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Abstract: Telluronium salts [Ar2MeTe]X were synthesized and their 

Lewis acidic properties towards a number of Lewis bases were 

addressed in solution by physical and theoretical means.  The 

structural X-ray diffraction analysis of 21 different salts revealed the 

electrophilicity of the Te centers in their interactions with anions. 

Telluroniums’ propensity to form Lewis pairs was investigated with 

OPPh3.  Diffusion-ordered NMR spectroscopy suggests that 

telluroniums may bind up to three OPPh3 molecules.  Isotherm 

titration calorimetry showed that the related heats of association in 

1,2-dichloroethane depend on the electronic properties of the 

substituents of the aryl moiety and on the nature of the counterion. 

The enthalpies of first association of OPPh3 span -0.5 to -5 kcal/mol. 

The study of the affinity of telluroniums for OPPh3 by state-of-the-art 

DFT and ab initio methods reveals the dominant Coulombic and 

dispersion interactions as well as an entropic effect favoring 

association in solution. Intermolecular orbital interactions between 

[Ar2MeTe]
+
 cations and OPPh3 are deemed insufficient to ensure 

alone the cohesion of [Ar2MeTeBn]
+
 complexes in solution (B= 

Lewis base). Comparison of Grimme’s and Tkatchenko’s DFT-D4 / 

MBD-vdW thermodynamics of formation of higher [Ar2MeTeBn]
+ 

complexes reveals significant molecular size-dependent divergence 

of the two methodologies, with MBD yielding better agreement with 

experiment. 

 

Introduction 

-Hole interactions occur between regions of low electron 

density observed in halogens, chalcogens and many other 

bonded atoms (-hole donors), and electron-rich partners (-

hole acceptors).[1-3]  Among this class of interactions, the 

halogen bond (XB) is probably the most prominent regarding its 

application in many domains.[4]  In recent years, the chalcogen 

bond (ChB) has attracted more attention with important 

contributions in the context of supramolecular chemistry,[5, 6] 

crystal engineering[7, 8] and catalysis,[9-13] to name a few. [14, 15] In 

contrast to halogens in halogenated organic compounds that 

bear one -hole, chalcogens in organic chalcogenides R2Ch (+II) 

possess two -holes able to participate in -hole interactions.[16, 

17]  If X-ray diffraction (XRD) analysis allows the structural 

description of such interactions in the crystal,[7] there has been 

few direct and unambiguous determination of the 

thermochemistry of ChB association in solution.[18]  The latter 

task can be addressed by complementary means[19] that rely on 

NMR techniques for establishing the existence of molecular 

associations in solution, and calorimetric methods such as 

Isothermal Titration Calorimetry (ITC) to estimate association 
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enthalpies.[20] Recently, chalconium salts [R3Ch]+ where the 

chalcogen(+IV) atom bears three -holes have been described 

as powerful Lewis acid catalysts[21, 22] (Figure 1).  Thus, several 

organic transformations could be efficiently catalyzed with 

sulfonium,[23, 24] selenonium[25-27] and telluronium[28-33] salts.  The 

latter were also investigated for their ability to transport anions 

across phospholipid bilayers.[34]  While it is clear from these 

studies that the reactivity of the chalconium salts is based on 

ChB between the chalcogen(+IV) and the substrate, some 

questions remain unanswered about the number of -holes 

involved and their behavior in solution. 
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Figure 1. Chalconiums used in organocatalysis (BArF
-
 = tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate). 

In other terms, how are these -holes occupied in the presence 

of excess Lewis base in solution ?  This information is of utmost 

importance for the design of active candidates for catalysis and 

for other solution-based applications. 

To date, all the studies performed on adduct formation 

between chalcogen(II) compounds and Lewis bases in solution 

considered only the 1:1 stoichiometry.[18, 19]  The same 

stoichiometry was used to describe the association of Lewis 

bases with diaryliodonium ions, known to behave as 

organocatalysts[35, 36] although iodine(III) possesses two -

holes.[37]  In these cases the 1:1 stoichiometry is reasonable 

considering that the first association through one -hole should 

weaken the other.[16] However, different stoichiometry can be 

expected with atoms bearing up to three -holes such as in 

neutral pnictogen (III) or cationic chalconium(IV) compounds. 

The binding properties of pnictogen-based species were studied 

in specific cases[38], showing that PhSbCl2 can bind two chloride 

anions[39].  Nevertheless, the presence of three -holes makes 

the study in solution rather challenging due to 1) three possible 

stoichiometries of the adducts with a Lewis base, 2) possible 

competing interactions between the chalcogen center and 

interfering Lewis bases (solvent, counterion), and 3) the hardly 

predictable effects of solvation, such as competing coordination.  

Being involved these last years in XB-[40-42] and ChB-catalysis,[19, 

43, 44] we have recently reported the high catalytic efficiency of 

methyldiaryltelluronium salts in various reactions.[28]  Herein, in 

order to gain insight into the interacting ability of 

diarylmethyltelluroniums in solution, the interaction of various -

hole acceptors (Lewis bases) with a series of tellurium cations 

bearing different functional groups and associated with anions of 

different coordinating ability were addressed by NMR 

spectroscopy and ITC, complemented by structural XRD 

analyses and underpinned by state-of-the-art theoretical tools 

(Figure 2). 

 

Figure 2. The questions addressed and the methodology used in this study. 

The telluronium cations of interest to this study present indeed a 

marked electrophilicity that was considered particularly suitable 

for ITC experiments with ChB acceptors,[45] whereas preliminary 

NMR spectroscopy sensed relatively persistent ChB in 

solution.[28]  While recent reports highlighted the importance of 

orbital interactions in ChB[46, 47] strength, this study outlines the 

systemic role of coulombic interactions and dispersion, the 

crucial influence of solvation in molecular complex formation[48, 

49] and questions the very idea of ChB as the main driving force 

in the formation of molecular complexes in solution. 

Results and Discussion 

The methodology applied in this study focusses on the 

extraction of experimental information among which physical 

observables and their analysis by theoretical means to achieve 

the most physically sound description of the intermolecular 

interactions.  We therefore adopted a critical and chemical 

bonding model-“agnostic” or “secular” approach inspired by 

Clark’s recent[50] recommendations, focusing on analyzing with 

state-of-the-art tools the properties of the electron density 

topology and considering different models of dispersion 

correction for their impact on the thermodynamics of association.  
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The methodology disclosed herein therefore consists of (Figure 

2):  

1) the synthesis and structural XRD analysis of new 

telluronium salts and the analysis of Te -hole properties in the 

crystal,  

2) the in solutio DOSY (diffusion ordered spectroscopy)-

NMR investigations of associations between telluronium salts 

and Lewis bases governed by the establishment of ChB,  

3) the ITC-based determination of heats of association in 

solution and attempts to break down the latter into association 

enthalpies of first, second and third Lewis base coordination to 

the Te center, 

4) the theoretical analyses of the nature of the interactions 

involved in the ChB at the local and non-local level by a 

combination of advanced DFT-D (dispersion)/vdW (van der 

Waals) and wavefunction theory (WFT) methods backed by 

robust bond analysis methods, and 

5) the evaluation of D/vdW-corrections applied to static 

DFT, that is the pair-wise[51-55] and many-body[56-58] atomic based 

corrections, in the challenging computation of the solution 

thermodynamics of the telluronium-Lewis base association. As 

shown farther the choice of the proper dispersion/van der Waals 

corrections in DFT calculations is crucial in modeling the 

thermodynamics of formation of large molecular aggregates. 

The ambition of this study is to demonstrate that only a 

comprehensive approach (Figure 2), devoid of bonding model 

preconceptions and focused on the determination of 

observables and their modeling by theoretical means provides 

unambiguous answers on the origin of stabilizing interactions 

responsible for the cohesion of the molecular complexes of 

interest in vacuum and in solution. 

 

Synthesis of telluronium salts, structural X-
ray diffraction (XRD) and electrostatic surface 
potential (ESP) analyses. 

 

In addition to the previously reported telluronium salts 1a-c, 2a-c, 

3a-c and 6a-d,[28] new derivatives were prepared by varying the 

electronic or steric properties of the aromatic substituents and 

the nature of the counterion (Chart 1).  Telluroniums 6e-g were 

obtained through anion metathesis from the triflate salt 6a and 

telluroniums 4a-b, 5a-b, 6h, 7a-b and 8a-b were synthesized 

following reported procedures (see ESI for details).  Suitable 

crystals of 1a, 1c, 2a-c, 3a-c, 5a, 6a-b, 6d-f, 6h, 7a-b and 8a-b 

were obtained and only the structures of selected salts are 

reported in Figure 3.   
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Chart 1. The telluronium salts considered in this work 

The structural analysis was complemented by an ESP analysis 

of the telluronium cations to confirm the formation of ChBs in the 

solid state and to study the electronic influence of the aromatic 

substituents on Te -holes depth (see ESI for full details).  The 

study focused on the Te•••X interaction by determining its 

geometrical parameters, the CAr-Te-A angle () and Te-A 

distance (d) (A represents the acceptor atom). In general, a ChB 

is defined by  in the range 160-180° and d below the sum of 

van der Waals radii of the interacting atoms (rvdw). For 

comparison purposes, the reduction ratio (RR) parameter, 

defined as d/rvdw, was used. The different values of , d and RR 

for the telluronium salts are reported in ESI (Table S1), along 

with the nature of the interacting atom or  region, and their 

number. 

The 21 obtained crystal structures result in 33 

crystallographically independent telluronium cations in which the 

σ-holes (three available per cation) are interacting with a rich 

acceptor in 88% of the cases. Those acceptors are mostly 

oxygen (OTf-, NO3
-, ClO4

-) and fluorine (BF4
-, BArF-) atoms of 

counteranions and in some cases aromatic carbons atoms of 

adjacent molecules or fluorine atom on the same Te cation (7a-

b).  For all cases three σ-holes were found for each cation, 

except for 7a-b where an intramolecular Te•••F interaction 

occurs involving one (7a) or two (7b) σ-holes.[59]  For a given R 

substituent on the aryl fragment, the Vmax potential is more 

pronounced for σ-holes found in the prolongation of CAr-Te 

bonds, the difference being the largest for the most activated 

cation (6+: 134.3(2.4) kcal.mol-1 for σ(Ar-Te) vs. 129.1(1.1) 

kcal.mol-1 for σ(Me-Te)).  The ranking of the mean σ-hole 

strength is thus 1+ < 3+ < 8+ < 2+ < 7+ < 5+ < 6+, with the 

exception of σ(Me-Te) of 8+, which is strongly affected by the 

proximity of -R = -Me groups and appears as the least activated 

σ-hole. 
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Figure 3. Selected X-ray Diffraction structures: a) 6a, b) 6b, c) 6e and d) 7a. 

Positions of ESP are depicted by small blue spheres. Interatomic distances 

between Te (orange) and A = O (red), Cl (green), F (yellow green) atoms 

given in Å. 

The ESP positions (location of the -holes on the ESP 

surface) were superimposed for each crystal structure and 

compared with the position of the acceptor A atom (Figure 2 and 

Table S1 in ESI), the deviation between the two being calculated 

as the angle α(A-Te-ESP). The average angular deviation 

15.1(7.6)° revealed a good directionality of those σ-hole 

interactions based on the electrostatic property of the donor 

atom.  Interestingly, this directionality is higher with A = O (α(A-

Te-Vmax) = 12.6(4.1)°) than with A = F (α(A-Te-Vmax) = 

19.7(11.7)°). This trend is correlated with the average RR, which 

is smaller for A = O than for A = F (respectively 0.83(4) and 

0.89(5)). Comparatively, A = CAr are poor acceptors in this family 

with average RR = 1.04(8) 

The telluronium cation 6+ was crystallized with six different 

mono anions (OTf-, BArF-, NO3
-, Cl-, SbF6

-, ClO4
-). With the 

BArF- anion (compound 6b, Figure 3b), only two of the three Te 

σ-holes are clearly interacting with an acceptor (fluorine atoms 

of BArF-), presumably due to the steric constrains imposed by 

the large anion and the poor acceptor properties of the latter.  

Similarly, in 3b involving the same large anion, two of the three 

Te σ-holes are facing CAr placed at rather large distances with 

RR = 1.02/1.17.  Those constrains may also be the reason why 

the most activated σ(Ar-Te) is in fact engaged in a longer 

interaction than σ(Me-Te) in this particular structure.  On the 

contrary, in compound 6f the smaller SbF6
- anion leads to the 

occupation of the three Te σ-holes with fluorine atoms with a 

clear difference between σ(Me-Te) and σ(Ar-Te) (RR = 0.95 vs. 

0.83) in line with the stronger activating power of -Ar fragment vs. 

-Me (131.2-135.8 kcal.mol-1 vs. 128.6 kcal.mol-1).  For 6+, the 

largest deviation of the position of the acceptor A atom with 

respect to the location of the σ-hole is observed in 6e (average 

<α(A-Te-ESP)>=19.6(1.8)°). Indeed, in this compound the 

acceptor A = Cl is shared between σ-holes of three Te cations, 

inducing a balanced positioning of that atom (Figure 3c).  On the 

contrary, A is closer to the Te σ-hole when A = O (especially OTf 

for which <α(A-Te-ESP)>=12.2(3.8)°): the extended structure of 

–SO3
- comparatively to Cl- allows a better fitting to the 

electrophilic area of the Te cations (Figure 3a). 

With -R = -CH3, -CF3 in ortho position to the Te-CAr bond (7a-b, 

8a-b), the telluronium cation adopts a conformation where the R 

groups are located in the area of the expected σ(Me-Te) hole, 

thus preventing intermolecular interaction in this direction.  In 

these cases, the Te is shielded either sterically by the CH3 group 

(8a,b) or electronically through ChB with a F atom from the CF3 

group (7a,b) (Figure 3d). 

In summary, this structural study shows that up to three ChBs 

can be formed by the telluronium cations depending on the 

nature and position of the -R substituent on the -Ar group as well 

as on the nature and size of the counterion. Although these 

interactions are generally directional, the flexibility of the 

telluronium cations allows them to adapt their conformation to 

maximize the interaction with the counterion in the crystal state. 

  

 

Figure 4. Evolution of the spherical hydrodynamic volume vH of 6
+
 and BArF

-
 

upon addition of OPPh3 to a solution of 6b in CD2Cl2. 

Diffusion-ordered NMR spectroscopy (DOSY) 
analysis of solutions of telluronium-Lewis 
base complexes 

NMR monitoring of ChB in solution with tellurium-based 

derivatives can be performed by using triphenylphosphine oxide 

as Lewis base. [28, 60]  Considering that each -hole of Te of the 

telluronium salts can interact with one phosphine oxide, three 

possible adducts are expected in solution: the mono-adduct 

[Ar2MeTeOPPh3]
+, the bis-adduct [Ar2MeTe(OPPh3)2]

+ and the 

tris-adduct [Ar2MeTe(OPPh3)3]
+.  To provide evidence for the 

formation of these adducts and to estimate their stoichiometry, 
1H DOSY measurements were performed on telluronium salts 

6b-8b with BArF- counterion in order to avoid as much as 

possible the anion/Lewis base competition (see ESI for details).  

First, the hydrodynamic diffusion coefficients D of the telluronium 

species formed upon incremental addition of OPPh3 to 

telluronium 6b were measured.  For each considered 6b:OPPh3 

ratio, a signal different from the one corresponding to the free 

telluronium was observed in the 1H DOSY spectrum indicating 
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the presence of new species.  The variation of D as a function of 

the stoichiometry of OPPh3 is shown in Table S3 (cf. ESI), for 

which values of D were also determined by 19F DOSY for cross-

consistency: as the Lewis base is added the decrease in D 

damps starting from 3 equivalents of base and declines towards 

a limit value of D ~ 6.20 10-10m2s-1 following an exponential 

decay.  As D values of the cation tend to decrease, the value of 

D for BArF- also decreases to a lesser extent suggesting that as 

the cationic aggregate’s volume is getting larger, its interaction 

with BArF- is becoming slightly tighter.  This counter-intuitive fact 

may be rationalized by an increasing London-force-promoted ion 

pair aggregation and steric “attraction”[61-64] as the size of the 

cationic molecular complex increases. 

To determine qualitatively the composition of the medium 

in 1:1, 1:2 and 1:3 complexes of salt 6b with OPPh3, D values 

were used to calculate the equivalent hydrodynamic volume vH 

of the Te-centered cations and of the associated BArF- anion, 

assuming a spherical object model in the Stokes-Einstein 

theory[65, 66] (Figure 4). 

In parallel, the geometries of ion pairs [6OPPh3][BArF], 

[6(OPPh3)2][BArF] and [6(OPPh3)3][BArF] were readily 

optimized using the Bannwarth-Ehlert-Grimme extended tight 

binding GFN2-xTB method[67, 68] with the Generalized Born 

model with Surface Area contributions (GBSA) for implicit 

solvation in dichloromethane (DCM), which allowed the 

generation of trial geometries of large sized salts at low 

computational cost (Table S5).   

For the 1:1 and 1:2 complexes, the three combinations for 

the positions of OPPh3 at Te were considered and the 

theoretical spherical hydrodynamic volumes vtheo (Figure 4, red 

squares) of the associated cations and BArF- were computed 

taking their largest dimension as the diameter of a rotating 

spherical object model, i.e. the largest interatomic distance 

(inter-hydrogen atoms) in the considered ion. 

Comparison of the averages of vtheo with the experimental 

values of vH suggests that at 1:3 ratio the presence in solution of 

[6OPPh3][BArF] and [6(OPPh3)2][BArF] is tangible (Figure 4). 

At higher ratios the presence of [6(OPPh3)3][BArF] is also 

tangible although a tighter binding of BArF- to this cationic 

aggregate may also be responsible for the larger vH values.  

Therefore the presence in solution of the higher aggregate 

[6(OPPh3)3][BArF] cannot be firmly ascertained.  Note that 

control values of vH extracted from 19F DOSY experiments 

confirm the trend observed in 1H DOSY for BArF- (Figure 4). 

The ability of telluroniums 7b and 8b to form adducts with 

OPPh3 was also investigated to check whether the shielding 

effect of the Te center observed in the solid state was 

maintained in solution. The diffusion coefficients and associated 

vH measured after addition of 6 equivalents of OPPh3 showed 

that in both cases the size of the formed species correlated well 

with a largely dominant 1:1 adduct (see ESI, Table S4).  To 

further evaluate the maximum capability of the Te center of 

telluronium cations to bind Lewis bases in solution, isotherm 

calorimetric titrations were performed. 

 

Isothermal titration calorimetry (ITC) of the 
association of telluronium salts with Lewis 
bases 

In the present ITC[69, 70] study, we opted for the sequential 

addition of small volumes of a solution of Lewis base placed in 

the automated burette into a solution of the telluronium salt 

placed in the work cell at 25°C.  1,2-Dichloroethane (DCE) was 

used in all measures as the solvent owing to its low volatility 

(ITC jobs run for over 10 hours in an inert-gas filled glove box) 

and to the value of its dielectric constant ( ~ 10.3) that is close 

to that of dichloromethane (~ 8.9) used in DOSY-NMR 

experiments.  In this setup, weak ionic strength changes induced 

by dilution were not considered. 

The binding of a Lewis base (B) to a telluronium salt is 

expected to be directly influenced by the nature of the 

counterion and the ion pair existing in solution, that is either the 

solvent separated (2SIP), solvent shared (SIP) or contact (CIP) 

pair.[71]  A solvated contact ion pair with possible pre-existing 

solvent-telluronium ChB in solution would make the interaction 

of a different Lewis base challenged by virtue of the law of mass 

action.  Whether the ion pair type describing the telluronium salt 

in solution is “tight” (CIP) or “loose” (2SIP) is a lingering question 

that was only overflown in this study as shown above in the 

results of DOSY experiments, which outline the variation of the 

diffusion coefficient of the BArF- anion with the amount of added 

base. 

In a first approximation, the telluronium–Lewis base 

association can be formulated (Chart 2) as a series of three 

equilibria wherein the Lewis base B potentially interacts with the 

three Te -holes.  Whether this interaction is -hole selective[16] 

or not cannot be assessed experimentally but rather approached 

theoretically, as shown below.  However, the three equilibria in 

(a)-(c) (Chart 2) can be used as a starting hypothesis to process 

ITC raw data.  The feasibility of (b) and (c) (Chart 2) depends on 

the Lewis acidity and on the steric accessibility of remaining -

holes at Te in both [Ar2MeTeB][X] and [Ar2MeTe(B)2][X].  The 

binding of telluronium salts with Lewis base B is intuitively 

expected to follow this order: [Ar2MeTe][X] > [Ar2MeTeB][X] > 

[Ar2MeTe(B)2][X].  It may be anticipated that as the Te center is 

populated with B, the access to the remaining -holes becomes 

increasingly limited thus resulting presumably in lower 

equilibrium constants and less exothermic enthalpies of 

association. 

[Ar2MeTe][X]   +   B [Ar2MeTe.B][X]

[Ar2MeTe.B][X]   +  B [Ar2MeTe.(B)2][X]

[Ar2MeTe.(B)2][X]   +  B [Ar2MeTe.(B)3][X]

K1

K2

K3

(a)

(b)

(c)

H1

H2

H3  

Chart 2. The equilibria involved in the telluronium / Lewis base B association. 

 

Prior analysis of raw heat flows  

The thermograms shown in Figure 5 display typical responses of 

the telluronium BArF- salt 1b and 6b to the addition of volumes 

of a OPPh3 solution in DCE (see Supp. Info. for the 

thermograms of various telluronium BArF salts). Since all ITC 

runs were carried out using identical concentrations of reagent 

and acquisition conditions, these figures are directly comparable 

and provide an intuitive insight into the strength of the 

exothermic response. 
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Figure 5.  a) Example of weak σ-hole interaction: ITC thermogram of the 

interaction between 1b and OPPh3 in DCE. b) Example of strong σ-hole 

interaction: ITC thermogram of the interaction between 6b and OPPh3 in DCE.  

The processes are exothermic in all cases at 25°C and expressed in µcal/s 

versus time in s. 

For instance, in Figure 5a (1b with OPPh3) the maximum heat 

flow rate does not exceed 2.5 cal/s whereas in Figure 5b (6b 

with OPPh3) the heat flow culminates at a value higher than 16 

cal/s within the first 6 injections.  The integration of heat flow 

peaks and the summation of these integrations up to the point of 

relative athermicity provides the raw heat Qtot listed in Table 1 

along with the related molar heats Qmolar for compounds 1b-8b, 

where N is the stoichiometry in OPPh3 at athermicity.  Qmolar is 

determined here as the ratio Qtot/number of moles of telluronium 

at N and thus can be assimilated to the “apparent enthalpy” of 

the equilibrated interaction between the telluronium salt and N 

equivalents of OPPh3. 

 

Table 1. Electronic effects of phenyl substituents on the raw and molar heats 

(Qtot and Qmolar) of interaction between telluronium salts 1b-8b and OPPh3 in 

DCE.
a
 

[Ar2MeTe] 

[BArF
-
] (-R) 

Qtot
b
 

(µcal) 

Qmolar
c
 

(kcal.mol
-1

) 
N

d
 σm

e
 

1b (-3,5-tBu) -420 ± 9 -0.127 ± 0.006 3.9 -0.1 

2b (-H) -794 ± 2 -0.369 ± 0.001 3.6 0 

3b (-3,5-OMe) -894 ± 40 -0.41 ± 0.02 4.1 +0.12 

4b (-3,5-C≡C-nPr) -1790 ± 169 -0.82 ± 0.08 3.6 +0.21
f
 

5b (-3,5-Cl) -2202 ± 130 -1.00 ± 0.06 3.9 +0.37 

6b (-3,5-CF3) -2504 ± 53 -1.14 ± 0.02 3.8 +0.43 

7b (-o-CF3) -1774 ± 122 -0.81 ± 0.06 3.4 - 

8b (-o-CH3) -575 ± 4 -0.261 ± 0.002 3.9 - 

a
 Conditions: sample cell (telluronium salt), c = 2.0 mM; syringe (OPPh3), c = 

131.1 mM. The titrations were performed at 25°C through 48 sequential 

additions (of 2.06 µL each), time delay between two consecutive injections 

was 800 s. 
b
 Total energy released corrected by dilution term. 

c
 Molar enthalpy 

obtained by dividing Qtot by the molar quantity of telluronium. 
d
 Number of 

equivalents of OPPh3 needed to achieve athermicity. 
e
 Empirical m 

parameters for aryl substituents in meta position
[72]

. 
f
 The m for -C≡C-nPr was 

assimilated to that of -C≡C-Me.
[72]

 

 

 

Figure 6.  a) Plots of the molar heat of association Qmolar (kcal/mol) in DCE at 

25°C vs m (R
2
= 0.95) , I  (R

2
= 0.71) and R  parameters.

[72]
  b) Plots of ITC-

derived values of H1 for the 1:1 interaction of 1-6b with OPPh3 in DCE vs m 

from the considered thermodynamic models 3S (R
2 
= 0.94, grey dots), 2S (R

2 

= 0.82, red dots ), IM (R
2 
=0.87, blue dots) at 25°C. 

Qmolar somewhat represents a convoluted combination of 

the intrinsic enthalpies of equilibria in equations (a)-(c) (Chart 2) 

that translates the structural differences existing between the 

considered telluronium salts into sensible variations of heat 

release.  The first feature that emerges from Qmolar values is the 

influence of the electronic effect of the substituents at the phenyl 

groups; the higher the electron-withdrawing effect the more 

exothermic the values of Qmolar.  The Hammett plots[72] of both 

Qtot and Qmolar drawn for telluroniums of the same class, all 

containing meta disubstituted phenyl groups, i.e 1-6b, show a 

clear linear correlation with m values, whilst the N values all sit 

in the 3.6 – 4.1 eq. range, or in other terms at an average value 

of ~(3.9 ± 0.3) eq. (Figure 6a and ESI).  Interestingly, a linear 

correlation is found with the inductive effect-related I parameter 

whereas no correlation exists with the resonance parameter R, 

which suggests that the Lewis acidity at Te is mainly governed 

by inductive electronic effects that are transferred by the cation’s 

backbone. 

For salts 7b and 8b, Qmolar values are directly impacted by 

electronic effects, although the foreseen partial occlusion 

caused by the ortho substituents could be responsible for the 

values of Qmolar(7b) and Qmolar(8b). 

Qmolar depends also on the counterion’s unpairing energy 

payload that has to be overcome to allow any Lewis base to bind 

the Te center.  For 1-8b, the BArF- anion that is known to have a 

low coordinative ability due to the large delocalization of charge 

density on peripheral F atoms seemingly exclude a strong 

binding interaction with the Te center.  The influence of the 

counterion’s nature on the apparent enthalpy of association 

Qmolar for an interaction with OPPh3 was evaluated with BArF- 
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(6b), BF4
- (6c), Cl- (6e), [B(C6F5)4]

- (6g) and ClO4
- (6h) (cf ESI, 

Figure S5a). A tentative rationalization of these results was 

performed by comparing the values of Qmolar in each case to the 

aTM parameter proposed originally by Alvarez et al.[73] in 2011 

and updated in 2020[74] to characterize the affinity of anions to 

transition metal-centered cations.  However, the data (Figure 

S5a) indicated that the values of Qmolar do not correlate with aTM. 

The propensity of several Lewis bases to interact with 6b 

(Table 2) was also evaluated.  Worthy to note, a slow 

decomposition of the telluronium cation occurred with strong 

Lewis bases such as PPh3, quinuclidine and DBU (1,8-

diazabicyclo[5.4.0]undec-7-ene).  In each case, the formation of 

a low amount of the parent diaryltellane was observed by 1H 

NMR as a result of nucleophilic methyl transfer to the base (see 

ESI).  Moreover, precipitate formation was observed with these 

bases probably arising from the nucleophilic substitution of the 

DCE solvent.[75]  These reactions precluded any further ITC 

experiments: indeed, the extent of the contamination by spurious 

heat flow arising from the nucleophilic substitution reactions was 

difficult to evaluate.   

Table 2. Thermochemical data of the titration of 6b with various Lewis bases 

in DCE.
a
 

entry Lewis base Qtot (µcal) Qmolar (kcal.mol
-1

) N 

1 OPPh3 -2156 ± 94 -0.97 ± 0.04 3.8 

2 OPEt3 -2540 ± 17 -1.183 ± 0.008 3.9 

3 PyrNO -1518 ± 213 -0.7 ± 0.1 3.9 

4 DMSO -1260 ± 55 -0.57 ± 0.03 3.1 

5 TBACl -3426 ± 127
b
 -1.56 ± 0.06 2.5 

a
 Conditions: see Table 1.  

b
 value most probably contaminated by side 

demethylation reaction.  

In the case of tetra(n-butyl)ammonium chloride (TBACl) 

though, only the demethylation reaction was observed, which 

consumed a little less than 10% of 6b.  Therefore, the value 

given in Table 2 (entry 5) seems contaminated by an exothermic 

contribution arising from telluronium’s demethylation reaction. 

Neutral organic oxides, namely OPEt3, PyrNO (pyridine N-oxide) 

and DMSO (dimethylsulfoxide) were found inactive in the 

demethylation side reaction and provided neat exothermic 

responses when injected into a solution of 6b (Table 2).   

 

Enthalpies and association constants from deconvoluted 

ITC thermograms. 

The main application of ITC is the determination of 

thermodynamic parameters of ligand-host interactions. Most of 

the numerical methods developed so far in the domain of 

biophysics[76, 77] focus on providing access to significant 

thermodynamic parameters of the interaction of biologically 

relevant hosts (peptides and enzymes) with various guests.  In 

this study, three different thermodynamic models of chemical 

associations that use recursive multi-parametric refinement and 

curve fitting algorithms were applied and compared based on 

the information provided experimentally by DOSY-NMR. 

Those models are the following: the Sequential Three-Site 

Binding Model[78] (noted 3S), the Sequential Two-Site Binding 

Model[79, 80] (noted 2S) and the (one site) Independent Model[81] 

(noted IM).  The latter was particularly instrumental with 7b and 

8b in determining a plausible enthalpy of interaction for 

telluronium cations that would a priori hardly bind readily two 

bases due to the cluttering at the Te center that is caused by the 

ortho methyl and trifluoromethyl groups of the aryl moieties.  

 

Table 3. Thermodynamic parameters (enthalpies and association constants) 

for the interaction of telluronium BArF salts 1b-8b with OPPh3 in DCE at 25°C 

as inferred on the basis of models 2S and IM.
a
   

Model 2S 

salt ΔH1
b,c

 ΔH2
b,c

 Ka1
c
 Ka2

c
 

1b -0.8 ± 0.1 +0.7 ± 1.1 (2.9 ± 1.2)10
3
 (2.8 ± 3.1)10

2
 

2b -2.9 ± 0.1 +4.6 ± 2.5 (6.4 ± 0.6)10
2
 10 ± 6 

3b -2.2 ± 0.1 +1.3 ± 0.7 (1.1 ± 0.1)10
3
 10 ± 3 

4b -4.3 ± 0.1 +2.3 ± 0.8 (1.3 ± 0.1)10
3
 10 ± 3 

5b -4.5 ± 0.1 -1.9 ± 0.2 (5.6 ± 0.4)10
3
 (1.3 ± 0.1)10

2
 

6b -5.5 ± 0.1 -1.4 ± 0.1 (6.9 ± 1.0)10
3
 (8.9 ± 0.6)10

2
 

7b -3.8 ± 0.1 -0.5 ± 0.1 (2.0 ± 0.4)10
4
 (4.5 ± 1.3)10

2
 

8b -1.8 ± 0.4 +1.4 ± 1.7 (5.1 ± 2.1)10
2
 (2.1 ± 3.1)10

2
 

Model IM 

 ΔH 
[a]

 n (OPPh3) Ka
a
 

1b -0.6 ± 0.2 1.3 ± 0.2 (1.0 ± 0.3)10
3
 

2b -1.8 ± 0.1 1.3 ± 0.06 (1.3 ± 0.1)10
3
 

3b -2.2 ± 0.1 0.97 ± 0.05 (1.1 ± 0.1)10
3
 

4b -3.1 ± 0.1 1.22 ± 0.02 (2.2 ± 0.1)10
3
 

5b -6.4 ± 0.2 0.85 ± 0.02 (1.8 ± 0.06)10
3
 

6b -5.2 ± 0.1 1.19 ± 0.01 (2.6 ± 0.07)10
3
 

7b -4.2 ± 0.1 1.01 ± 0.01 (6.4 ± 0.2)10
3
 

8b -0.9 ± 0.1 1.51 ± 0.10 (10.0 ± 1.6)10
2
 

a
 cf. ESI for the full table including model 3S. 

b
 enthalpies are expressed in 

kcal.mol
-1

. 
c
 standard errors from replicate determinations. 

Table 3 provides a concise list of the main thermodynamic 

parameters inferred from models 2S and IM; note that Table S6 

(see ESI) lists the full thermodynamic parameters produced by 

all the considered models from ITC thermograms collected for 

the titrations of 1b-8b with OPPh3.  In the latter table, it can be 

noticed that the greatest standard errors that can climb over 

100% are on association constants calculated with 3S.  The 

enthalpies are much less affected and errors are held lower than 

10%.  The values of enthalpies suggest a decrease of 

exothermicity as the Te center is populated with Lewis bases. 

The marked endothermicity of H3 justified that the third binding 

equilibrium in (c) (Chart 2) be neglected, leading thus to the 

evaluation of the 2S model.  By resorting to this model, the 

errors on equilibrium constants were greatly reduced.  Also 

worthy of note, the absolute values of association enthalpies 



Accepted version    

8 

 

only slightly increased.  Overall, the 2S model produced 

smoother convergence of data fitting. 

 

The IM, which suits a model of predominant 1:1 

interactions, gives consistent values in the case of 7b.  The 

same is not true with 8b, for which refinement of the n index of 

stoichiometry repeatedly pointed to a value of 1.5, suggesting 

the possibility of the existence in solution of the [8b(OPPh3)2] 

complex, which is consistent with the ESP analysis.  The use of 

IM for all the other cases, i.e. for 1b-6b does not provide realistic 

stoichiometry factors and produces much lower values of 

association constants, although with lower standard errors than 

models 3S and 2S.  Nonetheless, the use of IM in parallel with 

2S provides a reliable estimation of the range of values for the 

first association constant for sterically encumbered Te centers in 

7b and 8b. 

It is worthy to note that the best fit for both H1 and H2 is 

for the interactions between 3b-6b and OPPh3 with errors lower 

than 20% of the nominal value of enthalpy.  There is no other 

criterion for evaluating the most suitable model producing 

reliable association constants than gauging the errors generated 

by each thermodynamic model.  As a matter of fact, much lower 

errors on H1 are found with 2S and IM.  Note that Tables S7 

and S8 (see ESI) provide a similar list of thermodynamic 

parameters produced by the three considered models for the 

base affinity study (Table S6) and the counterion influence 

(Table S8, ESI). 

The lowest errors on the first association constant Ka1 are 

obtained with model 2S, while the error and value differentiation 

for H1 and H2 on going from OPPh3 to DMSO in Table S7 or 

from 6b to 6e in Table S7 between 3S and 2S models are 

relatively invariable.  The results listed in Tables S6-S8 (ESI) 

provide rather consistent substituent-dependent and steric 

cluttering–dependent trends for the interaction of telluroniums 

1b-8b with oxygen-based Lewis acids and particularly with 

OPPh3 in a DCE solution. 

Figure 6b gathers the values of H1 determined by the 

three considered models. It shows a satisfactory correlation with 

m allowing to estimate the enthalpy of formation of a 1:1 

complex in DCE for any [Ar2MeTe][BArF] salt containing 

identical meta substituents at the two Ar groups.  For instance, a 

linear fitting (R2= 0.86) carried out with all the points of the curve 

in Figure 6b provides the following equation that allows to 

predict the H1 value expected for {[3,5-(X)2C6H3]2MeTe}[BArF] 

in DCE:  

H1= (-1.5 ± 0.2)+(-8.7 ± 0.8)m (in kcal/mol) 

While the determination of Qmolar provides an unbiased 

measure of the exothermicity of the interaction of a Te center 

with a Lewis base, the deconvolution of thermograms disclosed 

here with algorithms defined for specific thermodynamic models 

require careful critical inspection of the statistical errors on the 

inferred thermodynamic parameters. 

It can safely be stated nonetheless that H1 in the BArF salt 

series varies from ca. -0.5 to -5.0 kcal/mol on passing from 

double meta- electron-donating to electron-withdrawing 

substitutions at the Te-borne phenyl groups.  Caution seems 

warranted on the values of H2 though; only those enthalpies 

related to 6b in its interaction with OPPh3 are reliable. 

The complementarity of ITC with DOSY experiments is 

compelling:  ITC provides a rather reliable assessment of the 

predominant formation of 1:1 complexes of telluronium cations 

with Lewis bases in all the cases where the aryl groups are 

meta-disubstituted.  

Bonding and in solutio thermochemistry of 
the telluronium-base interactions. 

The binding interaction between a rather weak Lewis base 

(OPPh3) and the [Ar2MeTe]+ cation is reminiscent of that 

encountered in conventional weak Lewis pairs where the binding 

centers are engaged in a weak dative bond (covalent or shared) 

or in so-called “frustrated” pairs.[82]  Several reports have already 

outlined the origin of the cohesion of unusual solution (and solid-

state)-persistent[83] “Lewis pairs” that cannot solely stem from a 

frail covalent bond between two atomic centers.[84]  The view of 

an “all driving dative (covalent) bond” is outdated and applies 

only to a part of Lewis-pairs.  It was already shown that cohesion 

often stems from the combination of a weak covalent bonding 

(orbital interaction-based charge density transfer officiating as a 

local anchoring point for two molecular fragments) with a 

predominant stabilization by London force (also known as 

dispersion force) [85, 86] acting remotely between the groups (or 

ligands) of the donor-acceptor pair.[84]  In a number or cases 

molecular complexes (dimers, oligomers) do not even possess a 

local covalent intermolecular anchoring component[87] and may 

be even persistent in solution.[88] 

A model of the ChB-based molecular complexes studied 

here was analyzed from both the local and non-local viewpoints 

by accounting for the role of the surrounding substituents and 

their mutual interaction so as to identify the “forces” that drive 

and govern the association depicted as being centrally a ChB. 

At the local level, a range of complementary analytical 

tools were used jointly with the DFT (density functional theory); 

these are EDA (energy decomposition analysis),[89] ETS-NOCV 

(extended transition state-natural orbital for chemical valence)[90], 

QTAIM (quantum theory of atoms in molecule)[91, 92],¶, IQA 

(interacting quantum atoms)[93-95],¶, NCIplot[96], IGM (independent 

gradient model)[97] and the associated IBSI (instrinsic bond 

strength index)[98],‡, which are particularly adapted to the 

analysis of short-range interatomic interactions. 

For the analysis and decomposition of non-local 

interactions acting between bonded fragments, the use of the 

LED (local energy decomposition)[99] at the DLPNO-

CCSD(T)[100], (domain-based local pair natural orbital coupled 

cluster theory with single, double, and perturbative triple 

excitations) level of theory was preferred. 

Optimized geometries and densities serving the above 

mentioned analyses were computed at the ZORA (zeroth order 

relativistic approximation)[101]-PBE[102]-D4(EEQ[54])/all electron 

TZP /COSMO[103](DCE) level of theory used here as a standard 

method.  It must be noted that the impact of the type of 

dispersion correction on computed observables is one significant 

issue that is also addressed in the section dealing with the 

thermochemistry of the telluronium-OPPh3 association. 
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Figure 7.  a) numbering and position of the σ-holes 1-3 in [Ar2MeTe]
+
.  b-e) 

different views of the DFT-determined electrostatic potential map for 2
+
 drawn 

on an isosurface of the density (0.03 Å
-3

) showing the localisation of 1-3. 

 

Table 4. Vmax values (in kcal/mol) calculated for the 1:1 and 1:2 adducts of 2
+
 

with OPPh3 facing different σ-holes. 

site(s) for OPPh3 

binding 
Vmax,1 

a
 Vmax,2 

a
 Vmax,3 

a
 

2 

none 119.5 117.2 108.0 

2OPPh3
 

1 - 102.2 92.7 

2 104.7 - 95.9 

3 104.5 99.4 - 

2(OPPh3)2
 

1,2 - - 74.5 

1,3 - 83.5 - 

2,3 83.7 - - 

a
computed from the optimized geometries at the ZORA-PBE-D4(EEQ)/(all 

electron)TZP/COSMO(DCE) level of theory. 

 

Properties of telluroniums’ -holes and their interaction 

with OPPh3. 

In a static representation of the telluronium cation, the 

three σ-holes are inequivalent, as the two aryl groups have 

different orientations; one is almost orthogonal to its CMe-Te-CAr 

plane, position σ1, the other is almost coplanar to its CMe-Te-CAr 

plane, position σ2 (Figure 7).  However, the two aryl groups 

rotate rather freely around their respective Te-CAr axes nearly 

barrierless (ΔG‡ < 1 kcal/mol for 2+ at the ZORA-PBE-

D4(EEQ)/(all electron)TZP/COSMO(DCE) level of theory).  The 

values of the maxima of the electrostatic potential surface (Vmax) 

corresponding to the three σ-hole sites are detailed in Table 4 

(see also Table S15 in ESI). 

The influence of a Te(IV)-bound Lewis base on the values 

of the Vmax of the remaining vacant σ-holes was investigated with 

the possible 1:1 and 1:2 complexes derived from 2+ with one or 

two molecule(s) of OPPh3 binding the Te center, considering 

combinations with the three possible positions of occupation 

(Table 4). 

Regardless of the σ-hole(s) occupied by OPPh3 in the 1:1 

and 1:2 adducts considered here, it is found that the Vmax 

potential of any unoccupied σ-hole decreases linearly with the 

occupation of the other sites: the association of one base with 

one σ-hole decreases the Vmax potential of the two others by ca. 

21 kcal/mol, and the association of a second base again 

decreases the Vmax potential of the remaining free σ-hole by 

another 21 kcal/mol. Noteworthy, the plot of the Hammett σm 

parameters[72] with the Vmax values of the σ-holes of Te in di(3,5-

disubstituted-aryl)methyltelluroniums (1+-6+) (Fig. S9, ESI) 

shows a non-linear scattered correlation[16, 104, 105]; the Vmax 

potential values of the three σ-holes growing with Hammett–

Taft’s[72] m values. 

 

 

The [Ph3POTeAr2Me]+ interaction: a weak donor-acceptor 

bond with a dominant attractive Coulombic interaction. 

 

The easiest way to assess the donor-acceptor (Lewis) 

character of a molecular complex is by evaluating the charge 

transfer occurring upon formation of the Lewis pair.  This can be 

done readily by computing the sum of atomic Bader charges[106] 

q(donor) and q(acceptor) on each fragment of the pair.  In the 

following, only one structural type of telluronium-OPPh3 pair 

among the three possible combinations shown above was 

chosen. 
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Figure 8. a) Analysis of the distribution of Bader charges
[91]

 in [2OPPh3]
+
 and 

[6OPPh3]
+
 : significant charge density transfers from the Lewis donor OPPh3 

to the acceptor [Ar2MeTe]
+
 resulting in a partially positively charged donor in 

the adducts. b) ETS-NOCV deformation density isosurface plots (0.005 Å
-3

) for 

the strongest inter-fragment NOCV interactions 1 in [2OPPh3]
+
 and 

[6OPPh3]
+ 

and associated EDA. c) SFOs involved in the build-up of 1 in 

[2OPPh3]
+
. 

Similar conclusions can be drawn for the two other types of 

pairs.  In the case of 2+ and 6+ the analysis of q indicates that a 

significant charge density transfer occurs in both cases from 

OPPh3 (the Lewis donor) to the [Ar2MeTe] (the Lewis acceptor) 

fragment; the positive value of q(OPPh3) being larger when the 

acceptor is the electron-withdrawing CF3-substituted 6+ (Figure 

8a). 

The IQA[93] provides another compelling quantification of 

the O-Te interaction in [2OPPh3]
+ in terms of Coulombic and 

covalent character (Einter(O-Te)= -266 kcal/mol, Ecovalent(O-Te)= -

23.3 kcal/mol and Ecoulombic(O-Te)= -243.6 kcal/mol) and 

[6OPPh3]
+ (Einter(O-Te)= -298.3 kcal/mol, Ecovalent(O-Te)= -28.6 

kcal/mol and Ecoulombic(O-Te)= -269.7 kcal/mol).  The obtained 

values show that it is by ~90 % and ~10% attractively coulombic 

and covalent in character respectively in both cases. 

Therefore, most of the charge density transfer occurs via a 

minute channel of covalent (shared) interaction that can be 

readily analyzed by the ETS-NOCV method[90] considering the 

molecular fragmentation scheme for a dative O→Te bond.[107]  

Figure 8b depicts the amplitude of the charge density transfer 

upon interaction of the two considered fragments by way of the 

isosurfaces of the deformation density where red isosurfaces 

correspond to depleted density volumes and blue ones to those 

enriched by the interaction between the two molecular fragments. 

The major part of the density is transferred to the ipso aromatic 

Te-bound carbon (Cipso, Figure 8b) and a minor part builds the 

frail covalent component of the O-Te interaction. 

In the case shown here one can consider the highest value 

of Ek for [6OPPh3]
+ as compared to [2OPPh3]

+ as a direct 

consequence of the electron-withdrawing effect operated by the 

four -CF3 groups, which tends to slightly consolidate the covalent 

character of the O-Te interaction.  The analysis of the symmetry 

combination of fragment orbitals (SFOs) giving rise to 1 

reveals the latter’s origin in the interaction of two occupied 

orbitals of the OPPh3 fragment, i.e. the HOMO and the HOMO-8, 

with the LUMO of the [Ar2MeTe]+ fragment, which contains a 

rather important lobe at Te pointing towards the O atom (Figure 

8c).  Scrutiny of the geometry confirms that the O-Te interaction 

impacts Te-CAr bond trans to it, making it slightly longer by ~0.03 

Å than that of Te-CAr bond associated with the aromatic ring cis 

to the O donor. 

The QTAIM analyses of [2OPPh3]
+ and [6OPPh3]

+ 

suggest the existence of a bond path and bond critical point 

(BCP (3,-1)) in the O-Te segment with an electron density at the 

BCP of ca. 25-30% that encountered for the BCPs of typical 

covalent single Te-C bonds in the same molecule.  In turn, the 

ADF-NCIPlot[96] analysis points to a dominant attractive O-Te 

noncovalent interaction (NCI), which is confirmed by the IGM#,[97, 

108]-IBSI‡,[98] values that are all within the range proposed by 

Hénon et al. for NCI[98] (cf. ESI, Table S16).  A qualitative 

graphical analysis of these systems (cf. ESI, Figures S10) 

shows that the main attractive feature is located between the Te 

and the O (blue isosurfaces).  However, different non-bonding 

features (green isosurfaces) of variable extent appear between 

different regions of the two fragments and are assigned to weak 

hydrogen bonds or CH-π interactions.   

Also, non-bonding features mainly appear between the O 

and nearby hydrogens of the telluronium fragment, which might 

be viewed as weak H-bonds, thus stressing that the cohesion of 

the adduct does not solely stem from the O-Te ChB.  The 

general tendency of the O-Te IBSI values is towards a non-

monotonous increase of the interaction as the electron-

withdrawing character of the substituent grows from a value of 

0.062 ([1OPPh3]
+) to a value of 0.089 ([6OPPh3]

+) (see ESI 

Table S19). 

Within the IGM scheme, atomic contributions to the inter-

fragment interaction were determined to outline the relative 

participation of each atom to the overall inter-fragment 

interaction.[97]  An atomic decomposition of the interaction 

between telluroniums 1+-6+ and a OPPh3 molecule, be it in a 1:1, 

1:2 or 1:3 adduct (see ESI, Tables S18 and S19), confirms that 

the atoms contributing the most to this interaction are Te and O.  

However, they each only contribute to between 5 and 25% of the 

overall telluronium-OPPh3 interaction, thus evidencing that the 

cohesion of the adduct cannot be reduced solely to the two 

atoms involved in the ChB. 

Studies carried out at the non-local level further confirm the drive 

of electrostatics supported by London’s dispersion in the self-

aggregation of telluronium cations and OPPh3 in the gas phase. 

 

Non-local interactions from LED / DLPNO-CCSD(T) analysis. 

The analysis of non-local interactions supporting the 

formation of a molecular complex from two or more fragments 
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requires the physically sound decomposition of an inter-fragment 

interaction energy term into meaningful canonical interactions. 

Compared to DFT-D methods that consist of native DFT 

functionals patched with a correction term accounting for 

dispersion / van der Waals interactions, wavefunction theory 

(WFT)-based methods give access to physically consistent 

energy decompositions and quantifications of noncovalent 

contributions. [109-111] 

By the use of adequate energy decomposition schemes, 

the mapping of the interactions acting in the periphery of the 

main fragment-anchoring interaction is possible and allows the 

evaluation of the importance of NCIs in the process of molecular 

aggregation. [85, 88]  

Neese and Bistoni outlined the analytical power of the 

LED[99] / DLPNO-CCSD(T)[100, 112, 113] method which was used to 

trace down the importance of dispersion in the structuration of 

agostic C-H…metal interactions.  The DLPNO-CCSD(T) method 

combines the high-accuracy of the coupled-cluster approach 

with the reduced computational cost[114] stemming from the 

localisation of the orbitals constructed at the Hartree-Fock level.  

The LED[99] analysis allows the extraction of the various 

contributions of user-defined interfragment interactions in a way 

reminiscent of the EDA[115] as applied to DFT calculations. 

 

Figure 9. a) Interaction energy curve  for the [2•OPPh3]
+
 adduct along the O-

Te distance at the DLPNO-CCSD(T)/def2-TZVP level of theory.  b) Plot of the 

intra- and inter-fragment energies.  c) The contributions to the inter-fragment 

energy with the localisation of remarkable O-Te distances ri, re and r0. 

The LED[99]/DLPNO-CCSD(T)[100, 112, 113] analysis was 

therefore applied to [2•OPPh3]
+ in its ZORA-PBE-D4(EEQ)/all 

electron TZP/COSMO(DCE)-optimized geometry wherein 

OPPh3 faces the σ-hole σ2 (see Figure 8): 2+ being the first 

fragment and OPPh3 the second one.  The analysis was carried 

out in the gas phase by varying the O-Te distance keeping 

fragments’ geometries rigid. 

This approach, although rather simplified, provides a good 

picture of the interactions that play a significant role in the 

formation of the molecular complex (Figure 9).  The validity of 

the chosen fragmentation used in the LED[99] analysis was 

verified by the analysis of the Mülliken population showing that 

none of the localized molecular orbitals are delocalized on both 

fragments for O-Te distances above 152 pm.  This also 

confirmed that the fragments are not strongly covalently bonded 

even at such O-Te distances shorter than the equilibrium 

distance re (Figure 9). 

Within the chosen fragmentation scheme, on moving from 

a long distance to r0= d(O-Te) = 200 pm, the stabilizing inter-

fragment contribution surpasses the sum of the intra-fragment 

ones.  At distances longer than ca. 200 pm, even if both 

fragments are partly individually destabilized in the presence of 

the other, their mutual interaction nonetheless favors the 

formation of the adduct through an overly stabilizing inter-

fragment energy term.  Considering both intra-fragment 

contributions, the OPPh3 fragment is more destabilized than 2+, 

except around the equilibrium O-Te distance re (re= d(O-Te) = 

292 pm) (Figure 9b).  The stabilizing electrostatic contribution, 

dominated by electron-nucleus attraction energy terms, 

represents more than 72% of the inter-fragment energy at any 

O-Te distance (Figure 9c) with a minimum close to re.  In turn, 

the exchange contribution accounts for less than 13% of the 

inter-fragment energy, with a maximum around re.  The 

dispersion force contribution surpasses the exchange one at 

distances longer than re, reaching apex with 17% of the inter-

fragment energy around the inflection point distance ri (ri = d(O-

Te) = 332pm) of the interaction energy curve. 

 

Table 5. Computed enthalpies and Gibbs free energies of association of one 

OPPh3 with diarylmethyltelluroniums (1
+
-6

+
) at position σ2. 

telluronium cation ΔH1 (kcal/mol)
 a
 ΔG1 (kcal/mol)

 a
 

1
+
 (-R= -tBu) -12 +2 

2
+
 (-R = -H) -11 +3 

3
+
 (-R= -OMe) -11 -1 

4
+
 (-R= -C≡C-nPr) -13 0 

5
+
 (-R = -Cl) -14 0 

6
+
 (-R= -CF3) -20 -9 

a
 at 298.15 K, ZORA-PBE-D4(EEQ)/all electron TZP/COSMO(DCE). 

These results demonstrate that the ChB between 2+ and OPPh3 

is overwhelmingly non-locally noncovalent in nature and only 

weakly covalent at a local level as the system reaches re.  From 

re to shorter distances exchange becomes effective and acts as 

an evanescent intermolecular anchor that opens a narrow 

channel for charge density transfer. 

 

Influence of solvation and of the pair-wise vs. many-body 

DFT dispersion / van der Waals corrections on the 

thermodynamics of association. 

In solution, solvent screening, ion pairing and possible explicit 

interactions of solvent molecules may temper the attractive 

electrostatic interactions existing between the telluronium cation 

and a neutral Lewis base by screening.  Dispersion force though 

might well also be compensated[116] but this issue is still not fully 
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settled.[117]  The complex problem of solvation was not 

addressed thoroughly here but, owing to the size of the 

molecular objects, merely approached from the viewpoint of 

thermodynamics by using static DFT-D methods and comparing 

implicit and explicit solvation schemes with two differently 

constructed dispersion/van der Waals-corrected functionals, that 

is the pair-wise –D4[54] corrected PBE[102] and the many-body –

MBD[56] corrected PBE (see next section) in the static DFT 

regime. 

As shown in the previous section with the DLPNO-CCD(T) 

investigation on a rigid model, dispersion force plays a 

supportive role in the cohesion of telluronium-OPPh3 complexes; 

the scrutiny of the quality of the scaling of various the dispersion 

corrections provided for large molecular complexes at the DFT 

level is therefore justified(vide infra). 

Also important to stress is that the thermodynamics of the 

first association of OPPh3 with telluroniums (1+-6+) on position σ2 

computed at the ZORA-PBE-D4(EEQ) using only implicit 

solvation (Table 5) diverge significantly from the best 

experimental values provided by ITC experiments and the 

associated thermogram deconvolutions (Table 3). 

This is not surprising, though.  There exist occurrences of 

good match between COSMO[103] (or other continuous screening 

solvation models)/ DFT-D computed thermochemistry 

parameters with ITC data for systems implying neutral 

molecules (or bearing highly delocalized charges).[118-121] 

However, significant discrepancies have been often reported for 

chemical reactions involving salts,[122, 123] in which the counter 

ion is systematically omitted in DFT calculations and the solvent 

happens to be a discrete actor. The question of solvation 

addressed using COSMO[103] either fully implicitly or with explicit 

amount of solvent applied to isolated ions may reputedly 

produce inaccurate solvation energy contributions.[124]  Added to 

this are the inaccuracies inherent to the rigid rotor harmonic 

oscillator approximation that question the reliability of computed 

enthalpies and Gibbs free energies of weakly bonded molecular 

complexes, for which critical intermolecular vibrational modes in 

van der Waals complexes show up at low frequencies in the ~0-

200 cm-1 region. [125-127] 

The plot of the computed Gibbs free energies of 

association vs. σm parameters and the enthalpies (Table 5) tells 

that the association is increasingly exergonic as the value of the 

σm parameter grows from electron-donating substituents to 

electron-withdrawing ones. This is the only conclusion of static 

DFT computations that converges with ITC results.  Such a 

result provides nonetheless worthy information on the role of 

solvation and its tendency to damp the absolute values of 

enthalpies of association as compared to gas phase calculated 

values (vide infra). 

Here, the thermodynamics of association of one or two 

molecules of OPPh3 with 2+ were studied with various versions 

of dispersion correction and solvation formulation.  For the DFT 

methods, two dispersion / van der Waals corrected variants of 

the PBE[102] functional were used, namely ZORA-PBE-

D4(EEQ)[54] and the ZORA-PBE-MBD@rsSC[56] / (all electron) 

TZP / COSMO(DCE) that differ by the construction of their 

dispersion force treatment, which may induce slight differences 

in the thermodynamics of association of extended molecular 

systems. 

Note that the computed enthalpy of explicit solvation of 2+ 

by three molecules of DCE in COSMO(DCE) is exothermic and 

amounts to -9.5 kcal/mol with a Gibbs free energy of +27.3 

kcal/mol (@PBE-D4(EEQ)).  Thus, by virtue of the law of mass 

action, the explicit interaction of the solvent cannot be eluded. 

Three situations were hence considered:  

a) the implicit solvation by ways of the standard COSMO 

model (Table 8),  

b) the explicit + implicit solvation considering the 

competition of the Lewis base binding to the Te center with 

explicitly weakly Te-interacting DCE molecules (Table 8), i.e. 

one DCE molecule per available -hole, and  

c) without the COSMO solvation by considering 

nonetheless the explicit DCE interaction (Table 9). 

 

a) implicit solvation 

At this level of solvation, the association of OPPh3 molecules 

with 2+ is slightly endergonic, in contradiction with experimental 

observations (Table 6).  The difference of enthalpy of the first 

association between the three 1:1 [2B]+ adducts falls below the 

DFT accuracy limit, seemingly suggesting that the three σ-holes 

have the same probability of hosting a Lewis base.  The same 

observation still holds when considering the 1:2 adducts, 

suggesting that the position of the first associated Lewis base 

has no influence over the position of association of a second 

base. Moreover, these results suggest that the Vmax value of the 

σ-hole does not condition the association enthalpy.  The 

experimental data listed in Table 3 suggest that real solvation 

and counterion binding do indeed cancel roughly 80-90% of the 

stabilizing interaction energy that can be calculated by DFT for 

static models taken in the solvation COSMO model (Table 6). 

To verify the influence of the type of dispersion correction on the 

divergence of computed thermodynamics from experimental 

ones, the results obtained with the D4(EEQ)[54] correction of the 

dispersion were compared with calculations with the same 

native DFT functional, i.e. PBE, but using instead the 

MBD@rsSCS[56, 57] correction for dispersion. 

From the optimized structures obtained from D4(EEQ) and 

MBD@rsSCS-corrected PBE, no major differences were 

observed in the geometries of the adducts. 

 Again, no major differences between enthalpies of 

association for the two approaches were observed for 1:1 and 

1:2 adducts [2OPPh3]
+ and [2(OPPh3)2]

+ respectively; most 

values remaining within a 1-to-5 kcal/mol difference. The Gibbs 

energies of association diverged significantly though for the 1:3 

adduct [2(OPPh3)3]
+, with a higher overestimation of 

exergonicity with the D4(EEQ) model.  If many-body correlation 

effects can be ruled out as the main source of discrepancy with 

experimental data for the 1:1 and 1:2 adducts, the MBD 

correction tends to less overestimate the Gibbs energies of 

association particularly for the 1:3 adduct. 

 

b) implicit & explicit solvation 

This hybrid solvation model introduces a competition between 

OPPh3 and DCE for interacting with the Te center in the 

thermochemical balance: in the chosen model this entails that 

each solvent molecule (namely DCE) arbitrarily occupies one 

“free” σ-hole of the Te in 2+, while the COSMO(DCE) implicit 

solvation is kept active. 
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Table 6. Enthalpies and Gibbs free energies of association (in kcal/mol) of 

OPPh3 (abbr. B) molecules with 2
+
 at 298.15 K under implicit and implicit + 

explicit COSMO solvation (red circles materialize implicit solvation). 

2

[2   OPPh3]

[2   (OPPh3)2]

[2   (OPPh3)3]

+ OPPh3

[2   (DCE)3]

[2   OPPh3(DCE)2]

[2   (OPPh3)2(DCE)]

[2   (OPPh3)3]

+  OPPh3

-  DCE

COSMO COSMO

Implicit COSMO solvation Implicit COSMO + Explicit solvation

 

correction  -D4(EEQ)
a
 -MBD@rsSCS

a
 

adduct 
b
 occupied-

hole(s)  

ΔH ΔG ΔH ΔG 

implicit solvation (COSMO DCE) 

[2B]
+
 1 -10 +5 -9 +7 

 2 -11 +3 -9 +7 

 3 -10 +2 -9 +5 

[2B2]
+
 1,2 -23 +3 -25 +2 

 1,3 -24 +3 -26 +2 

 2,3 -24 +4 -25 0 

[2B3]
+
 1,2,3 -46 -10 -41 0 

implicit solvation (COSMO DCE) + explicit DCE (1 per free -hole) 

[2B(DCE)2]
+
 1 -14 -8 -9 -2 

 2 -14 -9 -13 -6 

 3 -14 -7 -13 -8 

[2B2(DCE)]
+
 1,2 -24 -16 nc

c
 nc

c
 

 1,3 -24 -14 nc
c
 nc

c
 

 2,3 -22 -17 -22 -15 

[2B3]
+
 1,2,3 -39 -33 -34 -22 

a
 computed at the ZORA-PBE-D4(EEQ) and ZORA-PBE-MBD@rsSC level of 

theory with an all electron TZP basis set, considering implicit or hybrid 

implicit/explicit solvation with COSMO (DCE) solvation
 b

 B = OPPh3;
 c 

nc: not 

computed. 

 

Table 6 shows that accounting for explicit molecules of 

solvent does not influence greatly the enthalpies of association 

of OPPh3 with 2+, whereas it significantly influences the Gibbs 

energies, evidencing the importance of the entropic factor.  The 

hybrid implicit/explicit solvation approach predicts the 

associations of OPPh3 with 2+ to be exergonic; the second 

association being less favored than the first, which somewhat 

matches the experimental trend.  Using the MBD@rsSCS 

correction for the dispersion instead of the D4 correction induces 

no significant variations of the geometries and only slight 

differences of the enthalpies and Gibbs free energies of 

association when applying the hybrid solvation approach.  It is 

however noticed that for the formation of the adduct 

[2(OPPh3)3]
+ the Gibbs free energy of association displays a 

difference of ca. -9 kcal/mol between the two models; the 

D4(EEQ) calculation overestimating again significantly the 

exergonicity of the 1:3 association. 

 

c) explicit solvation in vacuum 

Due to the large discrepancy between the D4 and 

MBD@rsSCS corrections for the 1:3 adduct, a deeper 

investigation of the impact of the dispersion/vdW corrections 

was necessary by removing the COSMO solvation.   

 

Table 7. Enthalpies and Gibbs free energies of association (in kcal/mol) of 

OPPh3 molecules (abbr. B) with 2
+
 at 298.15 K in vaccuum and in vacuum with 

explicit DCE at various levels of dispersion – van der Waals corrections.. 

correction  -D4
a
 -TS

a
 -

MBD@rsSC

S
a
 

-MBD-NL
a
 

adduct
a
 occ. 

σ-

hole 

H, G H, G H, G H, G 

vacuum 

[2B]
+
 σ1 

σ2 

σ3 

-30, -17 

-29, -16 

-30, -17 

-30, -17 

-29, -16 

-31, -15 

-28, -15 

-27, -14 

-28, -15 

-28, -14 

-27, -13 

-28, -14 

[2B2]
+
 σ1,2 

σ1,3 

σ2,3 

-56, -30 

-56, -29 

-57, -29 

-57, -28 

-56, -29 

-57, -29 

-52, -26 

-53, -27 

-53, -26 

-51, -25 

-51, -24 

-52, -25 

[2B3]
+
 σ1,2,3 -83, -42 -84, -47 -77, -37 -74, -34 

partial explicit DCE (1 per free σ-hole) 

[2B]
+
 σ1 

σ2 

σ3 

-25, -21 

-23, -19 

-25, -20 

-26, -22 

-24, -20 

-26, -20 

-22, -18 

-22, -18 

-24, -19 

-21, -17 

-21, -17 

-23, -19 

a 
Computed at the ZORA-PBE-D4, ZORA-PBE-TS, ZORA-PBE-MBD@rsSCS 

and ZORA-PBE-MBD-NL levels of theory in the gas phase and with an all 

electron intermediate basis set and a partial explicit coordination of solvent 

molecules. 

We thus compared the D4 pairwise correction,[54] the 

Tkatchenko-Scheffler (TS) pairwise approach, [55, 128] the range-

separation self-consistent screening version of the many-body 

dispersion method (MBD@rsSCS) [56, 57, 128] and the non-local 

many-body dispersion method (MBD-NL)[58, 128] in the gas 

phase.∞  Despite the error in total values of ∆H and ∆G, that is 

due to the expected over stabilization in gas phase compared to 

the solvent, there are consistent differences between the 

pairwise corrections and the many-body (MBD) ones, which are 

relevant for this work: as a matter of fact MBD@rsSCS and 

MBD-NL both increase the values of ∆H and ∆G (i.e. make them 

more positive). 
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The thermochemistry summarized in Table 7 shows a 1 to 2 

kcal/mol agreement between TS and D4 corrections (both 

pairwise) for all the systems except for the large 1:3 adduct 

(namely here [2B3]
+), where the TS correction gives lower 

values of about 5 kcal/mol for ∆G. Both flavors of MBD are 

within 1 to 2 kcal/mol for the 1:1 and 1:2 adducts and within 3 

kcal/mol for the 1:3 adduct for both enthalpies and the Gibbs 

free energies, with MBD-NL being always higher.   

In fact, MBD-NL substantially improves the treatment of charge 

transfer and ionicity for vdW interactions compared to 

MBD@rsSCS.[58] 

The many-body treatment of vdW interactions persistently leads 

to higher enthalpies and Gibbs free energies, when compared to 

the pairwise methods, with differences of 2 kcal/mol, 5 kcal/mol 

and 9 kcal/mol for the 1:1, 1:2 and 1:3 enthalpies respectively 

and of 3 kcal/mol, 4-5 kcal/mol and 8 kcal/mol for the 1:1, 1:2 

and 1:3 Gibbs free energies respectively.  Interestingly, MBD 

gives higher enthalpies and Gibbs free energies also in the case 

of the 1:2 adducts, where MBD@rsSCS calculations done using 

the COSMO implicit solvent model have the opposite trend. 

The differences between pairwise and many-body vdW 

corrections in the gas phase can be explained by comparing the 

differences of the single point binding energies ∆E0.  The 

average differences      
     

       are of -2.5 kcal/mol, -

5.1 kcal/mol and -8.6 kcal/mol for the 1:1, 1:2 and 1:3 adducts 

respectively.  These differences increase almost linearly with the 

number of OPPh3, persisting also for ∆∆H and ∆∆G.  The small 

deviations come mostly from the ∆∆E0 between OPPh3 

molecules, which we found to be of -0.7 kcal/mol and -2.0 

kcal/mol for the 1:2 and 1:3 adducts respectively (cf. ESI, Table 

S22). We also find these results to be independent on the 

structural parameters, since almost the same energy differences 

∆∆E0 are obtained using both the geometries obtained at -D4 or 

-MBD-NL levels. 

Conclusion 

This study investigates the affinity of a large variety of 

diarylmethyltelluronium cations towards various Lewis bases.  It 

provides information on the thermodynamics of association, 

which complements the descriptive analysis of the XRD 

structures that in most cases shows that the Te center is indeed 

significantly Lewis acidic, which contributes to the crystal 

cohesion by numerous and varied interactions with the 

counterion. 

By combining DOSY NMR and ITC, all carried out with 

solutions in an aprotic and moderate polar solvent, it is possible 

to approach the composition of the medium at various 

stoichiometries of a polar Lewis base such as OPPh3. 1:1 and 

1:2 telluronium-Lewis base associations could clearly be 

identified, except for ortho-aryl substituted telluroniums.  It is 

also possible to extract rather accurately the enthalpies, the 

Gibbs free energies and constants of the first 1:1 association of 

a telluronium with a Lewis base while second and third 

association parameters are flawed with inherent ITC 

thermogram deconvolution limitations.  One of them is that the 

deconvolution algorithms do not account for counterion’s 

aggregation on the thermochemistry of the 1:2 and 1:3 

associations.  The diarylmethyltelluronium salts studied here 

display obvious dependency of their electrophilicity upon the 

nature of the substituents located at the aryl groups.  

This dependency was sensed by ITC measures quite 

clearly from the investigation of the raw heats of association Qtot, 

and proved particularly significant when the substituents of the 

Te-bound aryl fragment are two meta –CF3 groups. 

The dependency of the association thermochemistry on 

the nature of the counterion is now firmly established; it tends to 

support the fact that the origin and driving physical force of the 

interaction of neutral Lewis bases with the Te center is 

coulombic attraction, which is significantly screened by solvation.  

Even though computed association H and G values lie 

far from experimental values, they give a gist of the extent of 

solvent’s screening and entropic effects.  Explicit solvation 

outlines indeed a significant solvent-dependent entropic 

contribution to the Gibbs free energy of association evidenced 

with the hybrid solvation model.  Nonetheless the O-Te 

interaction in [2OPPh3]
+ bears a light covalent character that 

outlines that such chalcogen molecular complexes are nothing 

but a new class of Lewis type donor-acceptor complexes in 

which charge density transfer may be tuned by adjusting the 

electron-withdrawing properties of substituents either at the 

telluronium cation or the binding base. 

IGM and IQA analyses clearly point to the dominant 

coulombic nature of the O-Te interaction, in which a weak but 

still significant covalent character is responsible for the charge 

density transfer occurring from OPPh3 to the telluronium cation. 

Last, it is found that pair-wise and many-body corrections 

offer similar performances on reproducing association energies 

of small to medium-large molecular complexes from the 1:1 to 

the 1:2 complexes of 2+ with OPPh3.  However, for large 

molecular systems such as 1:3 assemblies, the MBD approach 

yields a lower over-stabilization of molecular complexes.  This 

result suggests that the systematic trial of pair-wise vs. many-

body corrections should be carried out for large assemblies 

containing extended or numerous  systems, this particularly 

when the closest match with experimental data is sought. 

These results are timely in the current debate about the 

nature and directionality of the interactions involving -holes.[129] 
[47, 130]  Cremer, Kraka et al.[131] already established the diversity 

of the interactions responsible for ChB.  Our study points out the 

driving role of coulombic interactions and the weak contribution 

of covalence (charge transfer through constructive orbital 

interactions) in the formed molecular aggregates. Further 

developments will be disclosed in due time. 

 

Supporting Information 

Full experimental details on the synthesis & analyical 
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1a), 2271911 (for 1c), 2271918 (for 2a), 2271928 (for 2b), 
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 
The relative athermicity corresponds to the point in the titration where 

no significant heat flow occurs other than that caused by dilution or by the 

steady response of the chemical equilibrium to the addition of reagent by 

further injections of OPPh3 solution.
 

¶
 QTAIM

[106]
 (including IQA) analyses and the determination of Bader 

atomic charges q were carried out for technical reasons with non-relativistic 

basis sets at the PBE0
[164]

/all electron TZP level with a 4p frozen core for Te. 

All other analyses, including the ADF-NCIPlot and IGM were carried out at the 

PBE-D4(EEQ) level stipulated above.
 

#
 The IGM probes inter-fragment interactions in molecular or 

supramolecular systems based on the topology of the electron density. The 

IGM-based δg
inter

 descriptor compares the electron density gradient of the real 

system to the electron density gradient of the fictitious non-interacting system 

at any point of the real space, thus enabling a graphic visualization of 

“interaction maps” between two user-defined fragments by plotting isovalue 

surfaces. Integrating this descriptor over the whole real space yields the Δg
inter

 

score which can be viewed as a measure of the electron sharing between the 

two user-defined fragments. 
‡
 The IBSI is an IGM-based atom-pair interaction descriptor to measure 

the strength of the interaction relative to the covalent case of H2. The IBSI 

value can be used to classify the atom-pair interaction as noncovalent (0 a0
-1

< 

IBSI < 0.15 a0
-1

), coordination (0.15 a0
-1

 < IBSI < 0.6 a0
-1

) or covalent (IBSI > 

0.15 a0
-1

). 
 In the LED/DLPNO-CCSD(T) analysis the localized molecular orbitals 

are assigned to user-defined fragments based on Mülliken population analysis.  

The interaction energy is decomposed into an intra-fragment contribution 

 intra
(X)

  intra
( )

, i.e. the contributions from pair of orbitals localized on the same 

fragment, (referred to as electronic preparation 
[99]

) accounting for the 

variations of the electronic structure of one fragment induced by the presence 

of the other and an inter-fragment contribution  inter
(X, )

, i.e. the contributions from 

pair of orbitals localized on different fragments, accounting for the interaction 

of interest properly speaking:             
   

       
   

       
     

 . The inter-

fragment contribution can be partitioned into electrostatic  els
(X, )

, exchange 

 exc
(X, )

 and correlation  cor
(X, )

 contributions:       
     

     
     

     
     

     
     

. The 

intra-fragment contributions can be partitioned the same way. The inter-

fragment correlation contribution can be further divided into charge transfer 

(double excitations changing the number of electron on each fragment 

       
     

        
     

, dispersion (double excitations conserving the number of 

electron on each fragment  disp
(X, )

 and triple excitations:  (T)
(X, )

 :     
     

 

       
     

        
     

      
     

     
     

. 

∞  All calculations were undertaken with the FHI-aims code
[128]

 using a 

state-of-the-art implementation, except for the calculations using the D4 

pairwise corrections for which the dftd4 package was used.
[54]
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