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Abstract. To model the antioxidant activity (antiradical activity against the 
hydroxyl radical and superoxide anion radical) of a number of new 
heteroatomic organic compounds containing OH and NH groups, 
calculations were performed within the framework of density functional 
theory using the B3LYP functional. The energy effects of reactions of the 
studied compounds with hydroxyl radical and superoxide anion radical were 
calculated. Based on the calculations performed for a series of 12 
compounds, leading compounds were identified for which high antiradical 
activity with respect to both radicals is predicted. These leading compounds 
can be considered as promising for use as an exogenous antioxidant additive 
to the basic cryoprotective medium to increase the cryoresistance of fish 
sperm.  

1 Introduction  

Today, cryopreservation of fish spermatozoa is one of the promising methods both in the 
strategy of preserving genetic biodiversity and in aquaculture, the main source of formation 
and maintenance of stocks of endangered and economically valuable fish species [1]. 
Currently, the significant potential of using cryotechnology has not been realized due to the 
low fertility of defrosted sperm as a result of their damage during cryopreservation 
procedures.  

Numerous studies indicate the important role of reactive oxygen species (ROS) in 
cryodamage to fish reproductive cells [2], which are normal metabolic products and in small 
concentrations play an important role in the physiology of these cells [3]. However, at high 
concentrations they have a toxic effect, causing oxidative damage to important biomolecules, 
including proteins, which leads to the inactivation of enzymes associated with sperm motility 
[4]. The concentration of ROS in fish sperm is determined by the balance between the rates 
of their formation and neutralization by the antioxidant defense system.  

It is known that during cryopreservation at the freezing and defrosting stages, the 
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concentration of ROS in fish sperm increases. Thus, it has been reported that in fish sperm 
there is a hyperproduction of the initial ROS – superoxide anion radical O2

– • (SOAR) [5], 
from which other, more aggressive oxygen metabolites can be formed [6], including the most 
aggressive form of ROS – hydroxyl radical HO• (HR). These processes lead to an imbalance 
in the oxidant-antioxidant system and the development of oxidative stress, since the 
endogenous antioxidant protection of mature spermatozoa is limited by the low content of 
cytoplasm.  

Fish sperm are particularly susceptible to oxidative damage because the phospholipids of 
biomembranes are dominated by polyunsaturated fatty acids, which are substrates for lipid 
peroxidation [7]. It is also necessary to take into account the decrease in the concentration of 
antioxidant components of fish sperm during cryopreservation due to the dilution of sperm 
with a cryoprotective medium. Moreover, the ability of sperm to repair molecular damage is 
limited because such cells are terminally differentiated and transcriptionally inactive. 
Therefore, although spermatozoa are more resistant to cold shock than other cell types [8], 
they are damaged during cryopreservation, which leads to a decrease in their fertility.  

Taking into account the above factors, one of the strategies for improving the quality of 
gametes during cryopreservation is the introduction of antioxidants of various natures into 
the basic cryogenic environment [9]. However, to date, the use of exogenous antioxidant 
supplements to improve the quality of defrosted fish sperm is still controversial, since there 
are known facts indicating a negative effect of compounds with antioxidant activity on the 
quality of defrosted sperm [10]. Currently, the possibility of using hybrid antioxidants with 
multiple mechanisms of antioxidant action is being studied to increase the cryoresistance of 
fish sperm [11-13].  

The greatest protective activity was demonstrated by multifunctional phenolic 
antioxidants, which are capable of protecting reproductive cells at various stages and phases 
of oxidative stress. In this regard, in order to identify compounds with antioxidant activity 
capable of increasing the cryoresistance of fish sperm, a preliminary assessment of the 
antioxidant activity of potential antioxidants with cryoprotective action is necessary. For such 
a preliminary assessment, it is possible to use quantum-chemical model calculations, which 
allow one to study at the electronic level the mechanism of interaction of various antioxidants 
with free radicals, the hyperproduction of which is observed during cryopreservation, and to 
identify leading compounds, which will make it possible to substantiate the feasibility of 
further research into their antioxidant and protective activity during cryopreservation of 
spermatozoa of commercially valuable fish.  

The aim of this work is quantum-chemical modeling by the density functional method of 
the antioxidant activity of a number of new heteroatomic organic compounds containing OH 
and NH groups. The specific task of the work is to model the mechanism of interaction of 
these compounds with the superoxide anion radical and hydroxyl radical and to quantitatively 
assess the antiradical activity of the studied antioxidants in relation to these radicals. In the 
model calculations, known synthetic antioxidants were used as reference compounds: 2,6-di-
tert-butyl-4-methylphenol (ionol, BHT) and a water-soluble analogue of vitamin E, trolox.  

2 Research methods  

The new hybrid heteroatomic compounds studied in this work (Table 1) were synthesized 
using previously known methods [14, 15]. To assess the potential antioxidant properties of 
the studied compounds, quantum chemical modeling was used, implemented using the 
Gaussian 09 computer program. The calculations were performed using the density 
functional method. The following functional and basis were used: B3LYP/6-31++G(d,p). 
Quantum chemical calculations were carried out with full optimization of the geometry of all 
structures under consideration.  
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The potential antioxidant activity of the studied compounds was assessed using their 
reactions with HR and SOAR as an example. For the model reactions under consideration, 
energy effects (ΔE) were calculated. The value of ΔE was calculated as the difference 
between the total energies of the final and initial structures. The ΔE value was considered as 
an indicator and criterion of the ease of the simulated reactions and the stability of the radicals 
and anions formed from the initial structures of antioxidants. The more negative the ΔE value, 
the easier the modeled reaction proceeds and the higher the potential level of the 
corresponding type of antioxidant activity.  

3 Results and discussion  

Modeling of antioxidant activity towards superoxide anion radical and hydroxyl radical was 
carried out for a series of 12 new, recently synthesized, hybrid heteroatomic compounds, the 
names of these compounds are given in Table 1. Well-known phenolic antioxidants such as 
ionol and trolox were considered as control compounds.  

The antioxidant and, in particular, antiradical activity of the compounds under 
consideration was assessed by modeling their reactions with the superoxide anion radical and 
hydroxyl radical, which proceed according to schemes (1) – (4):  

ROH + HO• = RO• + H2O       (1)  

R2NH + HO• = R2N• + H2O       (2)  

ROH + O2
– • = RO – + HO2

•       (3)  

R2NH + O2
– • = R2N – + HO2

•      (4)  

When antioxidants interact with SOAR, an alternative route is theoretically possible, in 
which not a proton, but a hydrogen atom is detached from the center of antioxidant activity 
(OH or NH group), which is described by scheme (5).  

ROH + O2
– • = RO• + HO2

–      (5)  

However, as calculations have shown, such an alternative route is much less probable 
from the point of view of the energy of the process and requires energy expenditure, in 
contrast to the main route (detachment of a hydrogen ion), in which energy is usually 
released. For example, in the case of compound 3, for the reaction proceeding according to 
scheme (3), the obtained ΔE value was -118.2 kJ/mol, while for the reaction according to 
scheme (5), the calculated ΔE value was +70.4 kJ/mol.  
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Table 1. Names and some structural features of the studied compounds.  

Compound 
number  Name  Structural features   

Anti-
radical 
centers  

1 

6-[[3,5-Di(tert-butyl)-2-
hydroxyphenyl](hydroxy)methyl]-

3,4-dihydro-2,5-benzodiazocin-
1(2H)-one  

Phenol-containing derivative of 
2,5-benzodiazocin-1(2H)-one  

OH 
groups, 

NH group  

2 

6-[[3-(1-Adamantyl)-2-hydroxy-5-
methylphenyl](hydroxy)methyl]-3,4-
dihydro-2,5-benzodiazocin-1(2H)-

one  

Phenol-containing derivative of 
2,5-benzodiazocin-1(2H)-one  

OH 
groups, 

NH group  

3 

3,5-Di-(tert-butyl)-4-
hydroxybenzenecarbaldehyde N-(2-

oxo-1,2-dihydro-3H-indol-3-
ylidene)hydrazone  

Phenol-containing indole 
derivative  

OH 
group, 

NH group  

4 
4-Methyl-N'-(2-oxo-1,2-dihydro-3H-

indol-3-
ylidene)benzenesulfonohydrazide  

Derivative of 4-
methylbenzenesulfonic acid 

with an indole fragment  

NH 
groups  

5 
6,3-Di(tert-butyl)-4b,9b-dihydroxy-
4b,9b-dihydro-10H-indeno[1,2-b] 

[1]benzofuran-10-one  

Dihydroxy derivative of 
indeno[1,2-b]benzofuran-10-

one  

OH 
groups  

6 
6-(1-Adamantyl)-4b,9b-dihydroxy-

8-methyl-4b,9b-dihydro-10H-
indeno[1,2-b]benzofuran-10-one  

Dihydroxy derivative of 
indeno[1,2-b]benzofuran-10-

one  

OH 
groups  

7 3-[(E)-3-(2,4-Dihydroxyphenyl)-2-
propenoyl]-2H-chromen-2-one  

Phenol-containing derivative of 
coumarin  

OH 
groups  

8 3-[(E)-3-(4-Hydroxyphenyl)-2-
propenoyl]-2H-chromen-2-one  

Phenol-containing derivative of 
coumarin  OH group  

9 
Methyl N-(4-{(E)-3-[3,5-di(tert-

butyl)-4-hydroxyphenyl]-2-
propenoyl}phenyl)carbamate  

Phenol derivative with 
phenylcarbamate moiety  

OH 
group, 

NH group  

10 

Methyl N-(4-{4-[4-(4-
methoxyphenyl)-1-methyltetrahydro-

1H-pyrrol-3-
yl]carbonyl}phenyl)carbamate  

Pyrrole derivative with a 
phenylcarbamate moiety  NH group  

11 5-Acetyl-4-hydroxy-1,3-thiazine-
2,6-dione semicarbazone  

Hydroxyl-containing derivative 
of thiazine  

OH 
group, 

NH 
groups, 

NH2 
group  

12 
Methyl N-[4-(3,5-dioxo-2,5-dihydro-
3H-imidazo-[5,1-a] isoindol-1-yl)-3-

hydroxyphenyl]carbamate  

Isoindole derivative with a 
phenylcarbamate moiety  

OH 
group, 

NH 
groups  

 
The obtained results of model calculations for compounds 1–12 and control substances 

(ionol and trolox) are presented in Table 2.  
Compounds 1 and 2 are phenol-containing derivatives of an eight-membered heterocyclic 

compound, 2,5-benzodiazocin-1(2H)-one, and differ in the substituents in the phenol 
fragment. Both compounds contain three centers of potential antiradical activity: a phenolic 
OH group, an alcoholic OH group, and an NH group of a heterocycle.  
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Table 2. Calculated values of ΔE, kJ/mol.  

Compound  Anti-radical center  

ΔE for reactions  
with HR 

according to 
schemes (1), (2)  

ΔE for 
reactions  

with SOAR  
according to 
schemes (3), 

(4)  
1 Ph–OH  -158.1 -34.4 
1 >CH–OH -42.3 -51.6 
1 >NH  -34.5 -15.4 
2 Ph–OH  -133.3 -29.7 
2 >CH–OH  -47.5 -31.9 
2 >NH  -32.0 +5.0 
3 Ph–OH  -171.3  -118.2  
3 >NH  -91.1  -26.0  
4 Ph–NH–CO– -89.9  -68.3  
4 =N–NH–SO2– -115.3  -90.9  
5 >C(OH)–Ph  -68,0  -34,1 
5 >C(OH)–O–Ph  -149,1  -42,5 
6 >C(OH)–Ph  -67.8 -65.4 
6 >C(OH)–O–Ph  -158.6 -42.4 

7 Ph–OH, OH group at position 2 of 
the benzene ring  -138.8 -96.3 

7 Ph–OH, OH group at position 4 of 
the benzene ring -132.8  -104.7  

8 Ph–OH  -142.8  -102.3  
9 Ph–OH  -175.4 -116.9 
9 >NH  -87.4 -39.6 

10 >NH  -86.1 -34.2 
11 –OH  -132.9 -193.8  
11 –NH–CO– -68.6 -112.1  
11 =N–NH– -144.5 -134.5  
11 –NH2  -18.7 -112.9  
12 Ph–OH  -168.4 -143.6  
12 Ph–NH– -94.4 -76.1  
12 >N–CO–NH–  -167.9  -135.5  

Ionol  Ph–OH  -173.2 -29.0 
Trolox  Ph–OH  -179.7 -1.5 
Trolox  –COOH  -146.3 -57.6 

 
As calculations show, the phenolic hydroxyl group (Ph–OH) is a more preferable center 

for binding the hydroxyl radical compared to the alcoholic OH group (>CH–OH) and NH 
group. The ΔE values for the phenolic OH group in the case of compounds 1 and 2 are -158.1 
and -133.3 kJ/mol, respectively, while for the other two centers the ΔE values are 
significantly higher – by about 100 kJ/mol (Table 2). This result can be explained by the high 
stability of phenoxyl radicals formed from compounds 1 and 2 during the reaction with HR 
according to scheme (1).  

In relation to SOAR, compounds 1 and 2 exhibit moderate activity – ΔE values are in the 
range from -51.6 to +5.0 kJ/mol.  

Compound 3 contains two potential antiradical centers in its structure: the OH group of a 
fragment of a sterically hindered phenol (Ph–OH) and the NH group of a heterocycle. The 
obtained results show that compound 3 can be considered as one of the leaders in the studied 
series of substances. For the Ph–OH center of this compound, fairly low (below -100 kJ/mol) 
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ΔE values were obtained for both the reaction with HR and the reaction with SOAR (-171.3 
and -118.2 kJ/mol, respectively). The structure of compound 3 creates favorable conditions 
for high stability of the radical and anion formed during reactions at the Ph–OH center 
according to schemes (1) and (3), respectively. The high stability of the phenoxyl radical and 
phenolate anion formed from compound 3 is facilitated by the presence of three substituents 
in the benzene ring, in particular, two tert-butyl groups are in the ortho positions. The 
unsaturated substituent located in the para position of the ring contains a large system of 
conjugated bonds, which creates additional opportunities for delocalization of the unpaired 
electron and negative charge.  

Compound 4 does not contain OH groups, and two NH groups can be considered as 
potential centers of antiradical activity, for one of which a fairly low ΔE value (-115.3 kJ/mol) 
was obtained for the reaction with the hydroxyl radical.  

Compounds 5 and 6 are structural analogues with two hydroxyl groups, they are 
derivatives of benzofuran and differ in substituents in one of the benzene rings. The obtained 
calculation results demonstrated significant differences in the predicted antioxidant activity 
of the two OH groups in the case of a reaction with a hydroxyl radical. Thus, for compound 
6, the ΔE values for the reactions of two different OH groups with HR were -67.8 and -158.6 
kJ/mol. The calculations performed provide an explanation for this difference in the 
properties of the two OH groups: in the case of an OH group with a lower ΔE value, the 
radical formed according to scheme (1) undergoes isomerization with the formation of a 
stable, sterically hindered phenoxyl radical.  

Compounds 7 and 8 represent another pair of structural analogues, these are coumarin 
derivatives that differ in the number of OH groups in the benzene ring. Compound 7 contains 
two OH groups in the ortho and para positions of the ring, while the structure of compound 
8 contains one OH group in the para position. As expected, the results obtained for all three 
Ph–OH centers in compounds 7 and 8 were close. For all three OH groups, a fairly high 
activity is observed in reactions with both HR and SOAR; the obtained ΔE values are at the 
level of -100 kJ/mol and below.  

The structure of compound 9 has common features with the structure of compound 3 – it 
is a sterically hindered phenol with a bulky unsaturated substituent in the para position, 
creating additional opportunities for delocalization of the unpaired electron and negative 
charge. For the Ph–OH center of compound 9, low ΔE values were obtained, allowing one to 
predict high activity in reactions with both HR and SOAR (–175.4 and –116.9 kJ/mol, 
respectively). Thus, compound 9, along with compound 3, can also be classified as a leading 
compound in terms of predicted antioxidant and antiradical activity, within the framework of 
the model approach used.  

Compound 10 does not contain OH groups, its structure has one potential active center – 
the NH group in the phenylcarbamate fragment. For this NH group, ΔE values above -100 
kJ/mol were obtained, which allows us to predict a relatively moderate level of activity in 
reactions with HR and SOAR, in comparison with other substances of the studied series.  

Interesting results were obtained for compound 11, which contains four potential centers 
of antiradical activity (OH and NH groups) in its structure. In this compound, ΔE values 
below -100 kJ/mol – both for the reaction with HR and for the reaction with SOAR – were 
obtained for two centers at once – the OH group of the heterocycle and one of the NH groups. 
The structure of compound 11 contains a large conjugated system and nine heteroatoms, 
which creates favorable conditions for the formation of stable radicals and anions in 
accordance with schemes (1) – (4).  

Compound 12 is an isoindole derivative with a hydroxyphenylcarbamate moiety. The 
results of the modeling allow us to predict a sufficiently high level of activity in relation to 
the hydroxyl radical and superoxide anion radical for two centers – the phenolic OH group 
and one of the NH groups.  
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respectively). Thus, compound 9, along with compound 3, can also be classified as a leading 
compound in terms of predicted antioxidant and antiradical activity, within the framework of 
the model approach used.  

Compound 10 does not contain OH groups, its structure has one potential active center – 
the NH group in the phenylcarbamate fragment. For this NH group, ΔE values above -100 
kJ/mol were obtained, which allows us to predict a relatively moderate level of activity in 
reactions with HR and SOAR, in comparison with other substances of the studied series.  

Interesting results were obtained for compound 11, which contains four potential centers 
of antiradical activity (OH and NH groups) in its structure. In this compound, ΔE values 
below -100 kJ/mol – both for the reaction with HR and for the reaction with SOAR – were 
obtained for two centers at once – the OH group of the heterocycle and one of the NH groups. 
The structure of compound 11 contains a large conjugated system and nine heteroatoms, 
which creates favorable conditions for the formation of stable radicals and anions in 
accordance with schemes (1) – (4).  

Compound 12 is an isoindole derivative with a hydroxyphenylcarbamate moiety. The 
results of the modeling allow us to predict a sufficiently high level of activity in relation to 
the hydroxyl radical and superoxide anion radical for two centers – the phenolic OH group 
and one of the NH groups.  

 

 

Summarizing the obtained data, compounds 3, 9, 11 and 12 should be singled out as 
leading compounds in terms of the probable level of antioxidant and antiradical activity. For 
these compounds, calculations predict high activity in reactions with both HR and SOAR.  

It should be noted that for compounds 3, 9 and 12, calculations predict antiradical activity 
towards the hydroxyl radical at the level of such well-known antioxidants as ionol and trolox. 
Thus, for phenolic OH groups of ionol and trolox, the ΔE values for reactions with HR are, 
respectively, -173.2 and -179.7 kJ/mol, while for compounds 3, 9 and 12, similar ΔE values 
range from -168.4 to -175.4 kJ/mol (Table 2).  

Moreover, as follows from the data in Table 2, the majority of antioxidants studied in this 
work are not inferior to ionol and trolox (or surpass these control substances) in predicted 
activity in relation to SOAR.  

4 Conclusion  

Thus, in the present work, the antioxidant activity of a series of new hybrid heteroatomic 
compounds was modeled with respect to two active forms of oxygen – hydroxyl radical and 
superoxide anion radical. The modeling was carried out using the quantum-chemical density 
functional method. Antioxidant and, in particular, antiradical activity is due to the presence 
in the structure of the studied compounds of OH and NH groups, which are capable of 
reacting with active forms of oxygen. It has been shown that for many compounds from the 
series under consideration, a high level of antioxidant activity comparable to known effective 
antioxidants can be predicted.  

The obtained results can be used in the search for new antioxidants intended for 
modifying the cryogenic environment in order to increase the cryostability of fish 
reproductive cells during low-temperature preservation.  

5 Acknowledgements  

This work was supported by the Russian Science Foundation (grant number 22-16-00095).  

References  

1. AygŸl Ekici, Gunes. Yamaner, Menekşe Demircan, in: M. Quain (Ed.), 
Cryopreservation Studies in Aquaculture from Past to Present: Scientific Techniques 
and Quality Controls for Commercial Applications. Cryopreservation - Applications 
and Challenges, Biomedical Engineering, IntechOpen, Edinburgh, 1–18 (2023) 
doi:10.5772/intechopen.100666.  

2. El’as Figueroa, Manuel Lee-Estevez, Iv‡n Valdebenito, I. Watanabe, Ricardo Pinheiro, 
de Souza Oliveira, Jaime Romero, Rodrigo L Castillo, Jorge Farias, Aquaculture, 511, 
634190 (2019) doi:10.1016/j.aquaculture.2019.06.004. 

3. Loredana Zilli, Roberta Schiavone, Sebastiano Vilella, Aquaculture, 472, 73–80 (2016) 
doi:10.1016/j.aquaculture.2016.03.043. 

4. P. Klaiwattana, K. Srisook, E. Srisook, V. Vuthiphandchai, J. Neumvonk, Iran. J. Fish. 
Sci., 15, 157–169 (2016).  

5. Shahario Hossen, Zahid Sukhan, Yusin Cho, Won Lee, Kang Kho, Antioxidants 
(Basel), 11, 1303 (2022) doi: 10.3390/antiox11071303.  

6. Christine Winterbourn, ChemTexts, 6, 7 (2020) doi:10.1007/s40828-019-0101-8.  

7

BIO Web of Conferences 138, 01004 (2024)	 https://doi.org/10.1051/bioconf/202413801004
AQUACULTURE 2024



 

 

7. Marta Riesco, Catarina Oliveira, Florbela Soares, Paulo Gavaia, Maria Teresa Dinis, 
PLoS One, 12, 1–19 (2017) doi:10.1371/journal.pone.0186542. 

8. Maryam Hezavehei, Mohsen Sharafi, Homa Kouchesfahani, Ralf Henkel, Ashok 
Agarwal, Vahid Esmaeili, Abdo Shahverdi, Reprod. BioMed. Online, 37, 327-339 
(2018) doi.10.1016/j.rbmo.2018.05.012.  

9. Leydy Sandoval-Vargas, Mauricio Jiménez, Jennie Gonz‡lez, El’as Villalobos, Elsa 
Cabrita, Rev. Aquacult., 1–23 (2020) doi:10.1111/raq.12479.  

10. Fatih Öğretmen, Burak İnanan, Anim. Reprod. Sci., 151, 269-274 (2014) doi: 
10.1016/j.anireprosci.2014.10.013.  

11. Victoria Osipova, Nadezhda Berberova, Rimma Gazzaeva, Konstantin Kudryavtsev, 
Cryobiology, 72, 112–118 (2016) doi:10.1016/j.cryobiol.2016.02.006. 

12. Victoria Osipova, Margarita Kolyada, Nadezhda Berberova, Elena Milaeva, Elena 
Ponomareva, Mariya Belaya, Cryobiology, 69, 467–472 (2014) 
doi:10.1016/j.cryobiol.2014.10.007.  

13. Ivan Smolyaninov, Olga Pitikova, Eugenia Korchagina, Andrey Poddel'sky, Georgy 
Fukin, Svetlana Luzhnova, Andrey Tichkomirov, Elena Ponomareva, Nadezhda 
Berberova, Bioorg. Chem., 89, 103003 (2019) doi:10.1016/j.bioorg.2019.103003.  

14. Victoria Osipova, Mariya Polovinkina, Linara Telekova, Anatoly Velikorodov, 
Nadezhda Stepkina, Nadezhda Berberova, Russ. Chem. Bull., 69, 504-509 (2020) 
doi:10.1007/s11172-020-2790-y.  

15. Anatoly Velikorodov, Nadezhda Stepkina, Victoria Osipova, A.S. Zukhairaeva, 
Ekaterina Shustova, Russ. J. Org. Chem., 57, 575-581 (2021) 
doi:10.1134/S1070428021040114.  

 
  

8

BIO Web of Conferences 138, 01004 (2024)	 https://doi.org/10.1051/bioconf/202413801004
AQUACULTURE 2024


