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N-donor Stabilized Tin(II) Cations as Efficient ROP Catalysts for 
Synthesis of Linear and Star-Shaped PLAs via Activated Monomer 
Mechanism 
Miroslav Novák,*a Jan Turek,*b Yaraslava Milasheuskaya,c Zdeňka Růžičková,c Štěpán Podzimek,a,d 
and Roman Jamborc 

a-iminopyridine ligands L1 (2-(CH=N(C6H2-2,4,6-Ph3))C5H4N), L2 (2-(CH=N(C6H2-2,4,6-tBu3))C5H4N) and L3 (1,2-(C5H4N-2-
CH=N)2CH2CH2) differing by the steric demand of the substituent on the imine CH=N group and by a number of donating 
nitrogen atoms were utilized to initiate a Lewis base mediated ionization of SnCl2 in an effort to prepare ionic tin(II) species 
[L1-3→SnCl][SnCl3]. The reaction of L1 and L2 with SnCl2 led to the formation of neutral adducts [L1→SnCl2] (2) and [L2→SnCl2] 
(3). The preparation of the desired ionic compounds was achieved by subsequent reactions of 2 and 3 with an equivalent of 
SnCl2 or GaCl3. In contrast, ligand L3 containing four donor nitrogen atoms showed the ability to ionize SnCl2 and also Sn(OTf)2 
yielding [L3→SnCl][SnCl3] (7) and [L3→Sn(H2O)][OTf]2 (8). The study has thus revealed that the reaction is dependent on the 
type of the ligand. Prepared complexes 4 – 8 together with a previously reported [{2-((CH3)C=N(C6H3-2,6-iPr2))-6-CH3O-
C5H3N}SnCl][SnCl3] (1) were tested as catalysts in the ROP of L-lactide, which could operate via an activated monomer 
mechanism. Finally, a DFT computational study was performed to evaluate the steric and electronic properties of the ionic 
tin(II) species 1, 4 – 8 together with their ability to interact with the L-lactide monomer.

Indroduction 
Plastics as materials with very high stability are ideal for 

many industrial applications, such as building materials, 
electronic components or packaging materials. However, their 
chemical stability and resistance toward microbial degradation 
lead to problems with the accumulation and disposal of the 
plastic waste, especially in the case of traditional plastics made 
from petroleum. This problem has helped stimulate a great 
interest in the so-called biodegradable polymers, which are 
represented in particular by linear aliphatic polyesters.1 
Poly(lactic acid) (PLA) has a privileged position among 
biodegradable polyesters, since lactide is produced from the 
natural sources like starch or sugar via a bacterial fermentation 
of D-glucose.2 Hence, the whole production of PLA is 
environmentally friendly. Some applications, especially drug 
delivery systems or surgical implants, require the use of PLA 
with a well-defined molecular architecture.3 The most efficient 

way for the production of such a well-defined PLA deals with the 
ring opening polymerization (ROP) of lactide initiated by metal 
complexes.4 

Over the last two decades, various charge-neutral discrete 
complexes of general formula LnMXm (L is an ancillary ligand, M 
is a main-group or transition metal and X is usually an alkyl, 
amido, alkoxide or halide group) have been used as pre-
catalysts for the ROP of lactides.5 The majority of these 
complexes are supposed to catalyse the ROP via a coordination-
insertion mechanism. However, these charge-neutral ROP 
catalyst systems often exhibit limited activity and productivity. 
Researchers have thus focused on the employment of discrete 
cationic complexes of formula [LnMXm-1]+ [WCA]-, where WCA is 
a weakly coordinating anion.5e It is believed that the positive 
charge should increase the electrophilic character of the metal 
center and hence provide a higher affinity towards the 
heteroatom in monomers. This “Lewis acid activated monomer” 
should then more easily undergo an attack of the reactive 
nucleophile and the overall performance of ROP catalysts 
should be increased. 

In industry, but also in academia, tin(II)(2-ethylhexanoate)2 
(Sn(Oct)2) remains the most widely used catalyst for the ROP.6 

Sn(Oct)2 enjoys its popularity due to its low cost, robustness and 
versatility. On the other hand, it exhibits a relatively low 
catalytic activity. This disadvantage can be overcome by using 
discrete tin(II) cations as highly catalytically active alternatives. 
The literature describes a number of cationic tin(II) complexes, 
which can be divided into three different categories with a 
general formula of: [LSn]+ (L = monoanionic ligand), [D→SnX]+ 
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(D = Lewis base, X = halide or pseudohalide) and [D→Sn]2+ (Chart 
1).7

 

Chart 1 Three different categories of tin(II) cations

Tin(II) cations of [LSn]+ type  are stabilized by monoanionic 
ligands such as permethylated-cyclopentadienyl8 (A), N-
isopropyl-2-(isopropylamino)troponimine9 (B), b-diketiminate 
CH(CMeNAr)2- (Ar = 2,6-iPr2-C6H3)10 (C), bulky amido-ligand 
{N(Ar*)(SiMe3)}- (Ar* = 2,6-CHPh2-4-Me-C6H2)11 (D) and amino-
ether phenolate LONO4 (2-[(1,4,7,10-tetraoxa-13-
azacyclopentadecan-13-yl)methyl]-4,6-di-tert-
butylphenolate)12 (E). These cations were synthesized 
predominantly by the dehalogenation of the corresponding 
halostannylenes. A halide abstraction  in [(Ph3P)2C·SnCl2] and 
[(bipy)·SnCl2] was also used for the synthesis of 
[(Ph3P)2C·SnCl]2[AlCl4]2, [(4-DMAP)(Ph3P)2C·SnCl][B12Cl12]0.5 (F) 
and [(bipy)SnCl][OTf] (G), representing [D→SnX]+ cations.13,14 
Roesky et al. observed a Lewis base mediated ionization of SnCl2 
and reported the synthesis of [(DIMPY)SnCl][SnCl3], where 
DIMPY is 2,6-[(Me)C=N(C6H3-2,6-iPr2)]2C5H3N.15 In the same 
manner, we published the stabilization of a tri-coordinated 
tin(II) cation [{2-((CH3)C=N(C6H3-2,6-iPr2))-6-CH3O-
C5H3N}SnCl][SnCl3] (1).16 After that, this synthetic approach has 
become a powerful tool to obtain a wide range of [D→SnX]+ 

cations containing bis(imino)pyridines17, bis(a-
iminopyridines)18, N-heterocyclic imines19, cryptands20, 
crownether21 or P-functionalized ferrocene22 as Lewis bases (H 
– M). 

After Müller et al. obtained [(tol)3Sn]2+ (N) in an attempt to 
recrystallize stannylium cation in toluene,23 a significant 
progress has recently been made in the field of tin(II) dications 
[D→Sn]2+. The combination of the auto-ionization concept 
together with the dehalogenation has allowed the synthesis of 
bipy14 (O) and bis(a-iminopyridine)18,24 (P) stabilized tin(II) 
dications. An alternative route for the preparation of [D→Sn]2+ 
is the reaction of cryptands20 (Q) and crown-ethers21 with tin(II) 
triflate. 

Although the chemistry of tin(II) cations is a relatively well-
explored area, only the complex E, representing [L-Sn]+ type of 
tin (II) cations, was employed as a pre-catalyst in the ROP of 
cyclic esters. Carpentier and Sarazin reported the ROP of L-
lactide (L-LA) catalyzed by the combination of iPrOH with E in a 
molar ratio of [L-LA]:[iPrOH]:[E] = 100:10:1.12 Macromolecular 
parameters of the isolated PLA exhibited a good control over 
the polymerization (Mn,calc ≈ Mn,exp = 7000-16100 g/mol, PDI = 
1.08-1.3). Based on these findings, it seems that other ionic 
tin(II) complexes could also be promising pre-catalysts for the 
ROP of cyclic esters. 

As stated, Lewis base mediated ionization is the most 
powerful method for the synthesis of [D→SnX]+ cations 
stabilized by a-iminopyridine ligands. Following the 
stabilization of the tin(II) cation 1, we report here the synthesis 
of a series of tin(II) ionic compounds containing a-iminopyridine 
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ligands L1-3 (L1 = 2-(CH=N(C6H2-2,4,6-Ph3))C5H4N, L2 = 2-
(CH=N(C6H2-2,4,6-tBu3))C5H4N and L3 = 1,2-(C5H4N-2-
CH=N)2CH2CH2) (Chart 2). 

Chart 2 a-iminopyridine ligands L1-3 used in this study 

Ligands L1-3 differ by the steric demand of the substituent on 
the imine CH=N group (L1 vs. L2) and by a number of the 
donating nitrogen atoms (L1,2 vs. L3), which should affect the 
electron density on the central tin atom in the discussed tin(II) 
cations. All complexes together with the earlier reported 116 
were then tested as catalyst in the ring-opening polymerization 
(ROP) of L-lactide for the production of linear PLA. The influence 
of the steric demand of ligands, coordination number and 
charge of the central tin atom on the catalytic activity in ROP is 
also discussed. Selected catalysts were also used for the ROP of 
L-lactide with the aim to synthesize star-shaped PLA with a 
dipentaerythritol (DPE) core. 

Results and discussion 
The treatment of L1 and L2 with 1 equiv. of SnCl2 yielded 

neutral adducts [L1→SnCl2] (2) and [L2→SnCl2] (3) (Scheme 1). 
This contrasts with the related N-donor ligands,15-20 which 
provide the product of the auto-ionization reaction along with 
the free ligand under the same conditions. 

Scheme 1 Synthesis of neutral adducts [L1→SnCl2] (2) and [L2→SnCl2] (3) 

Compounds 2 and 3 were isolated as an orange powder 
material characterized by the help of 1H, 13C and 119Sn NMR 
spectroscopy. The 119Sn NMR spectrum of 2 showed a signal at 
d = –227.1 ppm (d = –219.4 ppm for 3), which lies in the range 
of d = –161.4 – (–374.8) ppm found in other D→SnCl2 adducts 
(D = TMEDA, 1-vinylimidazole, 1-benzylimidazole, 1,2,4-
triazole).25,26 

Moreover, the molecular structure of 2 was determined by 
the single-crystals X-ray diffraction analysis (Figure 1). Suitable 
single crystals of 2 were obtained from a saturated CH2Cl2 
solution at room temperature. Crystallographic data of 2 are 
summarized in Table S1 of the Supporting Information (ESI). 

Fig. 1 Molecular structure of 2. Selected bond distances (Å) and bond angles (°): 
N1-Sn1 2.3465(18), N2-Sn1 2.6493(17), Sn1-Cl1 2.4685(7), Sn1-Cl2 2.6081(7), N2-
Sn1-Cl2 152.63(4), N1-Sn1-N2 66.85(6), Cl1-Sn1-Cl2 88.86(2). 

The Sn1 center is tetra-coordinated by N1, N2, Cl1 and Cl2. 
The N1-Sn1 bond distance (2.3465(18) Å) falls to the region 
(2.284 – 2.585 Å) typical for N→Sn coordination bonds found in 
D→SnCl2 adducts (D = TMEDA, 1-vinylimidazole, 1-
benzylimidazole, 1,2,4-triazole, bipyridine, phenanthroline).25-27 
On the other hand, the N2-Sn1 bond distance (2.6493(17) Å) is 
somewhat longer and indicates a weaker donor ability of the 
imine CH=N group in 2. 

Since the reaction of L1 and L2 with SnCl2 led to the 
formation of neutral compounds 2 and 3, the preparation of the 
desired ionic compounds was further studied in subsequent 
reactions of 2 and 3 with an equivalent of SnCl2 or GaCl3. The 
experiments revealed that the outcome of these reactions 
depends on the type of the ligand. While the reaction of 2 with 
both SnCl2 and GaCl3 led to the isolation of new ionic 
compounds [L1→SnCl][SnCl3] (4) and [L1→SnCl][GaCl4] (5), 
compound 3 reacted only with GaCl3 affording [L2→SnCl][GaCl4] 
(6) (Scheme 2). 
 

Scheme 2 Synthesis of ionic compounds [L1→SnCl][SnCl3] (4), [L1→SnCl][GaCl4] (5) 
and [L2→SnCl][GaCl4] (6) 

Compounds 4 – 6 were isolated as an orange powder 
material characterized by the help of 1H, 13C and 119Sn NMR 
spectroscopy along with the MALDI-Orbitrap mass 
spectrometry. The ortho-hydrogen atom of the pyridine ring 
(Ho-py) resonates as a doublet at d = 9.30 ppm in the 1H NMR 
spectrum of 4 (d = 8.84 ppm for 5 and d = 8.98 ppm for 6). A 
singlet at d = 8.33 ppm was assigned to the imine CH=N proton 
in 4 (d = 8.47 ppm for 5 and d = 8.44 ppm for 6). All these signals 
are downfield shifted compared to the starting neutral 
complexes 2 and 3 and support the electrophilic nature of the 
tin(II) cationic center in 4 – 6. A 119Sn NMR spectrum at room 
temperature of a solution of 4 in THF-d8 revealed a single 
resonance at d = –235.4 ppm. At –50 °C, this resonance de-
coalesced into two equally intense resonances at d = –254.9 and  
–347.6 ppm, respectively, as expected for 4. Apparently, there 
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is an exchange process between the two tin centers, which is 
fast on the 119Sn NMR time scale at room temperature but slow 
at low temperature. However, this was not further investigated 
in detail. In the 119Sn NMR spectra of 5 and 6, [L1→SnCl]+ and 
[L2→SnCl]+ cations resonate at  
d = –235.5 ppm (for 5) and d = –224.4 ppm (for 6). The signals 
of [L1,2→SnCl]+ are significantly downfield-shifted in comparison 
to those of the chlorostannyliumylidenes stabilized by the 
tridentate bis(imino)pyridine ligands (range of –482.4 to  
–411.7 ppm)15,17 but are in accordance with the related complex 
stabilized by a bidentate bis(N-heterocyclic imine) ligand  
(–240.4 ppm)19. 

The composition of compounds 4 – 6 was further 
determined by the MALDI-Orbitrap mass spectroscopy. Mass 
spectra of 4 and 5 displayed a molecular cation [L1→SnCl]+ with 
m/z = 565.04 and a molecular anion [SnCl3]- with  
m/z = 226.80 ([GaCl4]- with m/z = 210.79 for 5). Similarly, a 
molecular cation [L2→SnCl]+ with m/z = 505.14 and a molecular 
anion [GaCl4]- with m/z = 210.79 were found in the mass 
spectrum of 6. 

In contrast to L1 and L2, ligand L3 containing four donor 
nitrogen atoms showed the ability to autoionize SnCl2. The 
treatment of L3 with 1 equiv. of SnCl2 provided [L3→SnCl][SnCl3] 
(7) and the free ligand, so 2 equiv. of SnCl2 are necessary for a 
quantitative reaction (Scheme 3). A strong donor ability of L3 
encouraged us to prepare an analogous dicationic tin(II) 
complex. The reaction of L3 with Sn(OTf)2 afforded 
[L3→Sn(H2O)][OTf]2·THF (8) as an example of [D→Sn]2+ tin(II) 
cation (Scheme 3). 
 

Scheme 3 Synthesis of ionic compounds [L3→SnCl][SnCl3] (7) and 
[L3→Sn(H2O)][OTf]2 (8) 

Compounds 7 and 8 were isolated as an orange (7) and a 
pale yellow (8) powder material characterized by the help of 1H, 
13C and 119Sn NMR spectroscopy. A singlet at d = 9.02 ppm was 
assigned to the imine CH=N proton in 7 (d = 9.08 ppm for 8). The 
119Sn NMR spectrum of 7 revealed two signals indicating the 
presence of two non-equivalent tin nuclei. The signal at  
d = –592.6 ppm is comparable to that found in [{1,2-(C5H4N-2-
C(CH3)=N)2CH2CH2}SnCl][OTf] (d = –572.4 ppm)18 and 
corresponds to [L3→SnCl]+ cation, while the signal at  
d = –25.5 ppm was assigned to [SnCl3]- anion. Similarly, the 
signal found in 119Sn NMR spectrum of 8 (d = –658.0 ppm) is 
comparable with signals found in [{1,2-(C5H4N-2-

C(CH3)=N)2CH2CH2}Sn][OTf]2 (d = –637 ppm)18 and [{1,2-(C5H4N-
2-C(CH3)=N)2C6H10}Sn][OTf]2 (d = –596 ppm)24. 

Molecular structures of 7 and 8 were unambiguously 
established by the single-crystals X-ray diffraction analysis 
(Figures 2 and 3). Suitable single crystals of 7 were obtained 
from a saturated acetonitrile-hexane solution (THF-acetonitrile 
for 8) at –20 °C . Crystallographic data of 7 and 8 are 
summarized in Tables S2 and S3 (ESI).  

Fig. 2 Molecular structure of 7. Selected bond distances (Å) and bond angles (°): 
N1-Sn1 2.631(3), N2-Sn1 2.377(3), N3-Sn1 2.406(3), N4-Sn1 2.627(3), N5-Sn1 
2.612(3), N6-Sn1 2.396(3), N7-Sn1 2.382(3), N8-Sn1 2.649(3), Sn1-Cl1 2.4741(12), 
Sn1-Cl2 2.4794(12), N1-Sn1-N2 68.92(10), N2-Sn1-N3 127.30(10), N1-Sn1-
N3 63.95(11), N3-Sn1-N4 151.45(11), N1-Sn1-O1 87.16(10), N3-Sn1-O1 76.60(11). 

The molecular structure of 7 reveals the presence of two 
units, each representing an ionic pair consisting of [L3→SnCl]+ 

cation compensated by SnCl3- anion. The Sn1 (Sn3) center is 
penta-coordinated by N1-N4 (N5-N8) and Cl1 (Cl2). The 
coordination arrangement of the central tin atom is closer to a 
square pyramid than to a trigonal bipyramid with t = 0.45 (0.43). 
The tin atom is 0.152 Å (0.168 Å) above the slightly distorted 
basal plane formed by the four nitrogen atoms. The 
(pyridine)nitrogen-tin bond distances with the range of 
2.612(3) – 2.649(3) Å are longer than the (imino)nitrogen-tin 
bond distances (range of 2.377(3) - 2.406(3) Å). This is in 
agreement with N-Sn bond distances found in the recently 
published [{1,2-(C5H4N-2-C(CH3)=N)2CH2CH2}SnCl][SnCl3], 
where Npy-Sn are 2.388 and 2.404 Å, while 2.578 and 2.579 Å 
were established for Nim-Sn.18 A remarkable aspect in the 
structure of 7 is a secondary intermolecular Sn(1)···Sn(3) 
interaction of 3.760 Å, that is shorter than twice the van der 
Waals radius of tin (4.34 Å)28. A similar interaction (range of 
3.595 – 3.887 Å) was observed in tin(II) bromide, iodide, 
selenido- and telluridophenolates bearing O,C,O-pincer type of 
ligand.29 However, compound 7 is the first example of tin(II) 
cation revealing such a Sn···Sn interaction. 

The molecular structure of 8 consists of [L3→Sn(H2O)]2+ 
dication and two triflate anions. The Sn1 center is penta-
coordinated by N1-N4 and O1. The coordination neighbourhood 
of the central tin atom can be described as a distorted square 
pyramid with t = 0.29. All four nitrogen atoms are almost 
coplanar and the tin atom is located 0.462 Å above the basal 
plane. The (pyridine)nitrogen-tin bond distances (N3-Sn1 = 
2.702(4) Å and N4-Sn1 = 2.668(3) Å) are longer than the 
(imino)nitrogen-tin bond distances (N1-Sn1 = 2.400(3) Å and 
N2-Sn1 = 2.370(3) Å). This elongation is more significant than in 
the recently published [{1,2-(C5H4N-2-
C(CH3)=N)2CH2CH2}Sn][OTf]2 and [{1,2-(C5H4N-2-
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C(CH3)=N)2C6H10}Sn][OTf]2, where a range of 2.345 – 2.375 Å 
was found for Npy-Sn and 2.282 – 2.343 Å for Nim-Sn.18,24 The two 
triflate anions are completely separated from the coordination 
sphere of tin atom with the shortest oxygen-tin bond distance 
Sn1-O5 of 4.271(4) Å (cf. ∑vdW(Sn,O) = 3.69 Å).28 

Fig. 3 Molecular structure of 8. THF molecule is omitted for clarity. Selected bond 
distances (Å) and bond angles (°): N1-Sn1 2.400(3), N2-Sn1 2.370(3), N3-Sn1 
2.702(4), N4-Sn1 2.668(3), Sn1-O1 2.195(3), Sn1-O2 10.567(5), Sn1-O3 11.652(4), 
Sn1-O4 12.575(4), Sn1-O5 4.271(4), Sn1-O6 4.885(4), Sn1-O7 6.068(4), N1-Sn1-
N2 68.92(10), N2-Sn1-N3 127.30(10), N1-Sn1-N3 63.95(11), N3-Sn1-
N4 151.45(11), N1-Sn1-O1 87.16(10), N3-Sn1-O1 76.60(11). 

A DFT computational study was carried out in order to gain 
more insight on the formation of the studied complexes and 
their steric and electronic properties. All geometries were fully 
optimized at the B3LYP-D3BJ30/cc-pVDZ(-PP)31 level of theory, 
showing good agreement between the experimental X-ray 
diffraction data and the calculated structural parameters. The 
formation of both neutral adducts 2 and 3 is exergonic  
(ΔG = –18.3 and –16.3 kcal mol-1) and results in very similar 
structures (Table 1; for optimized geometries of all complexes 
along with the corresponding Gibbs free energy differences for 
their formation see Figure S1 and Table S4, ESI). The difference 
in the strength of the interaction between the central Sn atom 
and the two different N-donor groups is clearly reflected by the 
computed Wiberg bond index (WBI)32 revealing notably higher 
WBIN-Sn values for the pyridine group (ca. 0.19) than for the 
imine group (ca. 0.08), see Table 2.  

Table 1 Gibbs free energy differences (ΔG; in kcal mol-1) for the formation of the studied 
complexes 2 – 8. 

 ΔG(DZ)[a] ΔG(TZ)[b] ΔGsolv(TZ)[c] 

L1 + SnCl2 → 2 –24.6 –20.8 –18.3 

L2 + SnCl2 → 3 –19.8 –17.2 –16.3 

2 + SnCl2 → 4 57.4 56.3 -3.9 

2 + GaCl3 → 5 41.4 41.0 –19.9 

3 + SnCl2 → [L2SnCl2][SnCl3] 68.4 67.3 2.4 

3 + GaCl3 → 6 52.3 52.0 –13.6 

L3 + 2 SnCl2 → 7 15.3 20.4 –38.1 

L3 + Sn(OTf)2 + H2O→ 8 202.7 187.5 –15.0 

[a]Calculated at the B3LYP-D3BJ/cc-pVDZ-PP level of theory; [b]calculated at the 
B3LYP-D3BJ/cc-pVTZ-PP level of theory; [c]calculated at the B3LYP-D3BJ/cc-pVTZ-
PP level of theory in THF. 

In line with the experimental results, the subsequent 
reaction with a second equivalent of SnCl2 yielding ionic 
compounds [L1,2→SnCl][SnCl3] is energetically favourable only 
for the complex 2 (ΔG = –3.9 and 2.4 kcal mol-1 for 4 and 
[L2→SnCl][SnCl3]). On the other hand, the formation of both 
ionic compounds 5 and 6 through the reaction with GaCl3 is 

highly exergonic (ΔG = –19.9 and –13.6 kcal mol-1 for 5 and 6). 
In contrast to ligands L1,2, the ability of the ligand L3 to 
autoionize SnCl2 results in a spontaneous formation of the ionic 
compound 7 (ΔG = –38.1 kcal mol-1), see Table 1. 

Table 2 Selected bond lengths (d; in Å), Wiberg bond indices (WBI), and NPA atomic 
charges (q; in e) for all neutral and cationic complexes 1 – 8. 

 dSn-N(Im) WBISn-N(Im) dSn-N(Py) WBISn-N(Py) qSn 
2 2.843 0.085 2.536 0.194 1.18 

3 2.965 0.070 2.550 0.188 1.15 

1+ 2.347 0.265 2.346 0.264 1.25 

4+/5+ 2.403 0.237 2.418 0.221 1.28 
6+ 2.346 0.275 2.393 0.247 1.26 

7+ 
2.490 
2.497 

0.216 
0.215 

2.740 
2.758 

0.123 
0.119 

1.21 
 

82+ 2.394 
2.423 

0.252 
0.253 

2.695 
2.727 

0.155 
0.139 

1.42 
 

 
As a result of the formation of the ionic complexes 4 – 6 

(Figure 4), the N→Sn donor-acceptor interactions become 
significantly stronger with an average bond length of 2.39 Å and 
a WBIN-Sn value of 0.25 for both the pyridine and imine groups 
(Table 2; for a complete set of selected bond lengths, WBI and 
NPA atomic charges see Table S5, ESI). Correspondingly, this 
change in bonding leads to only a marginal increase of the 
natural population analysis (NPA)33 charge (ca. 0.1 e) on the Sn 
center in comparison to the neutral complexes 2 and 3. Unlike 
for 2 - 6, the imine groups were shown to be stronger donors 
than the pyridine groups in case of 7 with a tetradentate ligand 
L3 (Figure 4).  

Fig. 4 Optimized geometries of the cationic part of the complexes 1 and 4 - 8 along 
with selected bond distances (in Å). Hydrogen atoms are omitted for clarity.  



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 

The structural parameters found for 7 (Table 2) are 
comparable with those reported by Majumdar and Raut for a 
similar compound [{1,2-(C5H4N-2-
C(CH3)=N)2CH2CH2}SnCl][SnCl3].18 The molecular structure of an 
aqua complex 8 resembles the structure of 7, where the Cl 
ligand is replaced by the O atom of H2O. 

Next, the different steric properties of ligands L1,2,3 and 2-
((CH3)C=N(C6H3-2,6-iPr2))-6-CH3O-C5H3N in the cationic 
complexes [L→SnCl]+ were investigated using the percentage of 
buried volume (%VBur)34 descriptor and visualized using the 
topographic steric maps.35 Figure 5 shows that ligand L1 is the 
bulkiest among the tridentate ligands with a %VBur of 45.7%, 
which is comparable with the value of 44.0% found for the 
tetradentate ligand L3. Furthermore, a detailed analysis of the 
steric maps indicates that the larger steric hindrance in the 
south-western quadrant might affect the catalytic activity of 
compound 6 in comparison to 1, despite almost identical %VBur 
values. 

Fig. 5 Topographic steric maps of the ligand L in the cationic complexes 1 and 4 - 
7 along with percentage of buried volume values (%VBur). 

Beside the steric properties of a ligand, electronic properties 
should also be considered with respect to the catalytic activity 
of the studied complexes. Accordingly, the interaction energies 
between the ligand and the metal centre were evaluated and 
decomposed using the Ziegler-Rauk energy decomposition 
analysis (EDA),36 which allows for the assessment of the relative 
weights of electrostatic and orbital interactions along with the 
role of the dispersion interactions (Table 3; for EDA of all 
complexes 1 – 8 see Table S6, ESI). As expected, the magnitude 
of the interaction energy (ΔEint) correlates well with the 
structural data, showing an almost threefold increase of ΔEint 
for 4/5 and 6 compared to 2 and 3. The largest ΔEint value of  
–216.3 kcal mol-1 was found for the dicationic complex 8, which 
is almost twice as big as the value determined for the 
corresponding monocationic analogue 7 (–119.9 kcal mol-1). In 
all studied cationic complexes, electrostatic interactions  
(ca. 53 %) are slightly preferred over orbital interactions  

(ca. 41 %) along with a small contribution of dispersion  
(ca. 6 %). 

Table 3 Energy decomposition analysis (EDA) for neutral and cationic complexes 1 – 8 
(All energies are in kcal mol-1).[a] 

 ΔEint ΔEPauli ΔEoi ΔVelstat Edisp 

2 –35.8 89.4 –39.1 (31) –69.9 (56) –16.2 (13) 

3 –29.0 78.2 –33.6 (31) –59.2 (55) –14.4 (13) 

1+ –96.2 155.2 –101.6 (40) –135.3 (54) –14.4 (6) 

4+/5+ –97.3 141.7 –99.1 (41) –123.6 (52) –16.3 (7) 

6+ –87.0 151.0 –99.5 (42) –123.9 (52) –14.5 (6) 

7+ –119.9 139.6 –97.4 (38) –147.7 (57) –14.4 (6) 

82+ –216.3 147.5 –159.1 (44) –191.2 (53) –13.5 (4) 

[a]Values written in parentheses represent the relative contribution (in %) of the 
orbital interaction energy, the electrostatic energy, and the dispersion energy with 
respect to the total stabilization component of the interaction energy. 

ROP of L-lactide 

Ionic complexes 4 – 8, together with the earlier reported 1, 
were prepared in order to be tested as catalysts in the ROP of L-
LA via an activated monomer mechanism (Scheme 4). 
 

Scheme 4 ROP of lactide catalysed by 1, 4 - 8 

Due to the differences in the structure of the prepared ionic 
tin(II) compounds 4 – 6, the effect of the steric demand of 
ligands L1 and L2 can be studied in the ROP of L-lactide. While 
the tin(II) atom is tri-coordinated in 4 - 6, complexes 7 and 8 
contain penta-coordinated tin(II) atom. It is thus possible to 
study the effect of the coordination number of the central tin 
atom. Furthermore, the effect of the imine CH=N vs. ketimine 
(CH3)C=N functional group on the catalytic activity of complexes 
4 and 1 can also be observed, since both compounds possess 
identically tri-coordinated central tin atom. 

L-LA was once recrystallized to avoid data fluctuations due 
to the variation of impurities in the technical grade L-LA. All 
polymerization tests were performed solvent free in melt at 
145 °C. The polymerization reactions were carried out in a 
molar ratio of [catalyst]:[L-LA] = 1:100 and benzyl alcohol 
(BzOH) was added as a co-initiator in a molar ratio of 1:1 with 
respect to the catalyst. The conversion of the polymerization 
experiments was monitored by the 1H NMR spectroscopy and 
used for the determination of the polymerization rates from the 
slope of the plot of ln(L-LA0/L-LAt) versus time (min). The 
polymerization kinetics experiments were performed with 
complexes 1, 4, 7 and 8 and are shown in Figure 6.
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Table 4 ROP of L-lactide catalysed by 1, 4 – 8. 

entry catalyst T [°C] initiator [cat]:[BzOH]:[LA] time [min] conv [%][a] 
Mn,th 

[g/mol][b] 
Mn,SEC 

[g/mol][c] 
Ð 

1 1 145 BzOH 1:1:100 50 100 14500 9900 1.45 

2 4 145 BzOH 1:1:100 90 96 13950 4000 1.23 

3 5 145 BzOH 1:1:100 90 94 13650 4012 1.31 

4 6 145 BzOH 1:1:100 90 90 13100 4600 1.39 

5 7 145 BzOH 1:1:100 60 94 13600 7800 1.25 

6 8 145 BzOH 1:1:100 60 95 13800 5600 1.34 

7 Sn(Oct)2 145 BzOH 1:1:100 30 99 14400 7200 1.60 

[a]measured by the 1H NMR spectroscopy; [b]calculated Mn of PLA (g/mol): [L-LA]:[cat] · conv · M(L-LA) + M(BzOH); [c]experimental Mn values were determined by SEC 
analysis in THF solution using polystyrene standards and corrected by a factor of 0.58[37]

 

Fig. 6 Plot of ln[L-LA]0/[L-LA]t versus time using 1 (■), 4 (♦"#), 7 (▲), 8 (X) and 
Sn(Oct)2 (●) as catalyst. 

For all tested complexes a linear dependence of  
ln(L-LA0/L-LAt) versus time was found, indicating a pseudo-first 
order reaction, and thus a good control over the polymerization 
proceeding through an activated monomer mechanism. The 
fastest polymerization rate was observed for complex 1  
(k = 9.82·10-2 min-1). Polymerizations with 7 and 8 are slower  
(k = 5.44·10-2 min-1 and 4.93·10-2 min-1 for 7 and 8), while the 
slowest polymerization was achieved using complex 4 (k = 
3.2·10-2 min-1). The test proved a strong influence of the ligand 
on the polymerization. The comparison of the tri-coordinated 
tin(II) cations 1 vs. 4 showed a positive electronic effect of a 
ketimine (Me)C=N group in 1 compared with an imine CH=N in 
4 on polymerization rate. In addition, 4 contains more sterically 
demanding aryl substituent on the nitrogen atom of the CH=N 
group, which blocks the access of L-LA to the reaction centre 
and thus the polymerization is slower. The polymerizations with 
7 and 8 lie between values achieved by 1 and 4 and indicate that 
there is no exact dependence of the polymerization rates on the 
coordination number of the central tin atom in 1, 4, 7 and 8. 
Moreover, the different charge of the tin atom in 7 and 8 does 
not affect the polymerization rate. 

All isolated polylactides were further characterized by the 
help of the size exclusion chromatography (SEC) with the aim to 
determine the number-average molar mass (Mn) and dispersity 
(Ð). Results of the polymerization tests are summarized in Table 
4. 

It can be seen that despite the different structure of 4 – 6, 
these catalysts produce polymers with very similar 
macromolecular parameters; Mn = 4000 – 4600 g/mol and  
Ð = 1.23 – 1.39 (entry 2 – 4). While Ð demonstrates a relatively 
uniform nature of PLAs, Mn values are lower than the calculated 
theoretical ones. From these results, it is evident that the 
different steric hindrance of L1 and L2 in 5 and 6 does not affect 
the macromolecular properties of the prepared PLAs. PLAs with 
higher Mn values and narrow Ð were obtained by using 7  
(Mn = 7800 g/mol) and 8 (Mn = 5600 g/mol) as catalysts (entry 5 
and 6). The best result was observed for the complex 1 (entry 
1), which produces PLA with the highest Mn (9900 g/mol), which 
is closest to the theoretical Mn. 

In addition, TG-GCMS was conducted to determine the end-
group of PLA prepared using 1. The presence of benzyl chloride 
was detected, which is a clear evidence of the incorporation of 
a benzyl group into PLA (see Figure S3, ESI). 

To compare the catalytic activity of the studied complexes 
in ROP of L-LA, analogous polymerization tests were performed 
with a commonly used Sn(Oct)2. Although the rate of the 
polymerization using Sn(Oct)2 is faster (k = 31.41·10-2 min-1), the 
dispersity (Ð = 1.60) of PLA is broader with almost the same Mn 

(7200 g/mol; entry 7, Table 4).  
A good control over the polymerization proceeding via an 

activated monomer mechanism encouraged us to cleave the 
activated monomer also using polyalcohol to produce star-
shaped PLAs. For these experiments, complexes 1, 7 and 8 were 
selected as catalysts. The polymerization conditions were 
similar to the preparation of linear polymers, except that 
dipentaerythritol (DPE) was used instead of benzyl alcohol 
(Scheme 5). 
 

Scheme 5 Synthesis of star-shaped PLAs using 1, 7 and 8 as catalysts. 
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The molar mass distribution and branching were 
characterized by the size exclusion chromatography (SEC) 
combined with a multi-angle light scattering detector (MALS) 
and an online viscometer (Visco). The number-average molar 
mass (Mn), the weight-average molar mass (Mw), the dispersity 
(Mw/Mn), and the weight-average intrinsic viscosity ([η]w) of 
samples Star 1, Star 2, and Star 3 are listed in Table 5; and their 
intrinsic viscosities are compared with those of linear PLAs in 
Figure 7. 
 

Fig. 7 The plots of [η]w versus Mw for linear PLA (○), Stars 1 and 2 (☆), and Star 3 
(▽). 

Table 5 Molecular characteristics of star-shaped PLAs. 

sample catalyst 
Mn 

[g/mol] 
Mw 

[g/mol] 
Ð 

[h]w 
[ml/g] 

f 

Star 1 7 13200 15300 1.15 18.0 7.2 

Star 2 8 8500 13000 1.53 17.5 6.1 

Star 3 1 12400 25200 2.03 43.7 3.2 

 
The values markedly below those of the linear counterparts 

for Star 1 and Star 2 prove a branched structure, whereas the 
difference for Star 3 is significantly less pronounced giving 
evidence about a lower number of arms. The average number 
of arms can be estimated by means of the branching ratio 
g´(Mw), see Equation 1:38 

 𝑔´(𝑀!) = '[#]!"#$%&'([#])*$'#"
(
%+

 (1) 

where the subscripts branched and linear refer to the linear and 
branched polymer of the same Mw. 

From the branching ratio it is possible to calculate the 
number of arms f using the Equation 2:39 

 𝑔´ = )'&'()',
(
*.,-

* +*..)/(*.*0,('(0)*..)/ , (2) 

The values of f are also listed in Table 5. The Mark-Houwink 
relation of the linear PLA needed for the calculation of g´(Mw) 
was obtained by means of six linear PLAs depicted in Figure 5: 

	 [η]	=	0.0158	×	M0.803	(THF,	25	°C)	 (3) 

 These data clearly show a very good agreement between 
the experimental and the theoretical number of arms for the 

polymerization tests involving 7 (f = 7.2) and 8 (f = 6.1). On the 
other hand, the star-shaped PLA prepared using 1 contains a 
lower number of arms (f = 3.2). 
 The experimental study unambiguously showed the 
activation of L-LA through an interaction with the electrophilic 
tin(II) center in cationic complexes 1, 4 – 8, which make them 
good catalysts in the ROP of L-LA. 
 Next, the computational study was focused on the first step 
of the ROP catalytic cycle, which concerns the activation of the 
L-lactide monomer (Figure 8, Table 6). The coordination of L-LA 
is exergonic for all cationic complexes with a ΔG ranging from –
2.7 to –9.1 kcal mol-1. In line with the topographic steric maps, 
the structure of the adducts between L-LA and the complexes 
with a tri-coordinate tin atom (1, 4/5 and 6) is very similar with 
a notable influence of the bulky ligand L1 in 4/5, directing L-LA 
to a north-western quadrant instead of the south-western in 1 
and 6. In case of 7, L-LA coordinates cis to the Cl ligand, while it 
simply replaces the coordinated H2O molecule in 8. 

Fig. 8 Optimized geometries of the L-LA adducts [LSnCl]+[L-LA] along with selected 
bond distances (in Å). Hydrogen atoms are omitted for clarity. 

Table 6 Gibbs free energy differences (ΔG; in kcal mol-1) for the formation of the L-LA 
adducts [LSnCl]+[L-LA]. 

 ΔG(DZ)[a] ΔG(TZ)[b] 

1+ + [L-LA]→ [1]+[L-LA][c] –9.4 –5.0 

4+/5+ + [L-LA]→ [4/5]+[L-LA] –10.8 –5.4 

6+ + [L-LA]→ [6]+[L-LA] –14.2 –8.2 

7+ + [L-LA]→ [7]+[L-LA] –6.8 –2.7 

82+ + [L-LA]→ [8]2+[L-LA] + H2O –8.1 –9.1 

[a]Calculated at the B3LYP-D3BJ/cc-pVDZ-PP level of theory; [b]calculated at the 
B3LYP-D3BJ/cc-pVTZ-PP level of theory.
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Table 7 Selected bond lengths (d; in Å), Wiberg bond indices (WBI), and NPA atomic charges (q; in e) for the L-LA adducts [LSnCl]+[L-LA]. 

 dSn-N(Im) WBISn-N(Im) dSn-N(Py) WBISn-N(Py) dSn-O(LA) WBISn-O(LA) qSn 

[1]+[L-LA] 2.408 0.239 2.447 0.196 2.620 0.120 1.26 

[4/5]+[L-LA] 2.413 0.221 2.493 0.174 2.650 0.112 1.32 

[6]+[L-LA] 2.484 0.226 2.506 0.180 2.527 0.141 1.26 

[7]+[L-LA] 
2.542 
2.562 

0.175 
0.169 

2.690 
2.775 

0.131 
0.114 

2.906 0.069 1.29 

[8]2+[L-LA] 
2.422 
2.427 

0.230 
0.238 

2.701 
2.761 

0.141 
0.132 

2.360 0.196 1.42 

The bond length of the newly formed O→Sn interaction 
varies in a range of 2.360 – 2.906 Å with a corresponding WBIO-

Sn values between 0.196 and 0.069 (Table 7). Consequently, this 
leads to a slight elongation of the N→Sn bonds and a negligible 
change of the NPA charge on the central tin atom. 

To further evaluate the plausible effect of the Lewis acidity 
on the ROP catalytic activity, a Gutmann-Beckett test40 was 
performed to quantify the electrophilic nature of the Sn(II) 
cationic centres in 1, 6 – 8, representing the individual types of 
the prepared cations. The difference in the chemical shift (Dd in 
31P NMR) after the reaction with Ph3P=O increases in order 7 
(Dd = 0.2 ppm) < 1 (Dd = 4.0 ppm) < 6 (Dd = 6.4 ppm) < 8 (Dd = 
11.7 ppm) (see Figure S29, ESI). Thus, the weakest interaction 
with Ph3P=O is observed for 7, while 8 shows the strongest 
Lewis acidity. These experimental findings were corroborated 
by the computed fluoride ion affinity (FIA). Accordingly, the 
lowest FIA value of 547 kJ mol-1 was found for 7, while a value 
of 955 kJ mol-1 was found for 8 (see Table S8, ESI). Furthermore, 
the order of Lewis acidity correlates very well with the ΔG 
values of the L-LA activation. 

Finally, the activated monomer mechanism, which is 
initiated by the coordination of the monomer to the catalyst, 
was confirmed by the reaction of complexes 6 - 8 with L-LA in 
an equimolar ratio (1:1) at room temperature. 1H and 119Sn NMR 
monitoring of the mixture of 7 with L-LA did not show any 
changes in the chemical shifts in comparison with the starting 
complex 7. However, the 1H NMR spectra of a more electrophilic 
6 (8) with L-LA revealed signals with new chemical shifts (see 
Figure S30 and Figure S32, ESI). Moreover, the 119Sn NMR 
spectrum of 6 with L-LA showed a signal at d = –221.2 ppm (see 
Figure S31, ESI), which is only slightly shifted in comparison to 6 
(d = –224.4 ppm), indicating a weak O→Sn interaction. On the 
other hand, a signal at d = –736.0 ppm, corresponding to an 
upfield shift of 77.6 ppm relative to 8 (d = –658.0 ppm), was 
found in the 119Sn NMR spectrum of 8 (see Figure S33, ESI). This 
clearly demonstrates the strong O→Sn interaction and the 
formation of an activated monomer 8[L-LA].  

Conclusion 

 Following the Lewis base mediated ionization of SnCl2 by the 
a-ketiminopyridine ligand 2-((CH3)C=N(C6H3-2,6-iPr2))-6-CH3O-
C5H3N, we reported here the synthesis of a series of tin(II) 
cations containing the a-iminopyridine ligands L1-3 (L1 = 2-
(CH=N(C6H2-2,4,6-Ph3))C5H4N, L2 = 2-(CH=N(C6H2-2,4,6-
tBu3))C5H4N and L3 = 1,2-(C5H4N-2-CH=N)2CH2CH2). L1 and L2 
were shown to be able to stabilize the neutral compounds 
[L1,2→SnCl2], distinguishing them from other N-donor ligands. 
The preparation of the desired ionic complexes was thus 
studied in subsequent reactions with an equivalent of SnCl2 or 
GaCl3 yielding [L1→SnCl][SnCl3] and [L1,2→SnCl][GaCl4]. In 
contrast, L3 containing four donor nitrogen atoms showed the 
ability to autoionize SnCl2 and Sn(OTf)2 affording 
[L3→SnCl][SnCl3] and [L3→Sn(H2O)][OTf]2·THF. The formation of 
the neutral and ionic complexes was studied by theoretical 
calculations showing a very good agreement with the 
experimental work. 
 The synthesized ionic complexes, together with an earlier 
reported [{2-((CH3)C=N(C6H3-2,6-iPr2))-6-CH3O-
C5H3N}SnCl][SnCl3], were tested as catalysts for the ROP of the 
L-lactide via an activated monomer mechanism. The kinetic 
studies indicate a pseudo-first order reaction, and thus a good 
control over the polymerization. All studied complexes 
produced linear PLAs with a relatively narrow dispersity Ð (1.23-
1.45). The computational study was also focused on the 
activation of the L-lactide monomer. The coordination of L-LA is 
exergonic for all cationic complexes supporting the formation of 
the activated monomer and the proposed mechanism. The 
experimental and computational studies unambiguously 
showed the activation of L-LA through an interaction with the 
electrophilic tin(II) center in cationic complexes 1, 4 – 8, which 
makes them good catalysts in the ROP of L-LA. 
 Moreover, complexes [L3→SnCl][SnCl3] and 
[L3→Sn(H2O)][OTf]2·THF proved to be the versatile catalysts as 
they produced not only the linear but also the star-shaped PLA 
with a dipentaerythritol core. The experimental number of arms 
fitted very well with the theoretical ones. This fact will be 
further studied with other cyclic ester monomers as well as with 
other polyalcohols as core.  

Experimental part 
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General Consideration 

 All moisture and air sensitive reactions were carried out 
under an argon atmosphere using standard Schlenk tube 
techniques. All solvents were dried using Pure Solv–Innovative 
Technology equipment. Starting compounds L1-3 and 1 were 
prepared according to the literature.41-43 SnCl2, GaCl3 and 
Sn(OTf)2 were purchased from Sigma Aldrich and used as 
received. L-lactide was purchased from Sigma-Aldrich and 
recrystallized from toluene before use. Elemental analyses were 
performed on an LECO-CHNS-932 analyser. The 1H, 13C and 119Sn 
NMR spectra were recorded on a Bruker 500 NMR spectrometer 
at 298 K. The 1H and 13C NMR spectra were referenced internally 
to the residual protio-solvent. The 119Sn NMR spectra were 
referenced externally to Me4Sn. Mass spectra were measured 
using a LTQ Orbitrap XL MALDI mass spectrometer (Thermo 
Fisher Scientific, Waltham, MA, USA) with a nitrogen UV laser 
with a beam size of 80-100 μm. SEC-MALS-Visco measurements 
were carried out using an experimental set-up consisting of an 
Agilent Infinity II 1260 liquid chromatograph coupled with a 
MALS detector DAWN, an online viscometer ViscoStar and a 
refractive index (RI) detector Optilab (all detectors from Wyatt 
Technology). The separation was performed by means of two 
PLgel Mixed-C 300 × 7.5 mm columns from Agilent. 
Tetrahydrofuran (THF) was used as the mobile phase at a flow 
rate of 1 mL/min. The samples were prepared in THF at the 
concentration of 5 mg/mL, filtered with 0.45 μm filter and 
injected in the volume of 100 μL. 

Syntheses 

Synthesis of [{2-(CH=N(C6H2-2,4,6-Ph3))C5H4N}SnCl2] (2). A 
solution of SnCl2 (50 mg, 0.26 mmol) in THF (10 mL) was added 
to a stirred solution of ligand L1 (0.11 g, 0.26 mmol) in THF 
(10 mL). The reaction mixture was stirred for 24 h at room 
temperature. After that all volatiles were removed under 
reduced pressure. The residue was washed with toluene-
hexane (1:1) giving compound 2 as an orange powder material. 
Yield: 0.15 g (94 %). For 2: mp = 150.6-152.0 °C. Anal.Calcd.for 
C30H22Cl2N2Sn (MW 600.09): C, 60.0; H, 3.7. Found: C, 60.2; H, 
3.8. 1H NMR (THF-d8, 500.13 MHz, 25 °C): d (ppm) 7.15-7.18 (m, 
2H, Ar-H), 7.23-7.27 (m, 6H, Ar-H), 7.37-7.41 (m, 3H, Ar-H), 7.47 
(d, 4H, Ar-H, 3J(1H,1H) = 7.3 Hz), 7.66 (s, 2H, Ar-H), 7.70 (d, 2H, 
Ar-H, 3J(1H,1H) = 7.5 Hz), 7.75-7.80 (m, 2H, Ar-H), 8.11 (s, 1H, 
CH=N), 8.84 (d, 1H, Ar-H, 3J(1H,1H) = 5.0 Hz). 13C NMR (THF-d8, 
125.72 MHz, 25 °C): d (ppm) 124.2, 126.9, 127.8, 128.3, 129.0, 
129.6, 129.8, 130.3, 131.3, 135.4, 138.8, 139.4, 140.9, 141.4, 
147.2, 150.6, 154.0 (Ar-C), 166.2 (CH=N). 119Sn NMR (THF-d8, 
186.36 MHz, 25 °C) d (ppm) –227.1. 
 
Synthesis of [{2-(CH=N(C6H2-2,4,6-tBu3))C5H4N}SnCl2] (3). A 
solution of SnCl2 (55 mg, 0.29 mmol) in THF (10 mL) was added 
to a stirred solution of ligand L2 (0.10 g, 0.29 mmol) in THF 
(10 mL). The reaction mixture was stirred for 24 h at room 
temperature. After that all volatiles were removed under 
reduced pressure. The residue was washed with toluene-
hexane (1:1) giving compound 3 as an orange powder material. 
Yield: 0.14 g (90 %). For 3: mp = 148.3-149.5 °C. Anal.Calcd.for 

C24H34Cl2N2Sn (MW 540.15): C, 53.4; H, 6.3. Found: C, 53.2; H, 
6.2. 1H NMR (THF-d8, 500.13 MHz, 25 °C): d (ppm) 1.25 (s, 18H, 
tBu), 1.28 (s, 9H, tBu), 7.31 (s, 2H, Ar-H), 7.40 (m, 1H, Ar-H), 7.87 
(m, 1H, Ar-H), 8.17 (s, 1H, CH=N), 8.20 (d, 1H, Ar-H, 3J(1H,1H) = 
7.6 Hz), 8.65 (d, 1H, Ar-H, 3J(1H,1H) = 4.6 Hz). 13C NMR (THF-d8, 
125.72 MHz, 25 °C): d (ppm) 32.1 (C(CH3)3), 32.2 ((C(CH3)3), 35.4 
(C(CH3)3), 36.6 (C(CH3)3), 122.2, 122.5, 126.5, 138.0, 138.9, 
145.3, 150.8, 150.9, 155.1 (Ar-C), 164.8 (CH=N). 119Sn NMR 
(THF-d8, 186.36 MHz, 25 °C) d (ppm) –219.4. 
 
Synthesis of [{2-(CH=N(C6H2-2,4,6-Ph3))C5H4N}SnCl][SnCl3] (4). 
A solution of SnCl2 (32 mg, 0.17 mmol) in THF (10 mL) was 
added to a stirred solution of 2 (0.10 g, 0.17 mmol) in THF 
(10 mL). The reaction mixture was stirred for 24 h at room 
temperature. After that all volatiles were removed under 
reduced pressure. The residue was washed with toluene-
hexane (1:1) giving compound 4 as a yellow powder material. 
Yield: 0.12 g (90 %). For 4: mp = 195.7-198.3 °C (with decomp.). 
Anal.Calcd.for C30H22Cl4N2Sn2 (MW 789.74): C, 45.6; H, 2.8. 
Found: C, 45.3; H, 2.7. 1H NMR (THF-d8, 500.13 MHz, 25 °C): d 
(ppm) 7.20 (m, 2H, Ar-H), 7.25-7.70 (m, 5H, Ar-H), 7.39 (m, 2H, 
Ar-H), 7.52 (d, 4H, Ar-H, 3J(1H,1H) = 7.3 Hz), 7.58 (t, 1H, Ar-H, 
3J(1H,1H) = 6.4 Hz), 7.67-7.71 (m, 5H, Ar-H), 7.98 (t, 1H, Ar-H, 
3J(1H,1H) = 7.6 Hz), 8.33 (s, 1H, CH=N), 9.30 (d, 1H, Ar-H, 3J(1H,1H) 
= 4.3 Hz). 13C NMR (THF-d8, 125.72 MHz, 25 °C): d (ppm) 122.8, 
124.0, 124.5, 124.9, 125.0, 125.4, 126.2, 126.5, 126.6, 126.7, 
126.8, 127.3, 128.4, 132.7, 136.7, 137.8, 138.2, 138.4, 139.0, 
139.2, 143.4 (Ar-C), 147.7 (CH=N), 150.1, 163.0 (Ar-C). 119Sn 
NMR (THF-d8, 186.36 MHz, 25 °C) d (ppm) -235.4. 119Sn NMR 
(THF-d8, 186.36 MHz, -50 °C) d (ppm) –254.9, –347.6. MALDI – 
Orbitrap MS: m/z = 565.04 [{2-(CH=N(C6H2-2,4,6-
Ph3))C5H4N}SnCl]+ (66 %), m/z = 226.80 [SnCl3]- (92 %). 
 
Synthesis of [{2-(CH=N(C6H2-2,4,6-Ph3))C5H4N}SnCl][GaCl4] (5). 
A solution of GaCl3 (14 mg, 0.08 mmol) in THF (10 mL) was 
added to a stirred solution of 2 (48 mg, 0.08 mmol) in THF 
(10 mL). The reaction mixture was stirred for 24 h at room 
temperature. After that all volatiles were removed under 
reduced pressure. The residue was washed with toluene-
hexane (1:1) giving compound 5 as a yellow powder material. 
Yield: 55 mg (89 %). For 5: mp = 187.3-189.6 °C (with decomp.). 
Anal.Calcd.for C30H22Cl5N2SnGa (MW 776.19): C, 46.4; H, 2.9. 
Found: C, 46.3; H, 2.8. 1H NMR (THF-d8, 500.13 MHz, 25 °C): d 
(ppm) 7.25 (m, 2H, Ar-H), 7.35 (m, 5H, Ar-H), 7.49 (m, 3H, Ar-H), 
7.50 (m, 5H, Ar-H), 7.74 (m, 2H, Ar-H), 7.96 (s, 2H, Ar-H), 8.44 
(m, 1H, Ar-H), 8.47 (s, 1H, CH=N), 8.84 (d, 1H, Ar-H, 3J(1H,1H) = 
6.2 Hz). 13C NMR (THF-d8, 125.72 MHz, 25 °C): d (ppm) 126.2, 
126.5, 126.9, 127.5, 127.6, 127.8, 128.4, 128.5, 128.6, 128.8, 
128.9, 128.9, 129.2, 129.5, 130.3, 135.0, 138.9, 139.3, 139.5, 
140.0, 140.4 (Ar-C), 143.2 (CH=N), 145.8, 161.3 (Ar-C). 119Sn 
NMR (THF-d8, 186.36 MHz, 25 °C) d (ppm) –235.5. MALDI – 
Orbitrap MS: m/z = 565.05 [{2-(CH=N(C6H2-2,4,6-
Ph3))C5H4N}SnCl]+ (34 %), m/z = 210.79 [GaCl4]- (100 %). 
 
Synthesis of [{2-(CH=N(C6H2-2,4,6-tBu3))C5H4N}SnCl][GaCl4] 
(6). A solution of GaCl3 (11 mg, 0.06 mmol) in THF (10 mL) was 
added to a stirred solution of 3 (32 mg, 0.06 mmol) in THF 
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(10 mL). The reaction mixture was stirred for 24 h at room 
temperature. After that all volatiles were removed under 
reduced pressure. The residue was washed with toluene-
hexane (1:1) giving compound 6 as a yellow powder material. 
Yield: 38 mg (88 %). For 6: mp = 183.1-185.5 °C (with decomp.). 
Anal.Calcd.for C24H34Cl5N2SnGa (MW 716.23): C, 40.3; H, 4.8. 
Found: C, 40.5; H, 4.9. 1H NMR (THF-d8, 500.13 MHz, 25 °C): d 
(ppm) 1.27 (s, 18H, tBu), 1.30 (s, 9H, tBu), 7.37 (s, 2H, Ar-H), 8.13 
(m, 1H, Ar-H), 8.41 (d, 1H, Ar-H), 8.44 (s, 1H, CH=N), 8.66 (m, 1H, 
Ar-H), 8.98 (d, 1H, Ar-H). 13C NMR (THF-d8, 125.72 MHz, 25 °C): 
d (ppm) 32.0 (C(CH3)3), 32.4 ((C(CH3)3), 35.6 (C(CH3)3), 36.7 
(C(CH3)3), 122.7, 122.9, 128.4, 129.9, 139.2, 146.8, 147.2, 149.4 
(Ar-C) (1 signal not found), 159.4 (CH=N). 119Sn NMR (THF-d8, 
186.36 MHz, 25 °C) d (ppm) –224.4. MALDI – Orbitrap MS: m/z 
= 505.14 [{2-(CH=N(C6H2-2,4,6-tBu3))C5H4N}SnCl]+ (2 %), m/z = 
210.79 [GaCl4]- (100 %). 
 
Synthesis of [{1,2-(C5H4N-2-CH=N)2CH2CH2}SnCl][SnCl3] (7). A 
solution of SnCl2 (0.40 g, 2.10 mmol) in THF (20 mL) was added 
to a stirred solution of L3 (0.25 g, 1.05 mmol) in THF (20 mL). The 
reaction mixture was stirred for 24 h at room temperature. 
After that all volatiles were removed under reduced pressure. 
The residue was washed with toluene-hexane (1:1) giving 
compound 7 as an orange powder material. Yield: 0.56 g (86 %). 
For 7: mp = 186.9-188.5 °C (with decomp.). Anal.Calcd.for 
C14H14Cl4N2Sn2 (MW 617.52): C, 27.2; H, 2.3. Found: C, 27.0; H, 
2.1. 1H NMR (CD3CN, 500.13 MHz, 25 °C): d (ppm) 4.23 (s, 4H, 
CH2), 7.76 (m, 2H, Ar-H), 8.00 (dt, 2H, Ar-H, 3J(1H,1H) = 7.6 Hz), 
8.17 (td, 2H, Ar-H, 3J(1H,1H) = 7.6 Hz), 8.92 (d, 2H, Ar-H, 3J(1H,1H) 
= 4.9 Hz), 9.02 (s, 2H, CH=N). 13C NMR (CD3CN, 125.72 MHz, 
25 °C): d (ppm) 56.9 (CH2), 129.7, 130.1, 141.1, 149.3, 149.9 (Ar-
C), 166.7 (CH=N). 119Sn NMR (CD3CN, 186.36 MHz, 25 °C) d 
(ppm) –25.5, –592.6. 
 
Synthesis of [{1,2-(C5H4N-2-CH=N)2CH2CH2}Sn(H2O)][OTf]2·THF 
(8). A solution of Sn(OTf)2 (0.52 g, 1.26 mmol) in THF (20 mL) 
was added to a stirred solution of L3 (0.30 g, 1.26 mmol) in THF 
(20 mL). The reaction mixture was stirred for 24 h at room 
temperature. During this time a yellow solid was precipitated 
and then collected by filtration. The solid was washed with 
hexane giving compound 8 as a yellow powder material. Yield: 
0.70 g (75 %). For 8: mp = 200.1-203.8 °C (with decomp.). 
Anal.Calcd.for C20H24O8F6N4S2Sn (MW 745.26): C, 32.2; H, 3.3. 
Found: C, 32.0; H, 3.2. 1H NMR (CD3CN, 500.13 MHz, 25 °C): d 
(ppm) 1.79 (m, 4H, CH2-THF), 3.63 (m, 4H, CH2-THF), 4.26 (s, 4H, 
CH2), 7.79 (t, 2H, Ar-H, 3J(1H,1H) = 5.6 Hz), 8.00 (d, 2H, Ar-H, 
3J(1H,1H) = 7.6 Hz), 8.17-8.21 (m, 2H, Ar-H), 8.93 (bs, 2H, Ar-H), 
9.08 (s, 2H, CH=N). 13C NMR (CD3CN, 125.72 MHz, 25 °C): d 
(ppm) 26.5 (CH2-THF), 56.7 (CH2), 68.6 (CH2-THF), 121.7 (q, CF3, 
1J(19F, 13C = 320 Hz), 130.0, 130.1, 141.7, 149.2, 150.4 (Ar-C), 
167.9 (CH=N). 19F NMR (CD3CN, 470.59 MHz, 25 °C) d (ppm) -
79.4. 119Sn NMR (CD3CN, 186.36 MHz, 25 °C) d (ppm) –658.0. 
 
Ring-Opening Polymerization of L-lactide Using 3-8 as 
Catalysts. Typical polymerization procedures are as follows. A 
monomer, catalyst and alcohol in a molar ratio 100:1:1 were 
weighted into a Schlenk tube and homogenized. The 

polymerization mixture was then placed into an oven preheated 
to 145 °C. After a desired time, the reaction mixture was cooled 
to room temperature and subjected to the 1H NMR analysis. The 
monomer conversion was determined by the calculation of the 
integration of the monomer vs polymer methyl or methine 
resonance in the 1H NMR (CDCl3, 500 MHz) spectrum. The 
polymer was purified by dissolving the crude samples in CH3Cl 
and precipitating into cold methanol (100 mL). The obtained 
polymers were dried to a constant weight, and the dry polymer 
samples were analyzed by the SEC. 
 
Crystallography 

The X-ray data for colorless crystals of 2, (see Tables S1) 
were obtained at 150K using Oxford Cryostream low-
temperature device on a Nonius KappaCCD diffractometer with 
Mo Ka radiation (l = 0.71073 Å), a graphite monochromator, 
and the f and c scan mode. Data reductions were performed 
with DENZO-SMN44. The absorption was corrected by multi-
scan method – SADABS or by integration methods.45 Structures 
were solved by direct methods (Sir92)46 and refined by full 
matrix least-square based on F2 (SHELXL97)47. 

Full-set of diffraction data for 7 and 8 (see Tables S2, S3) 
were collected at 150(2)K with a Bruker D8-Venture 
diffractometer equipped with Cu (Cu/Kα radiation; λ = 1.54178 
Å) or Mo (Mo/Kα radiation; λ = 0.71073 Å) microfocus X-ray 
(IμS) sources, Photon CMOS detector and Oxford Cryosystems 
cooling device was used for data collection. 

The frames were integrated with the Bruker SAINT software 
package using a narrowframe algorithm. Data were corrected 
for absorption effects using the Multi-Scan method (SADABS). 
Obtained data were treated by XT-version 2014/5 and SHELXL-
2017/1 software implemented in APEX3 v2016.5-0 (Bruker AXS) 
system.48 

Hydrogen atoms were mostly localized on a difference 
Fourier map, however to ensure uniformity of treatment of 
crystal, all hydrogen were recalculated into idealized positions 
(riding model) and assigned temperature factors Hiso(H) = 1.2 
Ueq (pivot atom) or of 1.5Ueq (methyl). H atoms in methyl, 
methylene, moieties and hydrogen atoms in aromatic rings 
were placed with C-H distances of 0.96, 0.97, and 0.93Å. 
Hydrogen atoms of O-H groups were refined freely or with fixed 
distances of 0.82Å. Disordered parts of OTf group and 
coordinated THF molecules in 8 were treated by standard 
methods. 

Crystallographic data for structural analysis have been 
deposited with the Cambridge Crystallographic Data Centre, 
CCDC nos. 2078257-2078259 for 2, 7 and 8. Copies of this 
information may be obtained free of charge from The Director, 
CCDC, 12 Union Road, Cambridge CB2 1EY, UK (fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk or www: http:// 
www.ccdc.cam.ac.uk). 

Computational details 

All calculations were carried out by using DFT as 
implemented in the Gaussian 16 quantum chemistry program.49 
Geometry optimizations were performed at the B3LYP-
D3BJ30/cc-pVDZ31a,b level of theory including Grimme DFT-D3 



ARTICLE Journal Name 

12  | 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 

empirical dispersion with the Becke Johnson damping function 
(cc-pVDZ-PP31c,d basis set, including small-core energy-
consistent relativistic pseudopotentials that account also for 
relativistic effects, was used for Sn). The electronic energies of 
the optimized structures were re-evaluated by additional 
single-point calculations on each of the optimized geometries 
by using the triple-ζ quality cc-pVTZ(-PP) basis set.31 Analytical 
vibrational frequencies within the harmonic approximation 
were computed with the cc-pVDZ(-PP) basis set to confirm a 
proper convergence to well-defined minima or saddle points on 
the potential energy surface. The Gibbs free energies Gsolv(cc-
pVTZ) used to calculate the energy differences reported in this 
article were computed by using Equations (4)-(7), 

	 Gsolv(cc-pVTZ)	=	G(cc-pVTZ)	+	SC	 (4)	

	 G(cc-pVTZ)	=	E(cc-pVTZ)	+	TC	 (5)	

	 TC	=	G(cc-pVDZ)	-	E(cc-pVDZ)	 (6)	

	 SC	=	Esolv(cc-pVDZ)	-	E(cc-pVDZ)	 (7) 

in which E(x) is the self-consistent field electronic energy 
derived from the cc-pVDZ or cc-pVTZ basis sets, TC is the 
thermal correction to the energy calculated with the cc-pVDZ 
basis set, G(cc-pVDZ) is the free energy at 298.15 K for the 
double-ζ quality basis set, SC is the solvent correction for 
Esolv(cc-pVDZ), which is the self-consistent field energy in the 
implicit Solvation Model based on Density (SMD)50 using THF (ε 
= 7.4257) as solvent, calculated with the cc-pVDZ basis set. 
 The natural bond orbital (NBO) analysis33 and calculations of 
the Wiberg bond indices32 were performed using NBO 3.0 
program as implemented in the Gaussian 1649 package at the 
B3LYP-D3BJ/cc-pVTZ(-PP) level of theory. 
 SambVca 2.1 web application was used to calculate the 
percentage buried volume (%VBur)35 and topographic steric 
maps of ligands.34 %VBur quantifies the fraction of the first 
coordination sphere around a metal center occupied by the 
ligand, while the topographic steric maps allow for 3D 
visualization of the shape of the catalytic pocket. 
 The Ziegler-Rauk energy decomposition analysis36 was 
carried out on the optimized structures at the ZORA51/B3LYP-
D3BJ30/TZ2P52 level of theory using Amsterdam Modeling Suite 
(AMS2020; ADF engine).53 The interaction energy ΔEint between 
two fragments can be decomposed into physically meaningful 
terms within Kohn–Sham MO theory [Equation (8)], 

	 ΔEint	=	ΔEPauli	+	ΔVelst	+	ΔEoi	+	Edisp	 (8)	

where Edisp is the dispersion energy and ΔEPauli, ΔVelst, and ΔEoi 
are the Pauli repulsion, electrostatic interaction, and orbital 
interaction between fragments, respectively. The dispersion 
energy accounts for the van der Waals interaction between 
fragments. The Pauli repulsion is the result of the steric 
repulsion between fragments, caused by the destabilizing 
interaction between electrons with identical spin. ΔVelst 
represents the quasi-classical electrostatic interaction between 
the unperturbed charge distributions of the two fragments. The 
ΔEoi term originates from orbital interactions, charge transfer, 
and polarization. 

 Fluoride ion affinities (FIA) were calculated at the PW6B95-
D3BJ54/def2-QZVPP55 level of theory according to the procedure 
suggested by Greb using the TMS-system as an anchor point for 
the FIA computations via (pseudo-)isodesmic reactions.56  
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