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Abstract: Chalcogen-nitrogen chemistry deals with systems in which sulfur, selenium, or tellurium
is linked to a nitrogen nucleus. This chemical motif is a key component of different functional
structures, ranging from inorganic materials and polymers, to rationally designed catalysts, to
bioinspired molecules and enzymes. The formation of a selenium–nitrogen bond, typically occurring
upon condensation of an amine and the unstable selenenic acid, often leading to intramolecular
cyclizations, and its disruption, mainly promoted by thiols, are rather common events in organic Se-
catalyzed processes. In this work, focusing on examples taken from selenium organic chemistry and
biochemistry, the selenium–nitrogen bond is described, and its strength and reactivity are quantified
using accurate computational methods applied to model molecular systems. The intermediate
strength of the Se–N bond, which can be tuned to necessity, gives rise to significant trends when
comparing it to the stronger S– and weaker Te–N bonds, reaffirming also in this context the peculiar
and valuable role of selenium in chemistry and life.

Keywords: selenium; nitrogen; ebselen; selenazoles; DFT calculations; molecular orbitals; energy
decomposition analysis

1. Introduction

The chalcogen–nitrogen bond (X–N, X = S, Se, Te) is an important motif in chemistry
and is present in many different structures, ranging from inorganic and organic materials,
catalysts, protein mimics, and drugs [1–4]. In the lab, the formation of a X–N bond is typi-
cally obtained from benzanilide, using ortholithiation, chalcogen insertion, and oxidative
cyclization [5–8], and by intramolecular cyclocondensation of chalcogenic acids [9–11].

The Se–N bond is present in the isoselenazole ring of ebselen (2-phenyl-1,2-benzisosele
nazol-3(2H)-one, which is described as the first and most popular glutathione peroxidase
(GPx) mimic [12,13]. This compound is endowed with antimicrobic and cytoprotective
activities. In addition, it has the potential of modulating seleno(thio)proteins, gene expres-
sion, epigenetics, immune system, and antioxidant defenses. In general, ebselen is reported
to interact with targets from several biological pathways, including oxidative enzymes
involved in inflammatory reactions [14]. So far, the mechanistic details of its catalytic
activity have not been fully elucidated [14–18], although a nice computational investigation
has provided an exhaustive picture of the possible paths [19], disclosing that the chemistry
of the Se–N bond plays a crucial role in triggering the antioxidant effects [3,20].

According to the results of clinical studies, ebselen administration is well tolerated.
This molecule is characterized by satisfying metabolic profile and safety, and limited side
effects have been reported [21,22].
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In this connection, and in light of its several macromolecular interactors, ebselen
represents an example of a multi-target drug. It is currently being studied for the prevention
of noise-induced hearing loss in a phase 2 trial [22]. Moreover, this compound is under
investigation for the potential beneficial effects on bipolar disorder as it targets inositol
monophosphatase (IMPase) [23,24].

Importantly, ebselen was recently highlighted in the context of a structure-based vir-
tual screening as a putative inhibitor of the SARS-CoV-2 main protease (Mpro), suggesting
its potential therapeutic use for COVID-19. Ebselen activity against this cysteine protease
was also confirmed experimentally (IC50 = 0.67 µM) and in a cell-based antiviral assay [25].
The reaction between the thiol moiety from the cysteine residue of Mpro active site and the
isoselenazole ring can break the Se–N bond, leading to the formation of a Se–S bond and
subsequent enzyme inhibition [26]. Nevertheless, a contribution of non-covalent binding of
ebselen to antiviral activity cannot be ruled out [25]. Computational studies have recently
been enrolled to investigate the mechanism of action, at the molecular levels, of small
molecules interfering with SARS-CoV-2 targets [27]. Concerning the binding of ebselen to
Mpro, Menéndez and colleagues reported the presence of a second, high-affinity allosteric
site, which would be involved in catalytic site access regulation by surface–loop interac-
tions [28]. In addition, ebselen is also a multi-target agent for contrasting SARS-CoV-2, as it
has been reported to inhibit papain-like protease (PLpro), another cysteine-containing en-
zyme [29]. Notably, Mpro and PLpro inhibition is abolished by the addition of the reducing
agent 1,4-dithiothreitol (DTT) [30].

It must be also pointed out that this is not the first time that ebselen is being studied
as an antiviral agent. This compound was previously reported to be a human immunodefi-
ciency virus type 1 (HIV-1) capsid assembly inhibitor [31] and to prevent hepatitis C virus
replication by interfering with NS3 helicase binding to nucleic acid [32].

An early overview on the structure and on the electronic as well as steric features of
Se–N and Te–N bonds was reported by Bjorgvinsson and Roesky three decades ago [33]. In
this contribution, the authors provided interesting comments on stability issues of the com-
pounds and their precursors, highlighting that simple classes of molecules such as amides
or imides of selenium and tellurium were almost unknown at that time. The structures of
several X–N bond-containing heterocycles were also reported. Mahmudov and colleagues
provided an updated perspective on the relevance of covalent and non-covalent chalcogen
bonding in several trending branches of modern solid state and solution chemistry. Organic
and inorganic synthesis, catalysis, material sciences, and molecular recognition are just
some of the fields in which X–N bond can direct and assist chemical reactivity [34].

In biochemistry and medicinal chemistry, besides ebselen and other GPx mimics,
compounds based on heterocyclic scaffolds containing one or multiple Se–N bonds are
being studied as antibiotic, antifungal, antiproliferative, anti-inflammatory, analgesic,
and antimicrobial agents [1,3,17]. Particularly, selenazolinium salts appear as promising
candidates in light of their good reactivity and selectivity toward thiol groups in peptides,
proteins, and enzymes [35].

In nature, along the mechanistic path of GPx, evidence of the formation of a cyclic
intermediate characterized by the presence of a Se–N bond in highly oxidizing conditions
has been reported and interpreted as a strategy to protect the selenoenzyme by overox-
idation [36]. Similarly, the redox regulation of protein tyrosine phosphatase 1B (PTP1B)
involves the formation of a sulfenamide intermediate (S–N bond), from the attack of
amide nitrogen on the sulfenic acid sulfur of Cys residue [37–39]. Similar examples have
been observed for the transcriptional regulator OhrR from Bacillus subtilis [40] and the
murine receptor-like protein tyrosine phosphatase [41]. In addition, the formation of Se–N
bond might be involved in the δ-aminolevulinic acid dehydratase enzyme inhibition by
organoselenium compounds [42].

Another important field dealing with structures characterized by the X–N bond motif
is represented by binary chalcogen-nitrogen and ternary S, N, P molecules with intriguing
future applications for fingerprint detection, optoelectronic devices, and as hydrogen-
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storage materials [4]. Finally, taking into account the importance of the supramolecular
chemistry, 1,2,5-chalcogenadiazoles are promising building blocks for the development of
conductors, optical devices, and self-assembled materials [43–45].

It is worth to mention that Tsuzuki and Sato explored in detail the features of in-
termolecular X–N (X = S, Se, Te) bonds in chalcogenadiazole dimers. [46] Their study,
performed employing coupled cluster (CCSD(T)) calculations at the basis set limit, dis-
closed how intermolecular X–N bonds behave similarly to halogen bonds, displaying
moderately weak interaction energies (−3 to −12 kcal mol−1) that become more negative,
increasing the size of the chalcogen. Particularly, the stabilization comes almost exclusively
from dispersion and electrostatic interactions, with the latter being responsible for the
stronger interaction displayed by Te–N bonds with respect to S/Se–N. A similar trend has
been observed by some of us when investigating the chalcogen-π interaction [47]. This
agreement between structurally different systems confirms the fact that accurate knowl-
edge of the intrinsic atomistic properties of S, Se, or Te is crucial to obtain a set of principles
that can be applied across a whole range of different partner molecules.

This brief overview highlights the importance of the chalcogen–nitrogen bond in
many areas of chemistry. In this work, the X–N bond (X = S, Se, Te) is not only described,
but its strength and reactivity changes upon varying the chalcogen and substituents are
also quantified using accurate computational methods applied to model molecular systems.
Going beyond the mere description provides us with conclusions of general validity for
the very different systems presented above and move the first steps toward a systematic
way of improving their chemical properties through rational design.

The manuscript is organized as follows. First, the molecular geometries, charge
distributions, and interaction energies calculated for the investigated compounds are
presented. Then, the discussion is focused on an in-depth analysis of such interaction
energies accompanied by a detailed orbital analysis with the aim of understanding how
the X–N bond strength can be related to the intrinsic atomistic properties of the different
chalcogen and how the surrounding chemical environment will modify its strength.

2. Results

The model chosen for the analysis of the chalcogen–nitrogen bonds had general
formula RX–NR’2, in which X can be S, Se, or Te and R and R’ were chosen among H, CH3,
and CF3. A representative sample of optimized geometries of the structures is reported
in Figure 1. Structures of the compounds with S and Te are shown in the Supplementary
Materials (Table S1).

Figure 1. Optimized geometries of selected model molecules of general formula RX–NR’ (X = Se). Level of theory:
ZORA-BLYP-D3(BJ)/TZ2P.

Analysis of the geometries optimized at the ZORA-BLYP-D3(BJ)/TZ2P level of theory
showed how the X–N bond length varied upon changing the chalcogen or the substituents
R and R’ (Table 1). Particularly, descending along the group there was a lengthening of
the bond with all substituents, caused by the increase of the van der Waals radius of the
increasingly bigger chalcogen. The variations upon modification of the substituents in
series with the same chalcogens were smaller and did not follow the same trend for all
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the chalcogens. However, the structures that showed the longest and shortest bond length
were the same for all the chalcogens, with the combination having CF3 on the chalcogen
and CH3 on the nitrogen, displaying the shortest bond length, whereas the alternative
combination, i.e., R,R’ = CH3,CF3, showed the longest bond length

Table 1. X–N bond length of optimized geometries of model molecules. Structure definitions are
reported in Figure 1. Level of theory: ZORA-BLYP-D3(BJ)/TZ2P.

X–N Length (Å)

R, R’ S Se Te

1 1.73 1.90 2.08
2 1.72 1.92 2.10
3 1.68 1.86 2.06
4 1.74 1.92 2.11
5 1.71 1.89 2.09

The Mulliken charge distributions, also calculated at the BLYP-QZ and M06-2X-QZ
levels of theory (see Section 4 for a complete explanation of the employed levels of theory
and their short notation), show how the X–N charge gap increased as we moved from S
to Te (Table 2). The effect of the substituent within the same chalcogen was in agreement
with the nature of the substituent itself, i.e., going from the small H to CH3 we saw that
the charge got more delocalized and, therefore, the value on the X and N atoms was found
to be, in absolute value, smaller in structure 2 than in structure 1 for all the chalcogens at
the BLYP-QZ level of theory. An exception was found at the M06-2X-QZ level of theory,
as both for S and Se the atomic charge was smaller on the chalcogen in the H-substituted
structure. The presence of the strong electron withdrawing CF3 groups made the atomic
charge become more positive both on the X and N atoms as more electronic density was
shifted toward the highly electronegative fluorine atoms. This effect did not involve only
the atom to which the CF3 group was directly bonded to but also the partner in the X–N
bond, as we can see in structures 3 and 4 compared to their analogues with CH3.

Table 2. Mulliken charges of the investigated compounds. Structure definitions are reported in
Figure 1. Levels of theory: BLYP-QZ=ZORA-BLYP-D3(BJ)/QZ4Pae//ZORA-BLYP-D3(BJ)/TZ2P;
M06-2X-QZ=ZORA-M06-2X/QZ4Pae //ZORA-BLYP-D3(BJ)/TZ2P.

Mulliken Atomic Charges

BLYP-QZ M06-2X-QZ

R, R’ S Se Te S Se Te

1
X 0.5455 0.4846 0.7099 0.1871 0.1981 0.5581
N −0.7209 −0.7470 −0.8062 −0.4879 −0.4552 −0.5809

2
X 0.2647 0.3141 0.3630 0.2858 0.4658 0.5621
N −0.2197 −0.2369 −0.3436 −0.3817 −0.4306 −0.5780

3
X 0.4265 0.4623 0.4964 0.3158 0.3522 0.6443
N −0.1447 −0.1860 −0.2778 −0.3935 −0.4181 −0.6699

4
X 0.3173 0.4696 0.5575 0.3068 0.5820 0.7278
N 0.2421 0.1109 −0.0094 −0.1698 −0.3122 −0.4935

5
X 0.4773 0.5797 0.6748 0.3078 0.4650 0.7760
N 0.2285 0.1411 −0.0116 −0.1947 −0.2513 −0.4801

To get a more exhaustive picture on the variation of the X–N bond strength upon
changing the chalcogen or substituent, an accurate analysis on the interaction energy
existing between the two molecular fragments obtained by homolytic cleavage of the X–N
bond was carried out at two different levels of theory. Results, reported in Table 3, showed
how the interaction diminished as the chalcogen atom increased in size. For example, at
the BLYP-QZ level of theory with R,R’ = CH3 it went from −59.0 kcal mol−1 of sulfur to
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−47.5 of tellurium. The same trend was found for all the substituents’ combination, and
also when the M06-2X functional was employed in the analysis (Table 3).

Table 3. The ∆Eint for the model molecules. Structure definitions are reported in Figure 1. Levels
of theory: BLYP = ZORA-BLYP-D3(BJ)/QZ4P ae // ZORA-BLYP-D3(BJ)/TZ2P; M06 = ZORA-M06-
2X/QZ4Pae // ZORA-BLYP-D3(BJ)/TZ2P; CC = DLPNO-CCSD(T)/aug-cc-pVTZ-DK// ZORA-
BLYP-D3(BJ)/TZ2P.

RX–NR’2 ∆Eint (kcal mol−1)

S Se Te

Struct R R’ BLYP M06 CC BLYP M06 CC BLYP M06 CC

1 H H −71.0 −73.0 −67.6 −62.3 −59.8 −62.5 −59.7 −53.7 −61.4
2 CH3 CH3 −59.0 −65.5 −62.1 −50.9 −50.2 −56.5 −47.5 −42.5 −54.0
3 CF3 CH3 −64.9 −71.9 −68.2 −56.3 −56.2 −62.7 −49.8 −45.1 −56.6
4 CH3 CF3 −68.8 −77.6 −74.3 −64.0 −66.9 −72.2 −63.8 −63.9 −73.6
5 CF3 CF3 −67.2 −75.4 −72.5 −61.7 −63.5 −69.8 −60.8 −59.5 −70.0

If we focus on the effect of the substituent effect instead, results show how the level of
theory affects how different substituents modulate interaction energy changes. Using the
M06-2X functional, a clear trend was found that was common for all the chalcogens. The
interaction energy was, in fact, seen to become less negative in the sequence 4 < 5 < 1 < 3 < 2
(Figure 2). When we used BLYP-QZ to calculate interaction instead, structures having R,R’
= H occupied different positions in the series depending on the chalcogen. To clarify this
behavior, a series of coupled cluster calculations were run on the ZORA-BLYP-D3(BJ)/TZ2P
geometries to obtain highly accurate interaction energies (Figure 2 and Table 3). Results
showed that the M06-2X-QZ interaction energy trend showed the best accordance with the
post Hartree-Fock (HF) calculations as the compounds with H, as substituent were found
to lie at relatively less negative interaction energy values when compared to the density
functional theory (DFT) ones. In addition, the ab initio results agreed completely with the
general trend in interaction energies found with the DFT calculations for compounds 2 to 5.

Figure 2. Eint upon substituent variation. Level of theory: BLYP-QZ (a), M06-2X-QZ (b), and DLPNO-CCSD(T) (c).

3. Discussion

The energetic analysis of the homolytic cleavage of the X–N bond (RX–NR’2 → RX• +
•NR’2) showed the presence of interesting trends (Table 3). To elucidate these behaviors, a
quantitative energy decomposition analysis (EDA) was conducted through the activation
strain model [48,49] at the BLYP-QZ (Table 4) and at the M06-2X-QZ (Supplementary



Catalysts 2021, 11, 114 6 of 12

Material Table S2) levels of theory. First, focus was centered on the effect of the chalcogen.
Results highlighted how the decrease of total orbital interactions (∆EOI), as we moved
down in the group, was the main factor that caused a diminished ∆Eint.

Table 4. EDA for the investigated compounds (energies in kcal mol−1). Level of theory BLYP-QZ.

S Se Te

∆Velstat ∆EPauli ∆EOI ∆Edisp ∆Velstat ∆EPauli ∆EOI ∆Edisp ∆Velstat ∆EPauli ∆EOI ∆Edisp

1 −166.5 359.2 −261.6 −2.1 −132.9 265.5 −192.6 −2.3 −108.5 193.8 −142.4 −2.7
2 −176.2 355.7 −232.4 −6.2 −130.8 235.9 −150.1 −5.9 −124.9 213.1 −129.2 −6.5
3 −197.2 397.0 −258.5 −6.3 −155.8 285.8 −179.6 −6.6 −140.1 238.4 −141.5 −6.7
4 −164.5 357.8 −256.1 −6.1 −122.1 245.5 −181.0 −6.4 −113.1 220.3 −164.0 −7.0
5 −166.1 368.0 −262.7 −6.4 −129.5 266.8 −192.3 −6.7 −115.9 229.6 −167.4 −7.2

Taking compound 1 as the simplest example, an accurate analysis on its frontier
orbitals and on those of the radical fragments with all three chalcogens was conducted.
Particularly, from the orbital diagram for the radical fragments (Figure 3), it was clear
that the orbitals that accommodated the unpaired electrons were of p type and were
located mainly on the X and N atoms, respectively. The energies of these singly occupied
molecular orbitals (SOMOs) had a clear behavior upon variation of the chalcogen: The
•NH2 fragments remained almost unmodified in the three molecules, making the energy
of their SOMOs almost constant. On the contrary, the SOMOs centered on X were found
at higher energies as we moved from S to Se and Te (they were from −9.14 to −8.56 and
−7.93 eV in HS•, HSe•, and HTe•, respectively). This destabilization was mainly due to the
decrease in interaction energy. A similar behavior can be predicted also for the compounds
with the other substituents, as the trends that result from those calculations are analogous.

Figure 3. Orbital diagram for the radical fragments HX• (a) and •NH2 (b).

Another factor that reinforces this observation was found in the energies of the or-
bitals that were responsible for the presence of the X–N bond in the HX–NH2 compound
(Figure 4). The calculation results showed that they were located in the range HOMO-2 to
HOMO-4 as the outermost HOMO and HOMO-1 orbitals had a prevalent non-bonding
character. These three highest occupies molecular orbitals (HOMO-2 to HOMO-4) were
computed to become increasingly higher in energy going from HS–NH2 to Te–NH2 (for
example, HOMO-2 went from −8.73 of HS–NH2 to −8.47 HSe–NH2 to −7.97 eV of HTe–
NH2), effectively resulting in a diminished interaction and in a subsequently weaker
X–N bond.
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Figure 4. Molecular orbitals of HS–NH2 mainly responsible for the formation of the S–N bond.
Isosurface value 0.03 a.u. Level of theory M06-2X-QZ.

Second, the effect of the variation of the substituent on the interaction energy within
the same chalcogen was analyzed. The effects that the different moieties had on the
interaction energy within the same chalcogen series were overall weaker than the change
of the chalcogen itself, as changing the substituents did not involve the atoms directly
participating in the chalcogen–nitrogen bond. In this instance, the more subtle variations
in the electronic environment around the X–N bond, which translated to a different weight
of the EDA contributions, resulted in a trend that did not depend mainly on the magnitude
of the orbital interaction. In fact, (Table 4) shows how ∆Eoi followed a clearly increasing
trend in all the chalcogens going from 2 to 5. However, total interaction did not mirror
this behavior. The ∆Eoi definitely played an important part in the strength of the X–N
bond of CH3X–N(CH3)2 compounds as its value was the principal reason for its weak total
interaction energy. Conversely, the relative strength of the chalcogen–nitrogen bond in
compounds 3, 4, and 5 was determined by the value of the Pauli repulsion as it overweighed
the stabilizing effect of ∆Eint and ∆Velstat. Therefore, compound 4, the one that showed the
lowest ∆EPauli, was also found to be the most stable, followed by 5 and, finally, 3. These
results were valid for all three chalcogens also with the meta hybrid functional M06-2X (see
Supplementary Material Table S2), with the only difference of the absolute magnitude of
the different contributions. A somewhat different situation was found for compound 1 with
S whose relative position in the substituents’ series was found to depend on the functional
employed. A comparison with highly accurate coupled cluster calculations showed that the
higher interaction found by the BLYP-QZ calculation for 1 was somewhat overestimated
relative to compounds 2 to 5. This was most probably due, again, to the values of ∆EPauli,
which were seen to be quite higher in compounds 2 to 5 in comparison to those calculated
at the M06-2X-QZ level of theory for the same compounds, while the other contributions
were computed to be much more similar between the two functionals. Nonetheless, the
trend that the GGA functional returned for compounds 2 to 5 was completely in agreement
with the meta-hybrid and the post-HF methods, which ensured a suitable description of
the substituent effect.

Both the chalcogen and the substituent effects on the interaction energy magnitude
can be rationalized by the quantitative energy decomposition analysis conducted, aided by
an accurate orbital inspection. This can be regarded as a starting point for rational design,
aiming at fine tuning the X–N bond strength to have the best performance in the desired
application.

4. Methods

DFT calculations were performed with the Amsterdam Density Functional (ADF) pro-
gram [50,51]. Geometry optimizations were performed with the GGA BLYP functional [52–55]
in conjunction with a triple-ζ slater basis set with a double set of polarization functions
(TZ2P). Core electrons were kept frozen: up to 1s for C and N, up to 2p for S, up to 3p for
Se, and up to 4p for Te, and the zeroth-order regular approximation (ZORA) was used to
take relativistic effects into account [56–59]. Grimme’s empirical dispersion correction with
Becke-Johnson damping was added to correct the underestimation of non-bonded forces
by this functional [60]. This level of theory will be referred as ZORA-BLYP-D3(BJ)/TZ2P.
This level of theory has been thoroughly benchmarked [61] and successfully applied to
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structure and reactivity studies on mono- and dichalcogenides [62,63] and to analyze the
chalcogen-π interaction [47], proving its accuracy and reliability. For the bonding analysis,
based on the activation strain model [48,49], a more accurate level of theory was em-
ployed, i.e., using a full electron quadruple-ζ slater basis set (QZ4Pae). This level of theory
(ZORA-BLYP-D3(BJ)/QZ4P ae // ZORA-BLYP-D3(BJ)/TZ2P) will be referred henceforth
as BLYP-QZ. Moreover the bonding analysis was also carried out with the meta-hybrid
M06-2X functional [64,65] due to its excellent performance with radical systems [66]. Single
points calculation done with this level of theory (ZORA-M06-2X/QZ4Pae // ZORA-BLYP-
D3(BJ)/TZ2P) are referred as M06-2X-QZ. The X–N bond strength was computed with the
activation strain model. [48,49] This model partitions the total energy of a molecule into
two terms:

∆E = ∆Estrain + ∆Einteraction (1)

in which ∆Eint arises from the interaction of a pair of molecular fragments in which the
structure of interest can be partitioned. In this work, we selected the radicals RX• and
•NR’2 as the starting fragments and, since our interest was quantifying the strength of the
chalcogen–nitrogen bond, we did not relax the radicals’ geometries and so did not compute
the strain contribution. Conversely, ∆Eint was subsequently analyzed through the energy
decomposition analysis (EDA) to identify the physical terms of its origin:

∆Eint = ∆Velstat + ∆EPauli + ∆Eoi + ∆Edisp (2)

where ∆Velstat is the Coulomb interaction of the unrelaxed electron densities of the frag-
ments, ∆EPauli is the repulsion arising from the pairwise interactions of filled orbitals on
the two fragments, and ∆Eoi is the stabilizing energy obtained from the mixing of pairs
of a filled and an empty orbital on different fragments. Finally, if an empirical correction
for dispersion is added to the functional (as is the case with BLYP-D3(BJ)) a fourth term
including this contribution (∆Edisp) is added.

Coupled cluster energies were obtained using the domain-based local pair natural
orbital coupled cluster singles and doubles with perturbative triples (DLPNO-CCSD(T))
method [67] as implemented in the ORCA suite [67–69]. All electron relativistic contracted
basis set aug-cc-pVTZ-DK with Douglas-Kroll-Hess (DKH) scalar relativistic Hamiltoni-
ans [70] were used.

5. Conclusions

In this work, we analyzed the nitrogen–chalcogen bond using energy decomposition
analysis and molecular orbital theory based on accurate quantum chemistry calculations.
The results showed that sulfur has a better interaction with nitrogen than selenium or
tellurium due to a stronger interaction energy deriving from the lower energy of sulfur p
orbitals with respect to selenium and tellurium. Particularly, our calculations confirmed
how N–S bond displays the strongest character, while N–Se and N–Te are much weaker
and similar, with N–Te bond being the least stable and selenium holding an intermediate
position. Besides, a correlation between the magnitude of the Pauli repulsion between the
radical fragments constituting the bond can explain the different effect each substituent
has on the interaction. In fact, by an accurate tuning of the substituents, even a relatively
weak N–Se bond can be strengthened, reaching in the most stable system, 4, a similar
stability to the N–S bond of 2, which, in turn, displayed the weakest character in the sulfur
series. Generally speaking, electron donating groups decrease bond stability, while electron
withdrawing groups lead to more stabilizing interaction energies, with differences between
the strongest and the weakest bond along N–X series of about 10–20 kcal mol−1, which
are expected to impact on the N–X bond reactivity, particularly for N–Se in virtue of its
intermediate stability.

These results can open new perspectives on the fine tuning of the chalcogen–nitrogen
bond, with a particular attention to the Se–N bond, which can be applied in many biological
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and pharmaceutical applications targeted toward the development of novel bio-active
compounds, catalysts, and antioxidant drugs.
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