities of 1,3,4,-
oxadiazoles, 1,3,4-thiadiazoles and 1,2,4-triazoles. Eur. J. Med. Chem. 
2009, 44, 2106 – 2112. https://doi.org/10.1016/j.ejmech.2008.10.012 

27. Singh, R. J.; Singh, K. D. Novel syntheses of some 1,2,4-triazoles as 
potent bacteriocidal agents. E-J. Chem. 2010, 7, 168651.  
https://doi.org/10.1155/2010/168651 

28. Yang, P.; Luo, J. B.; Wang, Z. -Z.; Zhang, L. L.; Feng, J.; Xie, X. -B.; 
Shi, Q. -Ș.; Zhang, X. -G. Synthesis, molecular docking, and evaluation 
of antibacterial activity of 1,2,4-triazole-norfloxaci hybrids. Bioorg. 
Chem. 2021, 115, 105270. https://doi.org/10.1016/j.bioorg.2021.105270 

29. Megally Abdo, N. Y.; Kamel, M. M. Synthesis and anticancer 
evaluation of 1,3,4-oxadiazoles, 1,3,4-thiadiazoles, 1,2,4-triazoles and 
mannich bases. Chemical and Pharmaceutical Bulletin 2015, 63,  
369 – 376. https://doi.org/10.1248/cpb.c15-00059 



140                                                          C. Cheptea et al. 

 

30. Moise, M.; Sunel, V.; Holban, M.; Popa, M.; Desbrieres, J.; Peptu, C.; 

Lionte, C. Double crosslinked chitosan and gelatin submicronic capsules 

entrapping aminoacid derivatives with potential antitumoral activity. J. 

Mater. Sci. 2012, 47, 8223 – 8233.  

http://dx.doi.org/10.1007/s10853-012-6719-1 

31. Zhang, L.; Qiu, L.; Xie, X.; Ye, J.; Hu, A. Synthesis, crystal structure, 

DFT calculation, Hirshfeld suface analysis and antitumor activity of  

4-(tert-butyl)-5-(1H-1,2,4-triazole-1-yl)thiazole derivatives containing 

benzoxazinone. J. Mol. Struct. 2024, 1310, 138047.  

https://doi.org/10.1016/j.molstruc.2024.138047 
32. Xu, J.; Cao, Y.; Zhang, J.; Yu, S.; Zou, Y.; Chai, X.; Wu, Q.; Zhang, D.; 

Jiang, Y.; Sun, Q. Design, synthesis and antifungal activities of novel 
1,2,4-triazole derivatives. Eur. J. Med. Chem. 2011, 46, 3142 – 3148.  
https://doi.org/10.1016/j.ejmech.2011.02.042 

33. Hassan, M. Z.; Alsayari, A.; Asiri, Y. I.; Muhsinah, A. B. 1,2,4-triazole-
3-thiones: greener, one-pot, ionic liquid mediated synthesis and 
antifungal activity. Polycycl. Aromat. Comp. 2023, 43, 167 – 175. 
https://doi.org/10.1080/10406638.2021.2009887 

34. Qi, L.; Li, M. -C.; Bai, J. -C.; Ren, Y. -H.; Ma, H. -X. In vitro antifungal 
activities, molecular docking, and DFT studies of 4-amine-3-hydrazino-
5-mercapto-1,2,4-triazole derivatives. Bioorg. Med. Chem. Lett. 2021, 
40, 127902. https://doi.org/10.1016/j.bmcl.2021.127902 

35. Cheptea, C.; Sunel, V.; Holban, M.; Desbrieres, J.; Popa, M.; Lionte, C. 
Enhanced antipyretic activity of new 2,5-substituted 1,3,4-oxadiazoles 
encapsulated in alginate/gelatin particulated systems. Cellul. Chem. 
Technol. 2012, 46, 19 – 25. 

36. Gilani, S. J.; Khan, S. A.; Siddiqui, N. Synthesis and pharmacological 
evaluation of condensed heterocyclic 6-substituted 1,2,4-triazolo-[3,4-
b]-1,3,4-thiadiazole and 1,3,4-oxadiazole derivatives of isoniazid. 
Bioorg. Med. Chem. Lett. 2010, 20, 4762 – 4765. 
https://doi.org/10.1016/j.bmcl.2010.06.125 



                 Reaction optimization and quantum-mechanical characterization …              141 

 

37. Grossi, G.; Di Braccio, M.; Roma, G.; Ballabeni, V.; Tognolini, M.; 
Calcina, F.; Barocelli, E. Substituted 4H-[1,2,4]triazolo[4,3-
a][1,5]benzodiazepin-5-amines and 4H-imidazo[1,2-a][1,5] 
benzodiazepin-5-amines as analgesic, anti-inflammatory and/or 
antipyretic agents with low acute toxicity. Eur. J. Med. Chem. 2002, 37, 
933 – 944. https://doi.org/10.1016/S0223-5234(02)01400-9 

38. Cigu, T. A.; Vasiliu, S.; Racovita, S.; Lionte, C.; Sunel, V.; Popa, M.; 
Cheptea, C. Adsorption and release studies of new cephalosporin from 
chitosan-g-poly(glycidyl methacrylate) microparticles. Eur. Polym. J. 
2016, 82, 132 – 152. https://doi.org/10.1016/j.eurpolymj.2016.07.011 

39. Cheptea, C.; Sunel, V.; Morosanu, A. C.; Dimitriu, D. G.; Dulcescu-Oprea, 
M. M.; Angheluta, M. D.; Miron, M.; Nechifor, C. D.; Dorohoi, D. O.; 
Malancus, R. N. Optimized synthesis of new N-mustards based on  
2-mercaptobenzoxazole derivatives with antitumor activity. 
Biomedicines 2021, 9, 476 – 496.  
https://doi.org/10.3390/biomedicines9050476 

40. Brass, I. Design for Environment creating Eco Efficient Products and 
Processes, McGraw Hill: New York, 1996. 

41. Azzouz, A.; Leonte, M.; Dorohoi, D. O.; Gheorghieș, C. Elemente de 
strategie de design industrial, Ed. Plumb: Bacău, 1998. 

42. Moise, M.; Sunel, V.; Dulcescu, M. M.; Dorohoi, D. O. Mathematic 
modelling to optimize the obtaining process of new semicarbazides 
derived from N-(p-nitrobenzoyl)-D,L-phenylalanilic. Rev. Chim. 
(Bucharest) 2010, 61, 799 – 804. 

43. Cheptea, C.; Dascălu, C. F.; Sunel, V.; Dorohoi, D. O. New derivatives 
based 1,3-thiazolidine-2,3-disubstituted with support of 5-nitroindazole-
1-acetamidyl with mitodepresive activity. Reaction optimization in 
factorial experiment. Rev. Chim. (Bucharest) 2012, 63, 319 – 323. 

44. Hehre, W.; Ohlinger, S. Spartan’14 for windows, macintosh and linux, 
Tutorial and user’s guide; Wavefunction Inc.: Irvine, CA, USA, 2014. 

45. Young, D. Computational chemistry: A practical guide for applying 
techniques to real world problems; Wiley‐Interscience: New York, NY, 
USA, 2001. 



142                                                          C. Cheptea et al. 

 

46. Schlick, T. Molecular modeling and simulation: An interdisciplinary 
guide; 2nd ed., Springer: New York, USA, 2010. 

47. Hehre, W. J. A guide to molecular mechanics and quantum chemical 
calculations; Wavefunction Inc.: Irvine, CA, USA, 2003. 

48. Höltje, H. -D.; Sippl, W.; Rognan, D.; Folkers, G. Molecular Modeling. 
Basic Principles and Applications, 3rd ed.; Wiley-VCH: New York, 
USA, 2008. 

49. Fleming, I. Frontier Orbitals and Organic Chemical Reactions; John 
Wiley & Sons: Chichester, UK, 1976. 

50. Hitchcock, S. A.; Pennington, L. D. Structure - brain exposure 
relationships. J. Med. Chem. 2006, 49, 7559 – 7583.  
https://doi.org/10.1021/jm060642i 

51. Dorohoi, D. O.; Dimitriu, D. G., Dulcescu-Oprea, M. M.; Morosanu, A. 
C.; Puica-Melniciuc, N.; Ardelean, E.; Gritco-Todirascu, A.; Cheptea, 
C. Solvatochromic study of two carbanion monosubstituted 4-tolyl-
1,2,4-triazol-1-ium phenacylids in binary hydroxyl solvent mixtures. 
Molecules 2021, 26, 3910. https://doi.org/10.3390/molecules26133910 


