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Halogen Bonding (HaB) in E-I ··X-M systems: Influence of the 

halogen donor in the HaB nature.  

Silvia Dortéz,a Francisco Fernández-Palacio,a Jesús Damián,a Carlos Gaiteiro,a Javier Ramos,*,b Pilar 
Gómez-Sal *,a and Marta E. G. Mosquera*,a  

New halogen bonded networks containing the organometallic complexes [Ru(CNtBu)4(X)2] (X = Cl, Br, I) have been 

prepared. Two different types of halogen donor have been explored, I2 and IC6F4I, to study the influence of the halogen 

bond donor in the parameters and the nature of the interaction. We have performed a combined experimental and 

theoretical study. In the results, the species with IC6F4I as halogen bond donor show weaker interactions, as evidenced by 

the geometrical parameters and by the DFT calculations. In fact, it was not possible to isolate the HaB network containing 

the complex [Ru(CNtBu)4(I)2] and IC6F4I. Furthermore, the studies show that the interaction for the iodine has a higher 

covalent component than for the IC6F4I. 

Introduction 

Halogen bonding (HaB) is an interaction established between 

the electrophilic side of a covalently bound halogen, 

considered the halogen donor, and an electron rich atom or 

molecule that behaves as a Lewis base.1 This type of 

interactions is under the umbrella of the so called -hole 

interactions that have also been described for other p-block 

elements.2 This highly directional interaction has awakened a 

particularly high interest. The number of studies on HaB keeps 

increasing, motivated not only by the intrinsic interest in 

learning more about how molecular systems are organized, 

but also, due to its clear influence in many properties and 

processes.3 As such, halogen bonding can play a leading role in 

molecular recognition processes,4 crystal engineering,5 as well 

as in reactivity and even catalisys.6 Furthermore, its impact in 

some physicochemical properties7 and biological systems8 

justifies the high interest awakened by HaB. 

Since the beginning of the studies of HaB, the nature of this 

interaction and the different components that are present in 

the energy balance has been a topic of great debate.1,9 

Although the electrostatic forces account for the most 

important part of the interaction, other components such as 

polarizability, dispersion and exchange forces can affect to an 

important extent the properties of the HaB in a particular 

system. Certainly, to have a deeper understanding of the 

nature of this interaction may lead to a higher level of control 

when using it to tailor properties and reactivities.10 In 

particular, the possibility of controlling the forces present 

depending on the species that compose the interaction would 

be very useful. In this respect, many studies have been 

performed for organic systems, however, metallic species have 

been significantly less explored.*  

In our group we are focused in the study of HaB interactions 

between halide ligands (M-X, M = transition or main group 

metal) and suitable HaB donors to generate supramolecular 

networks.11,12 We have explored the compounds 

[Ru(CNR)4(X)2], as acceptors and the halogen molecules I2 and 

Br2 as donors.12,13 These studies have led to the isolation of a 

whole series of supramolecular networks where 

[Ru(CNtBu)4(X)2] (X = Cl, Br, I) units and Y2 (Y = Br, I) molecules 

are linked by HaB. The analysis of the networks formed 

allowed us to establish a comparison of the arrangements 

depending on the HaB acceptor, which was in line with the 

observations made by others.(Ding et al.) Moreover, in these 

[Ru(CNR)4(X)2] complexes unusual substitution reactions 

promoted by the presence of the HaB with the X2 units were 

observed.12 

In order to enlarge our knowledge about Ru-halide complexes, 

in this work we have extended the studies to the iconic 

halogen donor IC6F4I to investigate the different arrangements 

generated and the nature of the interaction in comparison to 

when X2 is the HaB donor. Although other authors have 

analyzed the nature of the halogen bond as a function of the 

halide ligands with I2 as halogen donor,22 the combined study 

of the influence of the HaB donor and acceptor has not 

previously been reported for Ru compounds. 
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Scheme 1. Structures and acronyms of the studied complexes. 

These studies have allowed us to isolate the new HaB species 

1b and 2b (Scheme 1). Furthermore, Density Functional Theory 

(DFT) calculations have been performed to investigate the 

structural and electronic features of the complexes to gain a 

better understanding of the HaB nature as a function of the 

donor and acceptor in 1b-3b and 1c-3c. These detailed 

theoretical calculations have permitted us to rationalise the 

observed experimental results and to find significant 

differences in the nature of the halogen bonding interaction 

depending on the HaB donor. 

Results and discussion 

Synthesis and structural characterization 

The derivatives [Ru(CNtBu)4(X)2] (X = Cl (1a), Br (2a)) and 

[Ru(CNtBu)4(X)2]·I2 (X = Cl (1c), Br (2c), I (3c)) were prepared as 

described in our previous work.12,13 Compounds 1c-3c, present 

HaB interactions between the halogen molecule and the metal 

complex as depicted in Scheme 1. To synthetized the new 

species [Ru(CNR)4(X)2]·IC6F4I, we dissolved equimolecular 

amounts of [Ru(CNtBu)4(X)2] (1a-3a) and IC6F4I in CH2Cl2. The 

expected co-crystals were obtained for the compounds 

[Ru(CNR)4(Cl)2] (1a) and [Ru(CNR)4(Br)2] (2a), however for the 

derivative with the iodide ligand no co-crystal could be 

isolated. We also studied the competitive behaviour of 

[Ru(CNtBu)4Cl2] and [Ru(CNtBu)4I2] by adding IC6F4I to a mixture 

containing both. In this case, only the cocrystal 

[Ru(CNR)4Cl2]·IC6F4I, 1b, was isolated. 

The structures for 1b and 2b were confirmed by single crystal 

X-ray diffraction studies. The crystal structures for 

[Ru(CNR)4(X)2]·IC6F4I (X = Cl (1b), Br (2b)) are isostructural. In 

the packing, the metal complexes are interacting with the 

IC6F4I generating chains in the shape of ladders. In both cases, 

there is a significant reduction of the X···I distance in 

comparison to the sum of the van der Waals radii (table 1),14 

although the reduction is less than the one observed when the 

HaB is established with I2 (1c: 3.110(2) Å12 and 2c: 2.9931(10) 

Å13). These chains are organized in layers via H bonding 

interactions between two dichloromethane molecules and the 

halide ligand. The Ru-X distances are similar to the ones in the 

complexes without the interaction.11,12 However for the IC6F4I 

fragment, the C-I distances are slightly longer than the free 

arene, without any interaction, (2.075-2.079 Å).15 The 

elongation is more noticeable for the bromide ligand 

(2.109(12) Å) than the chloride (2.096(4) Å).  

 

Table 1. Experimental bond distances for 1b and 2b and its 

comparison with the van der Waals radii sum 

 RVan der Waals: Cl = 1.75 Å; Br = 1.85 Å; I = 1.98 Å; RVan der Waals 

Sum: Cl + I = 3.74 Å; Br + I =3,83 Å. Δ and % are defined as the 

absolute and percentage difference between the observed 

distance and the sum of VdW radii. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Top: 1D network for 1b, Ru-Cl 2.4204(11), Cl···I 

3.171(7), Cl···I-C 175.53(1). Bottom: 1D network for 2b, Ru-Br 

2.5400(12), Br···I 3.321(2), Br···I-C 172.57(4). Ellipsoids 30% of 

probability. Bond distances Å; angles (⁰). 
 

 

IR spectroscopic studies were performed to analyse the strong 

stretching band (νst) for the CN group from the isocyanide 

ligands as it can give information about the metal electronic 

X X···I d (Å) X···I-C θ1 (⁰) I···X-Ru θ2 (⁰) Δ (Å) %  

Cl 3.171(7) 175.53(1) 112.16(2) 0.559 15.0% 

Br 3.321(2) 172.57(4) 110.20(4) 0.509 13.2% 
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environment. As such, when bonded to a metal electronically 

poor, isocyanides behave as donors and the IR νst(CN) band 

shift to higher values. But, when bonded to an electronically 

richer metal, isocyanides act as  acceptors and the band shifts 

to lower values due to the increased back-donation from the 

metal into the  antibonding LUMO orbital. Thus, the analysis 

of the IR spectra can give a hint of the effect of the formation 

of the HaB interaction on the metal and a shift to higher values 

would imply a reduction of electronic density near the 

metal.16-18 

For 1a, the νst(CN) band shifts from 2131 cm-1 to 2143 cm-1 in 

1b when the interaction with IC6F4I is stablished, and further to 

2154 cm-1 in the case of 1c where the HaB with I2 is present. 

The same trend is observed for derivatives 2, with bromide as 

ligand, for 2a the band appears at 2132 cm-1 which shift to 

2139 cm-1 for 2b and to 2161 cm-1 in 2c. These values reflect 

that the ruthenium is placed in a less electronically rich 

environment when the HaB is stablished with IC6F4I, and this 

effect is even larger if the I2 is the halogen donor.  

In order to have a further insight on this different behavior 

depending on the halogen donor, we performed a theoretical 

study. The initial structures for DFT optimizations of the 

compounds showed in Scheme 1 were extracted from the 

crystallographic data.  

 

Geometry optimizations 

The optimized geometries for 1a-3a, 1b-3b and 1c-3c are given 

as PDB files in the supplementary material. The agreement 

between the optimized and the experimental geometries is 

quite good (Figures S.1 to S.3). A global comparison is 

performed by superimposing the structures obtained by X-ray 

experiments and theoretical calculations (Fig S.4), obtaining 

root mean square deviations values (rmsd) of around 0.70 Å 

for 1a-3a and 1.30 Å for 1b-3b complexes. The larger values for 

1b-3b can be attribute to the largest deviation in the range of 

15-18° of the Ru-X-I bend angles. It can be noted that, both Ru-

X and X-I distances are, in general, slightly longer that 

experimental ones. These geometrical differences are 

attributable to the fact that bond intermolecular interactions 

and crystal packaging effects are not taken into account in the 

theoretical calculations. This shows that the theoretical level 

chosen is suitable for the complexes studied here.  

 

Table 2. Relevant geometrical parameters of the DFT optimized 
structures in the characterization of halogen bridges. All distances 
and angles are given in angstroms and degrees, respectively. 

Comp 
dI…C6F4I 

(Complex) 

dI…C6F4I 

(Isolated) 
dx…IC6F4I 

X + I 
RvdWaals Sum 

X…I-C6F4I 
angle 

1b 

(X=Cl) 

2.084 
(2.093) 

2.067 
3.197 

(3.171) 
3.730 

172.5 
(175.6) 

2b 

(X=Br) 

2.083 
(2.109) 

2.067 
3.390 

(3.321) 
3.830 

171.6 
(172.6) 

3b 

(X=I) 
2.083 (n.d) 2.067 

3.574 
(n.d) 

3.960 
170.4 
(n.d) 

 
dI…I 

(Complex) 
dI…I 

(Isolated) 
dx…I-I 

X + I 
RvdWaals Sum 

X…I-I 
angle 

1c 2.728 2.656 2.880 3.730 178.4 

(X=Cl) (2.733) (3.057) (179.5) 

2c 

(X=Br) 

2.744 
(2.649) 

2.656 
2.981 

(2.993) 
3.830 

178.5 
(178.0) 

3c 

(X=I) 

2.782 
(2.729) 

2.656 
3.079 

(3.188) 
3.960 

178.5 
(176.3) 

Between parentheses the corresponding experimental values. Van 

der Waals radii are taken from.14 n.d (not determined) 

 

From a geometrical point of view, there are several 

parameters which allow to characterize the interaction 

between donors and acceptors in halogen bonds.1 Table 2 

collects these parameters to compare the halogen interaction 

in complexes 1b-3b and 1c-3c. Distances I···I in the 1c-3c 

adducts are longer respect to the isolated I2 molecule by 0.07, 

0.09 and 0.13 Å for X = Cl, Br and I, respectively. The 

corresponding elongations in the 1b-3b adducts are clearly 

shorter (around 0.02 Å) and independent of the X atom. In 

both, 1b-3b and 1c-3c, the distances between X···I are shorter 

than the sum of van der Waals radii,14 although in complexes 

1c-3c are appreciably shorter than in 1b-3b. A largest deviation 

of 180° for the X···I···I(C) angle is also observed for 1b-3b 

adducts, decreasing the directionality of the halogen bond for 

these complexes. These geometrical differences suggest a 

strong halogen interaction in the 1c-3c adducts, that have I2 as 

halogen donor.      
 

Table 3. Relative coordination energies of I2 and IC6F4I donors to the 
1a-3a acceptors containing two terminal halogen atoms (X). All 
energies are given in kcal/mol. 

 

X ΔEelect
1) ΔEelect+ ZPE2) ΔEelect+ 

ΔHcorr
3) 

Cl -24.2 -23.1 -22.4 

Br -24.3 -23.3 -22.5 

I -25.6 -24.8 -23.8 

 

X ΔEelect
1) ΔEelect+ ZPE2) ΔEelect+ 

ΔHcorr
3) 

Cl -16.7 -15.6 -14.3 

Br -15.4 -14.1 -12.9 

I -15.2 -14.3 -12.8 
1) ΔEelect is defined as the difference of electronic energies of products and 
reactants as ∆𝑬𝒆𝒍𝒆𝒄𝒕 = 𝑬𝒆𝒍𝒆𝒄𝒕,𝒑𝒓𝒐𝒅𝒖𝒄𝒕 − ∑𝑬𝒆𝒍𝒆𝒄𝒕,𝒓𝒆𝒂𝒄𝒕𝒂𝒏𝒕𝒔.  
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2) Including zero-point energy (ZPE) and 3) thermal corrections at 298.15K. All 
calculations are performed using dichloromethane as implicit solvent (see 
computational details) 

 

Adduct binding energy  

Binding energies for the adducts 1b-3b and 1c-3c upon 

coordination of I-C6F4-I and I2 to the complexes 1a-3a, 

respectively, are shown in Table 3. The binding energies of I2 

are greater than those of I-C6F4-I donors. The I2···(I-Ru-I)···I2 

(3c) complexes are more stable that its counterparts I2···(Cl-Ru-

Cl)···I2 (1c) by ca. 1.4 kcal/mol. This is in close agreement with 

the experimental observation that the HaB strength decreases 

in the order I>Br>Cl according to a decreasing in the 

polarizability of the halogens.19 On the contrary, the reverse 

order is observed for the ligand I-C6F4-I, where I-C6F4-I···(Cl-Ru-

Cl)···I-C6F4-I (1b) is more stable that 3b I-C6F4-I···(I-Ru-I)···I-C6F4-I 

by ca. 1.5 kcal/mol. These differences along with the analysis 

of geometrical parameters above discussed could indicate a 

different nature of the bonds between the halogen bond 

acceptor and donors. Thus, in the following discussion, the 

bond nature is further analyzed by using molecular 

electrostatic potential surfaces (MEPs) and quantum theory of 

atoms-in-molecules (QTAIM).  
 

Molecular electrostatic potential surface (MEPs) and quantum 

theory of atoms-in-molecules (QTAIM) analysis.  

The molecular electrostatic surface potential (MEPs) was 

calculated to examine the behavior of several inter-atomic 

regions as proposed by Bader et al..20 Figure 2 depicts the 

MEPs on the surface of the molecule (Vs(r)) for both I2 and I-

C6F4-I halogen bond-donors. It is evident the presence of a 

positive region (blue color) in the outermost part of the 

electrostatic surface along the axis of the I-I and I-C bond, 

respectively, surrounded by a belt of negative electrostatic 

potential (yellow color). The maximum positive value (Vs, max) 

of the electrostatic potential is faced to the iodine atoms and 

correspond to the so-called -hole. The I2 and IC6F4I halogen 

bond-donors present similar spatial range and magnitude (Vs, 

max values) suggesting a similar halogen bond donor ability 

from an electrostatic point of view. The MEP surfaces for the 

1a-3a halogen bond-acceptors are also shown in the Figure 2 

The most negative regions of the MEPs are situated along the 

Ru-X bond (X= Cl, Br and I). In this case, the Vs, min values are 

located in the surrounding of the halogen atom bonded to the 

metal and its value increases following the order Cl < Br < I 

(red points in Figure 2), whereas the most positive of the MEPs 

are situated in the equatorial plane of the complex (blue 

points in Figure 2).  From an electrostatic point of view, the 

most positive electrostatic regions in both halogen bond-

donors (I2 and I-C6F4-I) could interact with the most negative 

regions in the halogen bond-acceptor, following the same 

order of interaction 1a > 2a > 3a irrespective of the halogen 

bond-donor. This clearly does not agree with the geometrical 

parameters and adduct binding energies for the 1b-3b and 1c-

3c complexes, above discussed.  

 

To gain more detailed information about the differences 

between the halogen bond-donors for a given acceptor, 

QTAIM analysis of the complexes 1b-3b and 1c-3c were also 

performed. The QTAIM analysis exposes bond critical points 

(BCP, critical points of type (3, -1)) between the halogen linked 

to the Ru and the iodine atom in halogen bond-donors, as 

shown in Figure . Certain properties of the charge density at 

these BCPs have been proposed to study the nature of the 

non-covalent interactions (see Table 4). 21,22  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Computed electrostatic potentials (Vs(r)) mapped on the 0.001 
electron/bohr3 electron density of the donors (1a-3a) and acceptors (I2 and 
IC6F4I). The value of 0.001 electron/bohr3 was proposed by Bader as it 
encompasses approx. 97% of the molecule’s electronic charge [8]. Negative 
and positive Vs(r) values are red and blue, respectively. The location of the 
most positive (Vs, max) and most negative (Vs, min) electrostatic potentials are 
shown as red and blue points, respectively, along with their values in 
kcal/mol at the right of the figure. 
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Firstly, electron density at the critical points in I2 complexes 

(1c-3c) are larger than those found in IC6F4I ones (1b-3b). This 

can be interpreted as stronger halogen bonds for 1c-3c. 

Furthermore, the order for electron density at the BCP in I2 

complexes is I>Br>Cl, in concordance with the adduct binding 

energy (Table 3). The reverse order is observed in the IC6F4I 

complexes 1b-3b. The values for ρ(rc) in systems forming weak 

H bonds can be used as reference, being in the range of 0.024-

0.036 Å-3.23 Thus, the halogen bonds here studied seems to be 

one order of magnitude larger for 1c-3c complexes (0.229-

0.249 Å-3). The ratio between the potential and the kinetic 

energy densities (|V(rc)|/G(rc)) can be used to characterize 

the nature of the interactions, thus values less than 1.0 are 

typical of electrostatic interaction and values larger than 2.0 

are interpreted as covalent interactions.21 Similarly, negatives 

H(rc) values are indicative of covalent interactions. Clearly, 

BCPs in 1b-3b compounds have an electrostatic character. In 

contrast, 1c-3c complexes are characterized by negative values 

of H(rc) and (|V(rc)|/G(rc)) values between 1.0 and 2.0, 

showing a more covalent character. In addition, the character 

covalent follows the order 3c>2c>1c, in agreement with the 

adduct binding energies. 
 

Table 4. Properties of the electron density from QTAIM analysis of 
the two halogen bond critical points found in complexes 1b-3b and 
1c-3c. The properties are the electron density (ρ(rc), in Å-3), the 
Laplacian of the electron density (∇ρ(rc), in Å-5) the kinetic energy 
density (G(rc), in kj/mol), the potential energy density (V(rc), in 
kj/mol) and total energy density (V(rc), in kj/mol).  
 

Com CPs ρ(rc)  ∇ρ(rc)  G(rc)  
V(rc)  H(rc)  |V|/

G 

1b 

(X=Cl) 

X1-I1 0.120 1.280 32.0 -29.2 2.8 0.912 

X2-I2 0.116 1.248 30.9 -28.0 2.9 0.906 

2b 

(X=Br) 

X1-I1 0.102 0.973 24.6 -22.7 1.9 0.923 

X2-I2 0.102 0.972 24.6 -22.7 1.9 0.923 

3b 

(X=I) 

X1-I1 0.094 0.802 20.4 -18.9 1.5 0.926 

X2-I2 0.094 0.798 20.3 -18.8 1.5 0.926 
        

1c 

(X=Cl) 

X1-I1 0.229 1.703 53.5 -60.6 -7.1 1.133 

X2-I2 0.229 1.703 53.5 -60.6 -7.1 1.133 

2c 

(X=Br) 

X1-I1 0.233 1.380 46.9 -56.2 -9.3 1.198 

X2-I2 0.233 1.380 46.9 -56.2 -9.3 1.198 

3c 

(X=I) 

X1-I1 0.249 1.100 42.5 -55.0 -12.5 1.295 

X2-I2 0.249 1.100 42.5 -55.0 -12.5 1.295 

 

 

 

 

 

 

 

 

 

Figure 3. The molecular graph of  [Ru(CNtBu)4(Cl2)](2 IC6F4I) (1.b)  and 
[Ru(CNtBu)4(Cl2)](2I2) (1.c) and bond critical points as blue points. The bond 
paths lines for the Cl…I halogen bond is also shown as blue lines. The 2.b, 
3.b, 2.c and 3.c critical points are similar and they are not shown.  

Experimental 

General Considerations. All manipulations were conducted 

using Schlenk techniques and at room temperature unless 

otherwise is stated. All solvents were dried prior to use. NMR 

spectra were recorded at 400.13 (1H), and 100.62 (13C) MHz on 

a Bruker AV400. Chemical shifts () are given in ppm using 

CDCl3 as solvent. 1H and 13C resonances were measured 

relative to solvent peaks considering TMS  = 0 ppm. 

Elemental analyses were obtained on a Perkin-Elmer Series II 

2400 CHNS/O analyser. All reagents were commercially 

obtained and used without further purification. Compounds 1a 

and 3a-3c were prepared as previously reported. 12, 13   

 

Synthesis of [Ru(CNtBu)4(I)2] (1c). To a solution of 

[Ru(CNtBu)4(Cl)2] (0.1 g, 0.2 mmol) in 20 mL of MeOH and 

excess of of NaI were added 0.60 g (4.00 mmol). The solution 

was stirred overnight. Then the solvent was removed under 

vacuum and compound 1c was extracted from the solid 

residue by adding 20 ml of CH2Cl2. The solution was filtered, 

one third of the solvent removed under vacuum and the 

solution was stored in the fridge. After one week yellow 

crystals of 1c were isolated form the solution. Yield: 78 %, 0.11 

g. Elemental analysis RuC20H36N4I2: cacld (%): C = 34.95; H = 

5.28; N = 8.15. Found (%): C = 34.86; H = 5.24; N = 8.33. IR (cm-

1, KBr): νst (CN) 2130 (f).  

 

General procedure for the reaction of [Ru(CNR)4(X)2] (1a-3a) 

and IC6F4I. All the reactions were performed by adding the 

appropriate amount of IC6F4I dissolved in 10 mL of CH2Cl2 to a 

solution of compounds 1a-3a in 10 mL of CH2Cl2. After the 

addition the solution was stirred for 3 hours. The volume of 

the reaction mixture was reduced to 10 ml under vacuum. The 

crystalline compounds were isolated from the reaction mixture 

after a slow evaporation process. 

Synthesis of 1b: 0.05 g (0.1 mmol) of 1a, [Ru(Cl)2(CNtBu)4], and 

IC6F4I (0.1 mmol) dissolved in 10 mL of CH2Cl2 were added. 

Yield: 82 %, 0.07 g. Elemental analysis RuC20H36N4Cl2 

·IC6F4I·CH2Cl2: cacld (%): C = 32.71; H = 3.86; N = 5.65. Found 

(%): C = 32.55; H = 3.93; N = 5.97. IR (1b) (cm-1, KBr): νst (CN) 

2143 (f).  

Synthesis of 2b: 0.06 g (0.1 mmol) of 2a, [Ru(Br)2(CNtBu)4], 

and IC6F4I (0.04 gr, 0.1 mmol). Yield: 86 %, 0.08 g. Elemental 

analysis RuC20H36N4Br2·IC6F4I: cacld (%): C = 31.38; H = 3.65; N 

= 5.63. Found (%): C = 31.05; H = 3.83; N = 5.87. IR (1b) (cm-1, 

KBr): νst (CN) 2139 (f).  

 

Single-Crystal X-ray Structure Determinations of 3a, 1b and 

2b. Details of the X-ray experiment, data reduction, and final 

structure refinement calculations are summarized in Table 3. 

Single crystals suitable for X-ray diffraction studies were 

selected for Data collection. The crystals were stuck to a glass 

fiber using an inert perfluorinated ether oil and mounted in a 

low temperature N2 stream 200(2) K, in a Bruker-Nonius Kappa 

CCD single crystal diffractometer equipped with a graphite-

monochromated Mo-K radiation ( = 0.71073 Å), and an 

Oxford Cryostream 700 unit. The structures were solved by 



ARTICLE Journal Name 

6  |  J. Name. , 2012, 00,  1-3  This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

direct methods (SHELXS-97), using the WINGX package,24 and 

completed by subsequent difference Fourier techniques and 

refined by using full-matrix least-squares against F2 (SHELXL-

97).25 All non-hydrogen atoms were anisotropically refined. 

The hydrogen atoms were geometrically placed and left riding 

on their parent atoms. Absorption corrections were performed 

with the programs SORTAV (semi-empirical from equivalent).26 

The crystals of 2b· were not of optimal quality.  

Crystallographic data (excluding structure factors) for the 

structures reported in this paper have been deposited with the 

Cambridge Crystallographic Data Centre as supplementary 

publication no. CCDC-1944150 (3a) 1944151 (1b) CCDC-

1944154 (2b)]. Copies of the data can be obtained free of 

charge on application to CCDC, 12 Union Road, Cambridge CB2 

1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk). 

 

Table 6. Crystallographic Data for 3a, 1b and 2b, 
Compound          3a          1b     2b 

Formula  C20H36I2N4Ru C28H40Cl6F4I2 

N4Ru 
C28H40Br2Cl4F4

I2 N4Ru 
FW 687.40 1076.21 1165.13 
Cryst syst Monoclinic Triclinic Triclinic 
Space group C 2/c P -1 P-1 
a (Å) 17.0495(10) 9.1900(5) 9.3125(4) 
b (Å) 9.9661(8) 9.434(2) 9.3992(4) 
c (Å) 18.6572(17) 13.143(3) 12.7543(5) 
(º)  88.54(2) 71.7590(10) 
β (o) 115.397(6) 69.663(12) 81.883(2) 
(º)  86.654(16) 80.600(2) 
V (Å3) 2863.8(4) 1066.6(3) 1041.20(8) 
F(000) 1336 524 560 
/mm-1 2.714 2.231 4.076 
Z, c (g.cm-3) 4, 1.594 1, 1.675 1, 1.858 
2 range  3.00-27.52 3.12-27.5 1.69-25.75 
Cryst size (mm3) 0.20 0.32 0.35 0.39 0.30 0.24 0.25 0.1 0.1 
Reflns. collected 10233 9023 8243 
Ind. Reflns./Rint 3269/0.0505 4846/ 0.0295 3500/0.0445 
Data/rest/param 3269/0/124 4846/0/205 3500/0/206 
R1/wR2 (I>2σ(I))a 0.0398/0.0884 0.036/0.0779 0.068/0.2074 

R1/wR2(all data)a 0.0755/0.1056 0.0737/0.0914 0.0817/0.263 
Δρmax/Δρmin (eÅ-3) 0.845/-1.020 1.257/-1.298 2.205/-2.315 
GOF (on F2)a 0.874 0.916 1.138 

a R1 = Σ(||Fo| − |Fc||)/Σ|Fo|; wR2 = {Σ[w(Fo
2 − Fc

2)2]/Σ[w(Fo
2)2]}1/2; GOF = 

{Σ[w(Fo
2 − Fc

2)2]/(n − p)}1/2 

 

Computational details. All the calculations were performed 

using the M06-2X meta-GGA exchange-correlation functional 
27 as implemented within the Gaussian 16 package 28. This 

functional has been assessed to reproduce non-covalent 

interactions,27 which are important in the complexes shown in 

Scheme 1. Solvation effects were taken into account within the 

Polarizable Continuum Model (PCM) using the integral 

equation formalism variant (IEFPCM)29 for dichloromethane 

solvent (ε = 8.93). All other parameters for PCM method were 

kept in their default values in Gaussian16. The improved triple-

 valence with polarization def2-TZVP basis set was adopted 

for all atoms. This basis set has proved to give results not too 

far from the DFT basis set limit at a rather reasonable 

computational cost.30 The ultrafine option in Gaussian16 was 

used for numerical integrations. The structure is converged if 

the maximum force and maximum displacement are smaller 

than 4.5x10-4 a.u and 1.8x10-3 a.u, respectively. Additionally, 

the root-mean-square (RMS) force and displacement must be 

smaller than 3.0x10-4 a.u and 1.82x10-3 a.u, respectively. 

Frequency calculations at 298.15K have been performed both 

to confirm the absence of imaginary frequencies which 

indicates that the structure is a local minimum and to calculate 

zero-point energy (ZPE) and thermal corrections. All inputs and 

outputs are available upon request to the authors.  

Both molecular electrostatic potential surface (MEPs) and 

quantum theory of atoms-in-molecules (QTAIM) analysis were 

carried out using MultiWfn code (version 3.4.1).31 The wave 

function was obtained from the optimized geometries and 

then supplied to MultiWfn program. Structural figures were 

rendered using VMD 1.9.4 visualization package.32 

Conclusions 

New organometallic networks generated by halogen bonding 

interactions have been prepared using the metal complexes 

[Ru(CNtBu)4(X)2] (X = Cl, Br, I) as halogen acceptors. The species 

isolated with IC6F4I as halogen bond donor show weaker 

interactions than when I2 is the halogen donor, as evidenced 

by the geometrical parameters and by calculations. The 

geometric structures were calculated by DFT and are very 

close to the experimental ones for all studied structures. Some 

slightly differences are observed in 1b-3b and 1c-3c complexes 

attributed to packing effects in the crystallographic structures, 

which are not considered in the calculations.  

The binding energies of I2 to 1a-3a complexes are greater than 

those of IC6F4I donors. The resulting order for I2 agrees with 

the observation that the HaB strength decreases from iodide 

to chloride, I>Br>Cl, in agreement to a decreasing in the 

polarizability of the halogens. However, the reverse order is 

obtained for the IC6F4I donor, and in fact, it was not possible to 

isolate experimentally the HaB network containing the 

complex [Ru(CNtBu)4(I)2] and IC6F4I (3b).  

The analysis of the wave function, using MEPs and QTAIM 

methods, to investigate the nature of the complexes 

[Ru(CNR)4(X)2]·IC6F4I and [Ru(CNR)4(X)2]·I2, shown that the 

nature of the X···I interactions in [Ru(CNR)4(X)2]·I2 complexes 

have a higher degree of covalency than for [Ru(CNR)4X2]·IC6F4I, 

where the nature of bond seems to be purely electrostatic. 

The most negative (Vs, min) values, which can be used to 

characterize the strength of an electrostatic bond between 

acceptor and donor, indicate the same order than those found 

for the binding energy in [Ru(CNR)4X2]·IC6F4I complexes.  

Hence the nature of the energy balance involved in the 

interaction can be tuned by the rational choice of the halogen 

bond donor. Although the covalent component is much 

smaller than the electrostatic one, it seems to have an effect in 

the reactivity of the species formed and for derivatives 1c-3c   

an evolution in solution is observed that leads to a halide 

ligand substitution process,11,12 while species 1b-2b are stable 

in solution. 
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