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Neutral Hexacoordinate Sn(IV) Halide Complexes with 4,4´-

Dimethy-2,2’-bipyridine  

Fátima Gómez-Alcocer,[a] Abril C. Castro,[a],[b] J. Oscar C. Jimenez-Halla,[a] Noe Saldaña-Piña,[a] Murali 

V. Basavanag,[a]  J. Eduardo Báez-García,[a]  José Bonilla-Cruz,[c] Jorge A. López,[a] Gerardo González-

García[a],* 

Abstract: A series of three neutral, hexacoordinate tin(IV) complexes 

were synthesized by the reaction of 4,4´-dimethyl-2,2’-bipyridine 

(DMB) with SnX4, X = Cl, Br, and I, as starting materials. The 

complexes (DMB)SnX4 were characterized in solution by 1H, 13C, and 
119Sn NMR spectroscopy, and in the solid-state by 119Sn MAS NMR. 

In addition, single-crystal X-ray diffraction and elemental analysis 

were used to confirm the molecular structures. In these complexes, 

the tin atom adopts a distorted octahedral geometry and the DMB acts 

as a bidentate N,N´ chelate ligand. Computational DFT methods were 

also employed to gain more insight into the nature of the bonding in 

these complexes, including the hypothetical complexes (DMB)SnX4 

(X = F, At). Additionally, the validity and reliability of the 119Sn NMR 

chemical shifts were examined. The calculated values were compared 

with the experimental signals and the effects of structure and solvent 

are discussed. Finally, all of the complexes (DMB)SnX4 were 

successfully tested for the ring-opening polymerization (ROP) of bulk 

ε-caprolactone under non-dried and aerobic conditions as precatalyst. 

Introduction 

Tin(IV) tetrachloride and tin(IV) tetrabromide, SnX4 (X = Cl, Br), 

are important catalysts in organic synthesis, especially in Friedel–

Crafts alkylation reactions.[1-2] SnBr4 and SnI4 acting as catalysts 

allowed the selective synthesis of methyl lactate from algae 

residues.[3] Recently, the complexes (phen)SnX4 (X = Cl, Br, I) 

were obtained via the solvothermal reaction of tin powder, 

phenanthroline (phen) and the corresponding potassium halide in 

dimethylsulfoxide (DMSO) after seven days at 433 K (Scheme 

1).[4]  

Scheme 1. One-pot synthesis of complexes 1-3 by the solvothermal reaction. 

 

These complexes have been used successfully as photosensitive 

dyes for solar energy transfer, in particular the iodine-containing 

tin complexes.[4] Herein, we report the one-pot synthesis and 

structural characterization of a new series of neutral 

hexacoordinate tin(IV) adducts of 4,4´-dimethyl-2,2’-bipyridine 

(DMB) with SnX4 (X = Cl, Br, I), leading to a species(DMB)SnCl4 

(4), (DMB)SnBr4 (5), and (DMB)SnI4 (6) and that can be handle 

under non-dried and aerobic conditions by comparison with the 

starting materials SnCl4 and SnBr4. The new complexes 4-6 were 

successfully tested as a precatalyst in the ROP under a normal 

atmosphere with non-dried ε-caprolactone. Tin octanoate 

(SnOct2)[5-6] is the most efficient and industrially-used catalyst, 

nevertheless, it required an inert atmosphere and dried conditions. 

Recently, the Alkyl-SnCl3 fragment in the form of ionic liquid was 

used as a precatalyst toward the ROP of ε-caprolactone, which 

formed the active catalyst, by treatment with isopropanol leading 

to the alkoxide tin derivate.[5] 

In the computational section, we analyze the structures and 

chemical bonding of the (DMB)SnX4 (X = F-At) complexes using 

energy decomposition analysis (EDA), applied in the DFT context. 

Furthermore, we calculate the 119Sn NMR chemical shifts and 

compare these with the experimental signals in the solution and 

solid states.  

Results and Discussion 

The straightforward synthesis of complexes 4-6 was carried out 

at room temperature by adding an equimolar amount of SnX4 (X 

= Cl, Br, I) to a stirred suspension of DMB in acetonitrile as shown 

in Scheme 2. The complexes 4-6 were obtained in yields of 86, 

31 and 82%, respectively. 

 

Scheme 2. One-pot synthesis of complexes 4-6. 
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Complexes 4 and 5 were obtained as colorless solids, while 

complex 6 was obtained as a red solid. Suitable single crystals for 

the X-ray diffraction analysis were taken directly from the reaction 

mixture after placing it in an oven at 60 °C for one night. 

Complexes 4 and 6 crystallized in the monoclinic space group 

I2/m, while 5 crystallized in the orthorhombic space group Pca21. 

The Sn-coordination polyhedron of all three complexes can be 

described as a distorted octahedron (Figure 1). The crystal data 

and the experimental parameters used for the crystal structure 

analyses of complexes 4-6 are summarized in Table S1 (see 

Supporting Information). 

 
Figure 1. ORTEP view at 50% probability level of complexes A) 4(CH3CN), B) 

5(CH3CN) and C) 6 in the crystal. The symmetry transformation 1-X,+Y,1-Z was 

used to generate equivalent atoms for complexes 4 and 5. 

 

The isotropic 119Sn MAS NMR chemical shift of complexes 4 and 

5 in the solid-state showed broad signals at –574.0 and –1395.0 

ppm, respectively (Figure 2). Attempts to obtain 119Sn MAS NMR 

spectra of 6 were not successful.  

 

Figure 2. 119Sn MAS NMR spectrum of complexes A) 4 and B) 5 spun at 10 

KHz. 

In the inverse-gated-decoupled (IGD) 119Sn NMR spectrum, 

complex 4 showed one major signal at –567.1 ppm assigned to 4, 

and one minor signal at –625.5 ppm. Similar behavior was 

observed for complex 5, which showed two sets of signals for the 

DMB ligand in a 1:1 ratio and displayed signals at –1201.8 and –

1270.4 ppm in the IGD 119Sn NMR spectrum. The 1H NMR 

spectrum of complex 4 in DMSO-D6 solution showed two sets of 

signals for the DMB ligand in a ratio of 1:2, which suggest the 

formation of by-products of hydrolysis in DMSO-D6 solution.  

Complex 6 showed one set of signals for the DMB ligand and only 

one signal at –2030.2 ppm was observed in the 119Sn NMR 

spectrum (Figure 3). This chemical shift is similar to that 

previously observed for SnI4 (–2024.0 ppm) in DMSO-D6 

solution,[7] suggesting that complex 6 undergoes full dissociation 

of the DMB ligand in DMSO solution. This was also confirmed by 

the 119Sn NMR chemical shift calculations in solution, which 

helped to identify the SnI4 halide at –2007.4 ppm.   

A)  

B)  

C)  

Figure 3. IGD 119Sn NMR spectra of compounds A) 4, B) 5 and, C) 6 in a DMSO-

D6 solution. 
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Structure and chemical bond energy analysis 

 

The optimized DFT structures in the gas phase showed good 

agreement with the X-ray structures (see Table 1). The computed 

values for the distances between the central tin and nitrogen 

atoms, d[Sn-N], have a maximum deviation of 0.080 Å. In all 

cases, the axial Sn-X bonds are larger than the corresponding 

equatorial Sn-X bond lengths, also consistent with the crystal 

structures. Moreover, the N-Sn-N angles vary by only ca. 2.0º and 

2.8º. Regarding the Sn-N and Sn-X bond distances, the minimum, 

maximum, and root-mean-square deviations (RMSD) are 0.006, 

0.080, and 0.059 Å, respectively (see Table 1). These small 

discrepancies can arise from different sources, including the DFT 

method and/or crystal packing effects not included in the 

calculations. 

 

 

The chemical bonding in complexes (DMB)SnX4 (X = F-At) were 

also analyzed by bond energy decomposition analysis (EDA).[6-8] 

This computational approach leads to a detailed description of the 

interaction between the DMB ligand and the SnX4 (X = F-At) 

halide fragments. Additional information is available in the 

experimental section. All complexes were optimized in C1 

symmetry without any geometry restriction, whereas the tin-

halides (SnX4; X = F-At) and bipyridine fragments have been 

optimized and analyzed in Cs symmetry. Optimization of the 

complexes in C1 symmetry, starting from X-ray structure 

parameters, again produces the Cs symmetric structures 

mentioned earlier within numerical precision (bond distances and 

energies differ by less than 0.01 Å and 0.1 kcal·mol-1, 

respectively). It is therefore justified to carry out the bond energy 

analysis in Cs symmetry, which enables us to quantitatively 

separate the orbital interactions occurring in the - and -electron 

systems [see Experimental Section, Eq. (3)]. 

 

The EDA analysis reveals that (DMB)SnF4 has the highest 

interaction energy (Eint = –75 kcal·mol) and that this value 

decreases monotonically when one goes from fluorine to astatine 

(see Table 2). The Sn-N bonds in all of the complexes receive a 

significant stabilizing contribution from occupied-virtual 

interactions, which are almost in the same order of magnitude as 

the electrostatic interaction. The percentage contribution of the 

orbital interactions (Eoi) to all the bonding forces (i.e., % Eoi + 

Velstat + Edisp) between the (DMB)SnX4 complexes amounts to 

37-38% and the remaining 52-58% and 7-15% are provided by 

the electrostatic attraction (Velstat) and dispersion interactions 

(Edisp), respectively. The partitioning of the orbital term into 

contributions from irreducible representations shows that the  

bonding (E) is significantly stronger than the  bonding (E), 

by 72% or more in all cases. Interestingly, the calculated bond 

dissociation energies (EBond) suggest that the stability of the 

(DMB)SnX4 (X = F-At) complexes with respect to the loss of the 

tin-halide (SnX4) fragment is F > Cl > Br > I > At (see Table 2). 

 

Table 2. EDA analysis (in kcal·mol) of the (DMB)SnX4 (X = F-At) 
complexes.[a] 

X  F Cl Br I At 

Eprep 23.6 26.0 24.8 22.8 25.5 

Eint -75.3 -63.8 -59.6 -53.6 -52.3 

EPauli 140.5 165.8 170.9 174.7 163.3 

Velstat -125.2 -125.4 -123.4 -120.1 -111.6 

Edisp -11.0 -17.4 -19.6 -22.3 -22.8 

Eoi -79.5 -86.8 -87.6 -85.9 -81.2 

E -57.2 -62.6 -63.3 -62.0 -58.7 

E -22.3 -24.2 -24.3 -24.0 -22.4 

%Velstat
[b] 58.0 54.6 53.5 52.6 51.8 

% Eoi
[b] 36.8 37.8 38.0 37.6 37.6 

% Edisp
[b] 6.6 10.0 11.3 13.3 14.7 

EBond -51.7 -37.7 -34.8 -30.8 -26.8 

[a] Computed at BLYP-D3(BJ)/TZ2P with SnX4 and DMB fragments in Cs 
symmetry. [b] The percentage values give the contribution to the total 

attractive forces (i.e. Velstat + Eoi + Edisp).  

 
119Sn NMR chemical shift calculations 

 

For complexes 4-6, we examined the reliability of the calculated 
119Sn NMR chemical shifts in vacuo and using both the fully 

optimized structures (at the PBE0/pcseg-2 level) and 

crystallographically-derived structures (with positions of all non-

hydrogen atoms fixed, see Experimental Section for details). This 

last approach is assumed to recover structural effects caused by 

the crystal packing that induces an out-of-plane distortion of the 

DMB ligand. 

 

A comparison of all the calculated and experimental 119Sn NMR 

CS values is provided in Table 3. The chemical shift of complex 4 

obtained with the fully optimized structure was calculated to be 

−612.4/−585.5 ppm using the PBE0/KT2 functionals. A 

comparison of these shifts with the experimental signal observed 

at –574.0 ppm shows differences of 38.4 (PBE0) and 11.5 ppm 

(KT2). Even better results were obtained with the 

crystallographically-derived geometry. At this level, the calculated 

chemical shift (–579.7/–557.9 ppm) is in excellent agreement with 

the experiment. 

 

Table 1. Bond energies (in kcal·mol) and selected bond lengths (Å) and 

angles (°) for the (DMB)SnX4 (X = F-At) complexes.[a] 

System  d[Sn-N] d[Sn-X] 

(ax)[b] 

d[Sn-X]  

(eq)[c] 

<(N-Sn-N]  

(DMB)SnF4 2.274 1.948 1.930 71.5 

(DMB)SnCl4 
2.311 
(2.232) 

2.424 
(2.418) 

2.389 
(2.362) 

70.8 
(73.7) 

(DMB)SnBr4 
2.305 
(2.244) 

2.636 
(2.584) 

2.605 
(2.525) 

71.1 
(73.2) 

(DMB)SnI4 
2.329 
(2.272; 
2.282) 

2.870 
(2.799; 
2.813) 

2.842 
(2.764; 
2.802) 

70.4 
(72.7) 

(DMB)SnAt4 2.363 2.942 2.917 69.2 

[a] The experimental X-ray parameters are given in parentheses. [b] 

Bond in axial (xz) plane. [c] Bond in equatorial (xy) plane.  
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To calculate the 119Sn NMR spectra in DMSO, the complexes 

were optimized using the Polarizable Continnum Model (PCM). In 

addition, the implicit COSMO model was adopted throughout the 

following geometry optimizations for the NMR calculations (see 

Experimental section for details). Compared with the 

experimental signal of complex 4 (−567.1 ppm), the calculated 

shift at the KT2 level shows the best performance with a value of 

−589.6 ppm. Furthermore, significant changes in the chemical 

shift values were revealed in complexes 5 and 6. Thus, in the 

above calculations, the chemical shifts are not sufficiently well 

described with the level of theory employed. This can be attributed 

to the limitations of the DFT method and/or the inclusion of 

environmental effects. 

 

Additionally, to support future experimental analysis, we predicted 

the 119Sn NMR chemical shifts for the hypothetical (DMB)SnX4 (X 

= F, At) species. As expected, the shielding becomes larger as 

the halogen becomes heavier and contains more electrons (see 

Table 3). The larger shielding with the increasing atomic number 

of the halogen bonded to the NMR-active atom, it is known as 

normal-halogen dependence, and this is indeed what we observe 

here.  

 

Table 3. Comparison between the experimental and calculated 119Sn 

NMR chemical shifts (ppm) of the (DMB)SnX4 (X = Cl, Br, I) complexes. 

 

 Experiment Calculated 

Complex 
Solid-state 

(ppm) 
Solution 
(ppm) 

Gas-phase 
(ppm) 

Solution 
(ppm)  

(DMB)SnF4 
--- --- -764.6 

(-707.5) 
-750.8 

(-697.3) 

(DMB)SnCl4 
-574.0 -567.1 -579.7 

(-557.9) 
-616.8 

(-589.6) 

(DMB)SnBr4 
-1395.0 -1201.8 -1358.2 

(-1375.1) 
-1462.0 

(-1467.1) 

(DMB)SnI4 
--- -2030.2 -3119.5 

(-3281.8) 
-3117.4 

(-3194.6) 

(DMB)SnAt4 
--- --- -3182.9 

(-2721.7) 
-3277.3 

(-2898.5) 

The chemical shifts were calculated at the PBE0/ET-pVQZ level. The values 
calculated at the KT2/ET-pVQZ level are given in parenthesis. 

Ring-opening polymerization of ε-caprolactone 

 

All of the complexes 4-6 were found to be acting as precatalysts 

for the ROP of bulk ε-caprolactone under non-dried, aerobic 

conditions in a glass test tube reactor by using benzyl alcohol as 

an initiator (Scheme 3). The reactions were performed at 170 °C 

for 4 h. 

 
 

Scheme 3. ROP of bulk ε-caprolactone using complexes 4-6 as precatalysts 

and benzyl alcohol as initiator. 

 

 1H NMR spectroscopy revealed the existence of benzyl ester 

end-groups. Quantitative 1H NMR spectroscopy was used to 

determine the degree of polymerization (DP) of poly(ε-

caprolactone) and the number-average molecular weight (Mn). 

The polydispersity index (PDI) and Mn were determined by gel 

permeation chromatography (GPC) (Table 4). All of the PCL 

oligomers obtained were in the range of 3000 to 4000 Da with PDI 

values of ca. 1.7. Although, better PDI values are obtained by 

using (SnOct2)[6]  the benefit to uses compounds 4-6 is based on 

the easy handle and manipulation under normal atmosphere and 

non-dried conditions. 

 

Table 4. Polymerization of ε-caprolactone in the presence of complexes 

4-6 as precatalysts.  

 

Precatalyst [M]:[I] DPa % Ca Mna Mnb PDIb 

4 400:1 32 98 3856 6585 1.8 

5 400:1 33 99 3970 6124 1.7 

6 400:1 26 99 3172 7209 1.7 

aNMR; bGPC; C: Conversion. 

 

Matrix-assisted laser desorption/ionization-time of flight (MALDI-

TOF) mass spectrometry was used to characterize and confirm 

the molecular structure of the produced PCL. Figure 3A shows 

the MALDI-TOF spectrum of PCL obtained by using catalyst 5. In 

Figure 3B an expanded view illustrates the main three different 

species detected such as -hydroxyl--benzyl PCL (A), -

hydroxyl--carboxylic acid PCL (B) and Cyclic PCL (C) species. 

A and B are attributed to the initiation of benzyl alcohol and water, 

respectively. Complementary, C is a product of an intramolecular 

transesterification.   

 
 

Figure 3. MALDI-TOF spectrum (linear mode) of the A) PCL obtained by using 

complex 5 as precatalyst where the degree of polymerization (DP) is illustrated 

and B) expanded view for the 1340-1690 m/z fragments, where the chemical 

species doped with sodium and potassium ions were assigned. 

Conclusions 

The strainfroward reaction of SnX4 X = Cl, Br, I compounds with 

a nitrogen-donor bipyridine ligand is reported. The 1H and 119Sn 

NMR spectroscopic studies indicated that complexes 4 and 5 

maintain the hexacoordination of the tin atom in DMSO-D6 

solution, together with a mixture of tetravalent species. According 
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to DFT studies, the Sn-N bond displayed significant covalent 

character (ca. 70%).  The structural effects have a large effect on 

the NMR spectra of the complexes, and a reasonable agreement 

between the calculated and the solid-state 119Sn MAS NMR 

spectra (for complexes 4 and 5) was obtained only when the 

crystallographically-derived geometries were used. Our results 

showed that the NMR chemical shifts appear to be also 

dependent on the underlying choice of the functional, especially 

for the bromo and iodine complexes. All complexes 4-6 can 

achieve the ring-opening polymerization (ROP) of bulk ε-

caprolactone under non-dried and aerobic conditions. Finally, 

further studies are needed to clarify the mechanism of the 

catalytic system of complexes 4-6 with benzyl alcohol or water, 

the presence of hydrolytic products such (DBM)SnXn(OH)m (n = 

1-3; m = 4-n) and also the potential recovery of the catalysts. 

Experimental Section 

General considerations. All reactions for the synthesis of 
compounds 4-6 were carried out under an inert atmosphere of 
nitrogen (INFRA ultra-high purity 99.999%) using Schlenk 

techniques. Acetonitrile and dichloromethane were dried using 
CaH2, distilled at atmospheric pressure and maintained under a 
nitrogen atmosphere. SnCl4, SnBr4 and 4,4´-dimethyl-2,2’-

bipyridine were purchased from Aldrich Chemical Co. and used 
without further purification. SnI4 was synthesized according to 
reference[7] starting from elemental tin and I2. Solution 1H, 13C, and 
119Sn NMR spectra were acquired using a Bruker Avance III HD 
500 MHz spectrometer with DMSO-D6 as the solvent. 
Tetramethylsilane (TMS) was used as an internal reference (0.0 

ppm), or the residual solvent signals of (CHD2)SO were used as 
references (2.50 ppm and 39.52 ppm for 1H NMR and 13C NMR, 
respectively). Solid-state 119Sn magic-angle spinning (MAS) NMR 

spectra were recorded at 20 °C on a Bruker Avance III HD 400 
NMR spectrometer. The samples were packed on ZrO2 rotors with 
4.0 mm diameter and were spun at 10 KHz. Chemical shifts (ppm) 

were determined relative to external Ph3SnCl (45.0 ppm), a π/2 
pulse of 2.5 μs and 60.0 s of recycling delay. Elemental analyses 
were carried out on a PerkinElmer 2400 Series II CHNS/O 

Elemental Analyzer. Melting points were determined using 
samples in sealed capillaries at the Chemistry Department of the 
University of Guanajuato, Mexico. 

Synthesis of 4. 0.63 g (2.41 mmol) of SnCl4 was added to a 
suspension of 0.44 g of 4,4´-dimethyl-2,2’-bipyridine (2.42 mmol) 
in 20 mL of acetonitrile. The reaction was stirred for 2 h at room 

temperature then the reaction mixture was warmed to 60 °C in an 
oven for one night. Colorless crystals were obtained that were 
filtered off, washed with 10 mL of dichloromethane and dried 

under vacuum for 2 h. Yield 0.92 g (1.9 mmol) 86%. Mp: 320 °C. 
Anal. Calc. C14H15Br4N3Sn (4·CH3CN, 485.78): C, 34.61; H, 3.11; 
N, 8.65. Found: C, 34.57; H, 3.17; N, 8.75. 1H NMR (500 MHz, 

DMSO-D6) δ 9.28 (d, J = 5.7 Hz, 1H), 8.96 (s, 1H), 8.03 (d, J = 
5.7 Hz, 1H), 2.67 (s, 3H). 13C NMR (126 MHz, DMSO-D6) δ 157.55 
(C-N), 143.44 (CH), 140.85 (C-CH3), 129.62 (CH), 125.11 (CH), 

21.46 (CH3). 119Sn NMR (187 MHz, DMSO-D6) δ –567.1. 119Sn 
MAS NMR (149 MHz) δ –574.0.  

Synthesis of 5. The same procedure was used as in the synthesis 

of complex 4. The quantities used were 0.44 g, 1.0 mmol (1.92 
mmol) of SiBr4 and 0.17 g (0.94 mmol) of 4,4′-dimethyl-2,2′-

bypiridine. Yield: 0.20 g (0.31 mmol), 31%. Mp: decomposes 
above 280 °C. Anal. Calc. C14H15Br4N3Sn (5·CH3CN, 663.62): C, 

25.34; H, 2.28; N, 6.33. Found: C, 25.87; H, 2.21; N, 6.52. 1H NMR 
(500 MHz, DMSO-D6) δ 9.41 (d, J = 5.1 Hz, 1H), 9.00 (s, 1H), 8.08 
(d, J = 5.1 Hz, 1H), 7.38 (s, 1H), 2.70 (s, 3H). 13C NMR (126 MHz, 

DMSO-D6) δ 157.61, 142.26, 139.75, 129.32, 125.18, 21.40. 
119Sn NMR (187 MHz, DMSO-D6) δ –1201.8. 119Sn MAS NMR 
(149 MHz) δ –1395.  

Synthesis of 6. The same procedure was used as in the synthesis 
of complex 4. The quantities used were 0.518 g (0.827 mmol) of 
SiI4 and 0.156 g (0.846 mmol) of 4,4′-dimethyl-2,2′-dipyridyl. 

Yield: 0.550 g (0.678 mmol) 82%. Mp: decomposes above 220 °C 
without melting. Anal. Calc. C12H12I4N2Sn (810.53): C, 17.78; H, 
1.49; N, 3.46. Found: C, 17.73; H, 1.52; N, 3.44.  1H NMR (500 

MHz, DMSO-D6) δ 8.72 (d, J = 5.0 Hz, 1H), 8.55 (s, 1H), 7.71 (d, 
J = 5.0 Hz, 1H), 2.57 (s, 3H). 13C NMR (126 MHz, DMSO-D6) δ 
154.32 (C-N), 147.68 (C-CH3), 146.09 (CH), 127.30 (CH), 123.87 

(CH), 21.19 (CH3). 119Sn NMR (187 MHz, DMSO-D6) δ –2030.2. 

Polymerization of ε-Caprolactone. Bulk ROP of ε-caprolactone 
(0.09 mol, 1.0 g) and was performed with a [monomer]:[initiator] 

([M]/[I]) molar ratio of 400:1 using complexes 4-6 as precatalysts. 
All the compounds were added to glass test tube reactors and 
heated to 170 °C for 4 h using a magnetic stir bar. The polymers 

were identified by 1H NMR, and FT-IR spectroscopy.[11] IR (KBr, 
cm−1): 2943, 2864, 1722, 1470, 1164. 1H NMR (500 MHz, CDCl3): 
δ (ppm) 4.06 (t, J = 6.7 Hz), 3.65 (J = 6.5 Hz), 2.31 (t, J = 7.5 Hz), 

1.64 (m) 1.39 (m). GPC and MALDI-TOF. 

Single-crystal X-ray Diffraction Analysis   

The crystals were mounted in inert oil (perfluoropolyalkyl ether, 

ABCR) on a SuperNova, single source at offset, EosS2 
diffractometer. The crystals were kept at 293(2) K during data 
collection. The structures were solved with the ShelXT[12] 

structure solution program using direct methods and refined with 
the ShelXL[13] refinement package using least-squares 
minimization on Olex2 software.[14] The crystallographic data for 

the structures reported in this paper have been deposited with 
The Cambridge Crystallographic Data Centre as supplementary 
publication CCDC nos. 1846658 (4) 1846657 (5) and 1913726 (6). 

All graphics were produced employing ORTEP-3[15] and POV-
Ray.[16] 

Gel Permeation Chromatography (GPC) 

GPC measurements were performed using an Agilent 
Technologies PL-GPC chromatograph equipped with a refractive 
index and viscosity detectors. A single column (Polymer 

Laboratories) was used to elute samples at a flow rate of 1.0 
mL/min with HPLC-grade THF. Polystyrene standards were used 
for calibration. 

Matrix-Assisted Laser Desorption Ionization Time-of-Flight 
(MALDI-TOF) Mass Spectrometry. 

MALDI-TOF spectra were recorded in the linear mode by using 

an AB SCIEX TOF/TOF 5800 SYSTEM equipped with a nitrogen 
laser emitting at λ = 349 nm, an input bandwidth = 1000 MHz with 
a 3 ns pulse width, working in positive mode and delayed 

extraction. A matrix of 2,5-dihydroxybenzoic acid (DHB) was used. 
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Fourier-Transform Infrared Spectroscopy (FT-IR).  

FT-IR spectra were obtained with the attenuated total reflectance 

spectroscopy (ATR) technique on powder deposited over a 
diamond crystal in a PerkinElmer Spectrum 100 FTIR 
spectrometer. 

Computational Details 

Energy Decomposition Analysis. All the computations were 
carried out within the framework of density functional theory and 

using the Amsterdam Density Functional (ADF, version 
2016.01).[17-18] The geometry optimizations and frequencies were 
calculated using dispersion-corrected relativistic density 

functional theory at the BLYP-D3(BJ)/TZ2P level.[19-21] Scalar 
(SR) and spin-orbit (SO) relativistic effects were included at the 
two-component level using the zeroth-order regular 

approximation Hamiltonian (ZORA).[22-26] The interaction energy 
of the (DMB)SnX4 (X= F-At) complexes was analyzed in the 
framework of the Kohn-Sham molecular orbital theory using a 

quantitative energy decomposition analysis (EDA)[8-10] 
implemented in the ADF2016 package at the BLYP-D3(BJ)/TZ2P 
level of theory and including SR-ZORA for relativistic effects. The 

bond energy between the tin-halide (SnX4 where X = F-At) and 
bipyridine fragments contains two components [Eq. (1)]: 

                           ∆𝐸Bond = ∆𝐸prep + ∆𝐸int                        (1) 

In this formula, the preparation energy, ΔEprep, is the amount of 
energy required to deform the separate fragments from their 
equilibrium structure to the geometry that they acquire in the 

compound. The interaction energy, ΔEint, corresponds to the 
actual energy change when the prepared fragments are 
combined to form the compound. ΔEint can be divided into four 

components as shown in Equation (2). 

             ∆𝐸int = ∆𝑉elstat + ∆𝐸Pauli + ∆𝐸oi + ∆𝐸disp              (2) 

The term ΔVelstat corresponds to the classical electrostatic 

interaction energy between the unperturbed charge distributions 
of the prepared (i.e. deformed) fragments and is usually attractive. 
The Pauli repulsion, ΔEPauli, comprises the destabilizing 

interactions between the occupied orbitals and is responsible for 
any steric repulsion. The orbital interaction, ΔEoi, accounts for the 
charge transfer (i.e., donor-acceptor interactions between 

occupied orbitals on one moiety and unoccupied orbitals on the 
other moiety, including the HOMO-LUMO interactions) and 
polarization (empty-occupied orbital mixing on one fragment due 

to the presence of another fragment). This term can be further 
partitioned into contributions by the orbitals belonging to different 
irreducible representations of the point group of the interacting 

system [Eq. (3)]. In systems with a clear σ and π separation, this 
symmetry partitioning proves to be very informative.                                           

                                𝛥𝛦oi = 𝛥𝛦oi,𝜎 + 𝛥𝛦oi,𝜋                        (3) 

The last term ΔEdisp in Equation (2) accounts for dispersion 
corrections. 

 

 

119Sn NMR chemical shift calculations.  

The gas-phase structures were optimized using the PBE0 

functional and in conjunction with the triple- pcseg-2 basis set for 
all atoms,[27] with corresponding effective core potentials (ECP) 
for Sn, Br, I, and At atoms. The crystallographically-derived 

structures of the complexes 4-6 were obtained from the X-ray cut-
offs, where the non-hydrogen atoms were kept fixed, and the 
positions of hydrogen atoms were optimized. In the fully optimized 

geometries, all atoms were relaxed. Additionally, solvent-phase 
optimizations were performed at the same level of theory and 
using an implicit PCM model to simulate the DMSO solvent. 

The 119Sn-NMR shielding constants were calculated using the 
PBE0 and KT2[28] functionals and the conductor-like screening 
model (COSMO)[29-31] for simulating bulk solvation in DMSO. The 

ET-pVQZ[32] all-electron basis set was used for all atoms except 
tin, for which we used the TZ2P basis set. Moreover, both SR and 
SO relativistic effects were included at the two-component level 

using the ZORA method.[19-23]  All the shielding constants were 
obtained with the GIAO method[33] and the chemical shifts are 
referenced to that of tetramethyltin (SnMe4). 
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