
Polyhedron 252 (2024) 116877

Available online 9 February 2024
0277-5387/© 2024 Elsevier Ltd. All rights reserved.
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c Department of Chemistry, 2500 University Drive N.W., University of Calgary, Calgary, Alberta T2N 1N4, Canada   

A R T I C L E  I N F O   

Dedicated to Peter T. Wolczanski in celebration 
of his 70th birthday  

Keywords: 
Main group 
Thiolates 
Dispersion energy 
Organometallic 

A B S T R A C T   

We report the isolation of a series of cyclohexyl-substituted, homoleptic main group arylthiolates, {Ge(SC6H2- 
2,4,6-Cy3)2}2 (1), {Sn(SC6H2-2,4,6-Cy3)2}2 (2), and {Pb(SC6H2-2,4,6-Cy3)2}2 (3), as well as an improved one-pot 
synthesis of the thiol HSC6H2-2,4,6-Cy (4) with increased purity and yield. The solid-state structures of com
pounds 1–3 show that the group 14 atoms are bridged by two thiolato ligands whose hydrocarbon substituents 
are in either cis (1 and 2) or trans (3) conformations. In solution, the Ge(II) derivative 1 exists as a mixture of 
dimeric cis and trans isomers or as the monomer Ge(SC6H2-2,4,6-Cy3)2, as inferred from 1H NMR data. Contrary 
to a previous report of derivatives of the isopropyl-substituted thiol HSC6H2-2,4,6-Pri

3, which led to the formation 
of a Ge(IV) hydride, no such hydride was observed during the synthesis of 1. Computational studies showed that 
the dimeric structure of 1 is stabilized by intramolecular dispersion interactions that are higher than those in 
similar systems employing the isopropyl-substituted ligand, in agreement with the preferred formation of HGe 
(SC6H2-2,4,6-Pri

3)3 over the putative dimer {Ge(SC6H2-2,4,6-Pri
3)2}2, although the exact mechanism leading to 

the hydride remains unclear. The corresponding Sn(II) derivative 2 is the first structurally characterized dimeric 
tin(II) thiolate. The Pb(II) species 3 is a rare example of a lead(II) arylthiolate that crystallizes in the absence of 
additional donor molecules.   

1. Introduction 

Despite well-established exchange reactions of the heavier group 14 
silylamides [1,2] M(N(SiMe3)2)2 (M = Ge, Sn, and Pb) with protic spe
cies to form a range of main group aryloxo compounds, [3–18] there are 
relatively few studies on low-coordinate (coordination number ≤ 3) Ge 
(II), Sn(II), and Pb(II) thiolates. The work of Lappert showed that the 
reactions of M(N(SiMe3)2)2 with HSC6H3-2,6-Pri

2 (Pri = isopropyl) and 
HSC6H2-2,4,6-But

3 (But = tert-butyl) gave trimeric complexes {M 
(SC6H3-2,6-Pri

2)2}3 (M = Sn and Pb) as well as monomers M(SC6H3- 
2,4,6-But

3)2 (M = Ge, Sn), and Pb.[19] Later studies also provided 
crystallographic data for Ge(II) arylthiolates, but the variety of charac
terized systems is limited to only a few anionic [20] and monomeric [21] 
species of the formula [Ge(SC6H5)3]− and Ge(SAr)2 (Ar = terphenyl- 
based ligand). In a similar fashion, X-ray crystallographic data on low- 

coordinate Sn(II) arylthiolates concern only some Sn(II) terphenyl 
complexes with the formula Sn(SAr)2 (Ar = terphenyl-based ligand), 
[21] the structures reported by Lappert, [19] and two independent re
ports on the structure of the anion [Sn(SC6H5)3]− with two different 
counter-cations. [22,23] In contrast, Pb(II) thiolates are notoriously 
difficult to crystallize in the absence of additional donors due to their 
tendency to polymerize, resulting in an inherent insolubility in hydro
carbon solvents. [24] Accordingly, only a few molecular Pb(II) arylth
iolates free from Lewis-base stabilization have been structurally 
characterized in the solid state. Besides the work of Lappert, [19] these 
include species analogous to those of the lighter congeners, that is to say, 
the anion [Pb(SC6H5)3]− [22,25,26] and the monomers Pb(SAr)2 (Ar =
terphenyl-based ligand),[17,21] as well as the dication [Pb(SC6H4-4- 
NMe3)3]2+ and its trimeric analogue [{Pb(SC6H4-4-NMe3)2}3]6+

[27,28]. 
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In light of the existing structural data on low-coordinate Ge(II), Sn 
(II), and Pb(II) arylthiolates, we chose to try to isolate the first dimeric 
arylthiolate complexes of group 14 elements. To do this, a phenylthiol 
with cyclohexyl (Cy) substituents was chosen as they provide steric 
shielding [29,30] to an extent that lies roughly between that of isopropyl 
and tert-butyl groups that allowed the synthesis of the trimers {M 
(SC6H3-2,6-Pri

2)2}3 (M = Sn and Pb) and the monomers M(SC6H3-2,4,6- 
But

3)2 (M = Ge, Sn, and Pb), respectively.[19] In addition, the three 
substituents Pri, But, and Cy have different dispersion energy donor 
properties, [31] with the bulky and spherical But substituents providing 
slightly stronger interactions than the smaller Pri and Cy groups. [32] 
We found that the use of cyclohexyl-substituted thiol led to the desired 
dimers {M(SC6H2-2,4,6-Cy3)2}2 (M = Ge (1), Sn (2), and Pb (3)). These 
crystallize from their benzene or toluene solutions in good yield, thereby 
establishing the first structurally characterized series of homoleptic and 
dimeric M(II) arylthiolates. The detailed structural study of compounds 
1–3 is augmented with a spectroscopic analysis of the behavior of the Ge 
(II) derivative 1 in solution, corroborated with computational in
vestigations and a reactivity study of the new dimeric Sn(II) arylthiolate 
2 with phenylacetylene and pinacolborane. Finally, the thiol used in the 
synthesis of 1–3, HSC6H3-2,4,6-Cy3 (4), has previously been employed 
as a hydrogen atom transfer catalyst, [33] but it has not been used as a 
ligand. An alternative synthetic method to 4 is reported herein that gives 
the thiol in excellent (80 %) yield and with high synthetic purity. 

2. Results and discussion 

2.1. Synthesis and structure of Ge(II) dimer 

The reaction between two equivalents of the thiol HSC6H2-2,4,6-Cy3 
with one equivalent of Ge(N(SiMe3)2)2 gave the Ge(II) derivative {Ge 
(SC6H2-2,4,6-Cy3)2}2 (1) as a monosolvate from benzene solution at 
room temperature. Its structure features C2 symmetry and a cis 
arrangement of the arylthiolato ligands, with the cyclohexyl residues of 
the bridging ligands facing each other above and below the Ge2S2 core 
(Fig. 1). At 2.2753(8) Å, the Ge1–S1 bond distance is significantly 
shorter than the bridging Ge1–S2 and Ge1–S2A distances, 2.4105(8) and 
2.5049(8) Å, respectively. However, at 1.802(3) and 1.798(3) Å, the 
S1–C1 and the S2– C25 distances involving the terminal and bridging 
ligands, respectively, are statistically identical. The Ge atom displays a 

distorted trigonal pyramidal geometry, with the sum of bond angles 
equaling 268.63(5)o. The C1–S1–Ge1 angle is 89.89(9)o, while the 
C25–S2–Ge1 angle involving the bridging ligand is significantly wider, 
106.67(10)o. 

Because no structures of dimeric Ge(II) arylthiolates have been re
ported to date, metrical comparisons of distances and angles were made 
with data for Ge(II) arylthiolate monomers [21,34] as well as for dimers 
with alkyl- [35] and silylthiolato [3] ligands (Table 1). The terminal 
Ge1–S1 distance in 1 is shorter than that in {Ge(SSi(Ph3))2}2

3 but sta
tistically identical with the average terminal Ge–S distance in {Ge 
(SBut)2}2 that carries a large standard uncertainty. [35] Interestingly, 
the terminal Ge1–S1 distance in 1 differs less than 0.2 Å from Ge–S 
distances in many monomeric Ge(II) arylthiolates with sterically 
encumbering terphenyl ligands, [21] with the short Ge–S bonds in the 
structure of Ge(SC6H3-2,6-(C6H2-2,4,6-Pri

3)2)2 making a noticeable 
exception. The bridging Ge1–S2 and Ge1–S2A distances in 1 differ by 
nearly 0.1 Å but their average value is similar to that in {Ge(SSi 
(Ph3))2}2,3 while longer than that in {Ge(SBut)2}2. [35] The S–C dis
tances in 1 are shorter than those in alkyl-substituted dimers, [3,35] and 
much closer to those in monomeric Ge(II) arylthiolates with similar type 
of S–C bonds. [21] Compound 1 features the narrowest C–S–Ge angle 
of all related structurally characterized Ge(II) thiolates and contains the 
most puckered Ge2S2 core of all dimeric structures, [3,21,34,35] pre
sumably owing to the spatial requirements of its sterically encumbering 
ligands in a cis arrangement. 

Since we have previously investigated the importance of interligand 
H⋅⋅⋅H close (less than the sum of van der Waals radii of two hydrogen 
atoms, ca. 2.5 Å) [36] contacts to the stability of main group [37] and 
transition metal aryloxides, [38] a similar analysis was conducted for 1. 
Interestingly, despite the favorable face-on orientation of the ligands, 
there are just five interligand H⋅⋅⋅H close contacts (≤2.5 Å) and this 
value remains unchanged if the threshold is increased to 2.6 Å (Fig. 2). 

2.2. NMR spectroscopy and DFT calculations 

The in situ room temperature 1H NMR spectrum of 1 in C6D6 indicates 
that its solid-state structure is not retained in solution. Instead, a mixture 
of species is observed, which presumably contains cis and trans isomers 
of 1 and the monomer Ge(SC6H2-2,4,6-Cy3)2 (Equation 1), with the cis 
isomer being the preferred species. 

Fig. 1. Thermal ellipsoid (50 %) plot of {Ge(SC6H2-2,4,6-Cy3)2}2 (1). Two ligands are shown wireframe format and all hydrogen atoms and the molecule of 
crystallization solvent (benzene) are not shown for clarity. Selected distances (Å) and angles (o): Ge1–S1 2.2753(8), Ge1–S2 2.4105(8), Ge1–S2A 2.5049(8), 
Ge1⋅⋅⋅Ge1A 3.26343(10), S1–C1 1.802(3), S2–C25 1.798(3), S1–Ge1–S2 98.27(3), S1–Ge1–S2A 97.98(3), S2–Ge1–S2A 72.38(3), C1–S1–Ge1 89.89(9), C25–S2–Ge1 
106.67(10), C25–S2–Ge1A 121.65(10), Ge1–S2–Ge1A 83.17(3), Σ∠ Ge1 268.63(5). 
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For comparison, a singlet signal in the [29] Si spectrum of the dimer 
{Ge(SSi(Ph3))2}2 indicated that it dissociates to Ge(SSi(Y5Ph3))2 
monomers in CDCl3 with no evidence of dynamic behavior at room 
temperature,[3] while the presence of both cis and trans isomers was 
reported for the related Ge(IV) species (PhH2C)(NR2)Ge(µ-S)2Ge(NR2) 
(CH2Ph) (R = SiMe3) in toluene.[39]. 

Initially, the presence of three separate signals in the aryl region of 
the 1H NMR spectrum of a freshly prepared sample of 1 suggested that a 
Ge(IV) hydride HGe(SC6H2-2,4,6-Cy3)3, similar to that reported with the 
ligand HSC6H2-2,4,6-Pri

3,[18] may have formed. For HGe(SC6H2-2,4,6- 
Pri

3)3, the hydride signal appears at 5.73 ppm and integrates to exactly 
1H, with the remaining signals observed in the 1H NMR spectrum being 
fully consistent with the structural characterization confirmed by X-ray 
crystallography.[18] In contrast, no signals were observed in the 1H 
NMR spectrum of 1 around 5.7 ppm and the signals observed in the aryl 
region could not be rationalized by assuming a single species, namely 
the hydride HGe(SC6H2-2,4,6-Cy3)3. Consequently, a second sample of 1 
was synthesized, crystallized, and structurally characterized by X-ray 
diffraction. The 1H NMR spectrum of the new sample matched that of 
the original, with three separate signals in the aryl region. To assign 
these signals, the reaction between Ge(N(SiMe3)2)2 and HSC6H2-2,4,6- 
Cy3 was monitored via 1H NMR spectroscopy to reference the observed 
signals to the HN(SiMe3)2 formed in the reaction, thereby allowing the 
determination of which of the aryl signals observed was the residual 
solvent signal of C6D6. Setting the methine signal at 3.67 ppm to exactly 
4H, followed by integration of the remaining signals, gave a good match 
with the dimeric structure of cis 1 for all but three key signals in the 
spectrum. Two of these reside in the aryl region, at 6.97 and 6.12 ppm, 
integrating to ca. 1.50 and 1.30H, respectively, while the third one in
volves the entire cyclohexyl methylene region spanning from 1.20 to 
2.03 ppm and integrating to 162H. Provided the reaction yields no side 
products, such as the hydride HGe(SC6H2-2,4,6-Cy3)3, the integration of 
the methyl signal for HN(SiMe3)2 at 0.09 ppm should afford 72 hydro
gens, following the employed stoichiometry (Eq 1). Setting the key 
methyl signal to exactly 72 H led to the same integration ratios observed 
earlier, which could be explained by assuming the presence of both cis 
and trans isomers of 1. The original assumption was that the signal at 
6.12 ppm corresponds to the monomeric germylene. However, a VT- 
study of a dilute, crystalline sample of 1 revealed that the signal at 
6.12 ppm was no longer present, and that this peak in the in situ spec
trum indicates the formation of an unidentifiable intermediate that is in 
equilibrium with the desired dimeric species 1. Instead, the spectrum of 
the dilute sample of 1 showed a single aryl resonance at 7.20 ppm that 

did not change in intensity as a function of temperature and is thereby 
assigned to the monomeric germylene. These data suggest that at low 
concentrations, the structure of 1 is monomeric, while a dimeric struc
ture is favored in saturated solutions. 

To further investigate the different isomers of 1 and the monomeric 
germylene (Scheme 1), all three species in question were examined 
computationally with density functional theory (DFT) using a universal 
solution model (SMD). The results (Fig. 3) show that the dimerization of 
the germylene monomer Ge(SC6H2-2,4,6-Cy3)2 is favored by 43 kJ 
mol−1, while the cis isomer of 1 is energetically comparable with the 
trans isomer. Thus, provided that the cis–trans isomerization has a 
sizable kinetic barrier owing to the bulky substituents, while that asso
ciated with the exchange of bridging and terminal ligands is smaller, the 
calculations provide support for the coexistence of the cis and trans 
isomers of 1 in solution. Furthermore, as implied by the calculated en
ergies excluding empirical dispersion correction (Fig. 3), the dimeriza
tion is greatly driven by dispersion energy stabilization, whose effect is 
most likely overestimated as the calculations do not consider ligand 
dynamics (rotation of substituents) in solution. Even though the cis 
isomer of 1 is certainly the preferred species in the solid state, the 
monomer–dimer balance is less clear in solution. Complex 1 can disso
ciate to monomers at low concentrations provided that the associated 
energy barrier is of appropriate height. 

As discussed above, a reaction between Ge(N(SiMe3)2)2 and HSC6H2- 
2,4,6-Pri

3 has been reported to yield the Ge(IV) hydride HGe(C6H2-2,4,6- 
Pri

3)3 irrespective of stoichiometry (1:2 or 1:3), with no indication of the 
formation of the dimer {Ge(SC6H2-2,4,6-Pri

3)2}2 or the monomer Ge 
(SC6H2-2,4,6-Pri

3)2. [18] In contrast, a reaction between Ge(N(SiMe3)2)2 
and the selenol HSeC6H2-2,4,6-Me3 is known to form the tetra- 
substituted Ge(IV) species Ge(SeC6H2-2,4,6-Me3)4.[40] The formation 
Ge(SeC6H2-2,4,6-Me3)4 was monitored via 1H NMR and 77Se NMR 
spectroscopy and two intermediates were detected along with the for
mation of H2 gas. The first intermediate was identified as the germylene 
Ge(SeMes)2, which reacts with another equivalent of the selenol to form 
a Ge(IV) hydride HGe(SeC6H2-2,4,6-Me3)3 and, ultimately, Ge(SeC6H2- 
2,4,6-Me3)4.[40] We therefore calculated the energies associated with 
the formation of the Ge(IV) hydride and compared the results obtained 
for the two related ligands –SC6H2-2,4,6-Cy3 and –SC6H2-2,4,6-Pri

3. As 
shown in Fig. 3, the dimerization of Ge(SC6H2-2,4,6-Pri

3)2 is favored only 
by 17 kJ mol−1 in solution (cf. 43 kJ mol−1 for Ge(SC6H2-2,4,6-Cy3)2), 
with a significantly smaller dispersion component compared to its 
cyclohexyl analogue. As ligand dynamics are not accounted for, the 
stability of the Ge(IV) hydrides in solution is likely slightly 

Table 1 
Selected Distances (Å) and Angles (o) for {Ge(SC6H2-2,4,6-Cy3)2}2 (1) and in Related Ge(II) Thiolates.  

Compound Ge–Sb Ge–μS C–Sb–Ge Sb–Ge–Sc μS-Ge–μS Ge–μS–Ge S–C 

{Ge(SC6H2-2,4,6-Cy3)2}2 (1) 2.2753(8) 2.4105(8) 2.5049 
(8) 

89.89(9) 97.98(3) 98.27(3) 72.38(3) 83.17(3) 1.798(3) 
1.802 
(3) 

{Ge(SBut)2}2 [35] 2.260(4)2.267 
(4) 

2.388(4)a2.465 
(4)a 

102.8(3)104.1 
(3) 

88.01(9)a 96.31 
(9)a 

85.37(5) 
85.60 
(9) 

91.19(9) 
91.46 
(9) 

1.855(4)a 

{Ge(SSi(Ph3))2}2 [3] 2.321(1) 2.472(1)2.4571 
(9) 

99.95(5)* 92.68(4) 94.12(4) 78.43(4) 88.43(3) – 

Ge(SC(SiMe3)3)2 [34] 2.2272(6) 
2.2274 
(6) 

– 108.44(6) 
109.46 
(7) 

90.25(2) – – 1.865(2) 
1.869 
(2) 

Ge(SC6H3-2,6-(C6H2-2,6-Pri
2)2)2 [21] 2.284(4) – 113.58(5) 81.26(2) – – 1.778(1) 

Ge(SC6H3-2,6-(C6H2-2,4,6-Me3)2)2 [21] 2.2636(5) 
2.2657 
(6) 

– 99.74(5)106.04 
(6) 

88.68(2) – – 1.784(2) 
1.785 
(2) 

Ge(SC6H3-2,6-(C6H2-2,4,6-Pri
3)2)2 [21] 2.211(2)2.218 

(3) 
– 114.8(3)116.9 

(3) 
81.8(1) – – 1.756(8) 

1.778 
(8) 

Ge(SC6H1-2,6-(C6H2-2,4,6-Pri
3)2–3,5-Pri

2)2 

[21] 
2.2940(6) – 119.42(6) 77.01(2) – – 1.782(2)  

a Average value. b Terminal S atom if dimeric structure. c Bridging S atom if dimeric structure. *Silicon atom in place of carbon. 
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Fig. 2. Wireframe structures of 1 (top), 2 (middle), and 3 (bottom) illustrating the location of close (≤2.5 Å) interligand H⋅⋅⋅H contacts (orange dashed lines) from 
two orientations. Crystallization solvents (benzene and toluene) and hydrogen atoms not involved in the visualized H⋅⋅⋅H contacts are not shown for clarity. 

Scheme 1. Proposed equilibrium between the monomeric germylene and the isomers of 1 in saturated solution.  

C.P. McLoughlin et al.                                                                                                                                                                                                                         
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overestimated. Irrespective of this, the hydrides are clearly the ther
modynamically most favored products regardless of the identity of the 
substituent on the aryl ligand (Pri or Cy). In the publication reporting the 
synthesis of HGe(SC6H2-2,4,6-Pri

3)3, the formation of a Ge(IV) hydride 
over other possible products was rationalized by assuming that the rate 
of insertion of the Ge(II) atom to the H–S bond in the thiol is faster than 
the rate of proton transfer from the thiol to the amide.[18] Our calcu
lations show that the transition state for the insertion of Ge(SC6H2-2,4,6- 
Pri

3)2 or Ge(SC6H2-2,4,6-Cy3)2 to the H–S bond in HSC6H2-2,4,6-Pri
3 or 

HSC6H2-2,4,6-Cy3, respectively, has a Gibbs energy of activation of ca. 
120 kJ mol−1 irrespective of the substituent, which disagrees with the 
experimental reaction rate indicating completion within minutes. 
Hence, taking all the above into account, the results from DFT calcula
tions support the notion that dispersion interactions play a greater role 
in cyclohexyl-substituted Ge(II) arylthiolates over the corresponding 
isopropyl-substituted derivatives, rendering the formation of the dimer 
{Ge(SC6H2-2,4,6-Pri

3)2}2 less probable than that of 1, both in solution 
and in the solid state, as observed experimentally. Furthermore, even 
though the Ge(IV) hydrides HGe(SC6H2-2,4,6-Pri

3)3 and HGe(SC6H2- 
2,4,6-Cy3)3 are calculated to be thermodynamically the most favored 
products in solution, they are unlikely to form through the addition of a 
Ge(II) monomer to the H–S bond in the corresponding arylthiol, as 
suggested earlier.[18] At this point, the mechanism for the formation of 
HGe(SC6H2-2,4,6-Pri

3)3 is unclear but it must involve a process that is 
unattainable for the heavier cyclohexyl ligand HSC6H2-2,4,6-Cy3 
because HGe(SC6H2-2,4,6-Cy3)3 was not observed in our experiments. 

2.3. Synthesis and structures of Sn(II) and Pb(II) dimers 

The Sn(II) derivative {Sn(SC6H2-2,4,6-Cy3)2}2 (2) is the first dimeric 
Sn(II) arylthiolate. It was synthesized in an analogous manner to 1 and 
crystallizes readily as large, colorless blocks from benzene solution. 
Unlike 1, the in situ room temperature 1H NMR spectrum of 2 in C6D6 

shows a single signal in the aryl region, suggesting the presence of only 
one species. However, all signals in the 1H NMR spectrum are broad
ened, indicating a dynamic process that equalizes the signals of the 
bridging and terminal ligands. Unfortunately, no 119Sn NMR signal was 
detected at room temperature and variable temperature NMR studies 
were not performed. 

Compound 2 crystallizes from benzene as a disolvate (Fig. 4). Like its 
germanium analogue 1, the solid-state structure of 2 features C2 sym
metry and a cis arrangement of the arylthiolato ligands. Even though the 
synthesis of a dimeric Sn(II) silylthiolate {Sn(SSi(SiMe3)3)2}2 has been 
reported,[41] no crystallographic data are available for it, precluding 
structural comparisons. Consequently, compounds that are most closely 
related to 2 include the trimer {Sn(SC6H3-2,6-Pri)2}3 [19] and a series of 
Sn(II) arylthiolate monomers (Table 2).[19,21] At 2.4567(7) Å, the 
Sn1–S1 distance in 2 is comparable to the terminal Sn–S distance in the 
trimer {Sn(SC6H3-2,6-Pri)2}3, 2.471(5) Å. The same also holds between 
2 and many Sn(II) arylthiolate monomers, though the Sn–S distance in 
the derivative Sn(SC6H2-2,4,6-But

3)2 is particularly short, 2.4356(3), 
[19] while that in Sn(SC6H1-2,6-(C6H2-2,4,6-Pri

3)2–3,5-Pri
2)2 with eight 

isopropyl substituents on each ligand is noticeably long, 2.5009(6) Å. 
[21] The Sn1–S2 and Sn1–S2A bonds in 2 differ by less than 0.02 Å and 
are, rather expectedly, longer than the terminal Sn1–S1 bond in 2 and 
the related Sn–S distances in the trimer {Sn(SC6H3-2,6-Pri)2}3.[19] The 
C1–S1–Sn1 angle in 2 is narrower than the corresponding angle in most 
structurally characterized Sn(II) arylthiolates, though wider than that in 
the trimer {Sn(SC6H3-2,6-Pri)2}3;[19] the C1–S1–Sn1 angle is also 
significantly less acute than the C1–S1–Ge1 angle in 1. The S2–Sn1–S2A 
angle in 2 is very acute, 66.46(2)o, but the only available reference 
value, 74.4(1)o, is from a trimeric structure and, therefore, not strictly 
comparable. [19] A comparison of the sum of bond angles for the group 
14 element in 1 and 2 shows a ca. 20◦ decrease on moving from Ge(II) to 
Sn(II), illustrating that the M2S2 core (M = Ge, Sn) is more puckered in 2 
than in 1. Compound 2 features eight interligand H⋅⋅⋅H close contacts 

Fig. 3. Calculated Gibbs energies (benzene, 298.15 K, kJ mol−1) of reactions involving dimerization of monomeric Ge(II) arylthiolates Ge(SAr)2 (Ar = -C6H2-2,4,6- 
R3) and their oxidative addition with the arythiol HSAr. Values in square brackets exclude empirical dispersion correction. * The Ci-symmetric trans isomer of {Ge 
(SC6H2-2,4,6-Pri

3)2}2 has one imaginary frequency leading to puckering of the Ge2S2 ring. 

Fig. 4. Thermal ellipsoid (50 %) plot of {Sn(SC6H2-2,4,6-Cy3)2}2 (2). Two ligands are shown in wireframe format and all hydrogen atoms and co-crystallized solvent 
molecules (benzene) are not shown for clarity. Atoms C43–C48 and Sn1 are disordered over two positions, with only the higher occupancy (92 % and 98 %, 
respectively) atoms shown. Selected distances (Å) and angles (o): Sn1–S1 2.4567(7), Sn1–S2 2.6235(6), Sn1–S2A 2.6390(6), Sn1⋅⋅⋅Sn1A 3.8710(11), S1–C1 1.799(2), 
S2–C25 1.783(2), S1–Sn1–S2 90.58(2), S1–Sn1–S2A 91.66(2), S2–Sn1–S2A 66.46(2), C1–S1–Sn1 100.35(8), C25–S2–Sn1 116.36(8), C25–S2–Sn1A 120.08(8), 
Sn1–S2–Sn1A 94.70(2), Σ∠ Sn1 248.70(3). 
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(≤2.5 Å) (Fig. 2), suggesting that the role of dispersion interactions in 
stabilizing its solid-state structure might be even greater than that for 1 
(Table 3). 

The hydrophobic character of the cyclohexane substituents gave the 
Pb(II) derivative {Pb(SC6H2-2,4,6-Cy3)2}2 (3) sufficient solubility in 

hexane, benzene, and toluene to allow its isolation and crystallization in 
the absence of additional Lewis bases. Like its aryloxo analogue {Pb 
(OC6H2-2,4,6-Cy3)2}2 and other related Pb(II) chalcogenolates,[37] 3 is 
thermochromic and turns red above ca. 80 ◦C in toluene and returns to 
orange at room temperature. Moreover, compound 3 is stable in the 

Table 2 
Selected Distances (Å) and Angles (o) for {Sn(SC6H2-2,4,6-Cy3)2}2 (2) and Related Sn(II) Thiolates.  

Compound Sn–Sb Sn–μS C–Sb–Sn Sb–Sn–Sc μS–Sn–μS Sn–μS–Sn S–C 

{Sn(SC6H2-2,4,6-Cy3)2}2 (2) 2.4567(7) 2.6235(6)2.6391 
(6) 

100.35(8) 90.58(2) 
91.66 
(2) 

66.46(2) 94.70(2) 1.783(2)1.799 
(2) 

{Sn(SC6H3-2,6-Pri)2}3 [19] 2.471(5) 2.583(3) 2.6428 
(4) 

96.829(8) 89.8(2)95.0 
(1) 

74.4(1) 96.758(13) 
101.662 
(12) 

1.8146(3)a 

Sn(SC6H2-2,4,6-But
3)2 [19] 2.4356(3) – 101.64(12) 85.4(1) – – 1.8087(2) 

Sn(SC6H3-2,6-(C6H2-2,6-Pri
2)2)2 [21] 2.470(1) – 113.8(1) 78.63(3) – – 1.778(4) 

Sn(SC6H3-2,6-(C6H2-2,4,6-Me3)2)2 [21] 2.4744(4)2.4844 
(4) 

– 98.88(4)108.61 
(4) 

85.55(1) – – 1.781(1)1.782 
(1) 

Sn(SC6H3-2,6-(C6H2-2,4,6-Pri
3)2)2 [21] 2.4723 

(5)§2.4813 
(4)§

– 111.55 
(5)§113.69 
(6)§

78.27(2)§ – – 1.776 
(2)§1.777 
(2)§

Sn(SC6H1-2,6-(C6H2-2,4,6-Pri
3)2-3,5-Pri

2)2  

[21] 
2.5009(6) – 119.15(8) 73.09(2) – – 1.776(2)  

a Average value. b Terminal S atom if dimeric/trimeric c. Bridging S atom if dimeric or trimeric structure. § Data is reported for only one crystallographically identical 
molecule. 

Table 3 
Selected Distances (Å) and Angles (o) for {Pb(SC6H2-2,4,6-Cy3)2}2 (3) and Related Pb(II) Thiolates.  

Compound Pb–Sb Pb–μS C–Sb–Pb Sb–Pb–Sc μS–Pb–μS Pb–μS–Pb S–C 

{Pb(SC6H2-2,4,6-Cy3)2}2 (3) 2.5522(5) 2.722(11)a 93.29(6) 89.542(16)99.244 
(15) 

71.138 
(15) 

108.863 
(15) 

1.7828(18) 
1.7890 
(19) 

{Pb(SSi(OBut)3)2}2 [42] 2.585(5)a 2.768(3)a 2.808 
(4)a 

98.7(7)a* 88.7(9)a 93.1(8)a 79.2(6)a 90.0(2)a – 

{Pb(SC6H3-2,6-Pri)2}3 [19] 2.5534(9) 2.6738(8) 2.7806 
(3) 

98.035(12) 92.64(9)92.77 
(9) 

73.493 
(19) 

– 1.7586(4)a 

Pb(SC6H3-2,6-(C6H3-2,6-Pri
2)2)2 [17] 2.56(9) – 113.42(11) 77.21(4) – – 1.771(3) 

Pb(SC6H3-2,6-(C6H3-2,4,6-Pri
3)2)2 [21] 2.5746(6) 

2.5838 
(6) 

– 114.16(6) 
115.63 
(5) 

77.27(2) – – 1.770(2)1.773 
(2) 

Pb(SC6H1-2,6-(C6H2-2,4,6-Pri
3)2-3,5-Pri

2)2 

[21] 
2.5797(7) 
2.5940 
(5) 

– 116.49(5) 
118.35 
(5) 

80.07(2) – – 1.781(2)1.783 
(1)  

a Average value. b Terminal S atom if dimeric/trimeric c Bridging S atom if dimeric or trimeric structure. * Silicon atom in place of carbon. 

Fig. 5. Thermal ellipsoid (50 %) plot of {Pb(SC6H2-2,4,6-Cy3)2}2 (3). Ligands are shown in wireframe format and all hydrogen atoms and co-crystallized solvent 
molecules (toluene) are not shown for clarity. Atoms C43–C48 and C19–C24 are disordered over two positions, with only the higher occupancy (65 %) atoms shown. 
Selected distances (Å) and angles (o): Pb1–S1 2.5522(5), Pb1–S2 2.7138(5), Pb1–S2A 2.7294(5), Pb⋅⋅⋅Pb 4.4276(9), S1–C1 1.7890(19), S2–C25 1.7828(18), 
S1–Pb1–S2 99.244(15), S1–Pb1–S2A 89.542(16), S2–Pb1–S2A 71.138(15), C1–S1–Pb1 93.29(6), C25–S2–Pb1 117.65(6), C25–S2–Pb1A 121.89(6), Pb1–S2–Pb1A 
108.863(15), Σ∠ Pb1 259.924(27). 
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presence of light both in solution and in the solid state. The in situ room 
temperature 1H NMR spectrum of 3 in C6D6 shows two resonances in the 
aryl region with broadening of signals, indicating of a mixture of species 
and/or a dynamic process in solution. Unfortunately, no 207Pb NMR 
signal was detected at room temperature and variable temperature NMR 
studies were not performed. 

In contrast to the solid-state structures of 1 and 2, 3 displays Ci 
symmetry and a trans arrangement of ligands similar to that observed in 
{Pb(OC6H2-2,4,6-Cy3)2}2 (Fig. 5).[37] The Pb1–S1 bond in 3 is shorter 
than the related Pb–S bond in the other reported dimeric Pb(II) thiolate, 
[42] but comparable to that in the trimer {Pb(SC6H3-2,6-Pri)2}3.[19] 
The C1–S1–Pb1 angle in 3 is significantly more acute than the related 
angles in other Pb(II) alkyl- or arylthiolates, presumably owing to the 
trans orientation of the terminal ligands in 3, which also rationalizes the 
ca. 10◦ difference between the S1–Pb1–S2 and S1–Pb1–S2A angles. 
Consequently, the metrical parameters of the Pb2S2 core in 3 are not 
strictly comparable to those in the other dimeric Pb(II) thiolate since the 
Pb2S2 ring is planar in 3 but it is puckered in {Pb(SSi(OBut)3)2}2.[42] 
The trans arrangement of substituents in 3 also affects the S2–Pb1–S2A 
and Pb1–S2–Pb1A angles, making the former narrower and the latter 
wider compared to the corresponding angles in the dimer Pb(SSi 
(OBut)3)2}2.[42] Compound 3 has only two interligand H⋅⋅⋅H close 
contacts (≤2.5 Å) (Fig. 2) compared to the eight interactions present in 
its aryloxo analogue {Pb(OC6H2-2,4,6-Cy3)2}2 with significantly shorter 
Pb–O bonds compared to the Pb–S distances in 3.[37] The value of 
interligand H⋅⋅⋅H close contacts increases to four if the threshold is 
increased to 2.6 Å. This suggests that the role of dispersion interactions 
in stabilizing the dimeric solid-state structure of 3 should be the smallest 
of the three compounds considered. 

3. Reactivity studies 

Considering that 2 crystallizes readily in high yield and its synthesis 
involves relatively inexpensive starting materials, reactivity studies with 
selected molecular substrates were conducted in an attempt to isolate 
new, monomeric Sn(II) species. Addition of two equivalents of pina
colborane to one equivalent of 2 at ca. −18 ◦C in hexane led to imme
diate color change and precipitation of a tan powder that could not be 
identified by 1H NMR spectroscopy. This insoluble tan powder likely 
originates from the dismutation of pinacolborane.[43,44] Filtration of 
the dark orange solution, followed by its concentration and storage at ca. 
−18 ◦C led to the precipitation of colorless crystals after 48 h. X-ray 
crystallography and 1H NMR spectroscopy confirmed that the crystals 
are unambiguously 2. Filtration of the supernatant liquid from the 
crystalline material followed by further concentration produced a sec
ond crop of colorless crystals of 2 and repeated fractional crystallizations 
provided no other identifiable products. In a similar fashion, addition of 
two equivalents of phenylacetylene to one equivalent of 2 in benzene 
and refluxing the solution for 4 days in a J. Young ampoule produced a 
large cluster of colorless crystals when the solution was cooled to room 
temperature. Analysis by X-ray crystallography and 1H NMR spectros
copy confirmed the crystalline material to be pure 2 that could be 
recovered in 99 % yield by mass analysis. 

3.1. Ligand synthesis 

While a synthesis of HSC6H2-2,4,6-Cy3 (4) has been published, 
[33,45] contaminants were clearly present in the published spectro
scopic data despite purification by column chromatography (SiO2, 
pentane).[33] An improved one-pot synthesis of the thiol 4 was under
taken using in situ lithiation of BrC6H2-2,4,6-Cy3[45] with t-butyl 
lithium. This afforded the thiol in good yield and excellent purity, with 
no extraneous signals present in the NMR spectra. Furthermore, purifi
cation via column chromatography was not required after the organic 
work-up since 4 can be crystallized in large quantity from a concen
trated, boiling ethyl acetate solution. After isolation of the first crop of 

crystals, a second crop could be collected from the mother liquor after 
ca. 2 days via slow evaporation of the solvent to give an overall yield of 
ca. 80 %. While all spectroscopic data obtained for 4 matches those 
reported previously,[33] an X-ray crystallographic determination of its 
structure (Fig. S12) was not presented. 

4. Conclusions 

We have synthesized and characterized three new arylthiolato 
complexes of group 14 elements M(II) (M = Ge, Sn, and Pb). The com
pounds {Ge(SC6H2-2,4,6-Cy3)2}2 (1), {Sn(SC6H2-2,4,6-Cy3)2}2 (2), and 
{Pb(SC6H2-2,4,6-Cy3)2}2 (3) all have dimeric structures in the solid 
state, with 1 and 2 showing a cis arrangement of ligands while 3 displays 
a trans orientation. Collectively, 1–3 establish a unique crystallograph
ically characterized series of dimeric group 14 arylthiolates. Specif
ically, 2 is the first dimeric Sn(II) thiolate with structural data available, 
while 3 is a rare example of a Pb(II) thiolate that crystallizes in the 
absence of additional donor ligands. The sterically encumbering ligand 
–SC6H2-2,4,6-Cy3, used for the first time for the synthesis of metal 
complexes, gives compounds 1–3 structural features that differentiate 
them from related systems reported in the literature. In contrast to the 
dimeric structures observed in the solid state, NMR studies of 1–3 
indicated the presence of a dynamic process in solution at room tem
perature, which in the case of the Ge(II) derivative leads to a mixture of 
species, presumably containing the cis and trans isomers of 1 and the 
monomeric germylene Ge(SC6H2-2,4,6-Cy3)2. Results from computa
tional studies indicated that the cis isomer of 1 is the energetically 
preferred species in solution, largely owing to the significant stabiliza
tion provided by intramolecular dispersion, though the trans isomer is 
energetically comparable and the dissociation of 1 to the corresponding 
monomers is a plausible explanation for the species observed in the 1H 
NMR spectra recorded from a dilute solution of 1. The calculations also 
demonstrated that the addition of Ge(SC6H2-2,4,6-Pri

3)2 to the H–S 
bond in HSC6H2-2,4,6-Pri

3 is associated with a high energy barrier and is 
therefore a less-likely route to the Ge(IV) hydride HGe(SC6H2-2,4,6- 
Pri

3)3 reported earlier. This result agrees with the fact that its cyclohexyl 
analogue HGe(SC6H2-2,4,6-Cy)3 was not observed in any of the per
formed experiments, even though the Ge(IV) hydride was calculated to 
be the thermodynamic sink on the potential energy surface. Reactions of 
Sn(II) arylthiolate 2 with pinacolborane and phenylacetylene yielded 
only crystalline starting material despite the use of forceful conditions, 
which implies of the thermodynamic stability of the dimeric structure of 
2 in the solid state. Finally, a one-pot synthetic procedure was devised 
for the thiol HSC6H2-2,4,6-Cy3 (4), giving it in high (ca. 80 %) yield and 
with excellent synthetic purity. 

5. Experimental section 

5.1. General considerations 

All manipulations were carried out under anaerobic and anhydrous 
conditions by using standard Schlenk techniques or in a Vacuum At
mospheres OMNI-Lab drybox under an atmosphere of dry argon or ni
trogen. Solvents were dried by the method of Grubbs and co-workers, 
[46] stored over potassium or sodium, and then degassed by the 
freeze–pump–thaw method. All physical measurements were made 
under strictly anaerobic and anhydrous conditions. Melting points of 
samples were determined in flame-sealed capillaries using a Meltemp II 
apparatus equipped with a partial immersion thermometer with a device 
limit of 250 ◦C. IR spectra were recorded as Nujol mulls between CsI 
plates on a PerkinElmer 1430 spectrometer. UV–Vis spectra were 
recorded as dilute toluene solutions in 3.5 mL quartz cuvettes using a 
modernized Olis 17 Cary 14 UV–Vis–Near-IR spectrophotometer. NMR 
spectra were recorded on a Varian Inova 600 MHz spectrometer or a 
Bruker 400 MHz AVANCE III HD Nanobay spectrometer, and the 1H 
NMR spectra were referenced to the residual solvent signals in 
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deuterated benzene (1–3) or deuterated chloroform (4). Unless other
wise stated, all materials were obtained from commercial sources and 
used as received. The ligand 2,4,6-tricyclohexylphenylthiol was syn
thesized based on a modified literature procedure.[33] Group 14 sily
lamides M(N(SiMe3)2)2 (M = Ge, Sn, and Pb) were synthesized by 
published procedures.[1,2] Compounds 1–3 were synthesized via pro
tonolysis between one equivalent of M(N(SiMe3)2)2 (M = Ge, Sn, and 
Pb) and two equivalents of HSC6H2-2,4,6-Cy3 (Cy = cyclohexyl) in ca. 
80 mL of hexanes at room temperature. The solutions were stirred for 2 h 
after which the solvent was exchanged for benzene or toluene (vide 
infra). 

5.2. X-ray crystallographic studies 

Crystals of 1–3 suitable for X-ray crystallographic studies were ob
tained from saturated benzene (1 and 2) and toluene (3) solutions upon 
standing for 24 h at room temperature. The crystals were removed from 
the Schlenk tubes and immediately covered with a layer of hydrocarbon 
oil. Suitable crystals were selected, mounted on a nylon cryoloop, and 
then placed in the cold nitrogen stream of the diffractometer. Data for 1, 
2, and 3 were collected at 90(2) K with Mo Kα1 radiation (λ = 0.71073 
Å) using a Bruker D8 Venture dual source diffractometer in conjunction 
with a CCD detector. The collected reflections were corrected for Lorentz 
and polarization effects and for absorption by using Blessing’s method as 
incorporated into the program SADABS.[47,48] The structures were 
solved by direct methods and refined with the SHELXTL (2012, version 
6.1) or SHELXTL (2013) software packages.[49] Refinement was by full- 
matrix least-squares procedures, with all carbon-bound hydrogen atoms 
included in calculated positions and treated as riding atoms. The ther
mal ellipsoid plots were drawn using OLEX2 software.[50]. 

5.3. Synthesis 

{Ge(SC6H2-2,4,6-Cy3)2}2 (1). 0.657 g (1.843 mmol) of HSC6H2- 
2,4,6-Cy3 and 0.362 g (0.921 mmol) of Ge(N(SiMe3)2)2 were combined 
in a 100 mL Schlenk flask and dissolved in hexane to give a yellow so
lution. The flask was dried at ca. 40 ◦C under reduced pressure (ca. 0.01 
torr) and the solvent was exchanged for benzene. Room temperature 
crystallization from ca. 20 mL benzene solution gave 0.383 g (53.1 %) of 
1 as colorless crystalline material. X-ray quality single crystals were 
obtained from hot (ca. 80 ◦C) benzene‑d6 solution in a J. Young NMR 
tube. 

1H NMR (400 MHz, C6D6, 25 ◦C, δ/ppm, in situ, saturated sample): 
7.14 (8H, cis), 6.97 (1.17H, trans), 6.12 (1.25H, intermediate), 3.67 (4H), 
2.48 (8H), 2.03–1.20 (162H), 0.09 (72H, HN(SiMe3)2). IR (Nujol, ṽ/ 
cm−1): 2960 (s), 2925 (s), 2860 (s), 2600 (w), 1600 (w), 1560 (w), 1450 
(m, broad), 1350 (w, broad), 1260 (s), 1100 (s), 1020 (s), 930 (w), 800 
(s), 680 (m), 620 (w), 560 (w), 530 (w), 500 (w), 430 (w), 395 (w), 370 
(w), 290 (w). UV–vis (λ/nm; ε/M−1 cm−1): 283 (3,300). 1H NMR (400 
MHz, C6D6, 25 ◦C, δ/ppm, dilute, crystalline sample): 7.20 (4H), 3.62 
(4H), 2.50 (2H), 1.94–1.30 (cyclohexyl) Melting point: > 250 ◦C. 

{Sn(SC6H2-2,4,6-Cy3)2}2 (2). 0.961 g (2.695 mmol) of HSC6H2- 
2,4,6-Cy3 and 0.592 g (1.347 mmol) of Sn(N(SiMe3)2)2 were combined 
in a 100 mL Schlenk flask and dissolved in hexane to give a light-yellow 
solution. The flask was dried at ca. 40 ◦C under reduced pressure (ca. 
0.01 torr) and the solvent was exchanged for benzene. Crystallization 
from slowly cooling a ca. 30 mL hot (ca. 80 ◦C) benzene solution gave 
0.686 g (61.4 %) of 2 as colorless X-ray quality single crystals. 

1H NMR (400 MHz, C6D6, 25 ◦C, δ/ppm): 7.14–7.11 (8H), 3.89 (6H), 
2.44 (6H), 1.94–1.12 (120H). IR (Nujol, ṽ/cm−1): 2925 (s), 2860 (s), 
2670 (w), 1600 (m), 1560 (m), 1450 (m), 1380 (m), 1350 (m), 1270 (m), 
1240 (w), 1170 (w), 1100 (m), 1060 (m), 1025 (m), 1000 (w), 950 (w), 
890 (w), 870 (m), 850 (w), 810 (m), 755 (w), 730 (w), 680 (w), 630 (w), 
535 (w), 435 (w), 320 (w), 270 (w). UV–vis (λ/nm; ε/M−1cm−1): 284 nm 
(7,300). Melting point: > 250 ◦C. 

{Pb(SC6H2-2,4,6-Cy3)2}2 (3). 0.995 g (2.790 mmol) of HSC6H2- 

2,4,6-Cy3 and 0.737 g (1.396 mmol) of Pb(N(SiMe3)2)2 were combined 
in a 100 mL Schlenk flask and dissolved in hexane to give an orange 
solution. The flask was dried at ca. 40 ◦C under reduced pressure (ca. 
0.01 torr) and the solvent was exchanged for toluene. Crystallization 
from slowly cooling a ca. 40 mL hot (ca. 100 ◦C) toluene solution gave 
1.106 g (86.3 %) of 3 as orange X-ray quality single crystals. 

1H NMR (400 MHz, C6D6, 25 ◦C, δ/ppm): 7.15–6.99 (8H), 3.95 (8H), 
2.51 (6H), 2.04–1.19 (120H). IR (Nujol, ṽ/cm−1): 2920 (s), 2840 (s), 
1595 (w). 1550 (w), 1460 (s), 1450 (s), 1370 (m), 1345 (w), 1250 (s), 
1085 (s), 1015 (s), 855 (m), 840 (w), 795 (s), 720 (w), 680 (w), 550 (w), 
520 (w), 390 (w), 280 (w). UV–vis (λ/nm; ε/M−1cm−1): 284 (18,970), 
413 (2,900). Melting point: >250 ◦C. 

HSC6H2-2,4,6-Cy3. 6.00 g (14.872 mmol) of BrC6H2-2,4,6-Cy3[45] 
was added through a funnel to a 250 mL round-bottom Schlenk flask and 
ca. 150 mL of diethyl ether was added to create a colorless suspension of 
the bromide. The reaction flask was cooled to −25 ◦C and 18.8 mL of 1.7 
M t-BuLi (2.15 equiv.) was added dropwise via cannula. After stirring at 
−25 ◦C for 2 h, the cold bath was removed, and the solution was warmed 
to room temperature. After 7 h of stirring at room temperature, the 
solvent was exchanged for ca. 150 mL of THF and 1.431 g (44.635 
mmol) of crystalline sulfur were added via funnel in 3 portions to give a 
dark red solution. After stirring for 48 h at room temperature, the re
action mixture was cooled to −78 ◦C and 5.202 g (37.180 mmol) of Li 
[AlH4] dissolved in Et2O were added dropwise via cannula. The resultant 
yellow solution was stirred for 24 h and then quenched dropwise with 
deionized H2O at 0 ◦C. Concentrated HCl was added dropwise until the 
pH of the solution became acidic. The organic and aqueous layers were 
separated with a separatory funnel and the aqueous layer was washed 
three times with ca. 100 mL portions of Et2O. The organic layers were 
combined, dried with ca. 20 g of MgSO4, and the solvent was removed 
using a rotary evaporator. The resultant yellow solid was redissolved in 
ca. 100 mL of boiling ethyl acetate and crystallized at room temperature 
to give 4.241 g (80.0 %) of colorless, air and moisture stable crystals of 
2,4,6-tricyclohexylphenylthiol. 

1H NMR (600 MHz, CDCl3, 25 ◦C, δ/ppm) 6.95 (2H), 3.08–3.06 (2H), 
3.05 (1H, HSAr) 2.44 (1H), 1.89–1.25 (ca. 30H). 

6. Computational details 

Geometries of all studied systems were optimized in a solvent (SMD, 
benzene)[51] with dispersion corrected density functional theory, 
namely the PBE1PBE functional,[52–55] def2-TZVP basis sets,[56] and 
Grimme’s D3 correction with Becke-Johnson damping,[57,58] using the 
Gaussian 16-C.01 program suite.[59] The structures were confirmed to 
be minima or transition states on the singlet potential energy hyper
surface via calculation of the associated vibrational frequencies (all 
positive or one imaginary frequency, respectively). 
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