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Structural diversity in the products formed by the 

reactions of 2-arylselanyl pyridine derivatives and 

dihalogens
†
 

 
Riccardo Montis,a Massimiliano Arca,a M. Carla Aragoni,a,* Alexander J. Blake,b Carlo 
Castellano,c Francesco Demartin,c Francesco Isaia,a Vito Lippolis,a,* Anna Pintus,a Eder J. 
Lenardão,d Gelson Perin,d Alice E. O'Connor,b Samuel Thurowd 

The reactivity of the 2-arylselanyl pyridine derivatives L1–L4 towards dihalogens X2 (X = I, 

Br) and interhalogens IX (X = Cl, Br) was studied in CHCl3 or MeCN. The solid products 

obtained were structurally characterized and their nature points out the preference for CT 

spoke adducts and for seesaw insertion adducts to be formed at the N-donor and Se-donor site, 

respectively. DFT calculations were performed to provide a rationale for the structural 

diversity observed in the products obtained. 
 

 

Introduction 

It is well known that the reactions of molecules containing pnicogen, 

(mainly nitrogen and phosphorous) and chalcogen (mainly sulfur and 

selenium) donor atoms with homonuclear dihalogens X2, (X = I, Br, 

Cl), and heteronuclear interhalogens IX (X = Cl, Br) can afford a 

large variety of products whose formation is not easily predictable 

since it depends on the nature of the donor atom (including its 

chemical environment) and the experimental conditions used: 

polarity of the solvent, reactant molar ratios, acid-base strength of 

the starting materials.1-6 

In fact, the reactions of dihalogens and interhalogens with diorgano 

sulfur and selenium compounds (R2E, E = S, Se) generally afford 

either Charge Transfer (CT) spoke adducts or seesaw- or T-shaped 

insertion adducts.1-7 CT spoke adducts featuring a linear D−X−Y 

three body system (D = donor atom, X, Y = halogen atoms), 

represent an important and extensively investigated class of 

compounds due to their potential biological relevance and 

pharmacological activities (especially those formed by chalcogen 

donor molecules), particularly for their involvement in the 

mechanism of action of anti-thyroid drugs.8, 9 In addition, oxidation 

products such as di-chalcogenide cations [(R)E─E(R)]n+ (R = 

organic framework; E = S, Se; n = 1, 2) featuring a chalcogen-

chalcogen bond or halonium complex cations [(R)E─I─E(R)]+ (E = 

S, Se) featuring an almost linear E─I─E framework, balanced by 

polyhalides of different complexity, can also be formed.1,2,9  

On the other hand, nitrogen donor molecules, especially pyridine 

derivatives (Py), when reacted with halogens or interhalogens can 

afford CT adducts of different structural complexity,10, 11 but can 

also lead to ionic species, such as (Py−I)+ cations, derived from the 

breaking of the I─X bond, or pyridinium (PyH)+ cations 

counterbalanced by discrete or extended12-14 polyhalide anions.15 

The simultaneous presence in the donor molecule of both nitrogen-

heterocyclic and chalcogen donor sites should enlarge, at least in 

principle, the number of products accessible by reaction with 

dihalogen or interhalogen acceptors. We, therefore, decided to 

investigate the reactions of homonuclear dihalogens X2 (X = I, Br) 

and heteronuclear interhalogens IX (X = Cl, Br) with the 2-

arylselanyl pyridine derivatives L1–L4 containing both Se- and N-

donor atoms in their molecular structure (Scheme 1) in order to 

establish how the difference in the reactivity of nitrogen and 

selenium donor atoms towards dihalogens can influence the nature 

of the final products. 

N SeSe

N Se

Cl

N Se

F

N Se

Cl

L4

L1 L2 L3

 
Scheme 1. Schematic representation of the 2-arylselanyl pyridines considered in 

this study. 

 

Results and discussion 

Synthesis and structural analysis. Information about the 

reactivity of donor molecules with concurrent chalcogen and 

pnicogen donor sites towards dihalogens X2 (X = I, Br) and 

interhalogens IX (X = Cl, Br) are not reported in the literature. 

In the search for suitable donor molecules having both type of 
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heteroatoms, we considered pyridine derivatives, for which 

there has been a renewed synthetic interest in the last past years 

due to their potential biological and pharmaceutical 

applications.16 With the aim of identifying any preference in the 

nature of the final products, we undertook a systematic study on 

the reactivity of 2-arylselanyl pyridine derivatives L1-L4 

(Scheme 1) and dihalogens/interhalogens as a study case.  

In Scheme 2, the results obtained from the reactions of L1 with 

I2, Br2, ICl and IBr are summarized. The reactions were 

performed by mixing equivalent amounts of L1 and the suitable 

X2 (X = Br, I) or IX (Cl, Br) species in CHCl3. All the reactions 

yielded 1:1 CT N-adducts of formulation L1·IX (X = Cl, Br, I) 

that were isolated and structurally characterized; only in the 

case of the reaction with Br2 we were unable to isolate solid 

products, neither after slow evaporation of CHCl3 nor by 

recrystallization from other solvents, due to the formation of 

oils and laques. The CT adducts L1·I2, L1·IBr, and L1·ICl 

crystallize in the same space-group (triclinic) and are 

isomorphous (Table S1 in the ESI†). 

I2 (1:1)
CHCl3

ICl (1:1)
CHCl3 

Br2 (1:1 )
MeCN

IBr (1:1) 
CHCl3 

L1

N Se

Cl

N Se

I

I

Cl

L1  I2

L1  ICl

N Se

I

Cl

Cl

L1  IBr

N Se

I

Br

Cl

NO solid 
products

.

..

 
Scheme 2. Schematic representation of the compounds obtained from the 

reaction of L1 with I2, Br2, ICl and IBr. 

In all three structures, the acceptor molecule interacts with the 

N-donor atom of the ligand via an almost linear N⋅⋅⋅I−X (X = 

Cl, Br, I) halogen bond resulting from the interaction between 

the HOMO of the heterocyclic nitrogen atom and the σ* 

LUMO of the acceptor (Fig. 1a-c).  

The N⋅⋅⋅I distances [2.497(3), 2.410(3) and 2.368(2) Å for 

L1·I2, L1·IBr, and L1·ICl, respectively] decrease on increasing 

the electronegativity of X. This is in agreement with the 

structural data found in the Cambridge Structural Database 

(CSD) for similar Py⋅⋅⋅I−X (X = Cl, Br, I) 1:1 CT adducts that 

show N⋅⋅⋅I distances falling in the range 2.25-2.98 Å with the 

shortest values always observed for X = Cl. The I─X bond 

lengths are 2.7631(9), 2.6229(9), and 2.5311(9) Å for L1·I2, 

L1·IBr, and L1·ICl, respectively and result elongated (from 4 

to 9%) if compared with the corresponding I─X bond distances 

measured for the free acceptors in the gas phase (I─X distances 

for gaseous I2, IBr and ICl are 2.67 Å, 2.47 Å and 2.32 Å, 

respectively).17 These values are in line with those reported for 

similar pyridine adducts in the CSD (I─X are in the ranges of 

2.74-2.83, 2.59-2.65, and 2.44-2.56 Å for X = I, Br, and Cl, 

respectively), with an inverse relationship between the N···I 

and the I─X bond distances. The N···I─X halogen bond is 

assisted by Se⋅⋅⋅I─X weak contacts involving the Se atom of L1 

and the iodine atom of the IX (X = Cl, Br, I) molecule (Fig. 1a-

c), with Se···I distances ranging from 3.35 (L1·ICl) to 3.50 Å 

(L1·I2) (sum of the van der Waals radii for the Se and I atoms is 

3.88 Å) and Se⋅⋅⋅I─X angles varying from 126.2° (L1·IBr) to 

126.8° (L1·I2). The substituted phenyl ring is perpendicular to 

the plane of the pyridine ring in all three structures. 

 
Figure 1. ORTEP view of the asymmetric unit in (a) L1·I2; (b) L1·IBr; (c) L1·ICl; (d) 

L2·ICl. N···I = 2.497(3), 2.410(3), 2.368(2), 2.336(3) Å; I─X = 2.7631(9), 2.6229(9), 

2.5311(9), 2.511(1) Å; N─I─X = 178.17(7), 178.74(7), 178.92(6), 179.52(7)° for 

L1·I2, L1·IBr, L1·ICl and L2·ICl, respectively. Displacement ellipsoids are drawn at 

the 50% probability level. 

The analysis of the crystal structures in L1·I2, L1·IBr, and 

L1·ICl shows that no relevant intermolecular interactions 

involving the IX (X = I, Br, Cl) coordinated acceptors are 

observed. This is probably the reason why the different nature 

of the coordinated dihalogen/interhalogen species does not 

affect the final assembly of the resulting CT adduct units in the 

crystal lattices, leading to isomorphous compounds. The crystal 

packings in L1·I2, L1·IBr, and L1·ICl show a common 2-D 

arrangement of molecules (Fig. 2), formed by adjacent 1-D 

chains of adduct units, each built via set of π⋅⋅⋅π interactions 

involving couples of parallel and partially overlapped 

chlorophenyl rings (interplanar distances are 3.67, 3.66, and 

3.62 Å, respectively, with a slippage angle of 19o for all three 

compounds)18 assisted by weak contacts such as C─H⋅⋅⋅Cl (Cl 

atom on the phenyl ring) or Se⋅⋅⋅π19 with C···Se distances of 

3.407(3), 3.462(4), and 3.505(4) Å, and H···Cl distances of 

2.96, 2.94, and 2.99 Å for L1·ICl, L1·IBr, and L1·I2, 

respectively, which lie just at or slightly below the sum of van 

der Waals radii of the relevant atoms.20  
From the reactions of L2 with I2, Br2, IBr and ICl in CH3CN 

solution, crystals suitable for X-ray diffraction were obtained 

only for L2·ICl. Even if the adduct crystallizes in a different 

space group (monoclinic, Table S1†), its structural features 

closely resemble those found for the family of L1·IX CT N-

adducts (X = Cl, Br, I, Fig. 1d): the N···I distance is 2.336(3) Å 

and falls among the lowest values within the expected range; 

the I─Cl distance is 2.511(1) Å. The packing of the CT adduct 

units in L2·ICl is very similar to that previously described for 

L1·IX adducts (Fig. 2c), with small differences regarding the 

packing of the common 2-D arrangements that are related by 
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inversion symmetry in the case of the isomorphous set of CT 

adducts L1·IX (Fig. 2b), and by glide planes in the case of the 

adduct L2·ICl (Fig 2c).  

The similarities found among the 1:1 CT adducts of L1 and L2, 

drove us to attempt the co-crystallization of equivalent amounts of 

L1·I2 and L2·ICl in CH3CN, that yielded crystals corresponding to 

the formulation C11H8Cl1.27F0.32I1.41NSe. Interestingly, single crystal 

X-ray diffraction analysis revealed the formation of a 1:1 CT adduct 

isomorphous with L2·ICl. The uncoordinated halogen site of the 

dihalogen moiety in the adduct unit shows mixed I/Cl occupancies of 

0.410(5)/0.590(5), the same it is found for the halogen site on the 

aryl moiety of the donor molecule which shows mixed Cl/F 

occupancies of 0.68(2)/0.32(2), so that the adduct can be formulated 

as (L1)0.68/(L2)0.32⋅⋅⋅I─I0.41/Cl0.59. The two bond distances in the 

fragment N···I─X (X = I0.41/Cl0.59) are very similar to those 

previously discussed for L1·I2, L1·IBr, L1·ICl and L2·ICl: N···I 

2.357(7) Å, I─X 2.686(2) Å [N─I─X = 177.7(2)°]; the I─X value is 

affected by the mixed nature of the coordinated di-halogen, and 

intermediate between those found for L1·I2 and L1·ICl and L2·ICl. 

These findings open the possibility to obtain different polymorphs  

for the 1:1 CT adducts of L1 and L2 with dihalogens/interhalogen 

molecules as already observed for 1:1 I2 and IBr CT adducts of 

thione-containing donor molecules.21 

 
Figure 2. Crystal packing comparison for the four adducts of L1. (a) Common 2-D 

assembly viewed along two perpendicular directions. The X atom is colored as 

grey to represent a generic 1:1 CT adduct L1·IX; (b) Crystal packing of structure 

L1·IBr as representative for the set of isomorphous structures L1·I2, L1·IBr and 

L1·ICl, viewed down the [111] direction; (c) Crystal packing of structure L2·ICl 

viewed down the [110] direction. 

The isolation and characterization of new CT adducts of dihalogens 

and interhalogens led us to consider them in the framework of the 

renewed interest in such systems as potential examples of three-body 

systems featuring a central halogen atom22 and therefore, halogen 

bonding. In fact, molecular systems displaying the D···I–X group (D 

= chalcogen or pnicogen atom) can be classified as cases in which  

halogen bonding (XB, the interaction between a polarized halogen 

atom and a Lewis base) formally occurs between a halogen bond 

donor (I–X) and a halogen bond acceptor (Lewis base containing a D 

donor atom).23 The study of the chemical bond in both neutral CT 

adducts between X2/IX species and chalcogen/pnicogen donors, and 

trihalides can, therefore, help understand the origin and nature of 

XB, including similarities and differences with other weak 

intermolecular interactions.24-26  

Although, it is not easy to assign the contribution of each 

energy term to the bonding in these linear three-body systems 

featuring a total of 22 valence shell electrons and formed by 

three aligned main group elements. Both the Rundle-Pimentel 

model for electron-rich (3c-4e) systems,27 and the CT model 
support a covalent view of the bonding and account for a total 

bond order of 1 in these hyper-coordinated systems, the former 

model fitting better for symmetric systems, the latter describing 

better asymmetric arrangements. 

These conclusions are nicely supported by the structural features 

retrieved from the Cambridge Structural Database (CSD) for linear 

three-body systems involving either trihalogens, X–X–X (X = Br, I), 

or halogen(s) and chalcogen(s), E–X–Y, X–E–Y, and E–X–E (E = S, 

Se; X = Y = Cl, Br, I; X = I, Y = Cl, Br).28 The relative elongations 

(δ) of the two bonds in the examined three-body systems with 

respect to the sum of the relevant covalent radii show a continuous 

variation from balanced situations to very unbalanced ones without 

indications of a critical distance differentiating substantially covalent 

from  predominantly electrostatic bonds.  

 
Figure 3. (a) Structural data of N···I─X (X = Cl, Br, I) fragments for L1·I2, L1·IBr, 

L1·ICl, L2·ICl (red points) and pyridyl CT adducts from CSD (X = I, purple points; X 

= Br, orange points;  X = Cl, green points) as scatter plot of δIX vs. δNI; (b)  

structural data of the N···I─X (X = Cl, Br, I) fragments as in (a) overlapped with 

those related to E−X−Y, X−E−Y, E−X−E E–X–Y, X–E–Y, and E–X–E (E = S, Se; X = Y = 

Cl, Br, I; X = I, Y = Cl, Br), and X−X−X (X = Br, I) from ref. 28 all depicted as blue 

dots. The red triangle refers to the values calculated for (L4)2·I2 (see below).  
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Furthermore, all data can be fitted by a common nonlinear least-

squares equation derived from the Bond-Valence model (BV) 

independently of the nature of the donor atom.28  

Using Charge Displacement analysis, Energy Decomposition 

Analysis and zeroth order Symmetry Adapted Perturbation Theory, 

we have recently demonstrated that the specific contributions of the 

interacting atoms to the halogen bonding in trihalides and CT 

adducts of chalcogenide donors, in terms of charge transfer and 

electrostatic polarization, does not depend on the nature of the 

involved atoms, but only on their geometrical arrangement and, 

specifically, on the relative elongations (δ).29 

These considerations also apply to dihalogen/interhalogen CT 

adducts of pyridyl donors. In fact, the relative elongations (δ) of 

the N···I and I─X bonds for N···I─X (X = Cl, Br, I) fragments 

retrieved from CSD, and those observed for L1·I2, L1·IBr, 

L1·ICl and L2·ICl are as correlated as in trihalides and CT 

adducts of chalcogen donor molecules (Fig. 3a) and nicely fit 

the structural data for the other three body systems previously 

considered (Fig. 3b). 

In an attempt to verify the effect of a different position of the 

halogen atom on the aromatic rings we considered the reactivity 

of L3 towards dihalogens and interhalogens. Ligand L3 differs 

from L1 in the position of the Cl substituent, bound to the 

pyridyl ring rather than to the phenyl one (Scheme 1). Crystals 

suitable for X-ray diffraction were only obtained from the 

reaction of L3 with IBr in CH3CN (1:1 molar ratio) by slow 

evaporation of the solvent. The X-ray characterization revealed 

a product consistently different from those described so far, i.e. 

the triiodide salt (L3)(L3H)I3. It crystallizes (Table S1)† as a 

1:1 H-bond adduct between the free donor L3 and the triiodide 

salt (L3H)+I3
−. The asymmetric unit consists of one 

independent free pyridine donor L3, one independent 

protonated pyridinium cation L3H+, and one independent 

triiodide I3
− as a counter-ion. The analysis of the conformation 

shows that both L3 and L3H+ adopt the same geometry, with 

the phenyl ring oriented perpendicular to the 

pyridine/pyridinium ring but, differently from what observed in 

L1·IX (X = Cl, Br, I) CT N-adducts,  the pyridine nitrogen 

atom point towards the phenyl ring, possibly due to the 

presence of the Cl substituent on the pyridyl ring. The neutral 

L3 and the cationic (L3H)+ species interact to each other via a 

short N−H⋅⋅⋅N hydrogen bond [N1⋅⋅⋅H1' 2.17 Å, N1⋅⋅⋅N1' 2.796 

(4) Å, N1'–H1'–N1 139.0o] (Fig. 4a). Furthermore, the neutral 

and protonated pyridyl rings from the H-bonded L3 and 

(L3H)+, respectively, are oriented in order to π⋅⋅⋅π interact with 

the almost parallel adjacent phenyl rings from (L3H)+  and L3 

[intercentroid distances are 3.517(2) and 3.608(2) Å, with 

angles between planes of the interacting aromatic rings of 0.5 

and 12,4o, respectively], that contribute to the cohesion of the 

resulting dimeric assembly. The almost linear [I1–I2–I3 

176.25(1)o] and asymmetric [I1–I2 2.8702(3), I2–I3 2.9220(3) 

Å] I3
– anion is anchored to the (L3H)+ cation via a Se1'⋅⋅⋅I1 

contact of 3.6958(4) Å (sum of the van der Waals radii for Se 

and I is 3.88 Å) (Fig. 4a).  

 
Figure 4. (a) ORTEP view of the asymmetric unit in (L3)(L3H)I3, displacement 

ellipsoids are drawn at the 50% probability level, I1–I2 2.8702(3), I2–I3 2.9220(3) 

Å, I1–I2–I3 176.25(1)o; (b) 1-D [L3⋅(L3H)+]⋅⋅⋅I3
−⋅⋅⋅[L3⋅(L3H)+]⋅⋅⋅I3

− chains propagating 

along the axis a direction and viewed down the axis b direction; (c) 1-D 

[L3⋅(L3H)+]⋅⋅⋅I3
−⋅⋅⋅[L3⋅(L3H)+]⋅⋅⋅I3

−  chains viewed down the a direction; (d) crystal 

packing of (L3)(L3H)+I3
− viewed down the axis a direction. 

In the crystal packing, H-bonded adducts [L3·(L3H)+] and I3
− 

counter-ions interact parallel to the crystallographic a axis 

through C−H⋅⋅⋅I contacts (H⋅⋅⋅I distances in the range 3.09-3.18 

Å), forming linear 1-D [L3⋅(L3H)+]⋅⋅⋅I3
−⋅⋅⋅[L3⋅(L3H)+]⋅⋅⋅I3

− 

chains (Fig. 4b). Adjacent 1-D chains pack along the axes b and 

c directions via weak C–H⋅⋅⋅Cl contacts involving the Cl 

substituents of both L3 and (L3H)+ units (H⋅⋅⋅Cl distances are 

3.03 Å and 2.96 Å respectively), along with the C−H⋅⋅⋅I, and 

Se⋅⋅⋅I interactions previously described (Fig. 4d) to define the 

crystal packing.   

  

N SeSe

I2 (1:1 or 1:2)
CHCl3

N

Se

Se

I I N

Se

Se

ICl (1:1)
CHCl3

N SeSe

Cl

Cl

Cl

Cl

Br2 (1:1 )
MeCN

N SeSe

Br

Br

IBr (1:1) 
CHCl3 or 
MeCNNO solid 

producds

L4

(L4)2  I2

L4  2Cl2

L4  Br2

.

.

.
Scheme 3. Schematic representation of the compounds obtained from the 
reaction of L4 with I2, Br2, ICl and IBr. Crystals of L4 were isolated by slow 
evaporation of the solvent from the reaction mixture of L4 and IBr in CH3CN in 
1:1 molar ratio. 

 

Bis(phenylselanyl)pyridine (L4) was obtained by reacting 2,6-

dichloropyridine and diphenyl diselenide at 90 °C.16 Differently 
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from L1–L3, L4 features two phenylselanyl groups linked to 

the same pyridine ring in ortho positions (Scheme 1). 

The reactions of L4 with dihalogens and interhalogens are 

summarized in Scheme 3. It is interesting to note that, 

notwithstanding experimental conditions similar to those 

previously described for L1–L3 were adopted, the insertion 

adducts L4·Br2 and L4·2Cl2 were isolated from the reactions of 

L4 with Br2 and ICl in 1:1 molar ratio, respectively. The 

reaction of L4 with I2 even using a 1:2 L4/I2 molar ratio, 

always yielded the (L4)2⋅I2 CT N-adduct in which the diiodine 

molecule is bridging two donor units (Scheme 3, Table S1†). 

The I2 molecule in (L4)2⋅I2 lies on an inversion center and 

bridges two donor molecules via two weak equivalent N···I─I 

halogen bonds (Fig. 5a). This adduct presents bond lengths 

similar to those found in the quinoxaline-disulphide adduct 

(Q2S2·I2)n.
30 The N···I distance is 2.936(3) Å [N⋅⋅⋅I–I' 

175.77(7)o, (' = -x, -y, -z)], significantly longer than those found 

in the previously examined pyridine-iodine adducts (Fig. 3a); 

correspondingly, the di-iodine bond is only slightly perturbed 

with a I─I' bond distance of 2.722(1) Å, which is very similar 

to that found in pure diiodine in the solid state [2.715 (6) Å].31 

As in the case of L1·I2, L1·IBr, L1·ICl and L2·ICl, weak Se⋅⋅⋅I 

contacts of 3.6661(9) and 3.7165(9) Å from the Se1 and Se2 

atoms of L4, respectively [Se1⋅⋅⋅I–I' 133.14(2), Se2⋅⋅⋅I–I' 

132.79(3)o], support the N⋅⋅⋅I–I⋅⋅⋅N halogen bonds. The 

structural data of the N⋅⋅⋅I–I⋅⋅⋅N nicely fit the distribution of the 

structural data in Figure 3a.  

 
Figure 5. (a) ORTEP view of the bridging adduct unit in (L4)2·I2, displacement 

ellipsoids are drawn at the 50% probability level, ' = -x, -y, -z; (b) 2-D array of 

interacting (L4)2·I2 units viewed normal to the (121) plane, and (c) along the (121) 

plane; (d) assembly of three instances of 2-D sheets of interacting (L4)2·I2. 

Adjacent L4⋅⋅⋅I–I⋅⋅⋅L4 dimeric units interact via weak Se⋅⋅⋅Ar 

(C⋅⋅⋅Se distances is 3.55 Å) and π⋅⋅⋅π contacts (interplanar 

distance is 3.53 Å with a slippage angle of 21°) forming 2-D 

sheets parallel to the (121) plane (Fig. 5b and 5c) which stack 

perpendicular to the plane (121)  (Fig. 5d).  
By reacting equivalent amounts of L4 with ICl or Br2, in CHCl3 and 

CH3CN, respectively, solid compounds corresponding to the 

formulations L4Cl4 and L4Br2 were isolated. 

Single crystal X-ray diffraction analysis revealed that in both cases 

the reactions involved the Se site(s) and resulted in the formation of 

seesaw hypervalent adducts L4⋅Br2 and L4⋅2Cl2 (Scheme 3, Table 

S1†).  

Furthermore, although both complexes were prepared by 

mixing L4 and the appropriate halogen/interhalogen in 1:1 

molar ratio, in the case of the reaction with ICl, insertion adduct 

formation was observed on both Se donor atoms, while in the 

reaction with Br2, the oxidative addition reaction occurred only 

on one of the two available Se donors. 

In L4⋅Br2, the almost linear [Br1–Se1–Br2 175.20(3)°] and 

symmetric [Se1–Br1 2.5482(10), Se1–Br2 2.5465(9) Å] Br–

Se–Br three body system is tilted of 63.3o (N–C7–Se1–Br1 

torsion) with respect to the plane of the pyridine ring. The 

phenyl rings are also tilted with respect the plane of the 

pyridine ring, of -41.4o (C7–Se1–C1–C6 torsion) for the ring 

bearing the Se atom involved in the hypervalent system, and of 

96.9o (C11–Se2–C12–C17 torsion) for the other phenyl ring 

(Fig. 6a). The overall conformation adopted by L4 in L4⋅Br2 is 

very similar to the conformation of free L4 (Scheme 3, Table 

S1†), which shows the phenyl rings on the same side of the 

pyridine ring (Fig. 6b), with the only difference that in free L4 

the two phenyl rings are tilted of about the same angle with 

respect the plane of the pyridine ring (see Fig. S1 in ESI†). 

 
Figure 6. (a) ORTEP view of the asymmetric unit in L4Br2, Se1–Br1 2.5482(10), 

Se1–Br2 2.5465(9) Å, Br1–Se1–Br2 175.20(3)°; (b) ORTEP view of the asymmetric 

unit in L4; (c), (d) alignment of L4Br2 units along the c direction ; (e) 2-D sheet of 

interacting L4Br2 units viewed down the axis c direction. in (a) and (b) 

displacement ellipsoids are drawn at the 50% probability level. 

The crystal packing of L4⋅Br2 does not evidence relevant 

intermolecular interactions, and it can be described as resulting from 
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1-D rows formed by units of L4⋅Br2 stacking along the axis a 

direction (Figs. 6c and 6d). 1-D rows of this kind are related by glide 

planes and connected along the axes a and b directions via weak C–

H⋅⋅⋅Br (H⋅⋅⋅Br distances are 3.02 Å and 3.03 Å, respectively) and C–
H⋅⋅⋅Se contacts (H⋅⋅⋅Se distance is 3.04 Å) to form 2-D corrugated 

sheets (Fig. 6e). 

In L4⋅2Cl2, both Se donor atoms undergo the oxidative addition of 

formally chlorine molecules, presumably deriving from 

disproportion of ICl. Both Cl–Se–Cl three-body systems are almost 

linear [Cl(11)–Se(1)–Cl(12) and Cl(21)–Se(2)–Cl(22) angles are 

173.46(2)° and 173.70(2)°, respectively] and slightly asymmetric 

[Se(1)–Cl(11)  and Se(1)–Cl(12) distances are 2.3843(6) Å and 

2.3590(5) Å, respectively; Se(2)–Cl(21) and Se(2)–Cl(22) distances 

are 2.4471(5) Å and 2.3252(5) Å]. The conformation adopted by L4 

in L4⋅2Cl2 is different from that observed in free L4 and L4⋅Br2: the 

phenyl rings are located on opposite side with respect the pyridine 

one, like the claws of a crab, tilted of -142.3 (2)° and 49.4(2)°, 

respectively (Fig. 7a).  

Each independent hypervalent L4⋅2Cl2 adduct is connected to 

adjacent ones via a set of three weak C–H⋅⋅⋅Cl interactions (H⋅⋅⋅Cl 

distances are 2.89 Å, 2.89 Å and 2.91 Å respectively), and a set of 

two Se⋅⋅⋅Cl interactions [Se⋅⋅⋅Cl distances are 3.5878(6) Å and 

3.6406(7) Å, respectively] to form 2-D corrugated sheets (Figs. 7b 

and 7c) parallel to the plane (-101). Adjacent 2-D arrangements of 

this kind are then assembled approximately along the axis a direction 

by C–H⋅⋅⋅Cl interactions (H⋅⋅⋅Cl distance is 2.89 Å) (Fig. 7d). 

 
Figure 7. (a) ORTEP view of the asymmetric unit in L4⋅2Cl2, Se(1)–Cl(11) 

2.3843(6), Se(1)–Cl(12) 2.3590(5), Se(2)–Cl(21) 2.4471(5), Se(2)–Cl(22) 2.3252(5) 

Å, Cl(11)–Se(1)–Cl(12)  173.46(2), Cl(21)–Se(2)–Cl(22) 173.70(2)°,  displacement 

ellipsoids are drawn at the 50% probability level; (b) 2-D corrugated sheet of 

interacting L4⋅2Cl2 units viewed down the axis a direction; (c) 2-D sheet viewed 

down the axis b direction; (d) assembly of three instances of the 2-D sheets 

viewed down the axis b direction. 

 

DFT Calculations. In order to account for the variety of products 

obtained by reacting the ligands L1–L4 with dihalogens X2 (X = Cl, 

Br, I) and interhalogens IX (X = Cl, Br), a computational 

investigation was undertaken at the density functional theory 

(DFT)32 level of theory (see Experimental Section). Given the 

similar coordination ability shown by L1 and L2, and the lack of 

isolated spoke or seesaw adducts in the case of L3, we decided to 

choose L1 and L4 as model systems. The optimized geometry of the 

free ligands in the gas phase (Fig. S2, Table S2 in ESI†) shows that 

in both L1 and L4 the aromatic rings lie on almost perfectly 

perpendicular planes (with torsion angles τ between the phenyl and 

pyridyl rings of 91.2 and 91.0° for L1 and L4, respectively). For 

both ligands, the C−Se bond lengths were calculated in the range 

1.924-1.926 Å, with CPy−Se−CPh bond angles of 100.42 and 100.13°, 

respectively.  

The optimized metric parameters calculated for L4 are in perfect 

agreement with the structural data discussed above for the same 

compound. In particular, the metric parameters involving the N and 

Se donor atoms are calculated very precisely [optimized values: 

1.924, 1.926 Å and 100.13 ° for CPy−Se, CPh−Se, and CPy−Se−CPh, 

respectively; corresponding average structural data: 1.921(3), 

1.927(4) Å and 100.6(3) °]. The donor ability of L1 and L4 towards 

dihalogens and interhalogens via either the nitrogen or the selenium 

atoms is testified by the localization of Lone Pairs (LPs) of electrons 

on both donor sites in the Kohn-Sham occupied frontier molecular 

orbitals of the ligands (Fig. 8). 

 
Figure 8. Isosurface drawings of selected occupied Kohn-Sham frontier molecular 

orbitals calculated for L1 (top) and L4 (bottom). Cutoff value = 0.05 |e|. 

Although the LPs on the Se atoms are calculated to assume less 

negative eigenvalues than those on pyridine nitrogen donor atoms, 

the charge distribution calculated at NBO level33 indicates a larger 

charge density on the pyridine nitrogen atom as compared to 

selenium (QN = -0.510 and -0.532 |e|; QSe = 0.469 and 0.470 |e| for 

L1 and L4, respectively). In order to evaluate the different stabilities 

of the reaction products, both 1:1 CT spoke N/Se-adducts and 1:1 

seesaw Se-adducts of L1 and L4 were optimized (Figs. S3-S10 and 

Tables S3-S8 in ESI
†
). 

A good agreement was found between the metric parameters of the 

optimized structures and the corresponding structural data (namely 

L1·I2, L1·ICl, L1·IBr, and L4·Br2). Bond distances and angles differ 

by less than 0.15 Å and 5°, respectively, in the two sets of data, the 
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most significant difference being the slight overestimation of the 

N−I distance by about 0.1 Å in CT N-adducts (Table S3). Based on 

the X-ray single crystal data discussed above, the 2:1 N-adduct 

(L4)2⋅I2 and the 1:2 Se-adduct L4·2Cl2 were also optimized, and 

again a good agreement was found with the corresponding structural 

data (with differences between optimized and structural bond lengths 

lower than 0.06 Å and angles lower than 4°; Tables S6 and S8 in 

ESI
†
). Remarkably, the geometry of the donor molecules in the 

corresponding 1:1 N-adducts does not show any significant variation 

in bond lengths and angles (see Tables S3 and S6 in ESI
†
) on 

varying the nature of the dihalogen/interhalogen species involved in 

the adduct formation, thus allowing for the possibility of 

isomorphism (see above). A comparison between the 1:1 and 2:1 N-

adducts L4·I2 and (L4)2·I2 shows that the optimized parameters are 

almost identical for the two systems, only the N–I distance 

increasing by about 0.3 Å on passing from L4·I2 to (L4)2·I2 (Fig. S7 

in ESI
†
). Analogously, a comparison of the metric parameters 

optimised for the 1:1 and the 1:2 seesaw Se-adducts of L4 with 

dichlorine (see Fig. S9 and Table S8 in ESI
†
) shows only negligible 

differences. In order to rationalize the experimental results, the 

adduct formation enthalpies ∆Hf at 298.15 K of 1:1 CT spoke N- and 

Se-adducts, and 1:1 seesaw Se addition products were calculated 

(Table 1). 

 
Table 1. Adduct formation enthalpies ∆Hf (kcal mol–1) calculated for 1:1 CT spoke N- 

and Se-adducts and 1:1 seesaw Se-adducts L1·XY and L4·XY ( X = Y = Cl, Br, I; X = I, Y = Cl, 

Br) at the optimized geometries. 
 1:1 CT N-adducts 1:1 CT Se-adducts  1:1 seesaw Se-adducts 

L1·Cl2 -7.0 -6.4 -26.6 

L1·Br2 -9.4 -7.8 -10.8 

L1·I2 -9.4 -7.0 2.6 

L1·ICl -15.3 -11.5 -8.2 

L1·IBr -12.4 -9.3 -3.0 

L4·Cl2 -5.7 -6.8 -26.9 

L4·Br2 -7.8 -8.2 -11.2 

L4·I2 -7.3 -7.4 2.0 

L4·ICl -13.2 -12.2 -9.1 

L4·IBr -10.3 -9.9 -3.8 

 

Although the formation of all reaction products is favoured (∆Hf < 

0), the stabilities of seesaw hypercoordinated Se compounds and 

spoke N-adducts show opposite trends. While the formation of 

seesaw compounds becomes progressively more exothermic along 

the series I2 > IBr > ICl > Br2 > Cl2, the adduct formation enthalpies 

of CT N-adducts follow the trend Cl2 > Br2 = I2 > IBr > ICl. The 

reason for the decrease in the adduct formation enthalpies (and hence 

the increase in the stability of the corresponding adducts) along the 

series can be attributed largely to the increase in the donor:acceptor 

interaction, since a Second Order Perturbation Theory Analysis of 

Fock Matrix in NBO Basis shows for both L1 and L4 an increase in 

the interaction energy showing a trend roughly parallel to that 

calculated for ∆Hf (L1·XY N-adducts: 22.92, 30.19, 26.98, 35.36, 

and 42.78 kcal mol–1 for IX = Cl2, Br2, I2, IBr, and ICl, respectively; 

L4·XY N-adducts: 25.39, 32.32, 26.90, 36.79, and 46.01 kcal mol–1 

for XY = Cl2, Br2, I2, IBr, and ICl, respectively). The ∆Hf values 

calculated for the hypothetical 1:1 CT Se-adducts are always 

intermediate between seesaw Se-compounds and spoke N-adducts, 

so that their formation is not energetically favoured in any cases but 

for L4·I2, which features very close ∆Hf values for the charge-

transfer N- and Se-adducts. Therefore, seesaw compounds are the 

most favoured products only when the donors are reacted with the 

most oxidant dichlorine and, to a much lesser extent, dibromine, 

while spoke N-adducts are energetically favoured in all the other 

cases (I2, ICl, IBr). Accordingly, the only examples of isolated 

seesaw Se-adducts are represented by L4·2Cl2 and L4·Br2, while all 

the other isolated products [L1·I2, L1·IBr, L1·ICl, and (L4)2·I2] are 

N-adducts (see above). Notably, the ∆Hf value calculated for 

L4·2Cl2 (-51.0 kcal mol–1) is roughly double than that estimated for 

the 1:1 seesaw adduct L4·Cl2 (-26.9 kcal mol–1, Table 1), indicating 

that the oxidative addition of dichlorine occurs independently on the 

two phenylselanyl pendants. On the contrary, the formation 

enthalpies calculated for L4·I2 and (L4)2·I2 are very close (-7.3 and -

7.6 kcal mol–1, respectively), so that the formation of the latter 

adduct is only very slightly more favored as compared to that of the 

former, and electronic factors cannot be invoked as a reason for the 

exclusive isolation of the 2:1 CT adduct (see above). 

As far as CT adducts are concerned, a Natural Population 

Analysis (NPA)33 was undertaken aimed at evaluating the entity 

of the charge-transfer QCT occurring from the donors to 

dihalogens/interhalogens XY (QCT = QI + QX for coordinated 

XY; Table 2). In the case of the hypothetical CT Se-adducts, 

the trend of QCT (Cl2 > ICl ~ Br2 > IBr > I2) can be rationalized 

in terms of the absolute hardness η34 calculated for dihalogens 

and interhalogens at the same level of theory (η = 2.67, 2.04, 

2.15, 1.93, and 1.78 eV for Cl2, ICl, Br2, IBr, and I2, 

respectively). The trend in QCT calculated for N-adducts is less 

easily interpreted, due to the lowest variability of QCT on 

varying the nature of the acceptor (Table 2).  

 
Table 2. Donor to dihalogen/interhalogen, XY, Charge-Transfer QCT (|e|) 

calculated for 1:1 N- and Se- spoke adducts L1·XY and L4·XY (X = Y = Cl, Br, I; X = I, 

Y = Cl, Br) at the optimize geometries. In parentheses the absolute charge 

separation ∆QXY (|e|) within the coordinated dihalogen/interhalogen is 

reported. 

 N-adducts Se-adducts  
L1·Cl2 -0.164 (0.140) -0.288 (0.072) 
L1·Br2 -0.168 (0.194) -0.260 (0.092) 
L1·I2 -0.165 (0.233) -0.212 (0.115) 
L1·ICl -0.166 (0.537) -0.268 0.508) 
L1·IBr -0.155 (0.449) -0.242 (0.320) 
L4·Cl2 -0.164 (0.152) -0.305 (0.083) 
L4·Br2 -0.159 (0.209) -0.275 (0.105) 
L4·I2 -0.157 (0.241) -0.222 (0.130) 
L4·ICl -0.146 (0.670) -0.279 (0.515) 
L4·IBr -0.137 (0.467) -0.254 (0.330) 

 

As expected, a remarkable increase in the calculated 

polarization of the interacting XY moiety is observed on 

passing from dihalogens (∆QXY = |QX – QY| in the range 0.140–

0.233 |e|) to interhalogens (∆QXY = 0.449 and 0.537 |e| for IBr 

and ICl for L1 N-adducts; ∆QXY = 0.254 and 0.484 for free IBr 

and ICl in the gas phase, a similar trend is observed in the case 

of L4), indicating a progressive tendency to a limit N–X+···Y– 

structure along the series Cl2 < Br2 < I2 < IBr < ICl, in 

agreement with the empirical observation that, as far as N···I–X 
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systems are concerned, the N···I distances decrease with the 

increase of the electronegativity of the terminal atom (see 

above). Accordingly, in the series L1·I2, L1·IBr, L1·ICl, 

Wiberg bond indices for the N···I interaction increase along the 

series (0.172, 0.215, and 0.253, respectively), while those of the 

interhalogen acceptor decrease (0.843, 0.787, and 0.722, 

respectively; Table S9 in ESI†), a similar trend is observed in 

the case of L4. More in general, it is noteworthy that the sums 

of bond indices calculated for the E···X and the X–Y systems 

(E = N and Se in spoke N-adducts and Se-adducts, respectively) 

amount to unity and are correlated to each other (Table S9 and 

Fig. S11 in ESI†), thus indicating that all the N···X–Y and 

Se···X–Y considered systems share a common nature of 3c-4e 

three body systems, independently on the nature of the halogen 

atomic species X and Y, in agreement with the analysis 

discussed above. 

 

Conclusions 

 In this paper we report for the first time the reactivity 

towards dihalogens X2 (X = Br, I) and interhalogens IX (X = 

Cl, Br) of donor molecules containing both nitrogen-

heterocyclic and chalcogen donor sites, namely 2-arylselanyl 

pyridine derivatives L1-L4. The results in terms of structural 

diversity in the isolated products under the experimental 

conditions used, point out a clear preference for the formation 

of CT spoke N-adducts with I2, IBr and ICl, which DFT 

calculations confirmed to be thermodynamically more stable 

than the 1:1 insertion adducts at the selenide Se-donor site. 

However, when strong oxidizing dihalogens such as Cl2 and Br2 

are involved, Se-insertion adducts are the most favored 

products. The formation of CT spoke adducts implies the 

formation of a D···I─X halogen bond between the donor atom 

of a Lewis base (halogen bond acceptor) and the dihalogen 

acceptor (halogen bond donor). Therefore, when in the same 

molecule different donor sites can compete for the interaction 

with the same dihalogen acceptor, the formation of the halogen 

bond with one of the donor atom or the other can in principle be 

oriented and predicted, thus offering the possibility for 

molecular recognition events based on the formation of 

dihalogen CT spoke adducts.  

 

Experimental 

Materials and instruments. Reagents and solvents of reagent 

grade purity were used as received from Aldrich. The 2-

arylselanyl pyridine derivatives L1-L4 were prepared as 

previously described.16 

The reactivity of L1-L4 towards I2, Br2, ICl and IBr was tested 

in CHCl3 and CH3CN using a 1:1 donor-to-

dihalogen/interhalogen molar ratio. Only in the case of L4, the 

reactivity towards I2 was also tested using a 1:2 L4/I2 molar 

ratio, but the isolated product resulted the same as that obtained 

by using a 1:1 molar ratio. Only for the synthesis reported 

below, solid products were isolated and single crystals suitable 

for X-ray diffraction analysis were successfully grown. From 

the reaction of L4 with IBr in 1:1 molar ratio in CH3CN, 

crystals of the pure ligand were obtained. 

FT-Raman spectra (resolution ±4 cm−1) were recorded on a Bruker 
RFS100 FTR spectrometer fitted with an indium–gallium arsenide 
detector (room temp) and operating with an excitation frequency of 
1064 nm (Nd:YAG laser). The power level of the laser was tuned 
between 20–40 mW.  

 

Synthesis of L1·I2, L1·ICl, L1·IBr, (L1)0.68(L2)0.32·I1.41Cl0.59, 

L2·ICl, (L3)(L3H)I3, (L4)2·I2, L4·2Cl2, L4·Br2: Title 

compounds were prepared from CHCl3 or CH3CN solutions of 

L1-L4 and I2, Br2, ICl or IBr in 1:1 molar ratio by slow 

evaporation of the solvent at room temperature. In some cases, 

recrystallization was necessary in solvent mixtures. 

 

L1·I2: Prepared from L1 (10.1 mg, 3.8 10−5 mol) and I2 (9.64 

mg, 3.8 10−5 mol) in CHCl3 (2 mL). A red powder was isolated 

by slow evaporation of the solvent at room temperature; 

elemental analysis calcd. (%) for C11H8ClI2NSe: C 25.29, H 

1.54, N 2.68; found (%): C 25.27, H 1.52, N 2.70. Crystals 

suitable for X-ray diffraction analysis were grown from a 

CH2Cl2/CH3CN (1/1 v:v) solution by slow evaporation at 4 °C. 

FT-Raman: ν = 164.8 s [ν(I–I)] cm−1. 

 

L1·ICl: Prepared from L1 (5.7 mg, 2.1 10−5 mol) and ICl (3.4 

mg, 2.1 10−5 mol, from a 1.48 10−2M ICl stock solution in 

CHCl3) in CHCl3 (2 mL). Crystal were grown by slow 

evaporation of the solvent from the reaction mixture at room 

temperature; elemental analysis calcd. (%) for C11H8Cl2INSe: C 

30.66, H 1.87, N 3.25; found (%): C 30.64, H 1.85, N 3.27. FT-

Raman: the decomposition of the compound even at low power 

levels of the laser made it difficult to assign the peaks related to 

the Se–I–Cl system. 

 

L1·IBr: Prepared from L1 (5.1 mg, 1.9 10−5 mol) and IBr (3.9 

mg, 1.9 10−5 mol,) in CHCl3 (2 mL). A yellow-orange powder 

was isolated by slow evaporation of the solvent at room 

temperature; elemental analysis calcd. (%) for C11H8BrClINSe: 

C 27.79, H 1.70, N 2.95; found (%): C 27.82, H 1.73, N 2.92. 

Crystals suitable for X-ray diffraction analysis were grown 

from a CH2Cl2/CH3OH (1/1 v:v) solution by slow evaporation 

at 4 oC. FT-Raman: ν = 191.8 s, [ν(I–Br)] cm−1. 

 

(L1)0.68(L2)0.32·I1.41Cl0.59: Prepared from a 1:1 mixture of L1·I2 

(11.2 mg, 4.2 10−5 mol) and L2·ICl (17.41 mg, 4.2 10−5 mol) in 

CH3CN (2.5 mL). Crystal were grown by slow evaporation of 

the solvent from the reaction mixture at room temperature;  

elemental analysis calcd. (%) for C11H8Cl1.27F0.32I1.41NSe: C 

28.53, H 1.74, N 3.02; found (%): C 28.52, H 1.70, N 3.00. FT-

Raman: the decomposition of the compound even at low power 

levels of the laser made it difficult to assign the peaks related to 

the Se–I–Cl system. 

 

L2·ICl: Prepared from L2 (10.9 mg, 4.3 10−5 mol) and ICl (7.0 

mg, 4.3 10−5 mol, from a 1.52 10−2M ICl stock solution in 

CH3CN) in CH3CN (2.5 mL). Crystals were grown by slow 

evaporation of the solvent from the reaction mixture at room 

temperature; elemental analysis calcd. (%) for C11H8ClFINSe: 
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C 31.88, H 1.95, N 3.38; found (%): C 31.85, H 1.93, N 3.40. 

FT-Raman: the decomposition of the compound even at low 

power levels of the laser made it difficult to assign the peaks 

related to the Se–I–Cl system. 

 

(L3)(L3H)I3: Prepared from L3 (10.7 mg, 3.9 10−5 mol) and 

IBr (8.1 mg, 3.9 10−5 mol) in CH3CN (2 mL). Crystal were 

grown by slow evaporation of the solvent from the reaction 

mixture at room temperature; elemental analysis calcd. (%) for 

C22H17Cl2I3N2Se2: C 28.76, H 1.86, N 3.05; found (%): C 

28.74, H 1.87, N 3.03. FT-Raman: ν = 110.5 s, [νs(I–I–I)] cm−1. 

 

(L4)2·I2: Prepared from L4 (10.1 mg, 2.6 10−5 mol) and I2 (6.6 

mg, 2.6 10−5 mol) in CHCl3 (2 mL). Crystal were grown by 

slow evaporation of the solvent from the reaction mixture at 

room temperature; elemental analysis calcd. (%) for 

C34H26I2N2Se4: C 39.56, H 2.54, N 2.72; found (%): C 39.55, H 

2.52, N 2.75. FT-Raman: ν = 187.9 s [ν(I–I)] cm−1. 

 

L4·2Cl2: Prepared from L4 (9.0 mg, 2.3 10−5 mol) and ICl (3.7 

mg, 2.3 10−5 mol, from a 1.48 10−2M ICl stock solution in 

CHCl3) in CHCl3 (2 mL). A brownish powder was isolated by 

slow evaporation of the solvent at room temperature: elemental 

analysis calcd. (%) for C17H13Cl4NSe2: C 38.45, H 2.47, N 

2.64; found (%): C 38.43, H 2.50, N 2.65. Crystals suitable for 

X-ray diffraction analysis were grown at room temperature by 

slow diffusion of n-hexane into a CH2Cl2 solution (during the 

crystallization the n-hexane phase turned purple). FT-Raman: ν 

= 265.5 br s [ν(I–I)] cm−1. 

 

L4·Br2: Prepared from L4 (10.4 mg, 2.7 10−5 mol) and Br2 (4.3 

mg, 2.7 10−5 mol, from a 6.9 10−2M Br2 stock solution in 

CH3CN) in CH3CN (1.5 mL). Crystal were grown by slow 

evaporation of the solvent from the reaction mixture at room 

temperature; elemental analysis calcd. (%) for C17H13Br2NSe2: 

C 37.19, H 2.39, N 2.55; found (%): C 37.21, H 2.37, N 2.57. 

FT-Raman: ν = 164.5 s [ν(I–I)] cm−1. 

 
X-ray crystallography. A summary of the crystal data and 
refinement details for the compounds discussed in this paper is given 
in Table S1 (ESI†). Diffraction data for L4, L1·I1.41Cl0.59 and 
(L3)(L3H)I3 were collected at 120(2) K using mirror-
monochromated Cu-Kα X-radiation (λ = 1.54184 Å)  and ω scans on 
a Rigaku Oxford Diffraction SuperNova Atlas four-circle 
diffractometer equipped with an Oxford Cryosystems open-flow 
cryostat. Diffraction data for L1·I2, L1·ICl, L1·IBr, L2·ICl, (L4)2·I2, 
L4·2Cl2 and L4·Br2 were collected at 294(2) K using graphite-
monochromated Mo-Kα X-radiation (λ = 0.71073 Å) and ω scans on 
a Bruker APEX II CCD area detector diffractometer. All datasets 
were corrected for Lorentz and polarization effects and for 
absorption: empirical absorption correction using spherical 
harmonics, implemented in CrysAlisPRO35 were applied to L4, 
L1·I1.41Cl0.59 and (L3)(L3H)I3, whereas empirical absorption 
correction using SADABS36 were applied to L1·I2, L1·ICl, L1·IBr, 
L2·ICl, (L4)2·I2, L4·2Cl2 and L4·Br2. All the structures were solved 
by direct methods, and completed by iterative cycles of full-matrix 
least-squares refinement and ∆F syntheses using SHELXL-2014,37 
with non-hydrogen atoms refined with anisotropic displacement 

parameters. Hydrogen atoms were introduced at calculated positions 
and refined using a riding model. In (L3)(L3H)I3 the N1'−H1' 
hydrogen atom was found in a difference Fourier map and thereafter 
refined freely.  
During the early stages of the structure refinement of 

(L1)0.68(L2)0.32·I1.41Cl0.59 using a N─I─I model for the dihalogen 

moiety in the asymmetric unit, one of the sites showed an anomalous 

displacement parameter, thus suggesting that this site may be 

partially replaced by chlorine as indicated by micro-analytical data. 

A competitive refinement was carried out to investigate this 

possibility and a final model with a mixed-site I/Cl occupancy of 

0.410(5)/0.590(5) was found to give the best fit to the data. A similar 

disorder was modelled for the halogen site on the aryl moiety of the 

donor ligand. A final model with a mixed-site Cl/F occupancy of 

0.68(2)/0.32(2) was found to give the best fit to the data.  

CSD 1588996-1589005 contain the supplementary 

crystallographic data for this paper. These data can be obtained 

free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data_request/cif. 

 

DFT Theoretical calculations. Theoretical calculations were 

performed at the DFT level32  with the Gaussian 09 commercial 

suite of programs (rev. D.01)38  on halogens X2 (X = Cl, Br, I), 

interhalogen IX (X = Cl, Br), on the donors L1 and L4, on the 

possible CT spoke N- and Se-adducts and the seesaw Se-adducts 

L1·IX and L4·IX, on the 2:1 CT N-adduct (L4)2·I2, and the 1:2 

CT Se-adduct L4·2Cl2. The mPW1PW hybrid functional39  was 

adopted, along with Schäfer, Horn, and Ahlrichs double-ζ plus 

polarization all-electron basis sets (BS’s) on C, N, and H. For 

halogen and selenium atomic species,40 the LanL08d BS’s with 

relativistic effective core potentials (RECPs)41 were employed, 

providing d-type polarization functions.42  The molecular 

geometry optimizations were performed starting from structural 

data, when available. Tight SCF convergence criteria (SCF = 

tight keyword) and fine numerical integration grids 

[Integral(FineGrid) keyword] were used. The nature of the 

minima for the corresponding optimized structures were verified 

by harmonic frequency calculations. Thermochemical data, 

including Zero Point Energy corrections, were calculated at the 

same level of theory. Basis Set Superposition Errors were 

evaluated for model systems (L1 and L4 CT N- and Se-adducts 

with I2 and ICl) and were found in all cases negligible, not 

exceeding 1.6 kcal mol–1 in the case of the 1:1 N-adduct L1·I2). 

Natural atomic charges,43 and Wiberg bond indexes were 

calculated at the optimized geometries at the same level of 

theory. The absolute charge transfer QCT and the polarization QIX 

of free and coordinated halogens and interhalogens were 

calculated from natural charges. Although Koopmans’s theorem 

does not apply to DFT, absolute hardness values η were 

calculated for the considered dihalogens and interhalogens from 

the Kohn-Sham eigenvalues calculated for HOMO and LUMO 

according to Pearson’s definition.34 The programs GaussView 543 

and Molden 5.244 were used to investigate the optimized 

structures and molecular orbital shapes. 
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Structural diversity in the products formed by the reactions of 2-

arylselanyl pyridine derivatives and dihalogens
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Lenardão, G. Perin, A. E. O'Connor, S. Thurow 

 

 

 

 

The simultaneous presence of competing donor sites in L1-L4 influences their reactivity towards dihalogens 

and interhalogens: A halogen bond hierarchy study. 
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