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Abstract The interactions of triple σ-(QIV)-hole donating chalconium cations ([Q(bPh)R]+, when Q 

= S, Se, Te) with nucleophilic beta-octamolybdate ([β-Mo8O26]4–) results in supramolecular 

association. The main focus of such assembling is on σ-(QIV)-holes recognition by the molybdate in 

cations with a biphenyl aromatic fragment. This leads to a remarkable diversity of the association 

patterns producing: i) neutral 4:1 {[Q(bPh)R]4[β-Mo8O26]} complexes with cations stacked by π-π 

interactions; ii) (Bu4N)+, [Q(bPh)R]+ and [β-Mo8O26]4– complexes of 2:2:1 stoichiometry with π-π 

interactions; iii) (Bu4N)+, [Q(bPh)R]+ and [β-Mo8O26]4– complexes of 2:2:1 stoichiometry without π-

π interactions; iv) {[Q(bPh)R]2}2[β-Mo8O26] salts with π-π stacked cations but lacking any (QIV)∙∙∙O 

interactions. Moreover, interactions in the system can drive the reorganization of [β-Mo8O26]4– into 

[α-Mo8O26]4–. The halogen-bonded (QIV)∙∙∙O {(Q(bPh)R)x[β-Mo8O26]4–} (x = 2, 4) assemblies, π-π 

stacked cationic dimers {(Q(bPh)R)2}2+ and complicated associates based on both types interactions 

have been the subjects of crystallographic and computational studies. 

Keywords: Chalcogen bonding; chalconium; octamolybdate; σ-hole; π-π stacking interactions
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Introduction
Chalcogen- and halogen-containing organoelement species featuring a region with positive 

electrostatic potential on the heteroatom (-hole) have been extensively explored, since they 

effectively mimic the properties of metal-containing Lewis acids.1 Such -hole donors demonstrate 

significant catalytic activity in the reactions requiring electrophilic activation of the substrates 

accompanied by notable tolerance to water and oxygen. The Lewis acidity of chalcogen (ChB)2–4 and 

halogen (XB)5–7 bond donors has similar trends, and it gradually rises from the lighter to heavier 

chalcogen or halogen -hole carriers, respectively.8 Accordingly such compounds serve as 

electrophilic catalysts, tellurium- and iodine-based -hole donors exhibiting the highest catalytic 

activity, which is provided by ligation of the reaction substrates to the heteroatom -hole, leading to 

electrophilic activation of this substrate.

All the known -hole donors can be classified into several types. The first type substrates are 

represented by neutral organoelement compounds such as tetrabromomethane9,10 or 

iodoperfluoroarenes.5,11 The second type species are cationic organoelement compounds, which 

possess a significantly higher Lewis acidity. In particular, among the XB donors, iodopyridiniums12,13 

and iodoazoliums14–17 featuring exocyclic iodine(I) atom effectively activate substrates via their 

ligation to the -hole in an extensive series of organic transformations, whereas among the ChB 

donors, the species featuring R3Te+ moiety show the most significant Lewis acidity.18,19

The third type -hole donors involve chalconium and halonium salts, which contain 

chalcogen(IV) or halogen(III). Iodonium salts possess a greater Lewis acidity than the iodine(I) 

derivatives,20–26 whereas telluronium salts exhibit a significantly higher Lewis acidity than the neutral 

tellurium(II) derivatives or the sulfonium and selenonium cations.19,27–35,36,37 Last, but not the least, 

neutral Te(IV) catecholates (Te(cat)2) have remarkable Lewis acidity due to the presence of four -

holes.38,39 

This acidity can be used to create new supramolecular systems by exploiting high Lewis basicity 

of the O2– ligands in the highly negatively charged polynuclear metal oxocomplexes known as 

polyoxometalates (POMs).40 The chemistry of POMs in aqueous is complicated due to the pH 

induced equilibria and association with alkali cations (especially for group 5 complexes41,42) in water. 

In this regard, the use of non-aqueous solvents can produce impressive organic-inorganic hybrids, 

e.g. {Ag(SR)} / POM hydrids43–47, POM-MOF materials,48–52 etc.

In our ongoing research, we study the coordination chemistry of POMs as ligands in order to 

achieve new complexes with unusual structure and reactivity.53–55 Such an approach utilizes vacant 

POMs (lacunary type) to induce coordination of heterometals under appropriate conditions. For 

example, in the studies of the coordination behavior of Ag+ in different organic solvents, we used bis-
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lacunary beta-octamolybdate ([β-Mo8O26]4–, commonly accessible as n-Bu4N+ salt, Fig. 1) featuring 

various auxiliary ligands.55 In these studies we discovered the ability of [β-Mo8O26]4– to interact with 

C-H, N-H or O-H groups56, which is a key point in creating new supramolecular systems utilizing 

noncovalent interactions (NCIs). We have noticed that onium cations can serve as promising 

candidates for association with bis-lacunary beta-octamolybdate by the formation of σ-(X)-hole···O2–

=Mo bonding due to the presence of electronic pool on the oxoligands which define the two squares 

on the opposing sides of the anion. Iodonium cations are well-known building blocks for 

supramolecular association and crystal design.57–65 Several recent reviews summarize iodonium 

cations reactivity.66–70

Recently we have found the iodonium cations (R2I+) “key-to-lock” recognition assembling by 

beta-octamolybdate via interactions between lacunary oxo-ligands and σ-(I3+)-holes. This 

supramolecular R2I+···O=Mo binding is based on two-center, three-center (bifurcated), and 

unconventional “orthogonal” I∙∙∙O halogen bonds.71 The later one is out of standard IUPAC criteria 

for the definition of the halogen bond due to the orthogonal location of the oxygen atom to the C–I–

C plane of the interacting iodonium cation. Such an approach unlocks the potential of beta-

octamolybdate for non-classical supramolecular coordination with σ-hole donors. Although this 

coordination superficially remands classical coordination of the cations like Na+72 or Ln3+,73 the 

nature of the association is quite different.

Figure 1. The structure of [β-Mo8O26]4– with highlighted nucleophilic O-flanked rims (left) and 

chalconium [Q(bPh)R]+ cations with highlighted bPh (C12H8) fragment (right).
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In this work, we introduce [Q(bPh)R]+ chalconium cations (Q = S, Se, Te; R = Ph, 2,4,6-(CH3)3C6H2 

= Mes, R = 4-BrC6H4, 4-FC6H4) (Figure 1, right) in the association with the [β-Mo8O26]4– platform. 

An important feature that determined our choice of the chalconium cations is that each cation has a 

biphenil bPh (C12H8) liable to participate in π-π interactions. This feature opens different pathways 

for the organization of chalconium cations and [β-Mo8O26]4– anions in the crystal, which follow at 

least three different patterns: i) classical π-π stacking cancels cation-to-anion binding; ii) non-

classical σ-(QIV)-hole···O=Mo (ChB) interactions cancel staking; iii) both types of interactions 

materialize. It is expected that the nature of chalcogen would affect the strength of ChB interactions 

and the pattern of supramolecular association.

Results and discussion
Synthesis and characterization

We selected the set of chalconium triflates [Q(bPh)R](OTf) (Q = S, Se, Te; bPh = C12H8; R = 

Ph, 2,4,6-(CH3)3C6H2, 4-BrC6H4, 4-FC6H4; OTf– = CF3SO3
–) for the cation exchange reactions with 

(n-Bu4N)4[β-Mo8O26]. The synthetic procedures were done in different solvents (DMF, DMSO, 

NMP) at 4:1 cation:anion stoichiometry at room temperature. The products typically precipitated 

(amorphous or crystalline) within a few minutes after the mixing of the reagents. When direct 

precipitation did not work, conventional vapor diffusion was used for crystallization, with: i) Et2O in 

the case of DMF or NMP solutions and ii) i-PrOH or hexane in the case of DMSO solutions. In total 

we isolated and characterized by SCXRD 9 new chalconium salts of [β-Mo8O26]4- (see Table 1). All 

the data regarding synthesis and characterization are summarized in Supporting information. 

According to the literature, [β-Mo8O26]4– is not a single form in the solution and commonly 

equilibrates with [α-Mo8O26]4– and [Mo6O19]2–.56,72 The latter appears in the presence of water or 

traces of H+. The equilibrium between [β-Mo8O26]4– and [α-Mo8O26]4– slowly gives the α-isomer as 

major species, but it can be reversed by electrophiles stabilizing [β-Mo8O26]4– form by coordination. 

In our case, we isolated [S(bPh)Ph]4[α-Mo8O26]·2DMSO (2) and (Bu4N)2[S(bPh)Mes]2[α-

Mo8O26]·2DMF (3) containing α-isomer of octamolybdate. This indicates that equilibria between 

different POMs can be shifted by the thermodynamically favorable crystalline phase formation.

Also noteworthy is the formation of 4:1 ([Q(bPh)R]4[β-Mo8O26]) and 2:2:1 

((Bu4N)2[Q(bPh)R]2[β-Mo8O26]) cation/anion combinations in the above-mentioned synthetic 

procedures. This outcome is not predictable and evades simple explanation. Thus we observed the 

formation of the fully substituted 4:1 salts in the case of [S(bPh)Ph]4[β-Mo8O26] (1), [S(bPh)Mes]4[β-

Mo8O26]·2DMF·0.6H2O (4) and [Te(bPh)Ph]4[β-Mo8O26]·2MeOH ([9]·2CH3OH). 
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On the other side, the 2:2:1 salts were found for (Bu4N)2[S(bPh)Mes]2[α-Mo8O26]·2DMF (3), 

(Bu4N)2[S(bPh)C6H4Br]2[β-Mo8O26]·2DMF (5), (Bu4N)2[S(bPh)C6H4F]2[β-Mo8O26]·2DMF (6), 

(Bu4N)2[Se(bPh)Ph]2[β-Mo8O26] (7), and (Bu4N)2[Te(bPh)Ph]2[β-Mo8O26] (8). Such a division was 

also found for iodonium salts of [β-Mo8O26].71 This bifurcation in the reaction outcome looks like a 

general feature which can be caused by an interplay of noncovalent interactions (NCIs) like C-

H···O=Mo, π-π and ChB bonding in the solid state.

In this work we detected several modes of interplay between ChB and π-π interactions: i) 

domination of classical π-π stacking without cation-to-anion binding (for complexes 3, 4); ii) 

Table 1. Complexes studied in this work

Complex Chalconium cation Composition

1 [S(bPh)Ph]4[β-Mo8O26]

2 [S(bPh)Ph]4[α-Mo8O26]·2DMSO

3 (Bu4N)2[S(bPh)Mes]2[α-Mo8O26]·2DMF

4 [S(bPh)Mes]4[β-Mo8O26]·2DMF·0.6H2O

5 (Bu4N)2[S(bPh)C6H4Br]2[β-Mo8O26]·2DMF

6 (Bu4N)2[S(bPh)C6H4F]2[β-Mo8O26]·2DMF

7 (Bu4N)2[Se(bPh)Ph]2[β-Mo8O26]

8 (Bu4N)2[Te(bPh)Ph]2[β-Mo8O26]

([9]·2CH3OH [Te(bPh)Ph]4[β-Mo8O26]·2MeOH

S

H

H

Br

S

H

H

F

Se

H

H

S

H

H

S

H

H
Me

Me

Me

Te

H

H
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domination of non-classical σ-(QIV)-hole···O=Mo (ChB) interactions without stacking interactions 

(complexes 7, 8); iii) more complicated association including both types of interactions (complexes 

1, 2, 5, 6, [9]·2CH3OH). Two different types of π-π stacked dimers of [S(bPh)Mes]+ cations (see 

Fig. S4, S5 in SI) have been observed. In both cases (3 and 4), σ-(QIV)-hole···O=Mo (ChB) 

interactions are blocked, and cations and anions reveal only C-H···O=Mo contacts.

The lion’s share of the presented structures contains several types of interactions that 

complement each other (complexes 1, 2, 5, 6, [9]·2CH3OH). The “exceptions from the rules” for 3 

and 4 are likely caused by the specific nature of [S(bPh)Mes]+ which has (i) steric hindrance due to 

the presence of three methyl groups and (ii) strongest electron donation from the Mes substituent. 

The strength of non-classical σ-(QIV)-hole···O=Mo (ChB) interactions in the crystal structures of 7 

and 8 can block stacking between the cations, which is also disrupted by the presence of Bu4N+ 

cations. This effect illustrates preference of combined ChB and C-H···O=Mo contacts over π-π 

interactions. The arrangement of anion and cations linked by ChB in 7 and 8 is different in comparison 

with 1–6 due to the change in chalcogen type. This will be discussed later in the NCI analysis section.

To prove the existence of σ-(QIV)-hole···O=Mo interactions in complex solutions is a 

challenging task. In our experiments 1H NMR spectra showed absence of any significant change in 

the chalconium cation protons chemical shifts in the presence of β-Mo8O26]4–. The mass-spectrometry 

(HR-ESI-MS) characterization of complex solutions did reveal the presence of ionic peaks from 

{x[Q(bPh)R]+ + [β-Mo8O26]4–} associates. The example of such spectrum is presented in SI for 

complex 1 in CH3CN solution (see Fig. S6-S10 and Table S2 in SI). This observation might indicate 

an association in solution between chalconium cations and beta-octamolybdate.

NCI analysis

1. Sulfonium cation as a ChB donor

The analysis of noncovalent interactions (NCIs) is commonly based on the Van der Waals radii 

of interacting atoms. In our case, we used the following values: RVdW(O) 1.52 Å, RVdW(S) 1.80 Å, 

RVdW(Se) 1.90 Å, RVdW(Te) 2.00 Å.74 The largest respective interatomic distances are 3.32, 3.42, and 

3.80 Å. We also illustrated positions of -holes (σ-(QIV)-hole) over the surface of the chalcogen atom 

in [Q(bPh)R]+ chalconium cations. According to the definition, each Q-atom has three σ-holes located 

opposite to the three Q-C bonds (Fig. 1 right). Such an arrangement of the -holes leads to the trigonal 

pyramidal geometry of binding with the donors of electronic density. β-Octamolybdate has two 

lacunae each flanked with four terminal O2– ligands (Fig. 1). The arrangement of these oxoligands 

favors square-pyramidal coordination of the Lewis acidic center, and thus the interaction should 

require adaption between donor and acceptor geometries. 
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In the case of sulfonium cations and beta-octamolybdate structures reported here, we found two 

binding modes between cations and anion involving σ-(SIV)-hole···O=Mo interactions (Fig. 2), which 

were analyzed in terms of NCIs (Table 2).

Table 2. Geometric parameters of NCIs with the lacuna rims in the structures of 1, 2, 5 and 6.

Complex d(S···O), Å / Nca  (C-S···O) ° NCI type

1a d(S1···O2) = 2.935(3) / 0.88

d(S1···O6) = 2.731(2) / 0.82

d(S2···O1) = 2.912(3) / 0.88

d(S2···O10) = 2.875(2) / 0.86

d(S2···O11) = 3.102(3) / 0.93

C12–S1···O2 = 161.83

C1-S1···O6 = 162.96

C48-S2···O1 = 164.19

C37-S2···O10 = 156.26

C48-S2···O11 = 111.75

ChB

ChB

ChB

ChB

ICS

1b d(S3···O15) = 2.964(3) / 0.89

d(S3···O17) = 2.757(2) / 0.83

d(S4···O14) = 2.856(2) / 0.86

d(S4···O21) = 2.801(2) / 0.84

C26-S3···O15 = 156.79

C19-S3···O17 = 166.22

C66-S4···O14 = 162.39

C55-S4···O21 = 156.39

ChB

ChB

ChB

ChB

2 d(S1···O5) = 3.296(3) / 0.99

d(S1···O8) = 2.901(3) / 0.87

C1-S1···O5 = 154.50

C13-S1···O8 = 164.68

ChB

ChB

5 d(S1···O8) = 2.747(2) / 0.83

d(S1···O10) = 2.766(2) / 0.83

C1-S1···O8 = 166.26

C12-S1···O10 = 168.66

ChB

ChB

6 d(S1···O3) = 2.755(2) / 0.83

d(S1···O5) = 2.765(2) / 0.83

C6-S1···O8 = 168.94

C12-S1···O5 = 164.42

ChB

ChB
aThe normalized contact (Nc) is defined as the ratio between the separation observed in the crystal and the sum of Bondi 

vdW radii of interacting atoms: Nc = d/ΣvdW; ΣvdW S + O = 3.32 Å. ICS = induced short contact.
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Figure 2. σ-(SIV)-hole···O=Mo interactions in the crystal structures of 1a (a, b), 2(c), 6(d, e). 

Contacts: between 2.7–2.9 Å are grey, between 2.9–3.0 Å are blue and over 3.0 Å are cyan. 
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The first binding mode is based on the formation of one strong σ-(SIV)-hole···O=Mo contact with 

Nc from 0.82 (for 1a) to 0.87 (for 2) accompanied by one or two weaker contacts. The second mode 

utilizes two strong σ-(SIV)-hole···O=Mo contacts with Nc 0.83 (for 5 and 6).

In terms of IUPAC criteria,75 the C-S···O contacts can be two-center ChB or bifurcated ChB. 

The corresponding angles can vary in 160–180° and 135–160° range. The bifurcated bonds have 

longer S···O distances than the two-center ChB. It should be noted that there is one S···O contact 

(1a, S2···O11) which cannot be associated with normal ChB according to the above-mentioned 

criteria, due to the significant deviation of C–S∙∙∙O angle (111°) from linearity (Table 2). This can be 

assigned in two ways: i) induced short contact (ISC); ii) an unconventional ChB which can be defined 

as orthogonal ChB (oChB), probably of π-hole nature. See details in the calculation part. 

In the crystal structure of 1, two crystallographically independent {[S(bPh)Ph]4[Mo8O26]} 

associates (named as 1a and 1b) are observed, which differ in the mode of cation-anion binding. The 

main difference is the absence of ISC (for 1b) contact between S4 and O, which is observed in 1a 

(see Table 1). Both {[S(bPh)Ph]4[Mo8O26]} associates have an inversion center located in the center 

of gravity of beta-octamolybdate. To simplify the further description, we highlighted the 

{[S(bPh)Ph]2[Mo8O26]}2– unit only with the cations coordinated to the O-flanked rims of POM. We 

notate this unit as sym-{[S(bPh)R]2[Mo8O26]}2– to specify this type of binding.

In the crystal structure of isostructural 5 and 6, changes in the cation-to-anion binding distort the 

symmetry of supramolecular associate, which loses the inversion center (Fig. 2d. 2e). In these 

structures, we deal with the asym-{[S(bPh)R]2[Mo8O26]}2– unit when the sulfur atoms of two 

coordinated cations and the center of gravity of the beta-octamolybdate are not coplanar. The visual 

difference between sym-{[S(bPh)R]2[Mo8O26]}2– and asym-{[S(bPh)R]2[Mo8O26]}2– is seen in Fig. 

2b and Fig. 2e. Crystal structures of the previously reported associates with iodonium cations 

demonstrate the formation of only sym-{[IR2]2[Mo8O26]}2– supramolecular associates.71

The reported sulfonium salts of POMs are all different in terms of NCIs. In the case of 

(CPDS)4[Mo8O26] (CPDS = 4-chlorophenyl(dimethyl)sulfonium, CCDC 2109715, YAWREX), the 

sulfonium cations are not bonded to beta-octamolybdate at all, being linked only to H2O (d(S···O) = 

2.941(3) Å) and Cl (d(S···Cl) = 3.648(3) Å).76 In (HPDS)4[Mo8O26] (HPDS = (4-

hydroxyphenyl)dimethylsulfonium, CCDC 1536033, LEHDIO), there is a S···μ2-O contact of 

3.229(3) Å.77 The structure of (MAPDS)4[Mo8O26] (MAPDS = 4-(methacryloyloxy)phenyl)-

dimethylsulfonium, CCDC 1536038, LEHFIQ) shows an interaction of σ-(SIV)-hole···O=Mo type of 

3.183(3) Å. However, beta-octamolybdate salts with (4-hydroxy-2-

methylphenyl)dimethylsulfonium, (4-methoxyphenyl)dimethylsulfonium, (4-

(allyloxy)phenyl)dimethylsulfonium and 4-(allyloxy)-2-methylphenyl)dimethylsulfonium do not 

show any σ-(SIV)-hole···O=Mo interactions.77 These salts were obtained by the treatment of the 
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sulfonium triflate (1.5 equiv.) with sodium molybdate (1 equiv.) in water at pH 4.0. It seems that both 

crystallization from aqueous solution and specific nature of organic substituents at sulfur hinder the 

formation of proper σ-(SIV)-hole···O=Mo bonding interactions.

The oldest known sulfonium salt of beta-octamolybdate is trimethylsulfonium salt 

(Me3S)4[Mo8O26] (CCDC 907956, DEPNUM) reported by Mialane et al.78 obtained from an acidified 

aqueous solution of Na2MoO4 (3 mmol) and (Me3S)(NO3) (3 mmol). In the crystal structure, 

[Mo8O26]4– has 8 σ-(SIV)-hole···O=Mo contacts (eight contacts due to positional disorder of the 

cations) ranging between 2.770(3) and 3.203(4) Å. Each cation generates only one contact with the 

anion. The lack of involvement of other -holes to form second and third ChB may be a result of 

electron donating nature of CH3 which lowers the Lewis acidity of the chalcogen. The lacunary 

oxoligands participate in the formation of the strongest ChB at 2.770(3) and 2.905(4) Å with Me3S+ 

located as in sym-{[S(bPh)Ph]2[Mo8O26]}2– (Fig. S11).

2. Q = Se

The crystal structure of (Bu4N)2[Se(bPh)Ph]2[β-Mo8O26] (7) demonstrates the general structural 

feature resulting from the change of S to Se in the same type [Q(bPh)Ph]+ cation. Two lacunae of 

beta-octamolybdate catch the selenium atoms (Fig. 3) generating four σ-(SeIV)-hole···O=Mo NCIs 

for each interacting selenonium cation (Table 3). 

Table 3. Geometric parameters of σ-(SeIV)-hole···O=Mo NCIs in the structure of 7.

Complex d(Se···O), Å / Nca  (C-Se···O) NCI type

7 d(Se1···O10) = 2.755(2) / 0.81

d(Se1···O3) = 2.935(3) / 0.86

d(Se1···O1) = 3.306(3) / 0.97

d(Se1···O12) = 2.912(3) / 0.85

d(Se1···O1) = 3.306(3) / 0.97

C13-Se1···O10 = 171.58

C12-Se1···O3 = 157.51

C12-Se1···O1 = 127.94

C1-Se1···O12 = 143.79

C1-Se1···O1 = 145.17

ChB

ChB

ICS

ChB

ISC
aThe normalized contact (Nc) is defined as the ratio between the separation observed in the crystal and the sum of Bondi 

vdW radii of interacting atoms: Nc = d/ΣvdW; ΣvdW Se + O = 3.42 Å. ISC = induced short contact.

The strongest ChB has d(Se1···O10) = 2.755(2) Å and can be classified as normal two-center ChB, 

whereas two other contacts can be assigned as a combination of ChB and ISC (in the case of Nc = 

0.97). The only selenonium salt of beta-octamolybdate reported to date is (MDPSe)4[Mo8O26] 

(MDPSe = methyldiphenylselenonium) whose crystal structure is unknown.79 It may involve σ-(QIV)-

hole···O=Mo bonding.

Page 11 of 31 Inorganic Chemistry Frontiers

In
or

ga
ni

c
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
9 

O
ct

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

1/
20

24
 7

:0
5:

53
 A

M
. 

View Article Online
DOI: 10.1039/D4QI02258K

https://doi.org/10.1039/D4QI02258K


Figure 3. σ-(SeIV)-hole···O=Mo interactions in the crystal structure of 7. Contacts: between 2.7–2.9 

Å are grey, between 2.9–3.0 Å are blue and over 3.0 Å are cyan.

3. Q = Te

The behavior of [Te(bPh)Ph]+ telluronium beta-octamolybdate is closer to its Se analogue. We 

isolated and structurally characterized both 2:2:1 and 4:1 salts as (Bu4N)2[Te(bPh)Ph]2[β-Mo8O26] 

(8) and [Te(bPh)Ph]4[β-Mo8O26]·2MeOH ([9]·2CH3OH), respectively. The metrics of the 

corresponding NCIs are listed in Table 4. The representation of the corresponding sym-

{[Te(bPh)Ph]2[Mo8O26]}2– associate structures is shown in Figure 4.

Table 4. Geometric parameters of σ-(TeIV)-hole···O=Mo NCIs in the structures of 8 and 9.

Complex d(Te···O), Å / Nca  (C-Te···O) NCI type

8 d(Te1···O6) = 2.743(2) / 0.72

d(Te1···O1) = 2.926(3) / 0.77

d(Te1···O13) = 3.195(3) / 0.84

d(Te1···O11) = 3.000(3) / 0.79

d(Te1···O13) = 3.195(3) / 0.84

C1-Te1···O6 = 176.86

C18-Te1···O1 = 151.98

C18-Te1···O13 = 133.98

C1-Te1···O11 = 144.25

C7-Te1···O13 = 144.55

ChB

bChB

bChB

[9]·2CH3OH d(Te1···O1) = 2.912(3) / 0.77 C18-Te1···O1 = 178.53 ChB
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d(Te1···O4) = 3.028(3) / 0.80

d(Te1···O9) = 3.070(3) / 0.81

d(Te1···O12) = 3.241(3) / 0.85

d(Te2···O13) = 2.900(3) / 0.76

d(Te2···O2) = 3.435(3) / 0.90

d(Te2···O14) = 3.047(3) / 0.80

C7-Te1···O4 = 160.50

C1-Te1···O9 = 141.75

C1-Te1···O12 = 145.10

C37-Te2···O13 = 169.67

C20-Te2···O2 = 125.71

C26-Te2···O14 = 167.52

ChB

bChB

ChB

ISC

ChB
aThe normalized contact (Nc) is defined as the ratio between the separation observed in the crystal and the sum of Bondi 

vdW radii of interacting atoms: Nc = d/ΣvdW; ΣvdW Te + O = 3.8 Å. ICS = induced short contact.

[Te(bPh)Ph]+ cations interact with [β-Mo8O26]4– anion in different modes in the solid state. In 

the case of 8, Te atom forms one strong two-center ChB (d(Te1···O6) = 2.743(2) Å) and two 

bifurcated ChBs with oxoligands at longer distances, stabilizing the supramolecular associate of the 

sym-{[Q(bPh)Ph]2[Mo8O26]}2– type. Each Te atom is located above the center of the lacuna as defined 

by the plane of square of four terminal oxo ligands. In this case, the bonding distance criterion 

differentiates well between two-center and bifurcated ChB. 

In the case of [9]·2CH3OH, there are two types of [Te(bPh)Ph]+ cations binding with [β-

Mo8O26]4– anion via σ-(TeIV)-hole···O=Mo NCIs. Telluronium cations of the first type interact 

directly with two lacunae generating four ChBs between oxoligands and each Te atom. There are two 

two-center ChBs (d(Te1···O1) = 2.912(3) and d(Te1···O4) = 3.028(3) Å) and one bifurcated ChB 

(d(Te1···O9) = 3.070(3) and d(Te1···O12) = 3.241(3) Å). It should be noted that the length 

differentiation criterion for two-center and bifurcated ChB is unsatisfactory in this case. The 

comparison of NCIs in 8 and [9]·2CH3OH indicates switching from one two-center ChB and two 

bChB in 8 for two two-center ChB and one bChB in the case of [9]·2CH3OH. The reason for this 

can be formation of another NCIs in the crystal packing affecting organic groups of telluronium 

cations. Crystal structure of 8 have no π-π stacking interactions between [Te(bPh)Ph]+ cations, 

whereas [9]·2CH3OH forms plenty of such type interactions.

Telluronium cations of the second type are attached to sym-{[Te(bPh)Ph]2[Mo8O26]}2– associate 

by one two-center ChB with terminal O=Mo (d(Te2···O13) = 2.900(3) Å) and one two-center ChB 

with O-atom of solvated CH3OH (d(Te2···O14) = 3.047(3) Å). In addition, a weak contact with µ2-

O oxoligand of beta-octamolybdate (d(Te2···O2) = 3.435(3) Å) of oChB nature, according to the 

angle size criterion, is observed. Incorporation of CH3OH molecules in the crystal structure might be 

a result of strong σ-(TeIV)-hole···O interactions.
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Other telluronium salts of polyoxometalates are unknown. Kortz et al. reported two complexes 

[(C4H8TeIV)3(XIIIW9O33)2]12– (C4H8 = cyclobutyl, X = As, Sb) obtained from the reaction of 

(C4H8)TeI2 with the trilacunary Keggin ions [α-XIIIW9O33]9– in water (pH 7.5).76 The Te–O bond 

distances fill 2.063(15)–2.1309(15) Å interval, which is comparable with normal Te–O bonding in 

diaryltellurium oxide [(p-MeOC6H4)2TeO]n (2.025(2) and 2.100(2) Å).80
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Figure 4. σ-(TeIV)-hole···O interactions in the crystal structures of 8 (a, b), [9]·2CH3OH (c, d). 

Contacts: between 2.7–2.9 Å are grey, between 2.9–3.0 Å are blue and over 3.0 Å are cyan.
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Comparison of onium adducts with beta-octamolybdate

To compare the NCIs generating by beta-octamolybdate and different σ-hole donors in 

{[X]2[Mo8O26]}2– associates, we introduced angle size criterion associated with O…O…X angle (Fig. 

5) defined as Δ. The experimental values are: Δ = 50.183(1)° for complex 1 (Q = S), Δ = 44.988(1)° 

for complex 6 (Q = S), Δ = 82.977(1)° for complex 7 (Q = Se), Δ = 90.558(1)° for complex 9 (Q = 

Te). In the case of (Ph2I)4[β-Mo8O26] Δ is 81.143(1)°, whereas in (Me3S)4[Mo8O26]78 the cations are 

linked with the anion in different modes (Fig. S11) and we cannot apply this criterion. It seems that 

aryl substituents are required at chalcogen to form sym-{[SR3]2[Mo8O26]}2– associate with a small Δ 

value.

Taking these data into account we can deduce some correlations in σ-hole acceptor and beta-

octamolybdate arrangement: i) the increase in X-atom radius increases of O…O…X angle; ii) the 

increase in X-atom radius changes the bonding type between cation and beta-octamolybdate. To 

analyze the presented NCIs and π-π interactions in details we used quantum-chemical calculations 

described below.
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Figure 5. σ-(X)-hole···O=Mo interactions in the crystal structures of [β-Mo8O26]4– with some onium 

cations: complex 1 (a), complex 7 (b), complex 9 (c), (Ph2I)4[β-Mo8O26] (d). 
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Calculations

To understand the nature and quantify the strength of intermolecular interactions Q···O (Q = S, 

Se, Te) in the structures 1, 2, 5–[9]·2CH3OH, the DFT calculations followed by the topological 

analysis of the electron density distribution within the QTAIM approach81 were carried out at the 

ωB97XD/DZP-DKH level of theory for model supramolecular associates (see Computational details 

and Table S3 in Supporting Information). Results of QTAIM analysis are summarized in Table S3, 

the contour line diagram of the Laplacian of electron density distribution 2(r), bond paths, and 

selected zero-flux surfaces, visualization of electron localization function (ELF) and reduced density 

gradient (RDG) analyses for intermolecular interactions S···O in the X-ray structure 6 shown in 

Figure 6. Bond critical points (3, –1) are shown in blue, ring critical points (3, +1) – in orange, nuclear 

critical points (3, –3) – in pale brown, cage critical points (3, +3) – in light green, bond paths are 

shown as pale brown lines, length units – Å, and the color scale for the ELF and RDG maps is 

presented in a.u.

Figure 6. Contour line diagram of the Laplacian of electron density distribution 2(r), bond paths, 

and selected zero-flux surfaces (left panel), visualization of electron localization function (ELF, 

center panel) and reduced density gradient (RDG, right panel) analyses for intermolecular interactions 

S···O in the X-ray structure 6. 

The QTAIM analysis of model supramolecular associates demonstrates the presence of bond 

critical points (3, –1) for different intermolecular σ-(QIV)-hole···O=Mo (Q = S, Se, Te) interactions 

in the structures of 1, 2, 5–[9]·2CH3OH (Table S3). The low magnitude of the electron density 

(0.003–0.027 a.u.), positive values of the Laplacian of electron density (0.011–0.073 a.u.), and zero 

or very close to zero energy density (0.000–0.003 a.u.) in these bond critical points (3, –1), and 

estimated strength for appropriate short contacts (0.6–6.3 kcal/mol) are typical for noncovalent 

interactions in similar chemical systems.55,82–85 Note that the balance between the potential and kinetic 

energy densities of electrons at the bond critical points (3, –1) for studied contacts reveals that these 
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interactions are purely noncovalent.86 The Laplacian of electron density is typically decomposed into 

the sum of contributions along the three principal axes of maximal variation, giving the three 

eigenvalues of the Hessian matrix (λ1, λ2 and λ3), and the sign of λ2 can be utilized to distinguish 

bonding (attractive, λ2 < 0) weak interactions from non-bonding ones (repulsive, λ2 > 0).87,88 Thus, 

the intermolecular σ-(QIV)-hole···O=Mo (Q = S, Se, Te) interactions in 1, 2, 5–[9]·2CH3OH are all 

attractive (Table S3).

The most challenging interactions are shown in Fig. 7. Calculated energies are: 2.2 kcal/mol for 

1 (S2···O11); 1.3 kcal/mol for 7 (Se1···O1); 2.5 kcal/mol for 8 (Te1···O13) and 1.6 kcal/mol for 

[9]·2CH3OH (Te2···O2). These interactions can be assigned in two ways: i) induced short contact 

(ISC); ii) an unconventional ChB which can be defined as orthogonal ChB (oChB), probably of π-

hole nature. At the current state of theoretical studies, we call these weak noncovalent interactions, 

which are significantly deviated from "angle" IUPAC criterion for chalcogen bonding, as just an 

induced short contacts involving chalcogen atoms. However, results of QTAIM and NCI analyses 

reveal that this is favorable and attractive noncovalent interactions. Indeed, appropriate bond critical 

points were successfully located during QTAIM analysis, attractive nature of these noncovalent 

interaction additionally was confirmed by λ2 < 0 (see blue circles indicated by orange arrows on 

Figure 7). Also, ELF values in bond critical points for these short contacts involving chalcogen atoms 

are noticeable, and ELF distribution evidence about the involvement of σ-holes of chalcogen atoms 

in bonding with oxygen atoms of beta-octamolybdate - we added two appropriate illustrative figures 

with distribution of ELF in 7 and 8 in Supporting Information (Fig. S12, S13).

In order to compare σ-(QIV)-hole···O=Mo interactions in {[Q(bPh)R]2[Mo8O26]}2– associates 

and π-π stacked structural units quantum chemical calculations were performed. The utilized models 

are shown in Fig. S12-S15. The calculated data describing π-π interactions are summarized in Table 

S4. The comparison of corresponding energy values shows domination of σ-(QIV)-hole···O=Mo 

interactions in all the cases. This means that in the isolated complexes, π-π stacking assists 

crystallization of {[Q(bPh)R]2[Mo8O26]}2– units but does not induce their formation. Noticeably, 3 

and 4 do not show the presence of σ-(QIV)-hole···O=Mo interactions, but feature π-π staking. It looks 

like in 3 and 4 the [S(bPh)Mes]+ cation with the bulky Mes substituent avoids placing its sulfur atom 

at too small Δ of 40-50° needed for σ-(SIV)-hole···O=Mo NCIs. 
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Figure 7. Visualization of NCIs in model supramolecular associates 5, 7, and 8 (from left to right; 

SO, SeO, and TeO contacts indicated by orange arrows) using NCI analysis technique.87

Conclusions

Organic-inorganic supramolecular associates consisting of [Q(bPh)R)]+ (Q = S, Se, Te; bPh = 

C12H8; R = Ph, Mes, 4-BrC6H4, 4-FC6H4) and beta-octamolybdate anion with various cationic 

composition can be prepared in a simple way. The nature of cation-anion bonding is cooperative and 

can be presented as a sum of σ-(QIV)-hole···O=Mo (Q = S, Se, Te) ChB and cation-anion electrostatic 

interaction. The later component is important but not a unique driving force leading to the formation 

close associates between the chalconium cations with beta-octamolybdate anion. Depending on the 

σ-(Q)-hole donor type, the chalconium cation interactions with the [β-Mo8O26]4– oxobackbone change 

significantly. Both chalcogen atom and attached organic groups play crucial role in the formation of 

NCIs. The change of S to Se or Te strongly affects the O…O…Q angle which increases from 40–50° 

for S to 90° for Te. 

These examples unlock the potential of lacunary type polyoxometalates to serve as noncovalent 

ligands in the comparison with classical heterometal coordination by oxoligands of POM. The 

existence of vast non-classical coordination chemistry of polyoxometalates based on noncovalent 

interactions can be anticipated. Chalconium / POM organic-inorganic hybrids demonstrate 

photochromic behavior firstly reported by Mialane et al.78 and thoroughly studied by Pradeep et 
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al.76,77,89,90 In this regards we demonstrate the association modes between POM and onium cations 

which is significantly important in the crystal design of such photoactive materials
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