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Chalcogen bonding-driven interaction of 1,2,5-chalcogena
diazoles with charged and neutral Lewis bases is discussed. 
It is highlighted that this interaction is a promising method 
for optically-detected recognition and sensing of the bases, 
and, at one, for the formation of otherwise challenging 
chemical bonds.
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Introduction
Molecular recognition1 is a specific host–guest complexation2 of 
two or more chemical entities driven by secondary bonding 
interactions3 (SBIs; aka noncovalent or unorthodox 
interactions).†,4 It is vital for fundamental chemistry; and its 
applications span across materials, catalysis, life and environment 
sciences,4–7 as well as public security.8 When [A]n– anions or 
[Cat]n+ cations are involved, it is termed ion recognition; in 
solutions, solvents also participate and frequently their effects 
are substantial.‡,9 The recognition of [A]n– is more challenging 
than that of [Cat]n+. Stereoelectronic properties of [A]n– are 
widely varied; spatially, they are larger than relevant [Cat]n+ 
with, therefore, lower charge-to-size ratios. Normally, [A]n– have 
high solvation energy. These factors interfere with the host–guest 
interactions embracing [A]n–.3(d),5(c),(d )–( f ),6,10,11

Frequently, the molecular/anion (hereinafter, chemical) 
recognition is accompanied by response in electronic adsorption 
(VIS) or/and emission (FL) spectra enabling optical 
sensing;10(a),12 with [A]n–, it resembles their well-established 
spectrophotometric determination in analytical chemistry.13 
Combination of [A]n–- and [Cat]n+-targeting moieties in a single 
scaffold allows cooperative ion-pair recognition/sensing.11(b),14 
The design, synthesis and functional characterization of new 
artificial receptors/chemosensors, together with elaboration of 
relevant experimental/theoretical methods, is a hot topic wherein 
various SBIs (e.g. hydrogen bonding HB, etc.)3(d),10(a),15–17 are 
actively exploited.§,18

1,2,5-Chalcogenadiazoles (unless otherwise indicated, 
chalcogen E = S, Se, Te) and their fused derivatives are 
heteroaromatic chromogenes (VIS)/fluorogenes (FL)¶ and Lewis 
ambiphiles19,20(a),21(a),22 whose ambiphilicity is dual in the sense 
that both σ- and π-MOs are involved in both acidic and basic 
behaviour.19(b) Due to this, their molecules, as well as related 
1,2,5-chalcogenadiazolium cations, function as mutual receptors: 
in the solid state,23–28 solution,29 and gas phase30 they are 
aggregated by [E–N]n (n = 1, 2) specific SBI termed chalcogen 
bonding (ChB, see below).31 At the beginning of 2010s,††,32 
it was discovered that 1,2,5-chalcogenadiazoles acting as Lewis 
acids are unimolecular receptors and sensors of charged33 
and  neutral25(c),34(b) Lewis bases (i.e., [A]n– and LBs, 
respectively).‡‡,17(e),( f ),19(a)–(c) Later on, it was realized that this 
interaction is ChB-driven and possesses the general 

character.19(b),34 It was also found that the ChB formation is 
accompanied by charge transfer (CT)§§,3(b),35 from [A]n–/LB 
guests onto chalcogenadiazole hosts. The CT, being more 
pronounced with [A]n–, manifests itself in a new band in VIS 
spectra,25(c),33 thus enabling sensing. Besides, ChB is redox-
switchable and this can also be used in recognition/sensing.36

Apparently, the cyclic/heteroaromatic structure of 1,2,5- 
chalcogenadiazoles20(a),37 is important for LB recognition/
sensing. The a priori potential of their (R–N=)2E acyclic 
analogues to form ChB is markedly lower: reported reactions 
with [A]− proceed as π-addition,20 whereas complexes with 
neutral LBs are unknown (ESM).

The ChB-driven chemical recognition/sensing by 
1,2,5-chalcogenadiazoles, as well as by other ChB donors,17(b) 
is  promising for further research. The fast-growing relevant 
information is, however, scattered. To encourage and facilitate 
the research, here we discuss fundamentals, applications and 
prospects of complexation of 1,2,5-chalcogenadiazoles with 
neutral and charged LBs by means of ChB. Complexation with 
π-LBs,29(b),38,39 e.g. with various TTFs by π-stacking interactions 
instead of ChB, is not encompassed. Besides the recognition/
sensing itself, involved reactions assemble otherwise hardly 
accessible chemical bonds, e.g. between different E atoms.

1,2,5-Chalcogenadiazole receptors/sensors where 
(1) non-ChB (e.g. HB) SBIs are employed,18(b),40 or 
(2) preliminary guests reactions with pro-hosts leading to the 
in situ formation of actual receptors/sensors are necessary,21 are 
not discussed since chalcogenadiazole cores do not directly 
participate in the host–guest binding and function only for 
VIS/FL response. Out of consideration are also 
1,2,5-chalcogenadiazolium salts and their complexes with 
neutral parent molecules displaying ChBs in the solid 
state.25(a),26(a),41 As LBs, 1,2,5-chalcogenadiazoles form 
coordination compounds, including FL ones,42 with such Lewis 
acids as metal [Cat]n+ and can be used in their reception/
sensing.¶¶,18(b),43 This, however, requires special consideration.

Chalcogen bonding
By the IUPAC definition, ChB is a net attractive interaction 
between an electrophilic region associated with an E atom in a 
molecular entity and a nucleophilic region in another, or the 
same, molecular entity.31 Additionally, a ChB formed by the 
E∙∙∙E pair interactions, in which each E atom serves as an electron 
donor in one interaction and acceptor in another, is discussed.44 
As any chemical bond, ChB is not a physical observable45 and 
can be discussed only by means of various descriptors. For 
theoretical analysis of ChB, those from MEP, QTAIM, NCI, 
EDD, SAPT, NBO, EDA and some other quantum chemical 
tools†††,17(h),46 are especially useful with DFT or/and post-HF 

§§  Despite criticism from physics, CT is widespread useful descriptor in 
chemistry.
¶¶  In some real [Cat]+ receptors/sensors, chalcogenadiazole core may be 
not directly involved in SBIs-based binding; or may be as N-donor 
ligand. In both cases, it serves for VIS/FL response covering, particularly, 
NIR area.
†††  The molecular electrostatic potential (MEP) theory, quantum theory 
of atoms in molecules (QTAIM), noncovalent interaction (NCI) index, 
electron density difference (EDD) analysis, and symmetry-adapted 
perturbation theory (SAPT) presumably deal with electron density r, 
which is a physical observable. The NCI overcomes limitations and fully 
utilizes the tools of QTAIM caused by local character of its descriptors; 
particularly, NCI represents SBIs as continuous surfaces rather than close 
contacts (bond critical points) between atom pairs. The EDD clarifies CT, 
and the SAPT discloses the inherent nature of SBIs including dispersion 
interactions. In natural bond orbital (NBO) method, the wavefunction is 
transformed into a localized set of natural bond orbitals, which are an 
intermediate between the basis AOs and the canonical MOs; NBO allows 

† By definition, SBIs are interactions resulting in interatomic contacts 
that are longer than covalent single bonds (i.e., the sum of the 
corresponding covalent radii) but shorter than the sum of the corresponding 
van der Waals (VdW) radii. Widely used term noncovalent interactions is 
misleading since it does not specify the interaction character, i.e., 
attractive or repulsive, and covers only electrostatic and dispersion 
interactions in the situations where covalent interactions/orbital overlap 
cannot be neglected.
‡ In this aspect, ion recognition in solution relates to an emerging research 
discipline termed ioliomics and focused on studying ions in liquids.
§	 Amongst others, abiotic arene-polyfluoroarene π-stacking SBI is 
promising for biomedicine; however, it is less studied in this context.
¶	 Currently, FL/VIS properties of 1,2,5-chalcogenadiazole (chalcogen = 
S, Se) dyes are widely used in bioimaging (including super-resolution 
imaging) and organic electronics. Some derivatives reveal solvato-, 
thermo-, and/or mechanochromism; and heavy-atom containing ones, 
phosphorescence. Some of the dyes are promising for ChB-based 
molecular recognition.
††  Actually, the first ChB-bonded chalcogenadiazole complex [4–Cl]– 
(Figure 2; CCDC 644965) was synthesized in 2007 but the Se–Cl ChB 
was overlooked due to its distance exceeding the sum of covalent radii of 
the partners.
‡‡  Lewis ambiphilicity of the title compounds enables forming complexes 
also with Lewis acids, e.g. with R3B; when R = Hal, the complexes 
feature intramolecular ChBs.
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calculations in the background. Despite criticism,47 the QTAIM 
topological descriptors, e.g. bond/line47(b) critical points (bcp’s), 
are instrumental and included in the IUPAC’s ChB list of 
features.  For experimental study, such techniques as 
XRD,15(b),23(a),24(a),25(a)–(c),26(g),(h),29(a),48 solution and solid-state 
VIS/FL24(a),33(a),34(a)–(d ),49 and NMR,17(e),34(b),(c),50 ESI-
MS,29(a),33(b),34(b),(c) and IR/Raman34(b),50(e),( f ),51 are mainly 
exploited;‡‡‡ ChB assessment in solution is sometimes 
challenging.24(b),49 Also useful is data mining, e.g. in the 
Cambridge Structural Database,52 applied to validating the 
assumptions used in experimental/theoretical studies of ChB and 
evaluating/categorizing its strength; the mining, particularly, 
evidences the ChB strengthening with the increase in the 
polarizability of the E atom (Te > Se > S) and places ChB 
operating distances in the ranges 2.4–n Å (n = 3.6, 3.8, and 4.1 
for E = S, Se, and Te, respectively).53

For ChB, both enthalpy and entropy of the formation are 
important. Affinity and selectivity of ChB are controlled by 
subtle interplay involving host, guest and solvent; especially, 
when the solvent is LB capable of ChB, e.g. THF.54 As a 
stereoelectronic entity, ChB is a balance of attractive electrostatic, 
orbital, and dispersion interactions and repulsive Pauli/steric 
interaction.23(a),26(c),55 The electrostatic interaction is associated 
with electrophilic areas at atoms in molecules. In MEP theory, 
such areas arising from the anisotropy of the atomic charge 
distributions and corresponding to MEP positive values are 
termed σ- and π-holes.17(h),46(a),(b) The σ-holes, visualized with 
Kelvin probe force microscopy,17(i) are spatially located on the 
outer extensions of the σ-bonds, and π-holes are positioned 
above and below the molecular plane (for selected title 
compounds 1–13, see Figure 1). The presence of unshared 
electron pairs at the π-hole’s central atom attenuates the hole and 
shifts its position; it results in the weakening of the π-hole and 
the hole-based SBIs.56 The holes can be quantified by the 
magnitudes of the corresponding MEP maxima VS,max, within 
the HSAB concept57 characterizing the hard nature of the ChB; 
whereas the Fukui function58 can be used for characterizing both 

hard and soft nature.59 An inherent part of electrostatic interaction 
is polarization; for weak interactions such as SBIs, polarization 
is equivalent to CT with a difference that the former is the 
physical observable and the latter only theoretical/computational 
model.§§,3(b),45

In chemical recognition/sensing with 1,2,5-chalcogena
diazoles, σ-holes are mainly involved;17( j),55(a),60 simultaneous 
participation of both σ-holes at the same E atom is 
possible.29(a),33(b),34(a),61 All else being equal, VS,max magnitude/
ChB strength enlarges in the order S < Se < Te26(i),34(c),59 
(cf. compounds 1–3, 4 with two different E atoms, 5 and 7, and 
10 and 11; Figure 1), i.e., with enlarging polarizability of the E 
atoms.62 For 6–5 fused incarnations, the magnitudes can be 
modulated by substitution in the six-membered cycle or/and 
N+–R quaternization/N→O oxidation in the five-membered one. 
When it lowers molecular symmetry from C2v, σ-holes become 
nonequivalent.24(b),25(a),26(a),(i),34(c),63 With π-basic guests, the 
ChB can be formed by σ-hole-based E∙∙∙π interactions.19(d ),50(d ) 
With sterically inaccessible σ-holes, π-hole-driven ChB is 
observed.64

Orbital contribution into ChB corresponds to the Alcock 
model.3(a) With chalcogenadiazole host, it is an overlap of virtual 
σ*-MO of its E–N bond with unshared n-MO of the guest 
accompanied by n→σ* CT, i.e., by negative hyperconjugation;65 
or, rarely, by π→σ* CT as with the [Ph4B]– guest.19(d ) If a π-hole 
is involved, whose peculiarity is enhanced amplitude of the 
π*-MO in the hole area, a better overlap with the n-MO leads to 
a bigger n→π* CT.56 The orbital contribution/CT connects ChB 
with a more common donor–acceptor coordinate bond.66 
Together with electrostatic contribution, the orbital one is 
responsible for the covalency/directionality of ChB.17( j ),59,61(c),67 
With SAPT††† calculations on relevant 1,3-tellurazoles, however, 
it was found that Pauli repulsion/steric interaction is more 
important for the ChB spatial orientation68 highlighting once 
again the maverick situation of Te amongst the chalcogens.69 
Dispersion70 contribution into ChB is linked with higher atomic 
polarizability of heavier atoms62 in the hosts/guests (e.g. Se, 
Te/[Br]–, [I]–).

Similar to SBIs in general, the real or potential 
significance  of  ChB covers not only fundamental and 
applied  chemistry but  also biomedicine (e.g. drug design) 
and  materials, catalysis,  separation and environmental 
sciences.17(e),(g),26(i),55(c),61(c),67(a),71,72

Anions
As [A]n– receptors/sensors in solutions, compounds 1–13 are 
studied (Figure 1, Scheme 1).24(a),32,33(a),(b),34(a)–(e),35,43(d),73 
Unlike other [A]−, [CN]− and [ECN]− (E = O, S, Se, Te) possess 
two different coordination sites and reveal an ambivalent 

using of such chemical concepts as Lewis structures, charge and CT, 
bond type and order, etc. The energy decomposition analysis (EDA), 
which can be performed with SAPT, partitions the interaction energy into 
electrostatic, exchange (i.e., Pauli repulsion), induction (i.e., orbital) and 
dispersion contributions; combined with natural orbitals for chemical 
valence approach (EDA-NOCV), it provides further dividing energy of 
orbital interaction into pairwise contributions of the most relevant MOs.
‡‡‡  Amongst spectral methods, still unemployed in the field resonance 
Raman (RR) spectroscopy (enabling structural identification of ChB-
relevant CT chromophores with very high sensitivity) and nuclear 
quadrupole resonance (NQR; ~50% of chemical elements have 
quadrupole nuclei) are promising.

–51.6 51.6

1, 36.3 4, S 20.5/Se 29.23, 51.6

13, 34.912, 42.211, 39.010, 30.49, 37.3

7, 28.0

8, 34.2

6, 36.65, 19.72, 43.3

Figure  1  B3LYP/def2-tzvp-calculated MEPs of chalcogenadiazoles 1–13 (0.001 e Bohr–3 isosurface) featuring σ- and π-holes, together with VS,max 
(kcal mol–1) of the σ-holes.
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reactivity contradicting to HSAB concept.57,74 The formation of 
the complexes is usually confirmed by VIS spectroscopy 
combined with TD-DFT and/or NBO calculations, and ESI-MS 
([3–A]– (A = F, Cl, Br, I, PhS), [13–Cl]–)33(b),34(b),(c) and 
multinuclear NMR ([3–F]–) techniques.34(b)

Numerous ChB-bonded [A]n– (n = 1, 2) complexes were 
isolated in the form of salts with various [Cat]+ and 
characterized by XRD (Figure 2; ESM), solid-state UV–VIS 
and NMR, and quantum chemical calculations. Complexes 
with 1 : 1, 1 : 2, 2 : 1 and 4 : 1 stoichiometry were observed; for 
[3–Br]–, polymorphs were found. The structures depend on 
[Cat]+; the [A]n– function as both mono- (most cases) and 
ditopic/bridging ([7–Te4–7]2–, [122–Cl]–) ligands. The 1 : 2 
complexes highlight the presence of two σ-holes at the E 
atoms and feature bifurcate ChB; some of them are 
heteroleptic, e.g. simultaneously containing [A]– and LB 
ligands as [Cl–12–THF]– (Figure 2). The bifurcate ChB with 
bridging [A]– is also observed for 1 : 1 complexes with [PyH]+, 
[Et4N]+, [Bu4N]+ and [R4P]+ (R = Ph, Et) counter cations; the 
structures feature [M–A]–

2 dimers (M = 2, 3, 12; A = Cl, 
Br, I).33(b),50(c),(d ),73(a) With 6, complexes [64–A]– were isolated 
from reaction solutions presumably containing [6–A]– 
(A = Cl, Br, I; see below). Their 4 : 1 structure with clustering 
of 6 around [A]– (e.g. [64–I]–, see Figure 2) is caused by a 
cooperativity of ChB and HB. The latter is crucially important 
since isomeric 8, incapable of simultaneous coordination of 
[A]– by HB and ChB, does not form isolable complexes under 
the same conditions. Furthermore, in the crystal, [64–A]– are 
connected by the π-hole-driven ChB; overall, each [A]– is six-
coordinated. Tetra- and pentafurcate ChB is observed for 2 : 1 
complex [122–Cl]–.24(a),32,33(a),(b),34(a)–(e),73(a) Some complexes 
were not isolated and characterized by solution VIS spectra 
and/or quantum chemical calculations.17(d ),34(c),59,61(b),75

The common structural peculiarity of all studied real/putative 
complexes is that the ChB is longer than the sum of the covalent 
radii76(a) of the involved atoms but shorter than the sum of their 
VdW radii;76(b) and the difference between the sum of VdW radii 
of interacting atoms and the ChB experimental distance is a 
descriptor of the ChB strength. The NBO/NOCV analyses 

suggest that an interaction of the n-MO of [A]– (i.e., p-AO) with 
the E–N σ*-MO of chalcogenadiazole (Figure 3) specifies 
orbital contribution in the ChB (i.e., its covalency) and the n→σ* 
character of the CT.17(d),24(a),32,33(a),(b),34(a)–(e),59,61(b),67(a),73(a),(b),75

The CT manifests itself in new bands/shoulders in the solution 
and solid-state VIS spectra of [M–A]n–, which are red-shifted as 
compared with the longest-wavelength bands in spectra of the 
parent M. In MeCN, lmax (hereinafter, in nm) of these bands/
shoulders are ~400 for [3–SeCN]−, and ~450–460 for [M–SPh]– 
(M = 2, 3) and [64–I]–.24(a),33(a),34(a),(b),(d ) For [12–A]– in 
THF/MeCN, lmax is 436/405 (shoulder, 450) (A = Cl), and 
496/488 (A = Br); with A = I, the band is shifted to ~600 (tail 
extends into NIR region). The variation of VIS spectra of [12–A]– 
in these solvents implies structural reorganization or/and specific 
solvation.73(a) The solid-state VIS spectra of complexes are 
broadened as compared with solution ones, but the bands’ 
maxima coincide fairly well providing XRD-based structural 
ideas for solutions.73(a) With 6, however, solution VIS spectra of 
6 + [Et4N]+[A]– (A = Cl, Br, I) reaction mixtures are markedly 
different from the solid-state spectra of the isolated 
[Et4N]+[64–A]– (whereas variable-temperature 35Cl and 77Se 
NMR spectra are less informative); thus, for [Et4N]+[64–I]– lmax 
is shifted from ~460 to ~600. Dissolved in MeCN, the authentic 

F– Cl– Br– I– NO2 CN– OCN– SCN– SeCN– TeCN–

CH3COO– PhS– PhTe– 72SO4 CO3 PO4

–Te–Te– –Te–Te–Te–Te–

CF3SO2OHSO4 H2PO4

–

– – – 3–2– 2– –

Scheme  1  Anions studied with chalcogenadiazoles 1–13.
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[2–SPh]– 33(a) CCDC 805248

[4–Cl]– 32 CCDC 644965 [Cl–12–THF]– 73(a) CCDC 2168136 [64–I]– 24(a) CCDC 2241712 [74–Te2]
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[3–NCO]– 34(d) CCDC 1837178 [3–SeCN]– 34(d) CCDC 1837179 [Cl–3–Cl]2– 33(b) CCDC 850208

Figure  2  Representative XRD structures of anionic complexes (ESM). The ChBs are indicated by dashed lines with bonds distances in Å. Colour code: 
C – grey, H – light gray, Cl – green, I – purple, N – blue, O – red, S – yellow, Se – golden yellow, Te – orange. Omitted [Cat]+: [K(18-crown-6)]+ for  
[2–SPh]–, [3–NCO]–, [3–SeCN]– and [7–Te2]2–; [PyH]+ for [Cl–3–Cl]2–; [Et4N]+ for [64–I]– and [Cl–12–THF]–.

LUMO

0.15 eV

nS

HOMO

σSeN
*

Figure  3  Left: the formation of the Se–S ChB of [2–SPh]– in the 2 + [PhS]– 
reaction. Right: the frontier MOs of [2–SPh]– involved in the lowest-energy 
electronic transition corresponding to the CT band in its VIS spectrum. 
Adapted with permission from ref. 33(a); copyright 2011 American 
Chemical Society.
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[Et4N]+[64–A]– reproduce VIS spectra of the 6 + [Et4N]+[A]– 
reaction mixtures implying the formation of the [64–A]– during 
the crystallization of the [Et4N]+[64–A]–.24(a)

For [M–A]– (M = chalcogenadiazole, e.g. 3), NBO suggests 
that the electronic transitions responsible for the CT bands 
involve the frontier MOs localized at M’s different areas (see 
Figure 3).33(a),34(a),(d ) For clustered [64–A]– (A = Cl, Br, I), the 
TD-DFT discloses that the excited states associated with CT 
transitions cannot be assigned to a single process of electron 
promotion from an occupied MO to a virtual MO but involve a 
number of the occupied MOs located mostly on A and the virtual 
MOs located mostly on 62 pairs.24(a) Overall, the CT, numerically 
depending on the computational method, varies from low to 
moderate. The NBO/Mulliken CT (hereinafter, in e–) is 
~0.2–0.4/0.3–0.5 for [M–A]– (M = 1–3; A = F, Cl, Br, I, CN, 
OCN, SCN, SeCN, SPh) and ~0.3/– for [12–A]– (A = Cl, Br, I); 
the highest Mulliken value of ~0.5 corresponds to 
[3–CN]–.33(a),34(a),(b),(d ),73(a) With NBO, CT of ~0.3 is the same 
for [3–Cl]– and [Cl–3–Cl]2–.33(b) For [M–A]n– (M = 1–3; n = 1, 2; 
A = F, Cl, Br, NO3, SO4), MP2-calculated CT varies between 
~0.05 ([1–NO3]–) and ~0.3 ([1–SO4]2–).61(b)

Thermodynamic stability of complexes in solution and gas 
phase is different due to Gibbs free energy ΔG of solvation. For 
[M–A]– (M = 1–3, 7, 9, 11, 13; A = F, Cl, Br, I) in THF, DFT 
suggests negative ΔG except [1–I]–; for [2–I]–, ΔG is negative 
but low, which corresponds to low association constant K 
(ESM). For [A–M–A]2–, DFT predicts negative ΔG only for 
[A–2–F]2– and [A–3–A]2– (A = F, Cl, Br). According to XRD 
([3–A]– and [A–3–A]2–; A = Cl, Br) and DFT, coordination of 
the second [A]– always leads to the elongation of the ChBs due 
to the electrostatic repulsion.33(b),34(a),(b) The CT bands in VIS 
spectra allow experimental assessment of K and ΔG in solutions 
(ESM). In going from gas phase to solution, K decreases; the 
effect is much more pronounced in polar solvents. With various 
solvation models, DFT-calculated ΔG magnitudes reasonably 
agree with the experiment. Destabilization of the complexes in 
solution compared to the gas phase is associated with CT 
decrease, e.g. by 15–35% for [M–A]– (M = 1–3) in THF; the 
same factor causes a higher destabilization in polar solvents 
compared to nonpolar. For example, K of [3–I]– in CH2Cl2 is 
450 times higher than in MeCN; for [2–SPh]–, the difference in 
ΔG is significantly smaller and K decreases by 25 times only 
(ESM).33(a),(b),34(a),(b) For [M–A]– (M = 7, 9, 11, 13), K in THF 
decreases in the A order Cl > Br > NO3; the highest dispersion-
corrected DFT-value of –ΔG is ~7 kcal mol–1 for A = Cl. For  
A = I, K is too small to be determined (ESM), or interaction is 
accompanied by the decomposition of M.34(c)

The electron-withdrawing substituents (e.g. F or CN)§§§,17(k) 
in six-membered cycles of 6–5 bicyclics considerably enlarge 
ChB donor ability (ESI) correlating with VS,max at the E atoms34(c) 
In fluorocarbon series, 11 binds, and 10 does not bind, [A]− 
(A = F, Cl) via ChB. Related tetrafluoro 1,3-benzodiazole 14 
coordinates [Cl]− via HB indicating that HB is more effective 
here for [A]− binding than ChB. This agrees with relative VS,max 
magnitudes of 10, 11 (see Figure 1) and 14 (60.2 kcal mol–1) and 
suggests that selenadiazole–azole hybrids admitting ChB and 
HB cooperativity (cf. [64–A]–) are promising for the 
field.73(b)  Quantification of CT in [M–A]– and M–LB 
(M = 1,2,5-chalcogenadiazole) by charge-displacement (CD) 
analysis gives values linearly correlating (separately for [M–A]– 
and M–LB) with the experimental K in solution, thus allowing 

a  priori evaluation of K.75 Since CD analysis deals only with 
the  CT/polarization (i.e., orbital contribution in ChB), these 
correlations look as rather deterministic than stochastic and 
certifying the ChB covalency.

The pseudo halides do not interact with 1 and 2 due to 
unfavorable thermodynamics (ESM). Compound 3 and 
[K(18-crown-6)]+[A]– in THF give [3−A]− (A = CN, NCO, 
SCN, SeCN) (see Figure 2; ESM); instead of [3−TeCN]−, only 
unidentified products were obtained. Importantly, [CN]− did 
not provoke 1,2,5-chalcogenadiazole disintegration observed 
with charged C-nucleophiles.77 In [3–A]–, the softer side of 
[A]– is coordinated to the soft Te atom of 3, which is 
thermodynamically favorable in both the gas phase and in 
solution (ESM).34(d) By contrast, 3 and [K]+[SeCN]− in MeCN 
afforded [3–NCSe]– contradicting the DFT-calculated solution 
thermodynamics (ESM) probably due to the fact that the [Cat]+ 
was not accounted. This highlights the role of [Cat]+ hardness 
(cf. [K(18-crown-6)]+ and [K]+) and, thus, kinetics contribution. 
The formation of [3–A]– led to downfield shifts of δ125Te by 
~20 ppm in 125Te NMR spectra, except [3–F]–.34(d ) For the 
latter, where the signal authenticity was unambiguously proved 
by the observation of the 1J(19F–125Te/125Te–19F) in 19F and 
125Te NMR spectra, the shift of δ125Te was upfield.34(b) Solid-
state 125Te NMR independently confirmed the Te–N, not Te–O, 
ChB in [3–NCO]–; for 125Te NMR chemical shift tensors of 
[3–A]– (A = ECN; E = O, S, Se), however, no simple 
correlations with ChB distance or angle were found, which can 
be caused by long-range packing-effect contributions to the 
tensors.50(f )

The K constants of [M–A]− (A = Cl, Br) measured by VIS 
titration for M = 12 are significantly lower than for M = 2, 3 
indicating relatively weak ChB in [12–A]− in agreement with the 
corresponding ΔG magnitudes calculated by dispersion-corrected 
DFT. The QTAIM and NBO suggest that the ChB in [12–A]− is 
mainly electrostatic and dispersive in nature but with noticeable 
orbital contribution in the form of negative hyperconjugation.73(a)

Amongst [M–A]2– [A = 72,73(c) Ten (n = 2, 4),34(e) SO4
61(b)], 

trimeric [7–72]2– is the most uncommon in the stereoelectronic 
aspect. It was obtained as unexpected product of reduction of 7 
into [7]·– radical anion (RA). The diamagnetic [7–72]2– is 
composed of antiferromagnetically-coupled diradical dianion 
([7]·–)2 in the singlet ground state and neutral molecule 7 bridged 
by unusually asymmetric Te–N ChBs (ESM). CASSCF suggests 
that the negative charge of [7–72]2– is delocalized over the whole 
specie; ~85% of the charge, however, is concentrated on the 
([7]·–)2 unit.73(c) In [7–Te2]2– (see Figure 2) and [7–Te4–7]2–, 
only one σ-hole of 7 is used for [Ten]2– (n = 2, 4) coordination.34(e) 
For putative [M–SO4]2– (M = 1–3), double Te–O ChB is 
suggested with M = 3 resembling double E–O ChB proposed for 
[M–NO3]– (M = 1, 2).61(b)

For [M–A]n– (M = 1–3, 7, 9, 11, 13; A = F, Cl, Br, I, NO3, 
SO4; n = 1, 2), EDA suggests that the ChBs are essentially, but 
not totally, electrostatic and relatively strong. The EDA-NOCV 
confirms the n→σ* character of CT. The strength of ChB 
depends not only on VS,max at the M hosts but also on VS,min at the 
[A]n– guests; with M = 1–3, the relative strengths of the ChBs are 
generally in the A order SO4 > F > Cl > Br > NO3.59,61(b) The 
EDA/SAPT treatment of ChB in putative [62–A]– and real 
[64–A]– (A = Cl, Br, I) also reveals dominance of electrostatic 
interactions in front of orbital and dispersion ones; the dispersion 
energy is slightly [A]–-dependent and provides ~10% of the ChB 
energy. Generally for ChB-bonded complexes, EDD and NBO 
jointly confirm [A]–-depending CT associated with an orbital 
contribution.24(a),61(b)

In [M–A]n–, ChB bcp’s feature very low electron densities 
rb = ~0.01−0.05 (hereinafter, in a.u.) except [M–F]– with 

§§§  Cyanated or fluorinated (aza)arenes coordinate [A]– by means of 
[A]–∙∙∙π interactions driven by π-holes; fused with 1,2,5-chalcogena
diazoles, they coordinate [A]– by virtue of ChB based on chalcogen 
σ-holes.
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rb = ~0.1. For [3–A]– (A = CN, OCN, SCN, SeCN), 
rb = ~0.04–0.08 depending on both A and its orientation. The 
highest rb value relates to [3–CN]– revealing also the highest CT 
in this series. The values of Laplacian ∇2rb at the bcp’s are 
relatively small and positive. Such rb and ∇2rb are typical of 
mainly electrostatic/closed-shell interactions. At the same time, 
the ratio of potential Vb and kinetic Gb energy densities, 
1 < |Vb|/Gb < 2, indicates their partially covalent character. The 
QTAIM/NCI situate the ChB in [M–A]n– in the same energy 
range as strong HB.24(a),33(b),34(a),(b),(d ),(e),59,61(b),73(a)

Quantum-chemically estimated thermodynamics suggests the 
general character of the [M–A]– formation for M = 1,2,5-selena/
telluradiazoles, covering in some cases thiadiazoles. Numerically, 
ChB energy depends on the computational method and for 
M = 1–3 varies in a wide range from ~25 in putative [1–I]– to 
~97 kcal mol–1 in putative [3–SO4]2−. The lower limit is 
comparable to the energy of weak covalent bonds, e.g. internal 
N–N bond in organic azides; and the upper limit, to that of the 
C–C bond in common organics.33(a),(b),34(a)–(c),61(b)

For [A]– receptor chemistry,3(d),5(c)–(e),10(a),(b),78 very important 
is recognition selectivity in the situations where the guest deals 
with non-equivalent binding sites of the host; or the host deals 
with a set of guests. In the latter case, a wide disparity in the ChB 
strengths may lead to the selective complexation of specific [A]–. 
Both situations are poorly studied. Thus, [Cl]– selects between S 
and Se binding sites of 4 (see Figure 1) forming [4–Cl]– with 
the  Se–Cl ChB (see Figure 2). A preliminary assessment of 
selectivity of 3 towards [F]– and [SeCN]− with 1 : 1 : 1 mixture of 
3, [F]− and [SeCN]− revealed of the Te∙∙∙F interactions with the 
formation of [3–F]− in accordance with thermodynamics.34(d ) 
Competitive comparison of 3 with established [A]–-receptor 
(o-C6F4Hg)3 156 with the 1 : 1 : 1 mixture of 3, 15 and [SeCN]− 
disclosed dominance of 15 with the formation of [15–SeCN]–.34(d ) 
Individual 15 coordinates chalcogenadiazoles via Hg∙∙∙N and 
F∙∙∙H SBIs.79

Limitations of [A]– recognition with 1,2,5-chalcogenadiazoles 
are associated with (1) unfavorable thermodynamics, for which 
easily-available VS,max of hosts can be used as a priori indicators; 
and (2) guests-induced decomposition of the hosts or their 
reduction into RAs. The first limitation refers to sulfur/
selenadiazoles; particularly, [M–A]n– (M = 1, 2, A = any tried 
anion; M = 5, 8, 10, A = halide) are not observed.24(a),34(d ),73(b),80 
The second limitation concerns telluradiazoles. Thus, the 
reactions of 3 with [PhTe]−,34(b) 7 with [A]− [A = F, RO (R = Ac, 
Tf), HSO4, H2PO4] (in contrast with A = Cl, Br, I, NO3),34(c) and 
1, 2 and their fused derivatives with charged C-nucleophiles 
(crypto-anions of organometallics, metal = Li, Mg),77 lead to 
the  hosts disintegrations. On a practical level, work with 
telluradiazoles is also complicated by their hydrolytic instability. 
In the form of chemical reduction, this limitation covers hosts 
with enhanced electron affinity (EA)¶¶¶,24(c),37 and guests 
enabling act as reducing agents. Thus, 2–4 and all-S congener of 
4 with [PhE]– (E = S, Se), and 12 with [CO3]2–, afford 
corresponding RAs.19(a),33(a),34(a),43(d),81

Neutral molecules
Towards real or putative M–LB (M = 1–13), N-, C- and 
O-centered LBs are studied (Scheme 2). For N-centered ones, all 
spn hybridization states (n = 1–3) are covered; heavier pnictogens 
are represented by Me3As. The O-centered LBs encompass 
phenols, particularly, 4-NO2 derivative. The isolated complexes 
are characterized by XRD (Figure 4; ESM) (for 2–PNO 

polymorphism is found), solid-state NMR, and quantum 
chemical calculations. As in [M–A]n–, in M–LB guests function 
as mono- or ditopic ligands, and ChB is longer than the sum 
of  the covalent radii of the partner atoms but shorter 
than  the  sum  of  their VdW radii. In many cases, 
significant  cooperativity  of  ChB  and other SBIs is 
observed.19(b),25(b),(c),26(e),33(b),34(a),50(a)–(d),59,75,82,83

The M–LB (M = 2, 3; LB = BP, BPE, DAP)50(c) and 
Py–3–Py33(b) feature double ChB; and 11–Py,25(c) supramolecular 
dimers. The overall CT of ~0.1 in Py–3–Py is expectedly much 
lower than ~0.3 in [3–Cl]– and [Cl–3–Cl]2–.33(b) For 7–Q of M–Q 
family (M = 7, 9 and its 4-CN isomer, 11, 13),34(c),59,75 K weakly 
depends on the nature of solvents34(c) (ESM). According to 
quantum chemical calculations at various levels of theory, 
putative M–LBn [M = 10, 11 and their S-congener 16; LB = Py, 
Pyr, Im, R–CN (R = F, Cl), N≡P, trans-N2H2; n = 1, 2] are 
realistic with ChBs having predominantly electrostatic character; 
in going from 16 to 11 and 10, the electrostatic and polarization 
contributions gradually increase and the dispersion contribution 
decreases. The rb, ∇2rb and CT values for M–LBn are noticeably 
lower than for [M–A]n–. With LB = Py, Im, ChB is stronger than 
HB. On the addition of a second LB to M–LB, ChB gets 
weakened.82(a) Complexes of 3 with DABCO50(e) and TMEDA83 
are 1D coordination polymers; with TMEDA, they have [3 · M]∞ 
and [32 · M]∞ structures, and also form [32 · M] · Solv clathrates 
(M = TMEDA; Solv = benzene, pyridine, or thiophene).83 From a 
vapor phase, environmentally-hazardous heavier-pnictogen 
compound Me3As forms complexes with some derivatives of 5, 
which, consequently, is a promising platform for effective FL 
sensors of Me3As vapor possessing rapid response, together with 
high sensitivity and selectivity; the S congeners are less effective.82(b)

For real (M = 3, 7; see Figure 4)50(a) and putative (M = 13)59 
M–NHC, quantum chemical calculations suggest the major 
electrostatic contribution in the ChB ( rb of ~0.04–0.06 and small 
positive ∇2rb) in front of non-negligible orbital contribution. The 
latter is based on the donation of a NHC’s unshared electron pair 
to the Te atom. For M = 3, 7, the Roby84(a) and Raub–Jansen84(b) 
bond indices indicate a highly polarized but strongly covalent 
character of this interaction.50(a),59 The ChB polarization is 
characterized by CT of ~0.1–0.3 from Mulliken, NBO, Hirshfeld, 
and QTAIM analyses; as with [A]–, the higher values come from 

¶¶¶  Most of 1,2,5-chalcogenadiazole derivatives are strong π-acceptors. 
Their first adiabatic EA is positive, which means that π-RAs are 
thermodynamically more preferable than the neutral molecules.
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Mulliken scheme. The calculated ChB order is ~0.5. For M = 3, 
7, such a low value is qualitatively proved by variable-
temperature NMR in THF solutions revealing free rotation of 
molecular fragments around ChB, together with inversion; the 
NHC-depending energy barrier of the inversion estimated 
with  Eyring equation is ΔH≠ of ~10 kcal mol−1 and –ΔS≠ of 
~6 ± 4 cal mol−1 K−1.50(a)

Amongst M–LB (M = Cl4–7, 13, LB = DMSO; and M = 13, 
LB = THF),24(c),25(b),34(c),59 those with LB = DMSO feature 
supramolecular dimers in the solid state. Complex 
5–(4-O2NC6H4OH) reveals cooperativity of ChB (Se–N and 
Se–O), HB (N–H) and 5∙∙∙5 π-stacking interactions.82(d ) The ChB 
nature of M–HQ (M = 2, 3) is confirmed by XRD (see Figure 4) 
and solid-state NMR;50(d) and M–CR (M = 2, 3 and all S-analogue 
of 4), by XRD (see Figure 4), DFT, QTAIM and NBO.19(b) 
Quantum chemical calculations and QTAIM analysis of M–CR 
suggest predominantly electrostatic character of the E–O ChB; 
the corresponding rb, ∇2rb and CT values are noticeably lower 
than for [M–A]n–.19(b) The E–O ChB (E = Se, Te) of M–PNO 
(M = 2, 3) (see Figure 4) exists in both solid state (XRD, see 
Figure  4; solid-state NMR) and organic solutions (solution 
NMR).50(b),(c) Similar E–O ChB between PNO-based surfactant 
and quasi-calix[4][1,2,5-chalcogenadiazole] drives solution self-
assembly of supramolecular nanofibers (E = Se) or vesicles 
(E = Te) with supra-amphiphilic properties. The ChB-competing 
[A]– (A = Cl, Br) or decreased pH provoke reversible 
disassembly.82(c)

In indirect way, the title compounds were also used in 
recognition of neutral molecules which are not LBs. The crystal 
structures of 1,2,5-chalcogenadiazoles, their 2-oxides and 
1,2,5-chalcogenadiazolium salts are self-assembled by [E–N]n 
(n = 1, 2) ChBs.23(a),24(a)–(c),25(b)–( f ),26(a)–(h),27,28,38,41(b),63 Some 
structures have VdW voids capable of filling; in triptycene 
tris(1,2,5-selenadiazole), incremental single-atom substitutions 
of Se with Te promotes assembly of stable low-density ChB-
based frameworks.27 For CN-containing, especially TCNQ-
fused, derivatives the voids formed by E–NCN (E = S, Se) ChBs, 
spatially match some arenes.17( f ),85 With E = Se, the voids of 
these strongly π-accepting compounds¶¶¶,24(c),37 are effective in 
selective molecular recognition/separation, e.g. of isomeric 
methylated benzenes or naphthalenes, by means of the CT-type 
clathrate formation.17( f ),85(b) Similar situation is observed for 
cavitands based on resorcin[4]arene and 5, 7 or their S congener 
and self-assembled into supramolecular capsules by the [E–N]2 
ChBs. The cavities’ volumes depend on E–N distances (stronger 
is the ChB, shorter is the distance), and the Te derivative with 

smaller cavities is capable of forming clathrate with benzene; 
whereas the S analogue with bigger cavities, with toluene.29(a) 
The ChB-bonded supramolecular containers formed by 
selenadiazolo-based cavitand selectively encapsulate (functional) 
alkanes; both unloaded and loaded containers reveal enhanced 
magnetic anisotropy.86

Limitations of recognition of neutral LBs by 
1,2,5-chalcogenadiazoles relate to addition reactions of hosts 
possessing higher EA (e.g. azabenzo-fused derivatives)37 with 
C-nucleophilic/CH-acidic guests.38,87

Conclusion
The title compounds are promising for ChB-based chemical 
recognition/sensing of Lewis bases. Their known structural 
variations are really countless, and 1–13 represent only a 
very  limited set. The cyclic/heteroaromatic structure of 
1,2,5-chalcogenadiazole is important for the subject since 
(R–N=)2E acyclics are not effective in the field. The ChB of the 
title compounds exhibits clear-cut covalency highlighting the 
misleadingness of the term noncovalent interactions in this 
context.† In the form of CR-annulated derivatives,81(b),88 the title 
compounds have the unexplored potential for cooperative ion-
pair recognition. Further research should focus on enhancing 
selectivity, sensitivity, and applicability, aligning with the criteria 
expected for an ideal chemosensor, with fluorescence detection 
being particularly suitable. For practical applications, 
recognition/sensing in water and air are essentially important, 
e.g. for the detection of environmental contaminates. In this 
regard, water-stable Se derivatives are the most encouraging; 
whereas the S congeners are weaker ChB donors, and Te ones are 
moisture sensitive. On the other hand, under water-free 
conditions low-soluble Se and Te derivatives can be used as 
solid-state sensors performing at the solid–liquid and solid–gas 
interfaces. Consequently, hydrophilic 1,2,5-selenadiazoles have 
to be designed, synthesized, and characterized, including their 
hybrids with 1,3-di- or/and 1,2,3-triazoles allowing ChB and HB 
cooperativity. For the design purposes, easily-available VS,max 
can be used. Based on available data, VS,max threshold of 
~30 kcal mol–1 might be taken for the hosts of small [A]n–. At the 
same time, EA of the hosts should be lower ~1 eV24(c),37,73(b) to 
prevent reduction into RAs with [A]– guests, as well as addition 
of neutral C-nucleophilic/CH-acidic guests.

In the fundamental aspects, interaction of the title compounds 
with [F]– (cf. [3–F]–)34(b) is useful for experimental quantitative 
assessment of Lewis acidity of main-group compounds via 
fluoride-ion affinity (FIA).††††,89 Another interesting possibility 
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is ChB sterical switching between σ- and π-holes.64 On VS,max 
scale, π-holes are generally weaker than σ-holes but have 
advantage in better overlap of MOs responsible for ChB 
covalency and CT.56 This may lead to stronger VIS/FL response 
facilitating detection. Besides, interaction of the title compounds 
with [A]n– affords new chemical bonds including challenging, 
e.g. those between different E atoms. This interaction can be 
expanded onto trapping exotic [A]– ‡‡‡‡,90 RAs and other transient 
species, e.g. reaction intermediates including those of catalytic 
processes in solution, etc.

Overall, the discussed findings highlight once again the 
special significance of chalcogen-nitrogen π-heterocyclic 
chemistry covering not only molecular/ion recognition and 
sensing but also many other hot topics, particularly molecular 
conductors and magnetics.19(a),81,91
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116, 5155; (h) H. Wang, W. Wang and W. J. Jin, Chem. Rev., 2016, 116, 
5072; (i) M. S. Taylor, Coord. Chem. Rev., 2020, 413, 213270; 
( j ) A. D. Docker, C. H. Guthrie, H. Kuhn and P. D. Beer, Angew. Chem., 
Int. Ed., 2021, 60, 21973.

16	 (a) S. J. Grabowski, Understanding Hydrogen Bonds: Theoretical and 
Experimental Views, Royal Society of Chemistry, Cambridge, 2020; 
(b) S. J. Grabowski, Phys. Chem. Chem. Phys., 2017, 19, 29742.

17	 (a) S. Scheiner, Chem. – Eur. J., 2016, 22, 18850; (b) N. Biot and 
D.  Bonifazi, Coord. Chem. Rev., 2020, 413, 213243; 
(c) E. Navarro-García, B. Galmés, M. D. Velasco, A. Frontera and 
A.  Caballero, Chem. – Eur. J., 2020, 26, 4706; (d ) S. Scheiner, 
M.  Michalczyk and W. Zierkiewicz, Coord. Chem. Rev., 2020, 405, 
213136; (e) P. Peluso, A. Dessì, R. Dallocchio, B. Sechi, C. Gatti, 
B. Chankvetadze, V. Mamane, R. Weiss, A. Pale, E. Aubert and S. Cossu, 
2021, 26, 221; ( f ) T. Shimajiri, H.-P. J. de Rouville, V. Heltz, 
A. Akutagawa, T. Fukushima, I. Ishigaki and T. Suzuki, SynLett, 2023, 
34, 1978; (g) S. Mehrparvar, C. Wölper, R. Gleiter and G. Haberhauer, 
Angew. Chem., Int. Ed., 2020, 59, 17154; (h) C. H. Suresh, G. S. Remya 
and P. K. Anjalikrishna, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 
2022, 12, e1601; (i) B. Mallada, A. Gallarado, M. Lananec, B. de la Torre, 
V. Špirko, P. Hobza and J. Jelinek, Science, 2021, 374, 863; ( j ) P. Politzer 
and J. S. Murray, Crystals, 2019, 9, 165; (k) I. A. Rather, S. A. Wagay 
and R. Ali, Coord. Chem. Rev., 2020, 415, 213327.

18	 (a) G. Y. Lee, E. Hu, A. L. Rheingold, K. N. Houk and E. M. Sletten, 
J. Org. Chem., 2021, 86, 8425; (b) M. Alfonso, A. Espinosa, A. Tárraga 
and P. Molina, ChemistryOpen, 2014, 3, 242.

19	 (a) E. A. Chulanova, N. A. Semenov, N. A. Pushkarevsky, N. P. Gritsan 
and A. V. Zibarev, Mendeleev Commun., 2018, 28, 453; 
(b) E. A. Chulanova, E. A. Radiush, I. K. Shundrina, I. Yu. Bagryanskaya, 
N. A. Semenov, J. Beckmann, N. P. Gritsan and A. V. Zibarev, Cryst. 
Growth Des., 2020, 20, 5868; (c) J. Lee, L. M. Lee, Z. Arnott, H. Jenkins, 
J. F. Britten and I. Vargas-Baca, New J. Chem., 2018, 42, 10555; 
(d ) T. S. Sukhikh, R. M. Khisamov and S. N. Konchenko, Molecules, 
2021, 26, 2030; (e) A. A. Sapronov, A. S. Kubasov, V. N. Khrustalev, 
A. A. Artemjev, G. M. Burkin, E. A. Dukhnovsky, A. O. Chizhov, 
A. S. Kritchenkov, R. M. Gomila, A. Frontera and A. G. Tskhovrebov, 
Symmetry, 2023, 15, 212.

20	 (a) T. Chivers and R. S. Laitinen, Chalcogen-Nitrogen Chemistry: from 
Fundamentals to Applications in Biological, Physical and Materials 
Sciences, World Scientific, 2022; (b) R. Fleischer and D. Stalke, Coord. 

††††  The FIA is an important quantitative descriptor of main-group Lewis 
acidity specified as –ΔH of the M + [F]– → [M–F]– reaction, i.e., [F]– 
recognition and binding reaction. For multidimensional description, 
chloride-ion affinity (CIA) is also used. Currently, FIA/CIA are mostly 
computational, and the field suffers from a scarcity of experimental data. 
For FIA assessment in organic solutions, [(Me2N)3S]+[Me3SiF2]– 
(TAS-F) is suitable [F]– source.
‡‡‡‡  Reported attempt relates to 5 and [I5]–; most likely, it failed due to 
inappropriate design of reaction conditions.



Focus Article, Mendeleev Commun., 2024, 34, 297–306

–  305  –

Chem. Rev., 1998, 176, 431; (c) R. Bussas, G. Kresze, H. Münsterer and 
A. Schwöbel, Sulfur Rep., 1983, 2, 215.

21	 (a) K. Kawamoto and S. Uchiyama, Chem. Lett., 2012, 41, 1451; 
(b) Y. Wang, J. Fan, M. Li, X. Xie, X. Meng, J. Ding and H. Hou, Dyes 
Pigm., 2021, 191, 109345.

22	 (a) B. A. D. Neto, J. R. Correa and J. Spenser, Chem. – Eur. J., 2022, 28, 
e202103262; (b) M. Boujut, J.-E. Zheng, X. Franck and T. Gallavardin, 
Arkivoc, 2024, (ii), 202312096; (c) E. O. Levina, E. V. Bartashevich, 
A. E. Batalov, O. A. Rakitin and V. G. Tsirelson, Mendeleev Commun., 
2023, 33, 372; (d ) F. de Moliner, Z. Konieczna, L. Mendive-Tapia, 
R. S. Saleeb, K. Morris, J. A. Gonzalez-Vera, T. Kaizuka, S. G. N. Grant, 
M. H. Horrocks and M. Vendrell, Angew. Chem., Int. Ed., 2023, 62, 
e202216231; (e) V. M. Korshunov, T. N. Chmovzh, A. Ya. Freidzon, 
M. E. Minyaev, A. D. Barkanov, I. S. Golovanov, L. V. Mikhalchenko, 
I. C. Avetisov, I. V. Taydakov and O. A. Rakitin, Dyes Pigm., 2023, 208, 
110860; ( f ) V. M. Korshunov, T. N. Chmovzh, I. S. Golovanov, 
E. A. Knyazeva, L. M. Mikhalchenko, R. S. Saifutyarov, I. C. Avetisov, 
J. D. Woollins, I. V. Taydakov and O. A. Rakitin, Dyes Pigm., 2021, 185, 
108917; (g) E. Regis, L. de O. Aguiar, P. Tuzimoto, E. Girotto, 
T.  E.  Frizon, A. G. Dal Bó, E. Zapp, R. Marra, H. Gallardo and 
A.  A.  Vieira, Dyes Pigm., 2018, 157, 109; (h) B. A. D. Neto, 
A. A. M. Lapis, E. N. da Silva and J. Dupont, Eur. J. Org. Chem., 2013, 
228; (i) S. Uchiyama, K. Kimura, C. Gota, K. Okabe, K. Kawamoto, 
N. Inado, T. Yoshida and S. Tobita, Chem. – Eur. J., 2012, 18, 9552.

23	 S. Scheiner, J. Phys. Chem. A, 2022, 126, 1194.
24	 (a) E. A. Radiush, H. Wang, E. A. Chulanova, Ya. A. Ponomareva, 

B.  Li,  Q. Wei, G. E. Salnikov, S. Yu. Petrakova, N. A. Semenov 
and  A.  V.  Zibarev, ChemPlusChem, 2023, 88, e202300523; 
(b) L. S. Konstantinova, E. A. Knyazeva, Yu. V. Gatilov, S. G. Zlotin and 
O. A. Rakitin, Russ. Chem. Bull., 2018, 67, 95; (c) E. A. Chulanova, 
E. A. Radiush, N. A. Semenov, E. Hupf, I. G. Irtegova, Yu. S. Kosenkova, 
I. Yu. Bagryanskaya, L. A. Shundrin, J. Beckmann and A. V. Zibarev, 
ChemPhysChem, 2023, 24, e202200876; (d ) D. Xia, X.-Y. Wang, 
X.  Guo, M. Baumgarten, M. Li and K. Müllen, Cryst. Growth Des., 
2016, 16, 7124.

25	 (a) L. M. Lee, V. B. Corless, M. Tran, H. Jenkins, J. F. Britten and 
I. Vargas-Baca, Dalton Trans., 2016, 45, 3285; (b) A. F. Cozzolino, 
J.  F.  Britten and I. Vargas-Baca, Cryst. Growth Des., 2006, 6, 181; 
(c) A. F. Cozzolino, P. S. Whitfield and I. Vargas-Baca, J. Am. Chem. 
Soc., 2010, 132, 17265; (d ) A. F. Cozzolino, I. Vargas-Baca, S. Mansour 
and A. H. Mahmoudkhani, J. Am. Chem. Soc., 2005, 127, 3184; 
(e) A.  F.  Cozzolino and I. Vargas-Baca, J. Organomet. Chem., 2007, 
692, 2654; ( f ) A. F. Cozzolino, P. J. W. Elder, L. M. Lee and 
I. Vargas-Baca, Can. J. Chem., 2013, 91, 338.

26	 (a) M. Risto, R. W. Reed, C. M. Robertson, R. Oilunkaniemi, 
R.  S.  Laitinen and R. T. Oakley, Chem. Commun., 2008, 3278; 
(b) Y.  Ishigaki, K. Shimomura, K. Asai, T. Shimajiri, T. Akutagawa, 
T.  Fukushima and T. Suzuki, Bull. Chem. Soc. Jpn., 2022, 95, 522; 
(c)  M. R. Arms, N. Trapp, A. Schwab, J. V. Milić and F. Diederich, 
Chem. – Eur. J., 2019, 25, 323; (d ) J. Alfuth, B. Zadykowicz, A. Sikorski, 
T. Polonsky, K. Eichstaed and T. Olszewska, Materials, 2020, 13, 4908; 
(e) K. Eichstaed, A. Wasilewska, B. Wicher, M. Gdaniec and T. Polonski, 
Cryst. Growth Des., 2016, 16, 1282; ( f ) A. Pomogaeva, F. L. Gu, 
A.  Imamura and Y. Aoki, Theor. Chem. Acc., 2010, 125, 453; 
(g)  P.  B.  Pati, Asian J. Org. Chem., 2023, 12, e201300056; 
(h) B. J. Eckstein L. C. Brown, B. C. Noll, M. P. Moghadasnia, 
G. J. Balaich and C. M. McGuirk, J. Am. Chem. Soc., 2021, 143, 20207; 
(i) H. Wang, B. Li, X. Wang, F. Yin, Q. Wei, X. Wang, Y. Ni and 
H. Wang, Phys. Chem. Chem. Phys., 2023, 25, 10836.

27	 B. J. Eckstein, H. R. Martin, M. P. Moghadasnia, A. Halder, 
M. J. Melville, T. N. Buzinski, G. J. Balaich and C. M. McGuirk, Chem. 
Commun., 2024, 60, 758.

28	 (a) V. A. Aliyeva, A. V. Gurbanov, M. F. C. Guedes da Silva, 
R. M. Gomila, A. Frontera, K. T. Mahmudov and A. J. L. Pombeiro, 
Cryst. Growth Des., 2024, 24, 781; (b) H. Ouahine, A. Hasnaoui, 
I. Hdoufane, R. Idouhli, A. Abouelfida, M. Ait Ali and L. El Firdoussi, 
J. Mol. Struct., 2020, 1199, 126914; (c) H. Ouahine, M. Ait Ali,  
L. El Firdoussi and A. Spannenberg, IUCr Data, 2017, 2, x170226.

29	 (a) L.-J. Riwar, N. Trapp, K. Root, R. Zenobi and F. Diederich, Angew. 
Chem., Int. Ed., 2018, 57, 17259; (b) N. A. Pushkarevsky, 
A.  V.  Lonchakov, N. A. Semenov, E. Lork, L. I. Buravov, 
L.  S.  Konstantinova, G. T. Silber, N. Robertson, N. P. Gritsan, 
O.  A.  Rakitin, J. D. Woollins, E. B. Yagubskii, J. Beckmann and 
A. V. Zibarev, Synth. Met., 2012, 162, 2267.

30	 A. F. Cozzolino, G. Dimopoulos-Italiano, L. M. Lee and I. Vargas-Baca, 
Eur. J. Inorg. Chem., 2013, 2751.

31	 C. B. Aakeroy, D. L. Bryce, G. R. Desiraju, A. Frontera, A. C. Legon, 
F. Nicotra, K. Rissanen, S. Scheiner, G. Terraneo, P. Metrangolo and 
G. Resnati, Pure Appl. Chem., 2019, 91, 1889.

32	 I. Yu. Bagryanskaya, Y. V. Gatilov, N, P. Gritsan, V. N. Ikorskii, 
I. G. Irtegova, A. V. Lonchakov, E. Lork, R. Mews, V. I. Ovcharenko, 
N. A. Semenov, N. V. Vasilieva and A. V. Zibarev, Eur. J. Inorg. Chem., 
2007, 4751.

33	 (a) E. A. Suturina, N. A. Semenov, A. V. Lonchakov, I. Yu. Bagryanskaya, 
Yu. V. Gatilov, I. G. Irtegova, N. V. Vasilieva, E. Lork, R.  Mews, 
N.  P.  Gritsan and A. V. Zibarev, J. Phys. Chem. A, 2011, 115, 4851; 
(b) N. A. Semenov, N. A. Pushkarevsky, J. Beckmann, P. Finke, E. Lork, 
R. Mews, I. Yu. Bagryanskaya, Yu. V. Gatilov, S. N. Konchenko, 
V. G. Vasiliev and A. V. Zibarev, Eur. J. Inorg. Chem., 2012, 3693.

34	 (a) N. A. Semenov, A. V. Lonchakov, N. P. Gritsan and A. V. Zibarev, 
Russ. Chem. Bull., 2015, 64, 499; (b) N. A. Semenov, A. V. Lonchakov, 
N. A. Pushkarevsky, E. A. Suturina, V. V. Korolev, E. Lork, V. G. Vasiliev, 
S. N. Konchenko, J. Beckmann, N. P. Gritsan and A. V. Zibarev, 
Organometallics, 2014, 33, 4302; (c) G. E. Garrett, G. L. Gibson, 
R. N. Strauss, D. S. Seferos and M. S. Taylor, J. Am. Chem. Soc., 2015, 
137, 4126; (d ) N. A. Semenov, D. E. Gorbunov, M. V. Shakhova, 
G.  E.  Salnikov, I. Yu. Bagryanskaya, V. V. Korolev, J. Beckmann, 
N.  P.  Gritsan and A. V. Zibarev, Chem. – Eur. J., 2018, 24, 12983; 
(e)  N.  A. Pushkarevsky, E. A. Chulanova, L. A. Shundrin, 
A.  I.  Smolentsev, G. E. Salnikov, E. A. Pritchina, A. M. Genaev, 
I.  G.  Irtegova, I. Yu. Bagryanskaya, S. N. Konchenko, N. P. Gritsan, 
J. Beckmann and A. V. Zibarev, Chem. – Eur. J., 2019, 25, 806.

35	 T. Clark, P. Politzer and J. S. Murray, Wiley Interdiscip. Rev.: Comput. 
Mol. Sci., 2015, 5, 169.

36	 R. Hein, A. Docker, J. J. Davis and P. D. Beer, J. Am. Chem. Soc., 2022, 
144, 8827.

37	 (a) A. V. Lonchakov, O. A. Rakitin, N. P. Gritsan and A. V. Zibarev, 
Molecules, 2013, 18, 9850; (b) E. A. Pritchina, N. P. Gritsan, 
O. A. Rakitin and A. V. Zibarev, Targets Heterocycl. Syst., 2019, 23, 143.

38	 E. A. Chulanova, E. A. Pritchina, L. A. Malaspina, S. Grabowsky, 
F.  Mostaghimi, J. Beckmann, I. Yu. Bagryanskaya, M. V. Shakhova, 
L.  S. Konstantinova, O. A. Rakitin, N. P. Gritsan and A. V. Zibarev, 
Chem. – Eur. J., 2017, 23, 852.

39	 E. A. Chulanova, E.A. Radiush, Y. Balmohammadi, J. Beckmann, 
S. Grabowsky and A. V. Zibarev, CrystEngComm, 2023, 25, 391.

40	 (a) S. Mandal, A. Rashid and P. Ghosh, Inorg. Chim. Acta, 2022, 538, 
120973; (b) S. Goswami, A. Hazra and M. Kumar Das, Tetrahedron 
Lett., 2010, 51, 3320.

41	 (a) J. L. Dutton and P. J. Ragogna, Inorg. Chem., 2009, 48, 1722; 
(b) G. Berionni, B. Pègot, J. Marrot and R. Goumont, CrystEngComm, 
2009, 11, 986.

42	 T. S. Sukhikh, D. S. Ogienko, D. A. Bashirov and S. N. Konchenko, 
Russ. Chem. Bull., 2019, 68, 651.

43	 (a) Z.-C. Wang, Y.-Z. Tan, H. Yu, W.-H. Bao, L.-L. Tang and F. Zeng, 
Molecules, 2023, 28, 1841; (b) D. Li, H. Li, M. Liu, J. Chen, J. Ding, 
X. Huang and H. Wu, Macromol. Chem. Phys., 2014, 215, 82; (c) H. He, 
X. Meng, L. Deng, Q. Sun, X. Huang, N. Lan and F. Zhao, Org. Biomol. 
Chem., 2020, 18, 6357; (d ) J. J. Bryant, B. D. Lindner and U. H. F. Bunz, 
J. Org. Chem., 2013, 78, 1038.

44	 S. Scheiner, Crystals, 2023, 13, 766.
45	 Complementary Bonding Analysis, ed. S. Grabowsky, Walter de Gruyter, 

2021.
46	 (a) J. S. Murray and P. Politzer, Wiley Interdiscip. Rev.: Comput. Mol. 

Sci., 2011, 1, 153; (b) J. S. Murray and P. Politzer, Wiley Interdiscip. 
Rev.: Comput. Mol. Sci., 2017, 7, e1326; (c) L. Zhao, M. von 
Hopffgarten, M. D. Andrada and G. Frenking, Wiley Interdiscip. Rev.: 
Comput. Mol. Sci., 2018, 8, e1345; (d ) R. F. W. Bader, Atoms in 
Molecules: A Quantum Theory, Clarendon  Press, 1994; (e) R. A. Boto, 
C. Quan, R. Laplaza, F. Peccati, A. Carbone, J.-P. Piquemal, Y. Maday 
and J. Contreras-García, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 
2021, 11, e1497; ( f ) G. Jansen, Wiley Interdiscip. Rev.: Comput. Mol. 
Sci., 2014, 4, 127; (g) K. Patkowski, Wiley Interdiscip. Rev.: Comput. 
Mol. Sci., 2020, 10, e1452; (h) E. Pastorczak and C. Corminboeuf, 
J. Chem. Phys., 2017, 146, 120901; (i) E. D. Glendening, C. R. Landis 
and F. Weinhold, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2012, 2, 1.

47	 (a) S. Shahbazian, Int. J. Quantum Chem., 2018, 118, e25637; 
(b) S. Shahbazian, Chem. – Eur. J., 2018, 24, 5401; (c) M. Jabloński, 
ChemistryOpen, 2019, 8, 497; (d) R. Taylor, CrystEngComm, 2020, 22, 
7145.

48	 A. L. Lumdemba, D. D. Bibelayi, P. V. Tsalu, P. A. Wood, J. Cole, 
J. S. Kayembe and Z. G. Yan, Cryst. Struct. Theory Appl., 2021, 10, 57.



Focus Article, Mendeleev Commun., 2024, 34, 297–306

–  306  –

49	 P. Pale and V. Mamane, ChemPhysChem, 2023, 24, e202200481.
50	 (a) N. A. Pushkarevsky, P. A. Petrov, D. S. Grigoriev, A. I. Smolentsev, 

L. M. Lee, F. Kleemiss, G. E. Salnikov, S. N. Konchenko, I. Vargas-Baca, 
S. Grabowsky, J. Beckmann and A. V. Zibarev, Chem. – Eur. J., 2017, 
23, 10987; (b) Y. Xu, V. Kumar, M. J. Z. Bradshaw and D. L. Bryce, 
Cryst. Growth Des., 2020, 20, 7910; (c) V. Kumar, Y. Xu and D. L. Bryce, 
Chem. – Eur. J., 2020, 26, 3275; (d ) T. Nang, J. S. Ovens and 
D. L. Bryce, Acta Crystallogr., 2022, C78, 517; (e) V. Kumar, Y. Xu, 
C. Leroy and D. L. Bruce, Phys. Chem. Chem. Phys., 2020, 22, 3817; 
( f ) C. Almario, T. Nag and D. L. Bryce, Facets, 2023, 8, 1.

51	 V. Oliveira, D. Cremer and E. Kraka, J. Chem. Phys. A, 2017, 121, 6845.
52	 (a) R. Taylor and P. A. Wood, Chem. Rev., 2019, 119, 9427; 

(b)  C.  R.  Groom, I. J. Bruno, M. P. Lightfoot and S. C. Ward, Acta 
Crystallogr., 2016, B72, 171.

53	 (a) M. C. Aragoni, M. Arca, V. Lippolis, A. Pintus, Yu. Torubaev and 
E. Podda, Molecules, 2023, 28, 3133; (b) A. S. Lundemba, D. D. Bibelay, 
P. V. Tsalu, P. A. Wood, J. Cole, J. S. Kayembe and Z. G. Yav, Cryst. 
Struct. Theory Appl., 2021, 10, 57.

54	 (a) J. Y. C. Lim, J. Y. Liew and P. D. Beer, Chem. – Eur. J., 2018, 24, 
14560; (b) V. Jurásková, F. Célerse, R. Laplaza and C. Corminboeuf, 
J. Chem. Phys., 2022, 156, 154112.

55	 (a) V. Angarov and S. Kozuch, New J. Chem., 2018, 42, 1413; 
(b) D.  J.  Pascoe, K. B. Ling and S. L. Cockroft, J. Am. Chem. Soc., 
2017, 189, 15160; (c) L. Fogel, P. Wonner and S. M. Huber, Angew. 
Chem., Int. Ed., 2019, 58, 1880.

56	 S. Scheiner, J. Phys. Chem. A, 2021, 125, 6514.
57	 R. G. Pearson, Chemical Hardness: Applications from Molecules to 

Solids, Wiley-VCH, 1997.
58	 P. Pucci and G. G. N. Angilella, Found. Chem., 2022, 24, 59.
59	 F. De Vleeschouwer, M. Denayer, B. Pinter, P. Geerling and F. De Proft, 

J. Comput. Chem., 2018, 39, 557.
60	 (a) J. S. Murray, P. Lane, T. Clark, K. E. Riley and P. Politzer, J. Mol. 

Model., 2012, 18, 541; (b) J. S. Murray, P. Lane, T. Clark and P. Politzer, 
J. Mol. Model., 2007, 13, 1033; (c) S. Kozuch, Phys. Chem. Chem. 
Phys., 2016, 18, 30366; (d ) A. Bauzá, T. J. Mooibroek and A. Frontera, 
ChemPhysChem, 2015, 16, 2496.

61	 (a) I. Medeiros, J. R. Corrêa, A. L. A. Barbosa, R. Krüger, R. A. Balaguez, 
T. O. Lopes, H. C. B. de Oliveira, D. Alves and B. A. D. Neto, J. Org. 
Chem., 2020, 85, 10561; (b) B. Li, X. Wang, H. Wang, Q. Song, Y. Ni, 
H. Wang and X. Wang, J. Mol. Struct., 2022, 1265, 133371; 
(c) K. T. Mahmudov, M. N. Kopylovich, M. F. C. Guedes da Silva and 
A. J. L. Pombeiro, Dalton Trans., 2017, 46, 10121.

62	 (a) S. Choudhaury, P. Ranjan and T. Chakraborty, J. Res. Chem., 2020, 
44, 227; (b) P. Schwerdtfeger and J. K. Nagle, Mol. Phys., 2019, 117, 
1200.

63	 N. Liu, Z. Han, Z. Xu, W. Zhu and H. Liu, Chem. Phys., 2024, 576, 
112113.

64	 E. A. Katlenok, M. L. Kuznetsov, N. A. Semenov, N. A. Bokach and 
V. Yu. Kukushkin, Inorg. Chem. Front., 2023, 10, 3065.

65	 (a) I. V. Alabugin, K. M. Gilmore and P. W. Peterson, Wiley Interdiscip. 
Rev.: Comput. Mol. Sci., 2011, 1, 109; (b) A. D. McNaught and 
A.  Wilkinson, IUPAC Compendium of Chemical Terminology, 
Blackwell, 1997.

66	 P. Müller, Pure Appl. Chem., 1994, 66, 1077.
67	 (a) K. T. Mahmudov, A. V. Gurbanov, V. A. Aliyeva, M. F. C. Guedes da 

Silva, G. Resnati and A. J. L. Pombeiro, Coord. Chem. Rev., 2022, 464, 
214556; (b) C. Wang, L. Guan, D. Danovich, S. Shaik and Y. Mo, 
J. Comput. Chem., 2016, 37, 34.

68	 G. Haberhauer and R. Gleiter, Angew. Chem., Int. Ed., 2020, 59, 21236.
69	 T. Chivers and R. S. Laitinen, Chem. Soc. Rev., 2015, 44, 1725.
70	 (a) J. P. Wagner and P. R. Schneider, Angew. Chem., Int. Ed., 2015, 54, 

12274; (b) R. Pollice and P. Chen, Angew. Chem., Int. Ed., 2019, 58, 9758.
71	 P. Pale and V. Mamane, Chem. – Eur. J., 2024, 30, e202302755.
72	 (a) B. R. Beno, K.-P. Yeung, M. D. Bartberger, L. D. Pennington and 

N. A. Meanwell, J. Med. Chem., 2017, 11, 4383; (b) P. C. Ho, J. Z. Wang, 
F. Meloni and I. Vargas-Baca, Coord. Chem. Rev., 2020, 422, 213464; 
(c) M. Breugst and J. J. Koenig, Eur. J. Org. Chem., 2020, 5473.

73	 (a) E. A. Radiush, E. A. Pritchina, E. A. Chulanova, A. A. Dmitriev, 
I. Yu. Bagryanskaya, A. M. Z. Slawin, J. D. Woollins, N. P. Gritsan, 
A. V. Zibarev and N. A. Semenov, New J. Chem., 2022, 46, 14490; 
(b) E. Parman, M. Lõkov, R. Järviste, S. Tshepelevitsh, N. A. Semenov, 
E. A. Chulanova, G. E. Salnikov, D. O. Prima, Yu. G. Slizhov, 
I.  Leito  and A. V. Zibarev, ChemPhysChem, 2021, 22, 2329; 
(c) N. A. Pushkarevsky, A. I. Smolentsev, A. A. Dmitriev, I. Vargas-Baca, 
N. P. Gritsan, J. Beckmann and A. V. Zibarev, Chem. Commun., 2020, 
56, 1113.

74	 H. Mayr, M. Breugst and A. R. Ofial, Angew. Chem., Int. Ed., 2011, 50, 
6470.

75	 G. Ciancaleoni, C. Santi, M. Ragni and A. L. Braga, Dalton Trans., 
2015, 44, 20168.

76	 (a) B. Cordero, V. Gómez, A. E. Platero-Prats, M. Revés, J. Echeverría, 
E. Cremades, F. Barragán and S. Alvarez, Dalton Trans., 2008, 2832; 
(b) S. Alvarez, Dalton Trans., 2013, 42, 8617.

77	 (a) Z. Rykowski and E. Sczesna, Pol. J. Chem., 1989, 63, 307; 
(b) R. Neidlein, D. Knecht, A. Gieren and C. Ruiz-Perez, Z. Naturforsch. 
B, 1987, 42, 84; (c) V. Bertini, F. Lucchesini and A. De Munno, 
Synthesis, 1982, 681.

78	 (a) P. A. Gale, E. N. W. Howe and X. Wu, Chem, 2016, 1, 351; 
(b) P. A. Gale, N. Busschaert, C. J. E. Haynes, L. E. Karagiannidis and 
I. L. Kirby, Chem. Soc. Rev., 2014, 43, 205; (c) C. Saravanan, 
S. Easwaramoorthi, C. Y. Hsiow, K. Wang, M. Hayashi and L. Wang, 
Org. Lett., 2014, 16, 354; (d ) R. Martínez-Mánez and F. Sancenón, 
Chem. Rev., 2003, 103, 4419.

79	 N. A. Semenov, I. A. Bagryanskaya, A. V. Alekseev, Yu. V. Gatilov, 
E.  Lork, R. Mews, G.-V. Röschentaler and A. V. Zibarev, J. Struct. 
Chem., 2010, 51, 552 (Zh. Strukt. Khim., 2010, 51, 569).

80	 D. O. Prima, Ph. D. Thesis, Novosibirsk, 2019 (in Russian).
81	 (a) A. V. Zibarev, in Chalcogen Chemistry: Fundamentals and 

Applications, eds. V. Lippolis, C. Santi, E. J. Lenardão and A. L. Braga, 
Royal Society of Chemistry, 2023, pp. 168–186; (b) A. V. Zibarev and 
R. Mews, in Selenium and Tellurium Chemistry: From Small Molecules 
to Biomolecules and Materials, eds. J. D. Woollins and R. S. Laitinen, 
Springer, 2011, pp. 123–149.

82	 (a) L. Zhang, Y. Zheng, X. Li and X. Zheng, J. Mol. Model., 2022, 28, 
248; (b) L. Cui, L. Gong, X. Yu, C. Lv, X. Du, J. Zhao and Y. Che, ACS 
Sens., 2021, 6, 2851; (c) L. Chen, J. Xiang, Y. Zhao and Q. Yan, J. Am. 
Chem. Soc., 2018, 140, 7079; (d ) H. Lan, S. Miao and W. Wang, 
Molbank, 2023, 2023, M1685.

83	 N. A. Pushkarevsky, A. I. Smolentsev,  H. Wang, V. E. Shishova, 
E.  A.  Chulanova, Q. Wei, Y. Balmohammadi, E. A. Radiush, 
S.  Grabowsky, J. Beckmann, J. D. Woollins, N. A. Semenov and 
A. V. Zibarev, Cryst. Growth Des., 2024, 24, in press.

84	 (a) M. Susli, K. Alhameedi, G. Chandler and D. Jayatilaka, in 
Comprehensive Computational Chemistry, eds. M. Yanez and 
R.  J.  Boyd, Elsevier, 2024, vol. 2, pp. 265–305; (b) S. Raub and 
G. Jansen, Theor. Chem. Acc., 2001, 106, 223.

85	 (a) N. A. Semenov, E. A. Radiush, E. A. Chulanova, A. M. Z. Slawin, 
J. D. Woollins, E. M. Kadilenko, I. Yu. Bagryanskaya, I. G. Irtegova, 
A. S. Bogomyakov, L. A. Shundrin, N. P. Gritsan and A. V. Zibarev, New 
J. Chem., 2019, 43, 16331; (b) Y. Ishigaki, K. Asai, H.-P. Jacquot de 
Rouville, T. Shimajiri, V. Heitz, H. Fujii-Shinomiya and T. Suzuki, Eur. 
J. Org. Chem., 2021, 990; (c) S. Kawaguchi, T. Shimariji, T. Akutagawa, 
T. Fukushima, Y. Ishigaki and T. Suzuki, Bull. Chem. Soc. Jpn., 2023, 
96, 631.

86	 (a) F.-U. Rahman, D. Tzeli, I. D. Petsalakis, G. Theodorakopoulos, 
P. Ballester, J. Rebek and Y. Yu, J. Am. Chem. Soc., 2020, 142, 5876; 
(b)  D. Tzeli, I. D. Petsalakis, G. Theodorakopoulos, F.-U. Rahman, 
P. Ballester, J. Rebek and Y. Yu, ChemPhysChem, 2020, 21, 2187.

87	 A. K. Fedorenko, V. V. Ivanova, M. E. Minyaev, M. A. Bastrakov and 
A. M. Starosotnikov, ChemistrySelect, 2023, 8, e202303122.

88	 N. A. Semenov, Ph. D. Thesis, Novosibirsk, 2013 (in Russian).
89	 (a) P. Erdmann, J. Leitner, J. Schwarz and L. Greb, ChemPhysChem, 

2020, 21, 987; (b) P. Erdmann and L. Greb, ChemPhysChem, 2021, 22, 
935; (c) P. Erdmann and L. Greb, Angew. Chem., Int. Ed., 2022, 61, 
e202114550.

90	 A. Gieren, T. Hübner and V. Lamm, Z. Anorg. Allg. Chem., 1985, 523, 
33.

91	 (a) Yu. M. Volkova, A. Yu. Makarov, E. A. Pritchina, N. P. Gritsan and 
A. V. Zibarev, Mendeleev Commun., 2020, 30, 385; (b) A. A. Buravlev, 
A. Yu. Makarov, O. A. Rakitin and A. V. Zibarev, Mendeleev Commun., 
2023, 33, 439; (c) A. Yu. Makarov, A. A. Buravlev, G. V. Romanenko, 
A.  S. Bogomyakov, B. A. Zakharov, V. A. Morozov, A. S. Sukhikh, 
I. K. Shundrina, L. A. Shundrin, S. V. Cherepanova, I. Yu. Bagryanskaya, 
P. V. Nikulshin and A. V. Zibarev, ChemPlusChem, 2024, 89, 
e202300736.

Received: 30th November 2023; Com. 23/7324


