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Abstract: The chalcogen bonding (ChB) ability of Te is studied in symmetrical diaryl ditellurides 
ArTeTeAr. Among the two Te -holes, the one along the less polarized Te-Te bond was calculated as 
the more electropositive. This counter-intuitive situation is due to the hyperconjugation contribution from 
Te lone pair to the * of the adjacent Te which coincides with -hole along the more polarized Te-Ar 
bond. ArTeTeAr showed notable structural features in the solid state as a result of intermolecular Te···Te 
ChB, such as a Te4 rectangle through dimer aggregation or a triangular Te3 motif, where one Te interacts 
with both Te atoms of a neighboring molecule through both its σ-hole and lone pair, in a slightly frustrated 
geometry. Lewis acidity of ArTeTeAr was also evaluated by NMR with R3PO as -hole acceptors in 
different solvents. Thus, 125Te NMR allowed monitoring Te···O interaction and delivering association 
constants (Ka) for 1:1 adducts. The highest value of Ka = 90 M-1 was measured for the adduct between 
ArTeTeAr bearing CF3 groups and Et3PO in cyclohexane. Notably, by using nBu3PO, Te···O interaction 
was revealed by 19F-1H HOESY showing spatial proximity between CF3 and CH3 of nBu3PO. 

Introduction 

Non-covalent interactions based on -hole have gained increasing interest in chemistry since 
the beginning of the 21st century. The halogen bond (XB) is the archetype of such interaction, 
identified and then exploited in diverse areas such as organocatalysis,[1] medicinal chemistry[2] 
and crystal engineering,[3] to name a few. Together with earlier observations showing that 
chalcogen−chalcogen interactions are driving forces for the formation of superstructures in 
crystals of chalcogen-rich organic compounds,[4] the XB reports have stimulated new studies 
concerning similar noncovalent interactions centered on other elements such as chalcogens 
(S, Se, Te).[5] This led to term such interactions as chalcogen bond (ChB) in analogy to XB, 
and to recently define them as a net attractive interaction between an electrophilic region 
associated with a chalcogen atom in a molecular entity and a nucleophilic region in another, 

or the same, molecular entity.[6] This electrophilic region, called -hole (blue area in Figure 1A), 

is located at the antipode of the Ch-R bond and spatially coincides with the LUMO orbital (*) 

of the Ch-R bond. Because of their divalent character, each chalcogen atoms possess two -
holes (Figure 1A).[7] As for XB, ChB strength depends on the polarizability of the chalcogen 
atom (S < Se < Te). Indeed, crystal structures and calculations revealed that within chalcogen 

interactions, the tellurium−chalcogen ones are the strongest, particularly if an electron-
withdrawing group is attached to the tellurium center.[8]  

Tellurium derivatives are thus becoming the most promising for applications based on -
hole interactions, with a few emerging in anion recognition[9] and binding[10] and in catalysis.[11] 
Nevertheless, applications remain scarce, probably due to the lack of data on these 
interactions, especially in solution. A better understanding of these interactions would 
obviously lead to further applications.  



Based on such considerations, we are thus conducting detailed investigations of selected 

organotellurium compounds in order to tune -hole deepness and look at the resulting 
interactions[12], in the solid state but mostly in solution, with the aim to apply them to 
catalysis.[11e] For the present study, we selected diaryl ditellurides where each tellurium atom 

possesses two -holes at the antipode of C-Te (Te-C) and Te-Te (Te-Te) bonds (Figure 1B). 

These two -holes are expected to have inherently different strengths which should strongly 
influence their solid-state and solution properties. 

 

Figure 1. A) Location of chalcogen σ-holes (colors towards red depict negative values while colors towards blue depict positive values, and colors 

in between (orange, yellow, green) depict intermediate values. B) Lewis acidity in organotellurium compounds. The enhancement of the blue color 

represents a greater positive electrostatic potential surface on the Te -hole. EDG = Electron Donating Group; EWG = Electron Withdrawing Group. 

Far less studied than their monotelluride counterparts,[8,13] ditellurides are nevertheless 

known to exhibit peculiar properties, that can now be understood as the results of -hole 
interactions. Diaryl ditellurides present chiroptical properties in the solid state, due to their 
skewed conformation which induces helicity.[14] Their crystal structures revealed short 
intermolecular Te···Te contacts,[15] clearly resulting from ChB in which Te is acting both as 
ChB donor and acceptor. Evidences of auto-association of diaryl ditellurides have also been 
reported in several solvents.[16] However, the weakness of these noncovalent interactions 
seems to have precluded further investigations (Scheme 1). Furthermore, ditellurides exhibit 
interesting biological properties,[17] mostly peroxidase-like catalytic activity.[18] They indeed 
mimic the action of the selenium-containing glutathione-peroxidases, with 4,4’-substituted 
diphenylditellurides three to nine times more active than ebselen,[19] the first agent for 
hydroperoxide-inactivating therapy.[20] However, the exact mode of action seems to be still 

unknown, but could rely on -hole interactions.[21,22] 

 

Scheme 1. Previous studies indicating Te···Te interactions and our comprehensive work. 

These aspects motivated us to tackle -hole interactions involving diaryl ditellurides. More 
precisely, our aims were to check if the same or similar ChB could occur with such compounds 
in solution compared to solid state, and if their strengths could be adjusted either by tuning 
their structures or the condition in solution, and if these strengths could be evaluated. To 
implement these goals, we reported here the synthesis of different diaryl ditellurides carrying 



substituents chosen as electron-withdrawing or -donating groups (EWGs or EDGs). The latter 

were selected in order to tune the tellurium -holes through electronic effects and to induce 
stronger interactions (Figure 1B). The molecular surface maxima corresponding to both 

tellurium -holes were calculated and their relative values were discussed on the basis on 
Natural Bond Orbital (NBO) analysis. The ability of diaryl ditellurides to establish ChBs was 
then evaluated in the solid state by single crystal X-ray diffraction (XRD) and in solution through 
a combination of NMR techniques, such as 125Te, 17O, 31P NMR, titration and 2D 19F–1H 
HOESY experiments. 

Results and Discussion 

The known diphenyl ditelluride 1 and the related new ditellurides 2-6 were synthesized from 
the corresponding aryl halides through halogen-lithium exchange in the presence of t-
butyllithium followed by addition of grey tellurium at low temperature.[23] Reactions occurred 
smoothly to produce red-orange products in good yields (76% to 84%) (Scheme 2). A particular 
care was taken to exclude oxygen and light as much as possible during the work-up. Without 
these precautionary conditions, the ditellurides tend to promptly react to form white solid which 
separate from the solution over the time.[24] Similar observations have already been reported, 
but side-products were not conclusively identified, although infrared spectroscopy and 
elemental analysis suggested the presence of a variety of oxygen-containing species (R2Te2O, 
R2Te2O2 and R2Te2O3).[16] In our hands, a white powder was obtained in a crystallization 
attempt of compound 3, in the presence of light and oxygen. High-resolution mass 
spectrometry and XRD analysis indicated the presence of 7[25] (Figure S1) as a heptanuclear 
organotellurium oxide cluster whose structure could be analogous to the one reported by R. J. 
Butcher et al.[26] (Scheme 2). Taken up in DMSO, 7 exhibited broad signals in 1H NMR 
spectrum, which could be attributed to slow dynamic exchange because of the large flexibility 
of the molecular structure of 7.  

 

Scheme 2. Diaryl ditellurides synthesis and crystallizations 

Among the compounds obtained, 2-5 were successfully crystallized from acetone in the 
dark by slow evaporation. Their structures were determined by single crystal XRD (Figure S2) 
and the structural parameters are listed in Tables S1 and S2. 2 and 4 exhibit the less common 
conformation among the few known ditellurides, with both aryl moieties almost coplanar (see 
CSD database analysis in SI, §2.4), while 3 and 5 exhibit the most common conformation, with 
the two aryl groups perpendicular. 



To better understand these structures and their conformations and interactions, the 
anisotropy and magnitude of the electrostatic potential at tellurium centers were characterized 
by ESP analysis. For this purpose, the geometry of compounds 1-6 was optimized using 
density functional theory (DFT) with the B3LYP functional (completed with D3 dispersion 
corrections)[27] and the Def2TZVPP basis set. For the two most stable conformations C1 and 
C2 (see Scheme of Table 1), the electrostatic potential values (V) were calculated on ρ=0.001 

a.u. molecular surfaces with the extrema (Vs,max and Vs,min) located using MWFN software[28] 
(Figures S42-S51) and reported in Table 1. For compounds 2-5, the Vmax values of optimized 
geometries were compared with those calculated from the geometries observed in the solid 
state. Interestingly, the values matched well with those obtained from the solid state 
conformation (C1 conformation for compounds 2 and 4, and C2 conformation for 3, see Figure 
S2). In its experimental geometry, 5 has one aryl group displaying a conformation very close 
to C2 (leading to very similar VS,max values), whereas the second aryl has a conformation in 
between C1 and C2. 

Table 1. Vmax values (kJ.mol-1) on ρ=0.001 a.u. isosurface for the two most stable conformations of diaryl ditellurides C1 and C2 (σTe-Te denotes the 

-hole found in the prolongation of the Te-Te bond, whereas σTe-C refers to the one in the direction of C-Te bond). 

 

 Conformer 1 (C1) Conformer 2 (C2) 

Compound  Te-Te Te-C Te-Te Te-C 

1 48.9 35.9 76.3 40.7 

2 36.2 31.1 65.6 36.2 

2 (crystal) 34.5/33.6[a] 22.1/22.9[a]   

3 114.5 106.3 145.8 107.5 

3 (crystal)   147.8 112.7 

4 67.7 48.5 -[b] 60.6 

4 (crystal) 65.6 44.6   

5 90.3 88.9 118.0 83.1 

5 (crystal)[c] 105.6 83.3 115.4 80.0 

6[d]   71.8 36.5 

[a] The two values correspond to the two crystallographic inequivalent Te atoms (Te1 and Te2 in Figure 4); [b] In this conformation a fluorine atom 

of the CF3 group interacts with the Te-Te. For 4 only the conformations with CF3 groups oriented both toward the outside are reported; [c] For 5 (its 

crystal structure) one aryl displays a conformation very close to C2 whereas the second one displays an intermediate conformation; [d] C2 was the 

only stable conformation obtained by DFT calculations. 

As expected, for compounds 1-3 and 5-6, Vmax is increasing with the electron-withdrawing 

ability of the R1 substituent, whatever the considered conformation and -hole (Vmax(2) < 

Vmax(6) < Vmax(1) < Vmax(5) < Vmax(3)). Nevertheless, a clear difference appeared in the -hole 

deepness; Vmax (Te-Te) values are always higher than Vmax (Te-C) with a larger difference in the 
case of C2 conformation. This was unexpected since the Te-C bond is more polarized than 
the Te-Te bond. 

In order to rationalize the observed relative order Vmax (Te-Te) > Vmax (Te-C) on diaryl 
ditellurides, additional calculations were performed on simple ditelluride model compounds 
HTeTeY, varying the Y substituent and using the same calculation conditions (Table 2 and SI, 
§4). In each case, the optimized structures resulted in H-Te-Te-Y dihedral angle close to 90°. 



Moreover, in each case, two -holes were found on each Te atom (Figures 3 and S55-S56), 
one in the prolongation of Te-Te bond and the other in the prolongation of Te-H or Te-Y bond. 
Varying the Y substituent from EDG such as CH3 to EWG such as CF3 induced an increase in 

the Te Bader charge (from +0.20 to +0.27) and also a general increase of Vmax at both -holes. 

In each case the -hole found in prolongation of Te-Te bond was found more electropositive 
than the one lying in the Te-Y direction.  

Table 2. Vmax values (kJ.mol-1) on ρ=0.001 a.u. isosurface for HTeTeY model compounds 

  Vmax (kJ.mol-1)[a] 

Compound  Conformer[b] Te(α)-H Te(α)-Te(β) Te(α)-Te(β) Te(β)-Y 

HTeTeH[c] - 66.0 97.7 97.7 66.0 

HTeTeCH3 - 55.3 79.5 96.1 39.5 

HTeTeCH2F A1 71.6 93.5 116.2 57.3 

 A2 63.2 94.4 116.2 57.4 

HTeTeCHF2 B1 71.1 103.2 145.0 72.6 

 B2 84.7 110.0 84.9 77.5 

 B3 77.9 110.5 84.0 77.5 

HTeTeCF3 - 87.9 119.7 95.3 102.0 

[a] The considered Te -hole is indicated in bold: Te(α) is linked to H and Te(β) is linked to Y; [b] See Figures 3, S55 and S56 for the positions of Te 

-holes; [c] Y = H, therefore Te() and Te() are equivalent. 

For these model ditellurides, Natural Bond Orbital (NBO) analysis of the donor – acceptor 
interaction was performed on each optimized structure using the NBO 6.0 software[29] (Table 
S12). This analysis shows that a significant stabilization occurs between one Te lone pair and 

the antibonding *(Te-H,Y) of the adjacent Te atom (Figure 2). Besides explaining the almost 
perpendicular geometry of (TeH)2, i.e. a gauche effect, this stabilizing hyperconjugation 

contribution[30] also induces a less electropositive -hole in the direction of Te-H by populating 

the *(Te-H) antibonding (the population of *(Te-H) antibonding is 0.026, larger than the 

population found for *(Te-Te) antibonding (0.003 for example in the case of H-Te-Te-H). In 

the anti-periplanar conformation, for which the Te lone pair to *(Te-H) stabilization is not 

possible due to unfavorable overlap, the two Te -holes are much more similar (e.g. for H-Te-

Te-H: Vmax =111.4 and 95.1 kJ.mol-1 for -hole(Te-Te) and -hole(Te-H), respectively). Similar 
results were obtained on the whole HTeTeY series indicating that hyperconjugation 

contribution to tellurium -hole along Te-C bond can be generalized to substituted ditellurides, 
including diaryl ditellurides. 

 

Figure 2. Donor-acceptor interactions NBO analysis in H-Te-Te-H model compound. The a) Te lone pair orbital favourably overlaps with b) the 

antibonding σ*(Te-H) giving rise to a stabilizing hyperconjugation (gauche) effect. 



The V value at a given point of space does not depend only on the local electron density 
but is also affected by neighboring atoms, especially if they carry net charges. V values are 
thus conformation dependent. This is illustrated with HTeTeCHF2 having 3 possible 

conformations (Figure 3). Indeed, Te(β) -hole in prolongation of Te-Te bond is strongly 
electrophilic (145.0 kJ.mol-1) when C-H bond is oriented parallel to Te-Te bond (conformation 

B1), bringing the electropositive H atom (q(H)=+0.06|e|) in the vicinity of the -hole. 
Conformations B2 and B3, where one of the two C-F bonds approaches the strongly 

electronegative fluorine atoms (q(F)=-0.62|e|) toward the Te(β) -hole position, induce a 

lowering of the strength of this -hole (down to ~84.4 kJ.mol-1). It is worth noting that the other 

-holes are much less sensitive to CHF2 conformations. The charge contribution is probably 
less important in the case of 3,5-disubstituted diaryl ditellurides when the charged substituents 

are placed far enough from Te -holes, whatever the conformation induced by aryl rotation 
along Te-C bond (e.g. in 3 the ortho-H atom is almost neutral with q(H)=+0.04|e|; Figure S4). 

However, for compound 4, one reason for the observed much lower Vmax values of tellurium -
holes compared to 3 could be due to charge contribution from the ortho-CF3 group. 

 

Figure 3 Positions of ESP maxima corresponding to Te σ-holes in the three conformations of HTeTeCHF2 model molecule, shown as small blue 

spheres. Black dashed lines relate these σ-holes to neighbouring atoms. 

The ability of compounds 2-4 to be involved in -hole based noncovalent interactions was 
first investigated in the solid-state.  

The tellurium atom seems to play a central role in the crystal structure of 2. For this 
compound, the crystal structure consists of infinite chains oriented along [101] direction, where 
adjacent molecules interact through π···π stacking (inter-plane distance = 3.346 / 3.295Å ) 

(Table S8, entries 1 and 2) and weak CH···O hydrogen bonds involving the four methoxy 
oxygen atoms (d(H···O)=2.53-2.64 Å) (Figure S14) and forming R2

2(7) motifs.[31] Adjacent [101] 

chains interact mainly through Te···Te intermolecular bonds (see below and Table S8, entry 
4), forming (010) infinite planes. These planes then stack along [010] direction, interacting 
mainly through Te···CAr (Te2···C6=3.629Å, RR=0.97, Te1-Te2···C6=175.5°) (Table S8, entry 
3). The major remarkable chalcogen interaction here lead to the formation of a cyclic planar 
quadrangular Te4 motif centered on an inversion center (Figures 4 and S17), where the 
tellurium σ-hole in the prolongation of CAr-Te bonds interacts with one lone pair of the 
neighboring Te atom (Te1···Te2 = 3.918Å, RR=0.95) in a nearly linear geometry (C1-

Te1···Te2 = 168.42°). 



 

Figure 4. Chalcogen interactions in the crystal structure of 2, shown as black dashed lines and forming a cyclic planar quadrangular Te4 motif. 

Hydrogen atom omitted for clarity. Representative distances are given in Å 

Such chalcogen interactions are also involved in the stabilization of the crystal structure of 
5. Indeed, the most stabilizing interaction (Table S11 entry 1), resulting in the formation of 
infinite chains along [010] direction, consists of ChB with one aromatic ring as the acceptor 

(Te2···C8=3.569Å, RR=0.95, Te1-Te2···C8=156.7°), completed with favorable dispersive 

contribution arising from aromatic ring proximity (Figure S34). These columns are then held 
together through secondary interactions. The most stabilizing one (Table S11, entry 2) involves 
also chalcogen interactions (Figure 5), forming a triangular Te3 motif. In this molecular 
arrangement the σ-hole of Te2 atom of a given molecule points toward a lone pair of Te2 atom 

of the neighboring molecule (Te2···Te2=4.103Å, RR=1.00, C7-Te2···Te2=149.44°) whereas 

one of its own lone pair acts as a ChB acceptor through its interaction with the σ-hole of Te1 

atom (Te1···Te2=3.945Å, RR=0.96, C1-Te1···Te2=173.36°). These two contacts are 

somewhat frustrated, due to the interplay of the other interactions. Indeed, the first one 
deviates from linearity (even if σ-holes are not always located exactly in the direction of the 

prolongation of the covalent bond that creates them, the angle between Te2···VS,max and Te2···

Te2 directions is 30.78°) and in the second one the angle between the Te2 atom and the VS,min 
point corresponding to the lone pair directions and the same Te2 atom to neighboring Te1 is 
34.37° (Figure S53). The formation of these ChBs is confirmed by the observation of bond 
critical points (Figure S54) in the topological analysis of the DFT calculated electron density; 
the delocalization index, which can be seen as a measure of a bond degree is non negligible 
(~0.1), amounting about 10% of the corresponding value for the covalent C-Te bond itself. 



 

Figure 5. Triangular Te3 motif built by chalcogen interactions in the crystal structure of 5, shown as black dashed lines. Representative distances 

are given in Å. Hydrogen atoms are omitted for clarity. 

A CSD search of the quadrangular and triangular motifs in diaryl ditellurides was performed 
(Table S3). It outputs only eight and twelve structures displaying respectively the triangular 
and quadrangular molecular arrangements, with Te···Te distances ranging from 3.769 to 4.168 
Å. It is worth noticing that the interaction energy calculated for the Te4 motif in 2 (-28 kJ/mol; 
Table S8, entry 4) is in line with the energies previously calculated on series of model 
chalcogen molecules (-14 – -25 kJ/mol).[32] Although relatively weak, such ChB underlines the 
structure directing ability of these interactions in the solid state, in which a dispersion 
contribution has a significant role. 

To better understand these structures, enrichment ratios (E)[33] were computed for 
compounds 2-5 by comparing the actual surface contacts to equiprobable contacts based on 
the Hirshfeld surface. The obtained results (Tables S4-S7) show that these compounds adopt 
different molecular packing. Whereas 2 and 4 show enriched aromatic CAr···CAr contacts 
(E=1.93 and E=2.29) associated with π···π stacking, compound 3 displays impoverished 
CAr···CAr contacts (E=0.84). The similarity between 2 and 4 is reinforced considering that both 
structures display enriched Te···Te contacts (E=1.35 and E=1.47, respectively) whereas these 
contacts are clearly impoverished in 3 (E=0.34). In this latter structure, the tellurium atoms 
experience enriched contacts to aromatic rings (E=2.1), such contacts being slightly 
impoverished in 2 and 4 (E=0.96 and E=0.82, respectively). Compound 5 shows a strong 
enrichment of Te···Te contacts (E=2.44), corresponding to the formation of the Te3 motif (see 
above). Whereas Te···Cl contacts are impoverished (E=0.44), numerous contacts appear 
between hydrogen atoms and chlorine and aromatic carbon (respectively E=1.38 and 1.22), 
corresponding to weak hydrogen interactions (Figures S36 and S37). 

The full structural analysis (see SI, §2.3) prove that chalcogen atoms, even if they are not 
always engaged in contacts shorter than the van der Waals limit, are actively participating in 
favorable intermolecular interactions with neighboring molecules, thus contributing to the 
overall stabilization of the structures. 

As expected, XRD structures of the diaryl ditellurides 2-5 revealed the presence of several 
noncovalent interactions, especially Te···Te and Te···π chalcogen bonds, but are they 

maintained in solution? 

To look for such interactions in solution, we studied derivatives 1-6 through NMR 
spectroscopy. Looking at 125Te nucleus can be advantageous to study noncovalent interactions 
involving tellurium and useful to quantify the effect of Te substituents. Because 125Te NMR is 



known to be sensitive to Te chemical environment,[34] we expect 125Te NMR chemical shifts to 
be influenced by both noncovalent interactions involving Te atoms, despite their weakness,[16] 
and substituent effect. 

To specifically probe noncovalent interactions involved in ChB, we first submitted each 
diaryl ditelluride 1-6 to a stoichiometric amount of triphenylphosphine oxide (Ph3PO) in 
deuterated chloroform and monitored the resulting modifications by NMR (Scheme 3 and Table 

S13). Indeed, this Lewis base has already proven its efficiency as -hole acceptor in XB 
experiments[35] and was recently used by our group for ChB detection.[11e] Noticeably, Ph3PO 

was 17O-enriched with the objective to monitor 17O chemical shift variation (together with 
31P  by 17O and 31P NMR spectroscopies, owing to the high sensitivity of these nuclei. 

 

Scheme 3. 125Te, 17O and 31P NMR monitoring of the interaction between diaryl ditellurides 1-6 and phosphine oxides.  

Despite the weakness of the interaction, chemical shift variations up to 0.91 ad 0.18 ppm 
were obtained, respectively in 17O and 125Te NMR. These variations probably reflect the direct 
interactions between the ditelluride tellurium atom and the oxygen atom of the Lewis base. 

Lower variations were observed with 31P (= 0.04-0.09 ppmas expected from secondary 
interaction with the Lewis base phosphorous atom. Furthermore, a good correlation could be 

established between (125Te) and (17O) with the meta Hammett parameters of the R 
substituents in compounds 1-3 and 5-6 (Figures 6 and S57). A direct link between the 

electronic effect of the aryl meta substituent and the tellurium -hole could thus be established, 
in line with ESP values. These set of data supported the presence of Te···O interaction in 
solution, even in a polar and possibly competitive solvent. 



 

Figure 6. Linear regression analysis describing the relationships between (125Te) and meta (a) and between (17O) and meta (b). 

It is worth noting that the ortho-substituted compound 4 exhibited weak to extremely weak 

chemical shift variations ( 0.02 to 0.12 ppm) despite the strong electron-withdrawing nature 
of the o-CF3 group. Such low effect of adding Lewis base is in line with ESP data (Table 1) and 

suggests that the strong intermolecular , electrostatic and Te···Te interactions observed in 
the solid state for this compound (see SI, §2.3) are probably also active in solution. Indeed, 

intramolecular interaction between a CF3 fluorine atom and Te -hole cannot be ruled out in 
solution, due to the rather short Te···F distance (Te···F = 3.31-3.38 Å, Figures S2 and S31). 
Both interaction types would thus minimize the formation of complex with the added Ph3PO 
Lewis base. 

As we recently demonstrated that chlorinated solvents clearly interact in solution with Te -
holes,[12] we performed similar experiments with less competitive solvents than CDCl3, i.e. 

toluene-d8 and cyclohexane-d12. In order to increase the strength of the Te···O interaction, a 

stronger-hole acceptor (Et3PO[36]) was also used. Under such conditions, NMR titration 
experiments could be performed, while titrations in CDCl3 were not conclusive.[37] From the so-
obtained data, association constants (Ka) could be obtained and compared (Table 3). NMR 
titration indeed provides an established tool for characterizing the strength of supramolecular 
adducts, in particular by giving access to their association constants and stoichiometry.[38] 
Diaryl ditellurides 1 and 3, whose concentrations were kept constant, were mixed in a 
deuterated solvent with increasing concentrations of phosphine oxide, while 125Te NMR 
spectra were collected (see SI, §5.2). 

As expected from ESP data, whatever the phosphine oxide/solvent system, higher values 
of Ka were obtained for ditelluride 3 bearing EWG (entries 1 vs 2 and 3 vs 4). Shifting the Lewis 
base from Ph3PO to Et3PO only induced a slight change in deuterated toluene (entries 1 vs 3, 



and 2 vs 4). As small Te···π interactions were observed in the solid state (see Figure S3), 

toluene might not be a not-so-innocent solvent, we shifted to an even less interacting solvent, 
cyclohexane, expecting to observe stronger Te···Lewis base interactions. Rewardingly, NMR 
titration experiments in deuterated cyclohexane led to an important Ka increase (entries 5 vs 4 
vs 2). Such large Ka increases (15-times) clearly reflect the stronger interaction which can be 

achieved with stronger -hole acceptors in less and less interacting solvents. 

Table 3. Experimental Ka values of the ArTeTeAr···OPR’3 adducts[a] 

Entry ArTeTeAr (R) OPR’3 Solvent Ka (M-1)[b] 

1 1 (R = H) OPPh3 Toluene-d8 0.23 ± 0.01 

2 3 (R = CF3) OPPh3 Toluene-d8 5.70 ± 0.20 

3 1 (R = H) OPEt3 Toluene-d8 0.26 ± 0.03 

4 3 (R = CF3) OPEt3 Toluene-d8 5.90 ± 0.20 

5 3 (R = CF3) OPEt3 Cyclohexane-d12 91.00 ± 9.00 

[a] Conditions: The initial concentration of ArTeTeAr is 20 mM (see SI, §5.2 for details); [b] Determined from non-linear regression modelling of 1:1 

binding isotherm collected during NMR titrations. 

The mixture of 3 and Et3PO in cyclohexane showing the highest value of Ka (Table 3, entry 
5) was then considered in order to detect the Te···O interaction by 2D NMR. We wondered if 
19F–1H HOESY could be used to trace the putative spatial proximity of Et3PO hydrogens with 
ditelluride fluorines in 3/Et3PO adduct.[39] Unfortunately, the HOESY spectrum of the mixture 
composed of ditelluride 3 and 10 equivalents of Et3PO in cyclohexane-d12 did not show any 
cross-peak that could be assigned to H-F spatial proximity. Pleasingly, by using nBu3PO with 
longer alkyl arms, cross-peaks involving CH2-CH3 and CF3 fragments were observed, 
confirming the adduct formation in solution (Figures 7 and S63). 

 

Figure 7. 19F–1H HOESY NMR spectrum of a mixture of 3 (20 mM) with Bu3PO (196 mM) in cyclohexane-d12. 

Overall, these results show that ArTeTeAr•OPR3 adducts could be formed in solution and 
that the aryl substituents play key role in establishing ChB. As expected, adjusting the 
electronic nature of the Te substituent clearly allows to tune the ChB strength by acting on the 

Te -hole deepness. 

Conclusion 

We reported here the synthesis and the study of -hole properties of differently substituted 

diaryl ditellurides, in solution and in solid-state. Of the two Te -holes, the one at the opposite 
of the Te-Te bond was found to be more electropositive compared to the one at the opposite 
of the Te-CAr bond. This unexpected result could be rationalized by NBO analysis evidencing 

the hyperconjugation contribution from one Te lone pair to the * of the adjacent Te atom 

resulting in electronic enrichment of the -hole at the opposite of the more polarized Te- CAr 
bond.  



The crystal structure analysis of four representative diaryl ditellurides showed that Te -
hole interactions are involved in the crystal packing. In particular, one derivative forms a Te4 
rectangle structure through dimerization via intermolecular Te···Te ChB. Another compound 
forms a triangular Te3 motif, where one chalcogen interacts with both Te atoms of a 
neighboring molecule through both its σ-hole and its lone pair, in a slightly frustrated geometry. 
ChB involving π acceptors are also clearly evidenced, and in the other investigated structures, 
even if directional contacts are less strong, a clear interaction scheme involving Te σ-holes 
appears, underlying the importance of these secondary interactions. 

Weak interactions with OPPh3 could be identified in chloroform by combining multinuclear 
NMR, especially 125Te and 17O NMR. Interestingly, stronger interactions were evidenced by 
using the more Lewis basic OPEt3 and less- and non-interacting solvents such as toluene and 
cyclohexane. With diaryl ditelluride bearing CF3 groups, association constants Ka ≥ 1 could be 
measured for the 1:1 adducts by titration experiments in 125Te NMR. The highest value of Ka = 
90 M-1 was measured in cyclohexane. Moreover, by using nBu3PO as the Lewis base, the 19F-
1H HOESY experiment showed spatial proximity between CF3 and CH3 of nBu3PO, definitively 
proving that Te···O interaction occurred in solution. 

Experimental Section 

General procedure for the synthesis of diaryl ditellurides 2-6. A 1.7 M solution t-
butyllithium in pentane (2.1 eq.) was added dropwise to haloarene (1 mmol, 1 eq.) in freshly 
distilled THF (10 mL) at -78 °C, under argon. The mixture was stirred for 1 h at -78 °C (color 
changes from pale yellow to orange/brown). Then tellurium powder (1.7 mmol, 1.7 eq) was 
added in one portion, the cooling bath was removed and stirring was continued for 5 h at rt 
(color changes to dark red). Then the reaction mixture was quenched by pouring it into an 
Erlenmeyer flask equipped with a magnetic stirring bar (rod) containing water cooled with ice 
(25 mL). The resulting black solution was stirred overnight under air. The mixture was filtered 
at vacuum over a 4 cm thick Celite pad placed in a fritted glass (porosity 1, diameter 6 cm). 
The pad was washed with CH2Cl2 (3 x 40 mL). Phases were separated and the aqueous phase 
was extracted with CH2Cl2 (40 mL). Organic extracts were combined, shortly dried over 
MgSO4, filtered and concentrated. Purification was achieved by chromatography on a silica gel 
column using a pentane / CH2Cl2 gradient from 10:0 to 6:4, or pure pentane with apolar 
compounds. 
NMR Titration experiments. For pipetting Hamilton®-syringes were used. All experiments 
were conducted at ambient temperature (298.5 K) and in NMR tubes. For each sample, a set 
amount of the ChB donor was weighted on an analytical balance into a Volumetric flask and a 
specific amount of the ChB acceptor was also weighted in another one. They were 
subsequently diluted carefully in the volumetric flask to volume with the corresponding solvent 
of titration. Each mixture was then agitated for at least 5 min to fully dissolve all solids and mix 
the solution thoroughly prior to transferring to NMR tubes. Each titration experiment involves 
at least nine sequential samples, in which the concentration of the ChB donor is kept constant 
(0.02 M, 0.45 mL before dilution), whereas the concentration of the ChB acceptor is 
systematically increased from 0.0 M up to 1.0 M (depending on the donor−acceptor−solvent 
system). The NMR tube was manually agitated 5 min before the acquisition of 125Te. 1H NMR 
was systematically recorded to check the homogeneity of the solution in the tube. Throughout 
each titration experiment all parameters of the NMR spectrometer remained constant. The 
measured shifts were plotted against the guest-equivalents and the resulting curve was fitted 
using http://supramolecular.org/. For the calculation of the binding constants (K), a 1:1 binding 
was assumed. 
X-Ray Diffraction. Single crystals of 2-5 suitable for the single X-ray analysis were obtained 
from slow evaporation of their corresponding solution in acetone, in absence of light. The 
crystals of 2-5 were placed in oil, and a single crystal was selected, mounted on a glass fiber 
and placed in a low-temperature N2 stream. X-ray diffraction data collection was carried out on 

http://supramolecular.org/


a Bruker PHOTON III DUO CPAD diffractometer equipped with an Oxford Cryosystem liquid 
N2 device, using Mo-Kα radiation (λ = 0.71073 Å). The crystal-detector distance was 37 mm. 
The cell parameters were determined (APEX3 software)[40] from reflections taken from 1 set of 
180 frames at 1s exposure. The structures were solved using the program SHELXT-2014.[41] 
The H-atoms were included in calculated positions and treated as riding atoms using SHELXL 
default parameters. The non-H atoms were refined anisotropically, using weighted full-matrix 
least-squares on F2. A semi-empirical absorption correction was applied using SADABS in 
APEX3; transmission factors: Tmin/Tmax = 0.6765/0.7463 for 2; Tmin/Tmax = 0.6981/0.7456 for 4; 
Tmin/Tmax = 0.5242/0.7456 for 3; Tmin/Tmax = 0.5932/0.7458 for 5. In the latter case, the structure 
was refined as a 2-component inversion twin, with a ratio of 0.48/0.52 for the two domains. 
Depositions Number(s) 2081477 (for 2), 2081476 (for 3), and 2081475 (for 4), and 2144457 
(for 5) contain(s) the supplementary crystallographic data for this paper. These data are 
provided by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum 
Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures. 
In order to rationalize the crystal structures, intermolecular interaction energies were calculated 
with CrystalExplorer[42] (details in SI, §2.5). 
DFT calculations. Molecular geometries of compounds 2-4 were extracted from the 
corresponding experimental X-ray structures. Hydrogen atom positions were optimized (while 
keeping the other atoms fixed) at the DFT level of theory (B3LYP functional completed with D3 
dispersion correction;[27] Def2TZVPP basis set) using the Gaussian09 software.[43] Isosurface 
of electron density (ρ=0.001 a.u.) mapped with the corresponding total electrostatic potential 
were calculated and drawn with AIMAll software;[44] characterization of VS,max extrema of the 
EP was performed MultiWfn programs.[28] 
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