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The reactivity of three-membered heterocycles such as phenyl-substituted aziridines, azi-

rines, epoxides was studied in comparison with styrenes, azomethines and carbonyl compounds 
which are most often used in organic synthesis in nucleophilic and electrophilic reactions. In ac-
cordance with electronic reactivity indices of nucleophilicity and electrophilicity calculated on 
the base of DFT approach, the substituted molecules of azirines, aziridines, and epoxides exhibit 
the similar reactivity to aldehydes and styrenes. In all cases, our predictions were checked against 
the experimental observations given in literature. All considered compounds mainly characterizes 
by the properties of medium-strength electrophiles. Aziridines, azirines, epoxides with two aryl 
groups show the best electrophilic properties. This observation can be used in predictions of reac-
tivity for these classes of compounds. Among three-membered heterocycles, the best nucleophil-
ic properties were observed for substituted epoxy cycles. We have found that the dual descriptor 
based on Fukui functions cannot be recommended for predictions the reactivity of aziridines and 
epoxides. The values of the dual descriptor on both carbon atoms in three-membered ring signifi-
cantly differ, while the experimental data on nucleophilic addition indicate that the reaction 
proceeds at both carbon atoms. Nevertheless, for phenyl-substituted azirines, the descriptor based 
on Fukui functions shows its effectiveness quite well. 

Keywords: aziridines, azirines, epoxides, reactivity indices, Fukui functions, dual descrip-
tor, three-membered heterocycles, nucleophilic and electrophilic reactions 

 
 

Introduction 
Aziridines, azirines and epoxides can enter into the same reactions as aldehydes, imines, derivatives 

of substituted ethylenes, which are the most typical reagents and also products of the transformation of 
three-membered cycles. At the same time, they can exhibit different reactivity, which has been experi-
mentally shown in reactions of addition, substitution at a double bond under the attack of electrophilic 
and nucleophilic reagents. Aziridines have been studied in nucleophilic addition reactions with regiose-
lective ring opening by various nucleophiles [1]. Also they have been investigated in nucleophilic addi-
tion reactions with allyl zinc halide with comparison with epoxides [2], where allyl zinc halide presuma-
bly exhibits ambident nucleophilic properties. Aziridines have been studied in reactions with nitriles too 
[3]. Azirines have been studied in reactions with electrophiles with regioselective ring opening [4], as 
well as in the reaction of O-acylation of the H-C(sp3) bond of 3-aryl-2H-azirines [5], where a hydrogen 
atom is removed by the acetoxy radical, which leads to the 2H-azirine radical formation. 

The comparison of the reactivity of three-membered rings with carbonyl compounds gives that they 
mainly exhibit electrophilic properties. For example, carbonyl compounds were studied in the reaction 
of diamine addition and in the synthesis of azomethines, which were involved in the nitroaldol reaction. 
A rational method for the preparation of imidazo[1,2-a]pyridines can be obtained through the binucleo-
philic addition of 2-aminopyridines to nitroalkenes [6]. The addition of various reagents to the double 
bond of substituted ethylenes has been studied in the following reactions. The reactivity of styrenes upon 
interaction with the NaIO4/hydroxylamine hydrochloride system was studied. As a result, β-iodohydrins, 
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as well as their esters and acetates were synthesized using this system in the presence of O-nucleophiles 
(water, alcohol, acetic acid) [7]. The reactivity of other compounds containing C=C fragments activated 
by the electron accepting substituents was also studied. Thus, a three-component one-pot reaction of 
thioamination of 1,4-naphthoquinone by C-H functionalization in the presence of (diace-
toxy)iodobenzene was developed [8]. The interaction of styrenes with benzoyl substituents with the 
NaIO4/hydroxylamine hydrochloride reagent system in solvent ethylene glycol leads to the formation of 
2,3-disubstituted 1,4-dioxanes. Carrying out the reaction with other activated styrenes in the absence of 
ethylene glycol led in one step to the formation of diiodo-substituted derivatives. The advantages of 
these methods of synthesis using three-membered cycles is the availability of reagents and catalysts, as 
well as a high yield of target products, which allows them to be considered as potential methods of 
“green chemistry”. 

Reactivity indices are used in studies of various compounds based on the theoretical foundations of 
the concept of electrophilicity and nucleophilicity of organic compounds and to predict their reactivity 
[9]. List of descriptors contains global reactivity indices such as ionisation potential (I = –EHOMO), elec-
tron affinity (A = –ELUMO), electronic chemical potential (µ ≈ –(EHOMO + ELUMO)/2), Mulliken electrone-
gativity (χ = –µ). Structures can be characterized by pairs of opposite parameters, such as chemical 
hardness (η ≈ (ELUMO – EHOMO)/2) and softness (S = 1/η), Gázquez's electroaccepting and electrodonat-
ing power, electrophilicity index (ω = µ2/2η) and nucleophilicity indexes (N = EHOMO(Nucleophile) – 
EHOMO(tetracyanoethylene)), and Roy's nucleophilicity index (N' = 10/ω-). The maximum number of 
electrons that a compound can acquire (ΔNmax = –µ/η) also can be good reactivity descriptor for electro-
philes. 

Studies of usage in reactions with different compounds classes are necessary for most of reactivity 
indices. On the example of studies carried out in [10], an application of the method was found to de-
scribe the selectivity of substitution at the sp3-hybridized carbon atom in the aromatic and aliphatic se-
ries. It was shown that the observed regularities correspond to the concept of Pearson [11] with the pos-
sibility of dividing them according to the principle of HSCA (hard and soft acids and bases). In accor-
dance with the concept of reactivity descriptors based on quantum chemical calculations of the electron-
ic structure, local softness and hardness were used to predict the sequences of reaction steps and eva-
luate the reactivity of carbonyl compounds with respect to nucleophilic attack [12]. The results showed 
that local hardness can be used as a meaningful parameter. On the other hand, relative electrophilicity 
and nucleophilicity provide truer trends in intramolecular reactivity describing. In difficult cases, for 
example, in systems having α,β-unsaturation or a phenyl group, the reaction centers involved in the de-
localization of a positive charge on the carbonyl carbon can have comparable values of relative electro-
philicity. This suggests that, despite the dominance of one of the electrophilic centers, one should not 
forget about the influence of the others. 

Reactivity indices are also used to predict the behavior of large biomolecular systems [13]. To reli-
ably determine regioselectivity in such systems, the method based on fragmentation was developed [14]. 
The descriptor used as a key tool in this model is the local hardness, since its dominant component is the 
electronic contribution to the molecular electrostatic potential, which is effective at relatively large dis-
tances from atoms. To solve the problem of calculation performance, the authors of [15] proposed to 
compare only those fragments for which the number of electrons is the same, for example, in DNA base 
pairs. 

In a number of cases, the applicability of reactivity indices correlated with the orbital occupancy has 
been shown. For example, the evaluation of molecular descriptors describing the reactivity of 2-
substituted nitrobenzenes in hydrogenation showed that the use of such parameters as electron affinity 
and the volume of substituents in the second position makes it possible to obtain models with good pre-
dictive properties [16]. Also, good used reactivity indices are the Fukui functions ݂(࢘) = ቂడఘ(࢘)

డே
ቃ
௩(௥)

 , 

where (࢘)ߩ is electron density, N is the number of electrons, and v(r) is the external potential (electron-
nucleus attraction potential plus any other potential applied to the system) [17]. They were used in paper 
[18] to predict the sites of electrophilic and nucleophilic attack in the series of molecules with a closed 
shell. In all cases, the atoms with the maximum value of the Fukui functions f- and f+ were defined as the 
preferred centers of electrophilic and nucleophilic addition respectively. The predictions made in this 
way agreed with experimental observations and did not depend on calculation methods. 
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As a key one, the dual descriptor ∆݂(࢘) = ቂడ
మఘ(௥)
డேమ

ቃ
௩(௥)

, which is the response of the electron density 

to the change in the number of electrons [19], was established in pericyclic reactions, when the reactants 
simultaneously accept and donate electrons. The dual descriptor proved to be useful for ambiphilic rea-
gents when it was necessary to take into account both the orbital electron transfer effect and the electros-
tatic potential. The reactivity indices are compared with the rate constants. For example, it was found 
possible to quantitatively describe the reactions of protonation of radical anions and dianions of aromatic 
compounds using reactivity indices [20]. The experimental rate constants of the protonation reaction 
correlated with the descriptors, which were calculated using the values of electron affinity and ionization 
potential. Thus, prediction of trends in catalytic processes can provide an effective screening of high-
performance catalysts using reactivity indices [21].  

The aim of our work is to compare the reactivity of aziridines, azirines, epoxides, in comparison 
with aldehydes, azetidines and substituted styrenes in addition, substitution reactions at double bond un-
der the action of electrophilic and nucleophilic reagents. We have used such reactivity indices as ioniza-
tion potential, electron affinity, electronic chemical potential, electrophilicity index, nucleophilicity in-
dex and Roy's nucleophilicity index, as well as Fukui function and dual descriptor, that take into account 
the features of the electron density distribution, calculated on the basis of density functional theory me-
thods. 

 
Computational details 
We calculated main global reactivity descriptors for optimized equilibrium model structures 1–15 

based on conceptual DFT [22], such as the ionisation potential I, electron affinity A, electronic chemical 
potential µ, electrophilicity index ω, nucleophilicity index N and Roy's nucleophilicity index N'.  

The reactivity indices were calculated for the studied compounds including 1-tosyl-2-
phenylaziridine 1, 2-phenylepoxide 2 and 3-benzoyl-2-phenylepoxide 3, 2-phenylazirine 4, 2-methyl-3-
phenylazirine 5 and 2.3 -diphenylazirine 6. Also, for comparison, the same descriptors were calculated 
for styrene 7, nitrostyrene 8, ethoxyacetylstyrene 9 and benzoylstyrene 10, 2-
(benzylideneamino)pyridine 11 and 2-(benzylideneamino)benzene 12, benzaldehyde 13, naphthoqui-
none 14, 4-hydroxycoumarin 15, tetracyanoethylene (TCE) as a reference compound in the calculation 
of nucleophilicity index. 
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The electrophilicity ω scale allowed the classification of organic molecules as strong electrophiles 

with ω > 1.5 eV, moderate electrophiles with 0.8 < ω < 1.5 eV and marginal electrophiles with ω < 0.8 
eV [23]. An analysis of a series of common nucleophilic species participating in polar organic reactions 
allowed a further classification of organic molecules as strong nucleophiles with N > 3.0 eV, moderate 
nucleophiles with 2.0 < N < 3.0 eV and marginal nucleophiles with N < 2.0 eV [24]. The quantum 
chemical calculations were carried out at the B3LYP/6-31G(d) level of theory in Gaussian-09 [25]. No 
symmetry restrictions were applied during the geometry optimization procedure. The Hessian matrices 
were calculated for all optimized model structures to prove the location of correct minima on the poten-
tial energy surface (no imaginary frequencies were found in all cases). 

To identify the nucleophilic and electrophilic regions of the molecules that will be the first to be at-
tacked by the reagents, the Fukui functions f – and the dual descriptor Δf were calculated using the Mul-
tiwfn software [26]. 

 
Results and Discussion  
Azirines, aziridines, epoxides, and imines have similar reactivity to keto-compounds, which were 

included in the comparison sample. Let's analyze the calculated reactivity descriptors given in Table 1. 
According to the values of the electronic chemical potential µ among three-membered cycles, one can 
notice, that 2-benzoyl-3-phenylepoxide 3 is more reactive than 2-phenylepoxide 2, and among azirines, 
on the contrary, 2-phenylazirine 4 is the most reactive. Keto-compounds of our sample naphthoquinone 
14 and benzaldehyde 13 have the highest values of µ (Fig. 1a), but the electronic chemical potential of 
4-hydroxycoumarin 15 is much lower. Ethylenes also show rather high values. Especially, nitrostyrene 8 
is the most reactive in this indicator. Then there is a tendency to decrease when replacing a substituent 
by benzoyl and ester group. Styrene 7 is the least reactive. 

In order to compare the reactivity of compounds 1–15 in reactions with electrophilic reagents, such 
as in reactions from [4], let's compare their nucleophilicity indices N [12] and Roy's nucleophilicity N' 
index [28] (Fig. 1b). According to the nucleophilicity scale [24], styrene 7, 2,3-diphenylazirine 6 and 
azomethines 11, 12 are strong nucleophiles. Naphthoquinone 14 is a weak nucleophile. Aziridines, azi-
rines, epoxides are medium strength nucleophiles.  

Table 1 
Global reactivity descriptors for optimized equilibrium model structures 1–15, all values are given in eV 

Structure EHOMO ELUMO I A µ ω N N' 
1 –6.554 –1.026 6.55 1.03 –3.79 2.60 2.57 2.57 
2 –6.500 –0.202 6.50 0.20 –3.35 1.78 2.62 2.98 
3 –6.498 –1.729 6.50 1.73 –4.11 3.55 2.62 2.26 
4 –6.788 –1.449 6.79 1.45 –4.12 3.18 2.33 2.32 
5 –6.716 –1.404 6.72 1.40 –4.06 3.10 2.40 2.36 
6 –6.038 –1.537 6.04 1.54 –3.79 3.19 3.08 2.47 
7 –6.031 –0.832 6.03 0.83 –3.43 2.26 3.09 2.86 
8 –6.946 –2.632 6.95 2.63 –4.79 5.32 2.18 1.79 
9 –6.339 –1.695 6.34 1.70 –4.02 3.48 2.78 2.31 
10 –6.312 –2.094 6.31 2.09 –4.20 4.19 2.81 2.12 
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Table 1 (end) 

Structure EHOMO ELUMO I A µ ω N N' 
11 –6.094 –1.775 6.09 1.77 –3.93 3.58 3.03 2.33 
12 –5.903 –1.553 5.90 1.55 –3.73 3.20 3.22 2.50 
13 –6.943 –1.712 6.94 1.71 –4.33 3.58 2.18 2.17 
14 –7.174 –3.171 7.17 3.17 –5.17 6.68 1.95 1.56 
15 –6.397 –1.590 6.40 1.59 –3.99 3.32 2.72 2.35 

TCE –9.121 –4.959 9.12 4.96 –7.04 11.91 0.00 1.00 
 
 

 
Fig. 1. Values of a) electronic chemical potential µ; b) nucleophilicity indexes; c) electrophilicity index 

in the series of studied structures 
 
According to traditional estimates, for a high probability of electrophilic attack, the reaction centers 

must have high value of the Fukui function f –-. The most positive part of the function f – shown in Fig. 2 
in compounds with three-membered cycles 1–6 is localized on heteroatoms, but in 2,3-diphenylazirine 6 
it also is localized on the carbons of the azirine ring. At the same time, all heterocycles, except aziri-
dine 1, are characterized by different f – value on two carbon atoms of the cycles. It shows their inequi-
valence in reactions with electrophilic reagents. In compounds of other classes increased values of f – are 
observed on the atoms at double bond C=C, C=N and C=O because of these sites are favorable for elec-
trophilic attack.  

The dual descriptor shows a favorable center of electrophilic attack if Δf < 0. These sites (Fig. 3), 
in three-membered cycles are also located on heteroatoms and, in addition, on carbons in epoxedes add 
azirines. At the same time, in epoxide 2 unsaturated carbon is more nucleophilic, but in epoxide 3 car-
bon with more electron acceptor benzoyl group is more nucleophilic. The same is observed for azirines. 
Decreased values of the function is characterized only for carbon saturated by electron acceptor group in 
2,3-diphenylazirine 6. In structures with double bonds decreased values of Δf are localized at the C=C 
site, on the nitrogen atoms of C=N bond and carbonyl oxygen. 
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To compare the electrophilic reactivity of compounds 1–15 in addition reactions with nucleophilic 
reagents, as well as in aza-Henry and Michael reactions, it is necessary to pay attention to the electrophi-
licity index ω (Fig. 1c). For all studied compounds, this parameter is greater than 1.5. This means that, 
according to the electrophilicity scale [23], all compounds are enough strong electrophiles. At the same 
time, the values of the electrophilicity index for different classes of substances (azirines, epoxides, im-
ines, alkenes, carbonyl compounds) lie approximately in the same range. However, within each class 
studied, the values vary greatly depending on the substituents. Thus, among carbonyl compounds, naph-
thoquinone 14 is the best electrophile; among ethylenes, nitrostyrene 8 and benzoylstyrene 10 are the 
best, among three-membered cycles, 3-benzoyl-2-phenylepoxide 3 is the best. The tendency of this de-
scriptor change is mostly like evaluations of global reactivity calculated by electron chemical potential µ 
(Fig. 1a). This suggests that all the studied compounds mainly exhibit the properties of electrophiles. 

The dual descriptor Δf > 0 usually indicates a favorable site for nucleophilic attack. These sites 
shown in Fig. 3, among three-membered cycles inside ring are typical only for azirines and located on 
carbon atom at С=N bond. Also, they are bright in naphthoquinone 14 on the carbonyl carbon atoms of 
the benzaquinone ring, in structures 8–10 they are located on carbon with the phenyl substituent at C=C 
bond. 

In reactions where hydrogen atom abstraction occurs [5], compounds with low bond polarity and 
low electron affinity will have the best reactivity. According to the relevant descriptor A (Table 1), such 
among those studied are epoxides, aziridine and azirines. 

In reactions of addition, the nucleophile or electrophile attacks one atom at the double bond. Com-
parison of the experimental data for each compound with the values of Δf (Table 2) shows that in most 
cases Δf reproduces attack centers with nucleophilic and electrophilic reagents, except for 2-phenyl-N-
tosylazirine 1 and 2-phenylepoxide 2. Also, for compound 10, the reaction with formation first of a 
three-membered ring, and then with a nucleophilic attack [7] occurs on each carbon atom. However, the 
calculated Δf data show that these carbon atoms differ significantly in their electro- and nucleophilicity. 

 
Fig. 3. Dual descriptor Δf with contour 0.007 a.u. On the maps, light and dark surfaces 

correspond to the positive and negative regions of the Δf function, respectively  
(see also p. 156) 
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Fig. 3. End 
  

Table 2 
Comparison of calculated and experimental data. Gray indicates where the double descriptor does not reproduce 

or does not fully reproduce 

Structure AN reaction Reaction electrophilic center 
on attack by Nu– (exp.) Center with more positive value of Δf 

1 [1], [2], [3] N(Ts)-C(Ar) N(Ts)-C(Ar); both atoms are prone 
to nucleophilic attack 

2 [2] O-C(R) O-C(R); both atoms are prone 
to nucleophilic attack 

7 [7] C(Ar)=C C(Ar)=C 

8 [7] С(Ar)-С(=O) С(Ph)-С(=O) 
[7] C=C(NO2) C=C(NO2) 

9 [7] С(Ar)=С-С(=O) С(Ph)=С-С(=O) 

10 
[7] C(Ar)=C-C(=O) C(Ph)=C-C(=O) 
[7] C(Ar)-C-C(=O) of intermediate C(Ar)=C-C(=O) 
[7] С(Ar)-С(=O)  
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Table 2 (end) 

Structure AN reaction Reaction electrophilic center 
on attack by Nu– (exp.) Center with more positive value of Δf 

11 [6] N=C N=C 
13 [6] C=O C=O 
14 [8] C=C C=C 

Structure AE reaction Reaction nucleophilic center 
on attack by E (exp.) 

Center with more 
positive value of f - 

Center with more 
negative value 

of Δf 
4 [4] N=C(Ar) N=C(Ar) N=C(Ar) 
5 [4] N=C(Ar) N=C(Ar) N=C(Ar) 
6 [4] N=C(Ar) N=C(Ar) N=C(Ar) 

10 [7] C(Ar)=C-C(=O) with triatomic 
cycle formation C(Ar)=C-C(=O) C(Ar)=C-C(=O) 

 
Conclusion 
The reactivity of the studied molecules of azirines, along with substituted styrenes, azomethines and 

carbonyl compounds, can be described using such descriptors as the nucleophilicity index, electrophi-
licity index, electronic chemical potential, and the Fukui functions. 

Azirines, aziridines, and epoxides show similar reactivity to aldehydes and styrenes in reactions 
with electrophiles and nucleophiles according nucleophilicity index and electrophilicity index. This ob-
servation can be used in reactivity predictions for these classes of compounds. Epoxides have the best 
nucleophilic properties in list of three-membered heterocycles according nucleophilicity index and  Fu-
kui functions. The considered compounds mainly exhibit the properties of electrophiles. Structures with 
aryl substituents have the best electrophilic properties in all classes of the considered compounds. 

The dual descriptor of the Fukui function cannot be used in describing the reactivity of aziridines 
and epoxides, since the difference in the value of the function on both atoms at the considered C–C bond 
in the triatomic cycle gives the second kind error: carbon atoms carry a significantly different value of 
the descriptor, while the experimental data on nucleophilic addition indicate that the reaction proceeds at 
both atoms. 
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Изучена реакционная способность трехчленных гетероциклов, таких как фенилзаме-
щенные азиридины, азирины и эпоксиды, в сравнении со стиролами, азометинами и кар-
бонильными соединениями, которые наиболее часто используются в органическом синте-
зе в реакциях с нуклеофильными и электрофильными реагентами. В соответствии с индек-
сами нуклеофильности и электрофильности, рассчитанными на основе метода DFT, заме-
щенные молекулы азиринов, азиридинов и эпоксидов проявляют реакционную способ-
ность, аналогичную альдегидам и стиролам. Во всех случаях проводилось сравнение ре-
зультатов расчетов с литературными экспериментальными данными. Все рассмотренные 
соединения в основном характеризуются свойствами электрофилов средней силы. Наи-
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лучшие электрофильные свойства проявляют азиридины, азирины, эпоксиды с двумя 
арильными группами, это наблюдение можно использовать для предсказания реакционной 
способности этих классов соединений. Среди трехчленных гетероциклов наилучшие нук-
леофильные свойства наблюдаются у замещенных эпоксидных циклов. Обнаружено, что 
дуальный дескриптор, основанный на функциях Фукуи, не может быть рекомендован для 
прогнозирования реакционной способности азиридинов и эпоксидов, так как значения ду-
ального дескриптора на обоих атомах углерода в трехчленном цикле существенно разли-
чаются, а экспериментальные данные по нуклеофильному присоединению свидетельству-
ют о том, что реакция протекает по обоим атомам углерода. Тем не менее, для фенилза-
мещенных азиринов дескриптор на основе функций Фукуи достаточно хорошо показывает 
свою эффективность. 

Ключевые слова: азиридины, азирины, эпоксиды, индексы реакционной способности, 
функции Фукуи, дуальный декскриптор, трехчленные гетероциклы, нуклеофильные и 
электрофильные реагенты 
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