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Abstract 

This dissertation describes the synthesis and characterization of a series of copper(I) thiolates and 

Tin-containing derivatives featuring as attractive London dispersion effects and rare structures 

with unusual chemical behavior.  

Chapter 2 describes the synthesis of the first two-coordinate, dimeric copper thiolato complexes 

{CuSAr*}2 and comparison of copper thiolates with their lithium congeners. Reactions of the large 

terphenyl thiols HSAr* (Ar* = very bulky terphenyl ligands) with stoichiometric amounts of 

mesitylcopper(I) afforded the corresponding two-coordinate, dimeric copper thiolato species 

{CuSAr*}2. These complexes feature centrosymmetric dimeric structures with planar Cu2S2 core 

in which the two Cu atoms are bridged by sulfurs from two terphenyl thiolato ligands, which bear 

a resemblance to the CuA site in nitrous oxide reductase in which two cysteines also bridge two 

copper atoms. Single X-ray crystallography shows that the Cu derivatives feature much longer Cu-

-Cu distances than the Li--Li distances in their dimeric Li congeners. Given the very similar 

effective ionic radii of the Li+ (0.59 Å) and Cu+ (0.60 Å) ions, this unusual phenomenon is probably 

a consequence of stronger dispersion interactions which are caused by a higher degree of 

instantaneous induced dipoles between copper atoms.  

Chapter 3 is an extension of the studies in Chapter 2. Further investigation of the reactions 

described in Chapter 2 revealed that the adjustment of the amount of mesitylcopper(I) afforded a 

new type of heteroleptic aryl Cu(I) thiolato compounds with formula {Cu2(SAr*)Mes}2 (Ar* = very 

bulky terphenyl ligands). The molecular structures of those compounds show they all display 

tetrametallic Cu4 cores in which two thiolato or two mesityl ligands bridge the metals. It is 

noteworthy that the use of relatively less bulky thiolato ligands yielded products that feature the 
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expected conventional alternating thiolato and mesityl bridging patterns. Nevertheless, switching 

to bulkier ligands afforded a previously unknown structural arrangement in which the two thiolato 

ligands are adjacent to each other. The new complex with cis arrangement of the ligands is 

sterically counterintuitive which is likely due to London dispersion (LD) energy effects. 

Dispersion corrected DFT calculations have been carried out to show that 3 has the highest LD 

effect stabilization arising from the increased numbers of C-H···H-C interactions of the isopropyl 

ligand substituents.  

Chapter 4 depicts the London dispersion effects in an equilibrium of distannene and a tristannane 

with identical substituents. {Sn(C6H2-2,4,6-Cyp3)2}3, a new cyclotrisyannane, was produced by 

reacting lithium salt {LiC6H2-2,4,6-Cyp3·Et2O}2 with SnCl2 in Et2O at -78oC. Variable temperature 

(VT) 119Sn NMR spectroscopy shows {Sn(C6H2-2,4,6-Cyp3)2}3 can be converted to the distannene 

{Sn(C6H2-2,4,6-Cyp3)2}2 upon heating in hydrocarbon solution. However, the presence of the 

corresponding monomer :Sn(C6H2-2,4,6-Cyp3)2 at elevated temperature was not detected neither 

by VT 119Sn NMR spectroscopy nor by 1H-DOSY NMR spectroscopy. The suppression of the 

formation of the monomeric stannylene is a reflection of enhanced London dispersion energy 

between the two Sn(C6H2-2,4,6-Cy3)2 units in the {Sn(C6H2-2,4,6-Cyp3)2}3 and {Sn(C6H2-2,4,6-

Cyp3)2}2, as evidenced by multiple computational studies. Van’t Hoff analysis revealed a 

cyctristannane {Sn(C6H2-2,4,6-Cyp3)2}3 to distannene {Sn(C6H2-2,4,6-Cyp3)2}2 conversion ΔHconv. 

energy value of 33.36 kcal mol−1 and a ΔSconv. value of 0.102 kcal mol−1 K-1, which gives ΔGconv.
300 

K = 2.86 kcal mol−1.  

Chapter 5 described novel reactivities of stannylene :Sn(C6H3-2,6-(C6H3-2,6-iPr2)2)2 with 

phenylacetyene and diphenylacetylene. Stannylenes have shown high reactivities towards 
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unsaturated small molecules (CO, alkene, alkyne, azide, etc…) due to their relatively modest 

HOMO-LUMO gap. However, only a few reactions of stannylene (:SnR2) with alkynes have been 

investigated so far. This chapter depicts the reactions of diaryl stannylene Sn(C6H3-2,6-(C6H3-2,6-

iPr2)2)2 with terminal or non-terminal alkynes in benzene at elevated temperature, from which aryl 

alkyl stannylene products were isolated and characterized by X-ray crystallography and 

spectroscopy. 
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Chapter 1. General Introduction: London Dispersion Effects in Molecular Structures and 

Chemical Behavior 

London dispersion (LD) interactions, also known as dispersion forces or instantaneous dipole-

dipole induced forces or even non-covalent interactions, is a type of temporary intermolecular 

force when the electrons in two adjacent atoms occupy positions that make the atoms form 

temporary dipoles.[1-4] LD forces are ubiquitously present and cumulative, despite their causes may 

be difficult to grasp, they are of great importance to the stability of various types of molecules. 

For instance, the structure stabilization of macromolecules, such as DNA, is mainly determined by 

non-covalent interactions, among which hydrogen bonding and the stacking interaction are 

prominent. Despite LD forces are temporary and weak (individual C-H….H-C interactions are 

relatively small (<1 kcal mol-1)),[5] the cumulative effect of numerous C-H-H-C interactions 

contributes to a significant net decrease in the free energy of DNA molecules.[6] Molecular 

dynamics simulations have shown that the London dispersion can provide the native structure of 

a biomolecular complex with the largest additional stabilization.[7] 

 

 
 

Figure 1.1 Schematic representation of interstrand H-bonding and intrastrand π-π stacking 

interactions.[8] 
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Recently there has been an increasing awareness of the significance of attractive London 

dispersion forces in the stability of inorganic/organometallic molecules with sterically bulky 

substituents.[9-12] In this report, recent research progress in this field was described based on 

different categories of dispersion energy donor (DED) ligands. 

 

Bulky amido ligands 

Bulky amido ligand -N(SiMe3)2 has been used as ligand to stabilize main group/transition metal 

complexes for several decades.[13] This ligand has enabled the isolation of numerous 

inorganic/organometallic species that were hitherto unknown. Seminal work includes the 

preparation of tetrameric {MN(SiMe3)2}4 (M = Ni, Cu),[14] divalent [M{N(SiMe3)2}2]2 (M = Mn, 

Fe, Co)[15-17] and trivalent M{N(SiMe3)2}3 (M = Sc,[18] Ti,[19] V,[20] Cr,[21] Mn,[22] Fe,[23] Co[22]), as 

well as tetrylenes E{N(SiMe3)2}2 (E = Ge, Sn, Pb) reported by Lappert in the 1970s.[24] However, 

the LD stabilization effects of this type of ligand was only recognized in recent years.[25] 

                                
 
Figure 1.2 The synthesis (left) and molecular structure (right) of the three-coordinate iron-silylene 

complex.[26] 

 

The amido ligand -N(SiMe3)2 has been used to synthesize a three-coordinate iron-silylene complex 

(Figure 1.2).[26] Computational studies revealed that this compound is stabilized by ligand-ligand 
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dispersion forces, dispersion interactions between the amido SiMe3 substituents and the isopropyl 

substituents on the NHSi ligand considerably enhance the stability of the compound.[26] 

 

Power and co-workers described a dispersion forces-driven disproportionation reaction, by which 

the first linear coordinated Cu(II) complex Cu{N(SiMe3)Dipp}2 (Dipp = C6H3-2,6-iPr2) was 

prepared (Figure 1.3).[27] Single X-ray crystallography shows this complex features an inversion 

center with a rigorously linear geometry at the Cu atom. The eclipsed conformation of the two -

N(SiMe3)Dipp ligands can maximize LD interaction across the Cipso-Si1-N1-Cu1-N1A-Si1A-Cipso 

core array and therefore facilitate the disproportionation. The LD stabilization energy that 

generated by the -N(SiMe3)Dipp ligands amounts to 20.8 kcal mol-1 in this species.[27]  

 

Figure 1.3 Molecular structure of the first linear coordinated Cu(II) complex Cu{N(SiMe3)Dipp}2 

(Dipp = C6H3-2,6-iPr2).[27] 

 

Several other related transition metal derivatives with identical ligand M{N(SiMe3)Dipp}2 (Dipp 

= C6H3-2,6-iPr2, M= Fe, Co, Ni) have also been synthesized by the same research group (Figure 

1.4),[28,29] with calculated dispersion stabilization energy amounting to 22-29 kcal mol-1.[28] 
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Figure 1.4 High spin, two-coordinate first row transition metal-amido complexes, 

M{N(SiMe3)Dipp}2 (M = Fe, Co, Ni)[28] 

 

β-diketiminate ligands 

Theoretical examination of the molecular structures of {(BDIMes)CuM(BDIDip)} (M = Al, Ga, 

BDIMes = N,N′-bis(2,4,6-trimethylphenyl)pentane-2,4-diiminate, BDIDip = N,N′-bis(2,6-

diisopropylphenyl) pentane-2,4-diiminate) (Figure 1.5), which were reported by Power and 

coworkers,[30] shows that approximately 50% of the interaction enthalpies can be attributed to LD 

interactions between the BDIMes and BDIDip groups (109 and 106 kJ mol−1 for Al and Ga derivatives, 

respectively). 
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Figure 1.5 Molecular structures of {(BDIMes)CuAl(BDIDip)} (BDIMes = N,N′-bis(2,4,6-

trimethylphenyl)pentane-2,4-diiminate, BDIDip = N,N′-bis(2,6-diisopropylphenyl)pentane-2,4-

diiminate) (left) and {(BDIMes)CuGa(BDIDip)} (right).[30] 

 

Moreover, several new first-row transition metal (M = Cr, Mn, Fe, Co, Cu) aluminylene complexes 

were prepared by Crimmin group and bonding patterns of those species were studied.[31] Energy 

decomposition analysis (EDA) and DFT calculations show that dispersion plays a crucial role in 

stabilizing these compounds. The dispersion contribution ranges between 44%-80% of the total 

interaction energy. Both short-range and long-range dispersion interactions have been 

confirmed.[31] 

 

Adamantyl and norbornyl ligands 

Adamantyl and norbornyl substituents can generate LD interactions due to their abundant C-H 

moieties and thus can provide stabilization energy. Schoenebeck and coworkers have reported a 

selective ortho-functionalization of adamantyl substituted arenes.[32] This approach made use of 

tri-tBu substituted Pd(I) dimer as a catalyst to synthesize diversely substituted therapeutically 

important adamantylarenes. Theoretical studies show that the attractive PdtBu3···adamantyl 

dispersion forces overcome steric repulsion and stabilize the transition state for oxidative addition, 

which is unusual with current understanding in metal catalyzed cross-coupling chemistry.  

Shuji Akai group have reported a London dispersion-controlled noncatalytic [2+2] 

cyclodimerization (Figure 1.6), which selectively afforded proximal biphenylenes in high yields 

and regioselectivities. Adamantyl substituent at the 3-position on benzene served as a dispersion-
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directing group, controlled the reaction and produced the proximal adduct exclusively in excellent 

yield.[33]  

 
 

Figure 1.6 London dispersion-controlled noncatalytic [2+2] cyclodimerization.[33] 

 

Power group has described the preparation of a sodium 1-adamantoxide (OAd1) complex of 

formula [Na(OAd1)(HOAd1)2], which was produced by reduction of 1-adamantanol with excess of 

the sodium metal.[34] X-ray diffraction of the product molecule shows that it displays a monomeric 

structure, with the reduced alkoxide (OAd1) and two unreduced HOAd1 donors coordinate to the 

sodium center (Figure 1.7). The reduction of the 1-adamantanol is inhibited from completion 

despite excess of sodium metal were used. The computational analysis clearly suggested the point 

that this compound would not be isolated without LD stabilization.  

 
 
Figure 1.7    Synthetic route to alkali metal complexes [M(OAd1)(HOAd1)2][34] 

 

The stability of transition metal complex examples can also be rationalized on the basis of 

norbornyl ligands. Examples include M(nor)4 (M = Hf, Zr, Ti, V, Cr, Mn, Fe, Co, Ni, Mo; nor = 

1-bicyclo[2,2,1]hept-1-yl), a series of tetranorbornyl compounds first reported by Bower and 
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Tennent in 1972[35] and then Theopold in the 1986.[36] Re-examination of these complexes by 

density functional theory (DFT) confirmed that dispersion force attraction between norbornyl 

substituents is fundamental to the stability of these species. Dispersion correction resulted in 

shortened M-C bond lengths for the stable complexes (Table 1.1), along with dispersion 

stabilization energy amounting to 45.9 kcal mol-1 (Fe(nor)4) and 38.3 kcal mol-1 (Co(nor)4).[37] 

Table 1.1   Selected calculated structural parameters for M(nor)4 (M=Fe,Co, Ni).[37] 

 

 

Terphenyl ligands 

Classical terphenyl ligands (Figure 1.8)[38-40] provide further evidence of the importance of LD 

effects, especially in main group complexes with multiple bonds. The close contacts between the 

ring substituents of the terphenyl ligands are responsible for the enhanced stability of these 

molecules and may have a distinctive influence on their bond lengths or dissociation behaviors. 

 

 
 
Figure 1.8   Schematic drawings of the terphenyl ligands.[41] 
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A series of tetralene compounds E{C6H3-2,6-(C6H2-2,4,6-iPr3)2}2 (E = Ge, Sn, Pb) were prepared 

by reacting ECl2 and 2 equiv. of terphenyl lithium salt Et2O•C6H3-2,6-(C6H2-2,4,6-iPr3)2 (Figure 

1.9).[41] X-ray crystallography shows that the Cipso-E-Cipso interligand angles of these compounds 

fall within the range of 107.61−112.55°. These interligand bond angles are somewhat narrower in 

comparison to those observed in analogous species with less bulky terphenyl substituents, despite 

the increased size of the terphenyl substituent AriPr6 (cf. Ge(AriPr4)2: 112.77(4)°;[42] Ge(ArMe6)2: 

114.4(2)°;[43] Ge(p-SiMe3-ArMe6)2: 115.85(14)°;[44] Sn(AriPr4)2: 117.56(8)°;[43] Sn(C6H-2,6-(2,4,6-

Me3C6H2)2-3,5-iPr2)2: 123.44(14)°;[44] Pb(AriPr4)2: 121.5(3)°;[45] Pb(C6H-2,6-(2,4,6-Me3C6H2)2-3,5-

iPr2)2: 123.89(12)°).[46] Computational analysis shows the relatively narrow interligand angles 

arises from the London dispersion interactions between the AriPr6 (AriPr6 = -C6H3-2,6-(C6H2-2,4,6-

iPr3)2) groups caused by increased number of isopropyl substituents.[41] 

        
 
 
Figure 1.9 Molecular structure of E{C6H3-2,6-(C6H2-2,4,6-iPr3)2}2 (E = Ge (left), Sn (middle), Pb 

(right)). Close H-H contacts are shown as red dotted line.[41] 

 

The Power group has described counterintuitive steric effects caused by LD forces in heavier group 

14 (Si−Pb) dichalcogenolate.[47] Several molecules with formula of M(ChAr)2 (M = Si, Ge, Sn, Pb; 

Ch = O, S, or Se; Ar = bulky m-terphenyl ligand, including two new acyclic silylenes) were 

synthesized, inspection of the structures of these species revealed a reverse relationship between 
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the S-M-S bond angles and the size of the ligands used (Figure 1.10). Unlike normal steric 

expectations, the interligand angles of those complexes were observed to become narrower as the 

bulk of the ligand is increased. DFT calculations with dispersion corrections led to the conclusion 

that dispersion forces are a key factor in stabilizing their acute interligand angles since LD 

dispersion energies increase as the angles become narrower. 

 

 
 

Figure 1.10 Reverse relationship between the S-M-S bond angles of heavier group 14 (Si−Pb) 

dichalcogenolates and the size of the ligands.[47] 

 

Another example is a novel monomeric aluminum imide (iminoalane) recently reported by the 

same group (Figure 1.11).[48] The product complex features a short Al-N bond of 1.625(4) Å, which 

is shorter than those of other related species (1.796-1.842 Å). Energy decomposition analysis 

(EDA) indicated dispersion stabilization energy accounts for −89 kJ mol−1, which is a crucial 

contribution along with steric effects from the terphenyl ligands, to provide sufficient stabilization 

for this compound at ambient temperature. 
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Figure 1.11 Synthesis of the monomeric aluminum imide.[48] 

 

Based on the early work mentioned above, we became interested in the effects of the size of 

terphenyl substituents on the structures to see if the unusual steric effects observed for Cu(I) 

thiolato complexes. The synthesis, characterization and computational analysis of a series of 

neutral Cu(I) thiolato complexes were described in Chapter 2 and 3. 

 

N-heterocyclic carbene (NHC) ligands 

One of the most remarkable examples of NHC-stabilized complex is the disilicon structure from 

Robinson’s lab.[49] The kinetic stabilization to this highly reactive molecule is a result of steric 

hinderance given the similar ratios of organic shell ligands around inorganic cores.[39,49] Re-

evaluation of this complex by DFT calculation shows intramolecular dispersion stabilization 

provided by the organic substituents on the carbenes are as large as ca. 30 kcal mol−1,[50] which 

leads to additional intrinsic thermodynamic stabilization to the molecule. 

 
 
Figure 1.12 NHC-stabilized disilicon compound.[50]  
 

NHC ligands have also been widely used in the preparation of heavier dipnictenes, including 

diphosphenes,[51-55] diarsene[56-57] and dibismuthene (Figure 1.13).[58-59] Recent inspection of these 

species with quantum chemical calculations provided further insight into the LD contribution to 

the structural stability of those dipnictene compounds. Theoretical studies clearly demonstrated 
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the essential contribution of London dispersion energy to the overall stability of those species and 

also highlight the importance of bulky NHC ligands for the successful isolation of highly reactive 

main group molecules.[60,61] 

     
 
Figure 1.13 NHC supported dibismuthene (left), arsaphosphene (middle) and distibene (left).[60,61] 

 

Tri-cyclohexyl/pentyl substituted phenyl ligands 

More recently, the Power group described a new dispersion effect donor (DED) ligand which can 

stabilize a dimeric R2SnSnR2 complex both in solid state and solution.[62] The vast majority of 

distannene molecules (R2SnSnR2) have only weak Sn-Sn interactions and typically dissociate into 

monomeric stannylene (SnR2) fragments in hydrocarbon solutions. However, the reaction of SnCl2 

with 2 equiv. of LiC6H2-2,4,6-Cy3·OEt2 (Cy = cyclohexyl) afforded a distannene {Sn(C6H2-2,4,6-

Cy3)2}2 (Figure 1.14), which remains a dimer in solution even upon heating to 100oC. Whereas the 

use of a less sterically demanding, hydrogen-poor ligand LiC6H2-2,4,6-Ph3 (Ph = phenyl) afforded 

only the corresponding monomeric stannylene :SnC6H2-2,4,6-Ph3 (Figure 1.14). Computational 

analysis revealed that stability of {Sn(C6H2-2,4,6-Cy3)2}2 is a consequence of the London 

dispersion attraction between multiple close contacts of ligand C-H moieties across the Sn=Sn 

bond. The monomer :SnC6H2-2,4,6-Ph3, however, does not associate to a dimer due to the lack of 

sufficient close H-H contacts. 
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Figure 1.14 Molecular structure of distannene {Sn(C6H2-2,4,6-Cy3)2}2 (left) and 

stannylene :SnC6H2-2,4,6-Ph3 (right). Close H-H contacts are shown as red dotted lines. 

 

Given that the aryl ligand scaffold may be easily modified with various substituents, we became 

interested in examining how systematically modifying the bulk of the substituents on the aryl ring 

(that is, the number of C-H moieties) would affect the attraction between :SnR2 units. We thus 

decided to investigate the tris(cyclopentyl)phenyl ligand, -C6H2-2,4,6-Cyp3 (Cyp=cyclopentyl), 

which has one fewer CH2 unit per alkyl substituent compared to the -C6H2-2,4,6-Cy3 ligand, 

anticipating that the isolated distannene, i.e., {Sn(C6H2-2,4,6-Cyp3)2}2, may have significant 

structural or chemical differences in comparison to {Sn(C6H2-2,4,6-Cy3)2}2. Details of this study 

(synthesis, characterization, computational evaluation and other analysis) are provided in Chapter 

4. 
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ABSTRACT: The direct reactions of the large terphenyl thiols HSAriPr4 (AriPr4= -C6H3-2,6-(C6H3-

2,6-iPr2)2) and HSAriPr6 (AriPr6= -C6H3-2,6-(C6H2-2,4,6-iPr3)2) with stoichiometric amounts of 

mesitylcopper(I) in THF at ca. 80oC afforded the first well-characterized dimeric copper thiolato 

species {CuSAriPr4}2 (1) and {CuSAriPr6}2 (2) with elimination of mesitylene. The complexes 1 

and 2 were characterized by NMR and electronic spectroscopy as well as by X-ray crystallography. 

They have dimeric Cu2S2 core structures in which the two copper atoms are bridged by the sulfurs 

from the thiolato ligands and feature short Cu--Cu distances near 2.4 Å as well as an apparent 

weak copper-flanking aryl ring interaction from a terphenyl substituent. The structures of the 

planar Cu2S2 cores bear a resemblance to the CuA site in nitrous oxide reductase in which two 

cysteines also bridge two copper atoms. The related dimeric Li2S2 structural motif was also 

observed in the lithium congeners {LiSAriPr4}2 (3) and {LiSAriPr6}2 (4) which were synthesized 

directly from the thiols and n-BuLi in hexanes. However, despite the very similar effective ionic 

radii of the Li+ (0.59 Å) and Cu+ (0.60 Å) ions, the Li--Li structures display very much longer 
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(more than ca. 0.5 Å) separations than the corresponding Cu--Cu distances in 1 and 2, probably 

as a result of weaker dispersion interactions.  

INTRODUCTION  

As a class of coordination compounds, metal thiolates have received much attention due to their 

widespread relevance for many scientific fields, such as bioinorganic chemistry,1-4 medicine,5-7 

organic synthesis8-11 and materials science.12,13 Several metals such as Zn or Cu prefer to 

coordinate to soft donor atoms such as sulfur,14 and metal-sulfur bonds are widely present in 

sulfur-containing proteins which play an important role in maintaining physiological functions. 

For example, the CuA site, a copper containing active site features two copper ions bridged by 

thiolato ligands (cysteine residues) is found in various enzymes, such as cytochrome c oxidase 

(CcO),15,16 and nitrous oxide reductase (N2OR),17,18 functions as electron transfer (ET) center in 

both prokaryotic and eukaryotic cells.19  

There has been a keen interest in the structures and properties of copper thiolates for many decades. 

Early work involved the preparation of isolable, stable polynuclear complexes20-24 or cage 

compounds25,26 as well as studies of their magnetic properties. Nevertheless, neutral copper 

thiolates, which can have aggregation numbers from 3-12,27 remain relatively rare, and relatively 

a few structures have been reported. These include those of the trimeric species {CuSArMe6}3 

(ArMe6=-C6H3-2,6-(C6H2-2,4,6-Me3)2),28 the tetrameric {CuSC6H3-2,6-(SiMe3)2}4,29 the 

hexameric {Cu(SC5H4N)}6,30 the octameric {CuSC6H2-2,4,6-iPr3}821 and higher aggregated 

dodecameric {CuSC6H4-2-SiMe3}12.24 Bulky alkyl ligands also have been used to synthesize 

copper(I) thiolato complexes with lower aggregation.31,32 The higher level of aggregation stems 

from the excellent bridging characteristics of the thiolato ligands which dictates that they exist as 
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oligomers or polymers,33,34 rendering them more difficult to characterize. The standard way to 

lower aggregation is to use bulky substituents to provide sufficient steric hindrance to prevent 

association.35,36 For example, the use of terphenyl substituents at sulfur has proved effective in 

stabilizing several well-defined molecular metal thiolate species (Figure 2.1). For copper(I) 

thiolates, the tetrameric copper(I) salt {CuSC6H3-2,6-(SiMe3)2}429 was isolated by the treatment 

of [Cu(CH3CN)4]PF6 with the corresponding thiol HSC6H3-2,6-(SiMe3)2, and the trimeric 

complex {CuSArMe6}3 (ArMe6=-C6H3-2,6-(C6H2-2,4,6-Me3)2)28 was prepared by simple salt 

metathesis reactions of a copper halide with potassium thiolates. 

                                                             

          a), Ref: 40                                        b), Ref: 40                                      c), Ref: 40                            

                                        

        d), Ref: 29                                           e), Ref. 28  

Figure 2.1 Drawings of some of the structure of the known neutral lithium and copper(I) thiolato 

derivatives of various sterically encumbering aromatic substituents a)-e).28,29,40 

In essence, these ligands35-39 have enabled the formation and characterization of several new, 

characterizable metal thiolato derivatives of the alkali metals40 and of the first row transition 
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metals.35,37 The synthesis and characterization of the THF complexed monomeric lithium salt, 

Li(THF)3SC6H2-2,4,6-Ph341 and an alkyl lithium thiolate complex [Li2(thf)4{SCH(SiMe3)2}2]42 

were reported by Power and coworkers. Later, the structures of Lewis base-free heavier alkali 

metal (Na, K, Rb and Cs) thiolate salts with different aggregation numbers were described,40 

which showed that aggregation states could be tuned by changing the steric properties of the 

ligands. It is noteworthy that lithium and copper(I) cations have similar ionic radii (0.59 Å, Li+ 

and 0.60 Å, Cu+)43 for four-coordinate ions, such that the lithium and copper(I) thiolates might be 

expected to have similar structural parameters. However, some major differences are observed in 

the structures of the Li and Cu thiolates even when they have the same aggregation numbers. For 

instance, in the tetrameric lithium thiolate {LiSC6H2-2,4,6-Ph3}4 (Figure 1. a)), which has a ladder 

structure, two of the Li+ ions are three-coordinate whereas the other two Li+ ions are two-

coordinate. In contrast, in the tetrameric copper(I) thiolate {CuSC6H3-2,6-(SiMe3)2}4 (Figure 1. 

d)) is an essentially square Cu4 core in which all of the Cu atoms are two-coordinate. A related 

discrepancy is seen in the structures of the Li thiolate {LiSArMe6}3 (Figure 1. b)) which features 

one three-coordinate lithium ion and two lithium ions that are two-coordinate, as well as its 

trimeric copper congener {CuSArMe6}3 (Figure 1. e)) which has a cyclic Cu3S3 array in which 

three copper ions alternate with three thiolato sulfurs. Dimeric copper(I) thiolate complexes 

remain unknown to date, so that a comparison of the structures of lithium and copper thiolato 

complexes is not possible. Herein we describe the reactions of two large terphenyl thiols with a 

stoichiometric amount of mesitylcopper(I) to afford the dimeric complexes (1) and (2) (Figure 3), 

or with n-BuLi to yield the corresponding dimeric lithium species {LiSAriPr4}2 (3) (Figure 3). The 

three complexes have similar structural parameters with the exception of their metal-metal 

separations. 
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EXPERIMENTAL SECTION  

General considerations. All manipulations were carried out under anaerobic and anhydrous 

conditions by using Schlenk techniques or in a Vacuum Atmospheres OMNI-Lab drybox under 

an atmosphere of dry argon or nitrogen. Solvents were dried by the method of Grubbs44 and co-

workers, 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. The 

NMR spectra were recorded on a Varian Inova 600 MHz spectrometer, and the 1H NMR spectra 

were referenced to the residual solvent signals in deuterated benzene, while the 13C NMR spectra 

were referenced to the residual solvent signals in deuterated THF. IR spectra were recorded as 

Nujol mulls between CsI plates on a PerkinElmer 1430 spectrometer. UV−vis spectra were 

recorded as dilute hexane solutions in 3.5 mL quartz cuvettes using an Olis 17 modernized Cary 

14 UV−vis−near-IR spectrophotometer or an HP 8452 diode-array spectrophotometer. The 

terphenyl thiols HSAriPr4, HSAriPr6 45 and mesitylcopper(I)46 were prepared via literature methods. 

Unless otherwise stated, all materials were obtained from commercial sources and used as 

received.  

{CuSAriPr4}2 (1): The solid terphenyl thiol HSAriPr4 45 (0.43 g, 1 mmol) was mixed with solid 

mesitylcopper(I) (0.182 g, 1 mmol), and ca. 60 mL of THF was added. The solution was heated 

at 80oC for 2 days, resulting in a pale yellow color. After removal of the solvent under reduced 

pressure, the pale yellow residue was extracted with ca. 50 mL of hexane. The solution was filtered 

through celite and concentrated to ca. 15 mL under reduced pressure until the formation of small 

colorless crystals was observed. The solution was stored in a ca. -18 oC freezer for 4 days to yield 

0.113 g (23%) of 1 as colorless crystals which were suitable for X-ray crystallography. Mp: 252-

254oC. 1H NMR (600 MHz, benzene-d6): δ= 7.06 (d, J = 7.5 Hz, 4H), 6.95 (t, J = 7.5 Hz, 2H), 
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6.90 (d, J = 7.9 Hz, 2H), 6.86 (dd, J = 8.5, 6.2 Hz, 1H), 2.83 – 2.75 (m, 4H), 1.32 (d, J = 6.9 Hz, 

12H), 1.00 (d, J = 6.9 Hz, 12H). 13C NMR (150 MHz, THF-d8): δ= 146.6, 143.2, 141.7, 141.5, 

128.6, 122.9, 122.0, 121.8, 30.7, 23.9, 23.6. UV/vis: λ/nm (ε/M−1 cm−1): 292 (1700).  IR (Nujol; 

ṽ/cm-1): 1920w, 1570w, 1453s, 1418w, 1373s, 1350m, 1320w, 1245w, 1170w, 1100m, 1076w, 

1053m, 1036m, 995w, 960w, 929w, 916w, 892w, 810m, 795m, 781s, 751s, 738s, 694m, 797w, 

622w, 597w, 571w, 540w, 499w, 461m, 398w, 270w. 

{CuSAriPr6}2 (2): The synthesis of 2 was accomplished in a similar manner to the preparation of 

1 with the use of the terphenyl thiol HSAriPr6 45 (0.514 g, 1 mmol) and mesitylcopper(I) (0.182 g, 

1 mmol) in ca. 60 mL of THF, which yielded 0.155 g (27%) colorless crystals which were suitable 

for X-ray crystallography. Mp: 233-237oC. 1H NMR (600 MHz, benzene-d6): δ= 7.16 (s, 5H), 

6.89 (d, J = 7.3 Hz, 2H), 6.83 (d, J = 7.3 Hz, 1H), 2.87 (dt, J = 13.9, 7.0 Hz, 6H), 1.42 (d, J = 6.8 

Hz, 12H), 1.29 (d, J = 6.9 Hz, 12H), 1.12 (d, J = 6.7 Hz, 12H). 13C NMR (150 MHz, THF-d8): δ= 

148.5, 147.5, 144.7, 139.7, 131.3, 123.7, 122.6, 36.0, 32.4, 25.6, 25.4. UV/vis: λ/nm (ε/M−1 cm−1): 

291 (1700). IR (Nujol; ṽ/cm-1): 1600s, 1376s, 1359m, 1314w, 1172w, 1106w, 1052w, 946w, 

877m, 801m, 772w, 748w, 741w, 733w, 651w. 

{LiSAriPr4}2 (3): n-BuLi (0.31 mL of a 2.5 M solution in n-hexane) was added dropwise to a 

stirred solution HSAriPr4 45 (0.30 g, 0.7 mmol) in ca. 30 mL of toluene at 0oC. The reaction was 

allowed to warm slowly to room temperature after the addition and stirred for another 12 h 

whereupon the solvent was removed under reduced pressure. The white residue was redissolved 

in ca. 15 mL of toluene and filtered. Storage in a -30 °C freezer for 5 days afforded 0.11 g (33%) 

of colorless crystals that were suitable for X-ray crystallographic studies. Mp: 196-198oC. 1H 

NMR (600 MHz, benzene-d6): δ= 7.16 (s, 5H), 7.12 (s, 1H), 7.03 (d, J = 7.4 Hz, 2H), 6.95 (dd, J 

= 8.1, 6.8 Hz, 1H), 2.81–2.73 (m, 4H), 1.20 (d, J = 6.9 Hz, 12H), 1.05 (d, J = 6.9 Hz, 12H). 13C 
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NMR (150 MHz, THF-d8): δ= 156.5, 148.4, 146.5, 145.0, 129.2, 127.1, 123.3, 118.6, 32.1, 26.0, 

25.6. UV/vis: λ/nm (ε/M−1 cm−1): 294 (1500). IR (Nujol; ṽ/cm-1): 1569m, 1465s, 1383s, 1359m, 

1330w, 1265w, 1255w, 1180w, 1111w, 1088w, 1064w, 1050m, 942w, 929w, 815m, 790m, 772m, 

761s, 749s, 709m, 692w, 586w, 555w, 481, 387w, 330w. 

X-ray Crystallographic Studies. X-ray-quality crystals of complexes 1 and 2 were obtained from 

concentrated hexane solution at -18oC after 4 to 5 days, 3 was recrystallized from concentrated 

toluene, as described in the Experimental Section. Single crystals were removed from Schlenk 

tubes and immediately covered with a layer of hydrocarbon oil. Suitable crystals were selected, 

mounted on a nylon cryo loop, and then placed in the cold nitrogen stream of the diffractometer. 

Data for 1-3 were collected at 90(2) K with Cu Kα1 radiation (λ = 1.5418 Å) using a Bruker DUO 

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 thermal ellipsoid plots were drawn using OLEX2 

software.50 A summary of the crystallographic and data collection parameters is given in the 

Supporting Information (SI). 

RESULTS AND DISCUSSION  

Synthesis  

A number of homoleptic metal (alkali metal40 and the first-row transition metal35) thiolate 

complexes with various aggregation numbers have been reported and their structures and 
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properties have been intensively studied. Treatment of thiols with n-BuLi has been shown to be 

an efficient method to obtain the lithium thiolates,40 while sodium and potassium thiolates can be 

prepared by direct treatment of thiols with elemental sodium40 or potassium.40 The first row 

transition metal complexes were generally synthesized by treating metal halides with the relevant 

lithium thiolates or sodium thiolates.35 For the synthesis of Cu(I) thiolates, various routes have 

used reagents that have proved to be useful copper sources, for instance, [Cu(CH3CN)4]PF6 has 

been used to synthesize copper(I) thiolato and selenolato complexes,28 Cu(I) halides51 and 

CuBr(SMe2)52 have proved to be useful copper reagents in producing three-coordinate copper 

thiolato polymers and trinuclear copper thiolato species, and mesitylcopper(I) has been used to 

produce copper oxides53 and copper amides.54 

Initially, we investigated the treatment of a Cu(I) alkyl {CuCH2SiMe3}455 with the terphenyl thiol 

HSAriPr4 with the elimination of volatile SiMe4 to synthesize dimeric Cu(I) thiolates (Figure 2.2), 

however, this reaction resulted in considerable decomposition of the copper alkyl to produce 

copper metal.  

 

Figure 2.2 Attempted use of {CuCH2SiMe3}4 for the synthesis of dimeric {CuSAriPr4}2.  

We then turned to the use of the more robust mesitylcopper(I) which had been earlier used to 

obtain the chalcogenide terphenyloxocopper(I) {CuOC6H3-2,6-Ph2}453 or the copper(I) amide 

{CuNnBu2}454 at ambient temperature, the reactions of the terphenyl thiols and a stoichiometric 

amount of mesitylcopper(I) at 80oC yielded the desired complexes 1 and 2 as shown in Figure 3.  
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Figure 2.3 Synthesis of complexes 1-3.  

The synthesis of complexes 1 and 2 is summarized in Figure 2.3. They were obtained with 23-27% 

yield by metathesis of the appropriate terphenyl thiols and mesitylcopper(I). The straightforward 

addition of the terphenyl thiols to mesitylcopper(I) in THF gave pale yellow solutions. The 

conversions were incomplete at room temperature, but heating at ca. 80oC for 2 days afforded the 

products 1 and 2, the mesitylene that was eliminated as the byproduct was observed in the crude 

1H NMR spectrum of the reaction mixture. Hexane was chosen as the solvent to grow single 

crystals of 1 and 2 that were large enough for single crystal X-ray diffraction.  
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The lithium complex 3 was synthesized (Figure 2.3) in a manner similar to that previously reported 

for {LiSAriPr6}2.35 The reaction involved the dropwise addition of a stoichiometric amount 2.5 M 

n-BuLi to a chilled hexane solution of HSAriPr4 at ca. 0oC, the reaction was then allowed to warm 

to room temperature and stirred overnight. Filtration and concentration under reduced pressure to 

afford the product in improved yield. Slow addition rates and low temperature are essential since 

too rapid an addition of n-BuLi to HSAriPr4 results in uncontrolled heating. The solution was stored 

in a ca. -30oC freezer for 5 days to yield crystals of 3 in 33% yield that were suitable for X-ray 

crystallography.  

Structures  

The molecular structures of compounds 1 and 2 are shown in Figure 2.4, and important bond 

distances and angles are given in Table 1. In the solid state, both 1 and 2 have centrosymmetric 

dimeric structures with planar Cu2S2 (a sum of interior angles of 360.0(17)°) core in which the 

two Cu atoms are bridged by sulfurs from two terphenyl thiolato ligands. In each case, the Cu 

atoms are coordinated to two thiolato sulfurs so as to produce a V-shaped metal coordination 

geometry with S-Cu-S angles in the range 115.32(17)-116.87(19)° and Cu-S-Cu angles in the 

range 63.14(19)-64.68(17)°. The bridging 3-coordinate thiolato sulfur atoms have pyramidal 

coordination (∑Ð°S = 283.97(5)° for complex 1 and ∑Ð°S = 281.79(5)° for complex 2). Complex 

1 has different C-S-Cu angles with a wider C1-S1-Cu1 angle (120.21(5)o) than the C1-S1-Cu1′ 

angle (99.08(5)o), differ by 21.13(5)o. In addition to the unequal C-S-Cu angles, there is a long 

Cu−η6 arene interaction between the Cu atom and the centroid of the flanking aryl ring (Cu-

centroid distance is 2.39 (6) Å), which is also seen in complex 2 (a Cu-centroid distance of 2.44(7) 

Å). Inspection of the Cu1−S−Cu1′ angles in 1 and 2 shows that the change of thiolato ligand from 

SAriPr4 to the bulkier SAriPr6 group causes a small narrowing of the Cu1−S−Cu1′ angle from 
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64.68(17)o to 63.14(19)o and a wider S1-Cu-S1′ angle from 115.32(17)o to 116.87(19)o, but the C-

S bond lengths (1.78(14) Å for 1 and 2) in both complexes are essentially the same. The Cu-S 

bond lengths in 1 and 2 range from 2.28(6) Å to 2.32(7) Å, which are in the normal range for Cu 

thiolates,56 but marginally longer than that reported by Walensky and co-workers for the related 

trimer {CuSArMe6}3.28 The longer Cu-S bond lengths in 1 and 2 are consistent with the increased 

bulkiness of the ligands.29 The Cu--Cu distances in complex 1 and 2 are 2.452(2) Å and 2.410(7) 

Å, respectively, which are greater than the sum of the covalent radii (2.24 Å) of the two Cu 

atoms,57 which does not establish metal-metal bonding, but are within the sum of the van der 

Waals radii (2.8 Å),58 suggesting the presence of a correlation-dispersion interaction.59-61 

Additionally, the Cu--Cu distances in both complexes are comparable to those in some previously 

reported copper(I) complexes,59,62 and these Cu--Cu distances, in conjunction with computational 

studies,59,62 concluded that the Cu--Cu separations in 1 and 2 do not indicate the presence of Cu-

Cu bonds. Moreover, it is noteworthy that the Cu--Cu distance of 2 is slightly longer than that of 

1, which produces higher dispersion energy due to the increased numbers of isopropyl groups. 

The Cu--Cu distances in complex 1 and 2 are considerably shorter than the Cu--Cu distances in 

Walensky’s terphenyl thiolato complex {CuSArMe6}3 (2.85-2.92 Å)28 and are ca. 0.1 Å shorter 

than the Cu--Cu distance of the CuA site in nitrous oxide reductase (2.51 Å).63 
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                                  1                                                                              2 

Figure 2.4 Molecular structures of complex 1 (top) and 2 (bottom) with thermal ellipsoids shown 

at 30% probability. Hydrogen atoms are not shown. Selected bond lengths (Å) and angles (deg) 

for 1: S1-Cu1 2.29(6), S1-Cu1′ 2.29(4), S1-C1 1.78(14), Cu1--Cu1′ 2.45(6), C1-S1-Cu1 121.21(5), 

C1-S1-Cu1′ 99.08(5), Cu1-S1-Cu1′ 64.68(17), S1-Cu1-S1′ 115.32(17). Selected bond lengths (Å) 

and angles (deg) for 2: S1-Cu1 2.32(4), S1-Cu1′ 2.28(6), S1-C1 1.78(14), Cu1--Cu1′ 2.41(7), C1-

S1-Cu1 121.90(5), C1-S1-Cu1′ 96.75(5), Cu1-S1-Cu1′ 63.14(19), S1-Cu1-S1′ 116.87(19). 

The lithium thiolate {LiSAriPr4}2 (3) was recrystallized from toluene as a centrosymmetric dimer, 

the crystals are isomorphous with those of the copper congeners and its molecular structure is 

depicted in Figure 2.5. It has planar Li2S2 core (a sum of interior angles of 360.00(13)°) featuring 

two bridging thiolato groups which is also very similar to that seen in the lithium thiolate 

{LiSAriPr6}2 (4).46 The lithium ions also interact with an ortho Trip ring to afford a short Li-centroid 

distance of 2.13(4) Å, which is relatively shorter than those of the distances in 1 (2.39(6) Å) and 2 

(2.44(7) Å). Compared to {LiSAriPr6}2 (4) where the Li environment is more hindered, complex 3 

displays a Li2S2 core with a slightly wider Li-S-Li angle of 77.03(3)° and a slightly greater Li--Li 
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distance of 2.977(14)°. The Li-S distances in {LiSAriPr4}2 (3) (2.38(4) Å) and {LiSAriPr6}2 (4) 

(2.39(5) Å) are similar, indicating essentially equal strengths of metal ligand interactions in these 

two species. 

 

Figure 2.5 Molecular structure of complex 3 with thermal ellipsoids shown at 30% probability. 

Hydrogen atoms are not shown for clarity. Selected bond lengths (Å) and angles (deg): S1-Li1 

2.36(4), S1-Li1′ 2.41(3), S1-C1 1.76(19), Li1--Li1′ 2.97(7), C1-S1-Li1 125.99(10), C1-S1-Li1′ 

105.25(10), Li1-S1-Li1′ 77.03(13), S1-Li1-S1′ 102.97(13). 

Some important structural parameters of the lithium and copper(I) thiolates are summarized in 

Table 2.1, it can be seen that the Cu--Cu distances are ca. 0.5 Å shorter than the corresponding Li-

-Li parameters even though the Li(I) ion has similar ionic radius (0.59 Å) to that of the Cu(I) ion 

(0.60 Å).43 This difference can be ascribed to stronger van der Waals attractive dispersion forces 

between Cu atoms.59,64 Since Cu has a much greater principal quantum number than Li, the greater 

number of electrons leads to a higher degree of instantaneous induced dipoles and hence an 

increased level of attraction which is reflected in a shorter bond distance.59 It is, also noteworthy 
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that the Li-centroid interactions are ca. 0.26-0.31 Å shorter than those in 1 and 2, indicating a 

greater ionic attraction of the lithium species. 

Table 2.1 Selected bond distances (Å) and angles (deg) for compounds 1-4.  

compound  {CuSAriPr4}2 (1)  {CuSAriPr6}2 (2)  {LiSAriPr4}2 (3)  {LiSAriPr6}2 (4)46 

M-S-M angles (deg) (avg.)  64.68(17)  62.13(19)  77.03(13)  73.9(2) 

S-M-S angles (deg) (avg.)  115.32(17)  116.87(19) 102.97(13)  103.55(2) 

M-S distances (Å) (avg.)  2.29(6)  2.30(7) 2.38(4) 2.39(5) 

M--M distances (Å)                                                                          2.45(6)  2.411(7)  2.972(7)  2.88(7)  

M--centroid of flanking ring 2.39(6) 2.44(7) 2.13(4) 2.19 (6) 

 

Spectroscopy 

The 1H NMR spectra of 1-3 were recorded in C6D6 at 25 °C. The 1H NMR spectrum of complex 1 

shows two sets of doublets (δ 1.32 ppm and 1.0 ppm) attributable to the ortho substituents of the 

terphenyl ligands. The complicated pattern of these alkyl hydrogen signals indicates that the 

slightly different chemical environments of these hydrogen atoms caused by restricted rotation of 

the isopropyl groups. The spectrum also reveals two overlapping multiplets resonances which are 

centered at δ 2.79 ppm that correspond to the methine hydrogens of the isopropyl groups. The 1H 

NMR spectrum of complex 2 displays three sets of doublets (centered at 1.42 ppm, 1.29 ppm and 

1.12 ppm) that correspond to the ortho and para substituents of the terphenyl ligands, each 

integrating to 12 hydrogen atoms. The methine hydrogen peak is shifted downfield to 2.79 ppm 
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compared to the methine signal (δ 2.87 ppm) of complex 1. In the 1H NMR spectrum of complex 

3, all of the isopropyl methyl hydrogens are well resolved. As expected, it features a very common 

splitting pattern to that of complex 1 due to the similar terphenyl groups in their structures. The 

UV−Vis spectra of complexes 1-3 exhibit broad absorption bands in the range of 291 to 294 nm 

with the molar extinction coefficient in the range of 1500 M-1 cm-1 to 1700 M-1 cm-1, that are 

consistent with a charge transfer process41 (HOMO-LOMO gap was calculated as 307 nm for 

complex 2) as depicted in the DFT calculations (Figure 2.6). 

(a)                                                                                              (b) 

 

 

 

(c)                                                                                                 (d) 

 

 

 

Figure 2.6 Depiction of calculated LUMO+1 (-0.572 eV) (a), LUMO (-0.693 eV) (b), HOMO (-

4.736 eV) (c), and HOMO-1 (-5.005 eV) (d) of 2. HOMO-LUMO gap is calculated to be 390 

kJ/mol, hydrogens are not shown for clarity and the isovalue is set at 0.05 with ligand carbons 

being depicted in wire-frame.  



 36 

CONCLUSION  

In summary, we have isolated two dimeric Cu(I) thiolate complexes 1 and 2 by cupration reactions 

of bulky terphenyl thiolato ligands with mesitylcopper(I), as well as a new lithium thiolate 

complex 3 by lithiation of the terphenyl thiol with n-butyllithium. The synthesis and structures of 

1 and 2 indicate the effectiveness of bulky terphenyl ligands at stabilizing low-aggregate metal 

thiolates by providing sufficient steric hindrance. A comparison between the structure of thiolates 

of the lithium and copper salts revealed much shorter M--M distances in the copper species 

probably as a result of stronger dispersion force between the metals. 
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Figure S2.1 1H NMR spectrum of {CuSAriPr4}2 (1) (600 MHz, C6D6, 298 K)  

 
Figure S2.2 13C{1H} spectrum of {CuSAriPr4}2 (1) (150 MHz, C6D6, 298 K) 
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Figure S2.3 Infrared spectrum as a Nujol mull of {CuSAriPr4}2 (1) at 25oC 
 
 
 

 
Figure S2.4 UV-Vis spectrum of {CuSAriPr4}2 (1) at 25 °C (470 μM in hexanes) 
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Figure S2.5 1H NMR spectrum of {CuSAriPr6}2 (2) (600 MHz, C6D6, 298 K) 
 

 
 

Figure S2.6 13C{1H} NMR spectrum of {CuSAriPr6}2 (2) (150 MHz, C6D6, 298 K) 
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Figure S2.7 Infrared spectrum as a Nujol mull of {CuSAriPr6}2 (2) at 25oC 
 
 
 
 
 

 
Figure S2.8 UV-Vis spectrum of {CuSAriPr6}2 (2) at 25 °C (465 μM in hexanes) 
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Figure S2.9 1H NMR spectrum of {LiSAriPr4}2 (3) (600 MHz, C6D6, 298 K) 

 

 
Figure S2.10 13C{1H} spectrum of {LiSAriPr4}2 (3) (150 MHz, C6D6, 298 K) 
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Figure S2.11 Infrared spectrum as a Nujol mull of {LiSAriPr4}2 (3) at 25oC 
 
 
 

 
Figure S2.12 UV-Vis spectrum of {LiSAriPr4}2 (3) at 25 °C (140 μM in hexanes) 
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Table S2.1 Crystallographic data for compounds 1-3 

 1 2 3 

formula C60H74Cu2S2 C72H98Cu2S2  C60H74Li2S2 

fw 984.4 1152.6 872.6 

color colorless colorless colorless 

cyst syst monoclinic monoclinic monoclinic 

space group P 21/n P 21/c P 21/n 

a, Å 10.9768(7) 16.4259(15) 10.8353(12) 

b, Å 20.7437(11) 16.7574(16) 20.4108(17) 

c, Å 11.4158(6) 23.022(2) 11.7325(7) 

α, deg 90 90 90 

β, deg 90.662(5) 98.527(2) 91.791(12) 

γ, deg 90 90 90 

V, Å3 2599(3) 6266.9(10) 2593.5(4) 

Z 2 4 2 

Density (calculated) 1.260 Mg/m3 1.224 Mg/m3 1.118 Mg/m3 

Absorption coefficient 2.025 mm-1 0.786 mm-1 1.187 mm-1 

F(000) 1048 2480 944 

Crystal size 0.281 x 0.200 x 0.193 mm3 0.524 x 0.199 x 0.156 mm3 0.336 x 0.251 x 0.234mm3 

Crystal color and habit Colorless Block Colorless Plate Colorless Plate 

Theta range for data 

collection 

4.262 to 69.395° 2.027 to 27.523° 4.332 to 68.585° 

Index ranges -13<=h<=13,  

-24<=k<=24,  

-13<=l<=13 

-21<=h<=21,  

-21<=k<=21,  

-29<=l<=29 

-12<=h<=13,  

-24<=k<=24,  

-14<=l<=14 

Reflections collected 14153 55697 14958 

Independent reflections 4776  

[R(int) = 0.0159] 

14423  

[R(int) = 0.0308] 

4603  

[R(int) = 0.0289] 
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Data / restraints / 

parameters 

4776 / 0 / 437 14423 / 101 / 786 4603 / 0 / 438 

Goodness-of-fit on F2 1.048 1.030 1.045 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0261,  

wR2 = 0.0704 

R1 = 0.0355,  

wR2 = 0.0963 

R1 = 0.0442,  

wR2 = 0.1172 

R indices  

(all data) 

R1 = 0.0268,  

wR2 = 0.0709 

R1 = 0.0450,  

wR2 = 0.1030 

R1 = 0.0508,  

wR2 = 0.1207 

Largest diff. peak and 

hole 

0.317 and  

-0.374 e.Å-3 

0.579 and  

-0.456 e.Å-3 

0.310 and  

-0.303 e.Å-3 

 

Computational details 

 

The structure was subjected to geometry optimization at the DFT level of theory, with the B3LYP 

hybrid exchange functionalS1-S4 using Ahlrichs polarized basis set def2-TZVPS5 basis set together 

with the RIJCOSX approximation.S6 In addition, dispersion correction with Becke-Johnson 

damping (D3BJ)S7-S8 was used. The resolution of identity approximation was employed with 

auxiliary basis set def2-TZVP/CS9-S10 in order to speed up the calculations. The UV-vis absorption 

spectra of optimized geometry were calculated with time dependent (TD) DFT method. All 

calculations were carried out using the ORCA 4.2.1 quantum chemistry package.S11 
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Table S2.2 Calculated dispersion energy of complex 2. 

B3LYP+def2-TZVP B3LYP-D3BJ B3LYP  Experimental 

Cu…Cu (Å) 2.417 2.415 2.4145 

Cu(1)-S(2) (Å) 2.282 2.418 2.2844 

Cu(1)-S(1) (Å) 2.323 2.350 2.3227 

Cu(2)-S(1) (Å) 2.280 2.417 2.2844 

Cu(2)-S(2) (Å) 2.322 2.351 2.3227 

Cu(2)-S(2)-C(37) (°) 96.9 98.6 97.1 

Cu(1)-S(1)-C(1) (°) 96.9 98.7 97.1 

S(2)-Cu(2)-S(1) (°) 116.7 119.1 116.8 

S(2)-Cu(1)-S(1) (°) 116.6 119.1 116.8 

(AriPr6SCu)2 (0,1) → 2 AriPr6SCu (0,1) 
BDE = 2E(AriPr6SCu) – E{(AriPr6SCu)2} 

BDE/Edisp (kcal/mol) 50.4 23.7 / 26.7  

 

References: 

S1. Becke, A. D. A new Xixing of Hartree–Fock and local density-Functional Theories. J. Chem. 

Phys., 1993, 98, 1372-1377. 

S2. Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti Correlation-Energy Formula 

into a Functional of the Clectron Density. Phys. Rev. B, 1988, 37, 785-789. 
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ABSTRACT 

A series of heteroleptic aryl copper(I) thiolato complexes of formula {Cu2(SAr)Mes}2 (Ar= C6H3-

2,6-(C6H2-2,4,6-Me3)2 (ArMe6), 1; C6H3-2,6-(C6H3-2,6-iPr2)2 (AriPr4), 2; C6H3-2,6-(C6H2-2,4,6-iPr3)2 

(AriPr6), 3) and {Cu4(SAr)Mes3} (Ar= C6H-2,6-(C6H2-2,4,6-iPr3)2-3,5-iPr2 (AriPr8), 4 were 

synthesized by the reactions of the corresponding bulky terphenyl thiols with mesitylcopper(I) 

with elimination of mesitylene. All complexes were characterized by single crystal X-ray 

diffraction analysis and spectroscopy (NMR, infra-red and UV-vis). The data for 1-3 revealed 

tetrametallic Cu4 core structures in which two thiolato or two mesityl ligands bridge the metals. 

Although 1 and 2 feature the expected conventional alternating thiolato and mesityl bridging 

patterns, 3 has a previously unknown structural arrangement in which the two thiolato ligands are 

adjacent to each other. Since complex 3 has a more crowding aryl group on the thiolato ligands, 

the cis arrangement of the ligands in 3 is sterically counterintuitive and is likely due to London 

dispersion (LD) energy effects. Complex 4, also has an unusual structural pattern in which only a 

single thiolato ligand is incorporated in the structure probably for steric reasons. It has a planar 

trapezoidal Cu4 core in which three Cu--Cu edges are bridged by the mesityl groups while the 
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remaining Cu--Cu edge is thiolato ligand bridged. Dispersion connected DFT calculations show 

that 3 has the highest LD effect stabilization arising from the increased numbers of C-H···H-C 

interactions of the isopropyl ligand substituents.  

 

INTRODUCTION 

Sterically crowding ligands are widely used in inorganic/organometallic chemistry to stabilize 

compounds with unusual coordination numbers, bonding and/or oxidation states.1-5 Their use is 

predicated on the notion that such ligands repel each other due to their overlapping electron clouds. 

In effect, there is intrusion of electronic wave functions on each other’s space contrary to the Pauli 

exclusion principle, i.e., Pauli repulsion. However, in addition to this repulsion, there is growing 

evidence that attractive London dispersion (LD) interactions between the C-H moieties of the 

hydrocarbyl substituents of the ligands5-7 can generate unexpected effects and enable the formation 

of species with unusual structures. Such effects are manifested for example, in the stable 

hexaphenylethane derivative {C(C6H3-3,5-tBu2)3}2 of Grimme and Schreiner,8 the divalent group 

14 chalcogenetates,9 high oxidation state mid to late transition metal alkyls,10,11 or in the low 

coordinate copper (II) amides.12 In pursuit of further examples of low coordinate copper (II) species, 

we investigated the use of large terphenyl substituted thiolato ligands where dispersion effects had 

been noted earlier by Ziegler.5 The use of the terphenyl thiolato ligands has recently afforded the 

first dimeric copper(I) thiolato derivatives13 {CuSAriPr4}2 and {CuSAriPr6}2 from the reaction of the 

thiol with a mesitylcopper(I)14 precursor. Upon further investigation we found that adjustment of 

the ratio of the thiolate ligand to copper yielded unknown types of heteroleptic organo/thiolato 

copper molecules {Cu2(SAr)Mes}2 (Mes = -C6H2-2,4,6-Me3; Ar = -C6H3-2,6-(C6H2-2,4,6-Me3)2 

(ArMe6), 1; -C6H3-2,6-(C6H3-2,6-iPr2)2 (AriPr4), 2; -C6H3-2,6-(C6H2-2,4,6-iPr3)2 (AriPr6), 3) and 
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{Cu4(SAr)Mes3} (Ar= C6H-2,6-(C6H2-2,4,6-Me3)2-3,5-iPr2 (AriPr8), 4. Whereas 1 and 2 feature the 

expected alternating thiolato and mesityl ligands in which the pairs of mesityl and thiolato groups 

appear trans to each other, the more crowded AriPr6 substituted 3 has a structure in which the mesityl 

and thiolato groups have mutually cis positions apparently as a result of enhanced ligand dispersion 

effects. This cis structural arrangement of ligands was unknown in organocopper chemistry 

featuring Cu4 core arrays. X-ray crystallographic studies revealed that complexes 1-4 display Cu4 

cores but their thiolato ligands were found to have different arrangements relative to the Cu4 core, 

Thus, whereas 1 and 2 have symmetrical structures and alternating aryl and thiolate ligands (Figure 

3.1), 3 has a unique cis disposition of these ligands. The very large size of the aryl substituents in 

4 prevents the incorporation of further thiolato groups.  

 

Figure 3.1 complexes 1-4 with different ligand arrangements. 

 

RESULTS AND DISCUSSION 

Structures  

The reactions of the terphenyl thiols (HSArMe6 for 1, HSAriPr4 for 2, HSAriPr6 for 3 and HSAriPr8 for 

4) and half equiv of {CuMes}4 in THF at 80oC for two days (in toluene at 110oC, four days for 4) 
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afforded the aryl copper terphenyl thiolates 1-4. The structures of the heteroleptic aryl/thiolato 

copper derivatives 1 and 2 have little precedent but they are related to previously reported 

heteroleptic tetracopper species {Cu2RindBr}2 (Rind= rigid fused-ring s-hydrindacenyl skeleton)15 

and {LAl(R)OCu·MesCu}2 (L= HC[C(Me)N(Dipp)]2, R=Me or Et).16 The compound 1 (Figure 3.2, 

left) displays a Cu4 core array arranged in a non-planar parallelogram in which the metals are 

bridged by the Cipso atoms of the mesityls or thiolato ligand sulfur atoms in an alternating manner. 

The two sulfur atoms are located on the same side of the Cu4 core. The S atoms have pyramidalized 

coordination in which the sum of the angles at S =302.22(14)°. The Cu--Cu distances bridged by 

the thiolato groups are 2.82(7) and 2.86(7) Å whereas those bridged by the mesityl ligands are ca. 

0.4 Å shorter at 2.43(5) and 2.43(5) Å. The latter pair of distances are greater than the sum of the 

covalent radii (2.24 Å)17 of two Cu atoms but lie within the sum of the van der Waals radii (2.8 

Å),18 suggesting either no covalent Cu--Cu bonding or weak van der Waals interactions. The 

lengths of Cu-S bonds range from 2.16(11) to 2.18(9) Å, which are similar to those in other copper 

thiolates.19 Likewise, the structure of complex 2 (Figure 3.2, right) is similar to that of 1, but it has 

a center of symmetry in which the planar, rectangular Cu4 core is also coplanar with Cipso atoms 

C31 and C31ʹ of the mesityl groups. The two pyramidally coordinated S atoms of the thiolato 

ligands are located on the opposite side of the Cu4 plane with a distance between of 0.76(8) Å the 

S atom and extended Cu4 core that generates an interplanar angle of 24.91(18)o between these 

planes. As before, the separation of the Cu atoms bridged by the thiolates (2.92(6) Å) is much 

greater than the separation between copper atoms bridged by the mesityl groups (2.45(5) Å). 
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                                    1                                                                           2 

Figure 3.2 Molecular structures of 1 and 2 with thermal ellipsoids shown at 30% probability. 

Hydrogen atoms are not shown. Selected lengths (Å) and angles (deg) of 1: Cu1--Cu2 2.43(5), 

Cu2--Cu3 2.86(7), Cu3--Cu4 2.43(5), Cu4--Cu1 2.82(7), S1-Cu1 2.16(8), S1-Cu4 2.18(8), C58-

Cu1 2.00(2), C58-Cu2 1.99(2), Cu1-Cu2-Cu3 77.97(17), Cu2-Cu3-Cu4 101.86(2), Cu1-C58-Cu2 

75.20(8), Cu2-S2-Cu3 80.96(3), and for 2: Cu1--Cu2 2.45(5), Cu1--Cu2ʹ 2.92(6), S1-Cu1 2.17(6), 

S1-Cu2ʹ 2.16(6), C31-Cu1 2.00(2), C31-Cu2 1.97(18), Cu1-Cu2-Cu1ʹ 80.58(17), Cu2-Cu1ʹ-Cu2ʹ 

99.42(17), Cu1-C31-Cu2 75.86(7), Cu1-S1-Cu2ʹ 84.73(2). 

 

The combination of the thiol HSAriPr6 and {CuMes}4 in THF with stirring at 80oC for two days 

gave a pale yellow solution which, upon removal of the solvent under reduced pressure and 

recrystallization from toluene, yielded complex 3 in 16% yield. Complex 3 incorporates two 

bulkier thiolato ligands, but its structure displays a cis arrangement of the ligands in which the S 

atoms of thiolato groups bridge the two adjacent Cu--Cu edges. In the solid state, 3 was observed 

to have a previously unknown and sterically counterintuitive cis arrangement of the ligands (shown 
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in Figure 3.3, left). The Cu1--Cu2 and the adjacent Cu1--Cu3 edges are bridged by the S atoms of 

thiolato groups while the Cu2--Cu4 and the adjacent Cu3--Cu4 edges are bridged by the Cipso atoms 

of mesityl groups. The Cu--Cu distances spanned by the thiolato ligands are more than ca. 0.3 Å 

longer than the Cu--Cu distances bridged by the mesityl groups (2.42(5) Å), which is consistent 

with the distances in 1 and 2 above. Complex 3 also has several close interligand H-H contacts 

across the Cu4 core within the sum of their van der Waals radii (ca. 2.4 Å) arising from the 

isopropyl groups of the thiolato and mesityl substituents (indicated with dashed blue lines in Figure 

3.3, right), suggesting the LD interaction between thiolato and mesityl CH3 groups. In contrast, no 

close interligand H-H contacts were observed in the molecular structures of either 1 or 2, 

suggesting the sterically counterintuitive structure of 3 is a consequence of enhanced LD effects 

caused by increased number of isopropyl substituents.  

  

Figure 3.3 Molecular structure of 3 with thermal ellipsoids shown at 30% probability (left). 

Selected interatomic distances (Å) and angles (deg): Cu1--Cu2 2.73(5), Cu1--Cu4 2.76(5), Cu2--

Cu3 2.42(5), Cu3--Cu4 2.42(5), S2-Cu1 2.17(6), S2-Cu4 2.20(6), C82-Cu2 2.01(2) C82-Cu3 

2.00(2), Cu1-Cu2-Cu3 77.21(16), Cu2-Cu3-Cu4 111.87(19), Cu3-Cu4-Cu1 76.74(15), Cu4-Cu1-
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Cu2 94.10(16), Cu1-S2-Cu4 78.02(2), Cu3-C73-Cu4 74.60(8). Some interligand H-H contacts 

across the Cu4 core within the sum of their van der Waals radii (ca. 2.4 Å) are indicated with dashed 

blue lines (right). All other hydrogens are not shown. 

 

We also investigated the reaction of the extremely bulky AriPr8 substituted thiol HSAriPr8 and 

{CuMes}4 under similar conditions to those used for 3, expecting to isolate a further example of a 

cis-substituted aryl thiolato copper isomer, i.e. {Cu2(SAriPr8)Mes}2, with a structure analogous to 

that of 3. The reaction of HSAriPr8 and {CuMes}4 in toluene at 110oC for four days gave a yellow 

solution, from which some colorless crystals were isolated after 4-5 days’ storage in a ca. 5 oC 

refrigerator. However, crystallographic and spectroscopic results showed that the complex 

incorporated only a single thiolato ligand, which resulted in an unusual, trapezoidal Cu4 core array 

in which three Cu--Cu edges are bridged by the mesityls while one Cu--Cu edge is bridged by the 

thiolato ligand (Figure 3.4).  

       

                             top view                                       side view (ligands are shown as wire frames) 
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Figure 3.4 Top view and side view of the molecular structures of 4 with thermal ellipsoids shown 

at 30% probability (top view). Hydrogen atoms are not shown. Selected distances (Å) and angles 

(deg): Cu1--Cu2 2.45(5), Cu2--Cu2′ 2.37(8), Cu1--Cu1′ 3.21(8) S1-Cu1 2.17(6), C1-S1 1.78(3), 

Cu1-C23 1.98(2), Cu2-C32 1.99(2), Cu1-Cu2-Cu2′ 99.91(13), Cu1-S1-Cu1′ 95.43(4), Cu1-C23-

Cu2 76.31(7), Cu2-C32-Cu2′ 73.14(10). 

 

As depicted in Figure 3.4, complex 4 has an unusual trapezoid-shaped Cu4 core with bridging by 

three mesityl groups and a single thiolato ligand. The essentially planar Cu4 core lies parallel to 

the central ring of the thiolato ligand with a vertical distance of 2.11(17) Å (see side view in Figure 

3.4), the mesityl group that bridges Cu2 and Cu2′ is essentially perpendicular to the Cu4 core plane. 

The sulfur atom S1 is located on the opposite side of the central ring of the thiolato ligand relative 

to the Cu4 core (a distance of 0.058(12) Å between the sulfur and the extended central ring). C32 

atom is located on the same side of the Cu4 plane relative to the sulfur atom with a distance between 

S1 and extended Cu4 plane of 0.97(9) Å, C23 and C23′ atoms lie on the other side (a distance 

between C23 and extended Cu4 plane of 0.74(3) Å). The molecule is symmetric with respect to a 

mirror plane that is perpendicular to the Cu4 plane and contains the C1-S1 single bond. The Cu1--

Cu2 and Cu2--Cu2′ distances are slightly different (by ca. 0.08(5) Å). The Cu1--Cu2 distance is 

2.45(5) Å, which is in the normal range for aryl copper species.14,20 However, the Cu2--Cu2′ 

distance was determined to be 2.37(8) Å, which is at the shortest end of the range for Cu(I) 

thiolates,13,21 aryl copper complexes14,20 or even copper amides.22-24 The Cu1--Cu1′ distance is 

3.21(8) Å, which is considerably greater than the sum of the van der Waals radii (2.8 Å),17 

suggesting no significant interaction between these two copper centers.  
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Spectroscopy 

The 1H NMR spectrum of complex 1 is relatively simple and well resolved, showing two singlet 

signals at 1.98 (12H) and 1.85 (24H) ppm in C6D6 attributable to the protons of the methyl groups 

of the thiolato ligands. There are also two singlet signals centered at 2.28 (12H) and 2.21 (6H) 

ppm which can be assigned to the methyl hydrogens of the copper mesityl substituents. The 1H 

NMR spectrum of complex 2 displays two singlets at 1.20 and 1.00 ppm in the aliphatic region for 

the methyl groups of the isopropyls of the thiolato ligands, each integrating to 24 hydrogens, and 

the hydrogens of the mesityl groups are observed as 2.33 and 2.29 ppm. In contrast, complex 3 

displays a rather complicated 1H NMR spectrum, which is expected due to the magnetic 

inequivalence caused by the lower symmetry of this molecule. Each isopropyl group has a unique 

chemical environment, which yields unique chemical shift values making it close to impossible to 

distinguish them by 1D 1H NMR alone. The 1H NMR spectrum of 4 has two sets of singlets 

centered at 2.63/2.51 and 1.99/1.76 ppm, respectively, corresponding to para and ortho methyls of 

the mesityl groups. The spectrum also shows three broadened signals (2.97, 2.54 and 2.41 ppm) 

expected for the methine hydrogens of isopropyls of the terphenyl thiol. The signals for methyl 

groups of the isopropyls resonate at 1.77, 1.23 and 1.08 ppm, which are comparable to those of 

complexes 2 and 3. The UV−Vis spectra of complexes 1-4 show broad absorption bands in the 

range of 273 to 303 nm with the molar extinction coefficient in the range of 1700 M-1 cm-1 to 3000 

M-1 cm-1, featuring a charge transfer process which is also seen in some related species.13,25 

 

Computational Studies 

To investigate the bonding in the copper species, the structures of compounds 2 and 3 were 

optimized using density functional theory (DFT) at the PBE1PBE/Def2-TZVP level of theory with 
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and without empirical dispersion correction (GD3BJ) (see SI, Table S3.2). Inspection of the 

optimized bond parameters (Table S3.2 in SI) reveals that the calculated structures are generally 

in good agreement with those experimentally observed. The dispersion corrected structures show 

slightly shorter Cu-Cu distances than those measured in the solid state, but this could be accounted 

for by the solid-state packing effects. In contrast, the optimizations conducted without a dispersion 

correction returned gas phase structures with slightly underestimated bond interactions. 

Then, the hypothetical structures of cis-2 and trans-3 molecules were optimized and the energies 

of the two isomers were compared (Table 3.1). The results show that for both compounds 2 and 3 

the cis isomer is more stable than the trans isomer. In the case of 2, however, the Gibbs free energy 

difference is only 0.2 kJ·mol-1 in favor of the cis-isomer, for 3 the energy difference is more 

substantial, amounting to 15.8 kJ·mol-1. The experimentally obtained isomer 2 is most likely 

stabilized by solid state effects, which cannot be reproduced by these gas phase calculations. 

 

Table 3.1 Calculated energies (in a.u.) and the energy difference (in kJ·mol-1) of the 2 and 3 cis- 

and trans-isomers. 

 
 2cis 

PBE1PBE-D3 

2trans 

PBE1PBE-D3 

3cis 

PBE1PBE-D3 

3trans 

PBE1PBE-D3 

E (a.u.) -10383.77692 -10383.774290 -10854.820530 -10854.81715 

H (a.u.) -10383.77598 -10383.773346 -10854.819586 -10854.81621 

G (a.u.) -10384.00867 -10383.008598 -10855.092833 -10855.0868 

ΔEcis-trans (kJ·mol-1) -6.9  -8.9  

ΔHcis-trans (kJ·mol-1) -6.9  -8.9  

ΔGcis-trans (kJ·mol-1) -0.2  -15.8  
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The thermodynamic data for the dissociation reaction of 2/3 à 2 MesCu and 2 TerphSCu 

fragments were investigated. The data are summarized in Table 3.2. Without the dispersion effects, 

the Gibbs free binding energies are 336 and 320 kJ·mol-1 for 2 and 3, respectively.  

 

Table 3.2 Energies for the dissociation reaction 2/3 à 2 TerphSCu + 2 MesCu (kJ·mol-1) 

with/without LD effects. 

 2 

PBE1PBE-D3 

2 

PBE1PBE 

3 

PBE1PBE-D3 

3 

PBE1PBE 

ΔE 740 508 759 502 

ΔH 747 515 767 510 

ΔG 549 336 562 320 

 

However, when the dispersion correction is applied, the ΔG value is increased to 549 (for 2) and 

562 (for 3) kJ·mol-1. These data clearly suggest that dispersion effects play a significant role in the 

energy of the association of 2 and 3. This is further corroborated by an energy decomposition 

analysis (EDA) which confirms that ca. 25 % (2) and 28 % (3) of the overall bonding energy can 

be attributed to dispersion (Figure 3.5).   

 

             

Figure 3.5 Summary of Energy Decomposition Analysis (EDA) results for 2 and 3 (kJ·mol-1). 
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Conclusion  

Four new mixed-ligand copper(I) thiolato compounds were synthesized by the treatment of large 

terphenyl thiols with mesitylecopper(I). These species have rare Cu4 core arrays that are bridged 

by thiolato and organic groups and display a counterinitiative structural arrangement in the case of 

3. Dispersion forces are shown to be a significant factor in the molecular structures of the 

compounds, which is evidenced by structural and theoretical studies. 

 

EXPERIMENTAL SECTION 

General considerations.  

All manipulations were carried out under anaerobic and anhydrous conditions by using Schlenk 

techniques or in a Vacuum Atmospheres OMNI-Lab drybox under an atmosphere of dry argon or 

nitrogen. Solvents were dried by the method of Grubbs26 and co-workers, 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. The NMR spectra were recorded on a 

Varian Inova 600 MHz spectrometer, and the 1H NMR spectra were referenced to the residual 

solvent signals in deuterated benzene, while the 13C NMR spectra were referenced to the residual 

solvent signals in deuterated THF. IR spectra were recorded as Nujol mulls between CsI plates on 

a PerkinElmer 1430 spectrometer. UV−vis spectra were recorded as dilute hexane solutions in 3.5 

mL quartz cuvettes using an Olis 17 modernized Cary 14 UV−vis−near-IR spectrophotometer or 

an HP 8452 diode-array spectrophotometer. The terphenyl thiols HSArMe6, HSAriPr4, HSAriPr6 27 

and mesitylcopper(I)14 were prepared via literature methods. Unless otherwise stated, all materials 

were obtained from commercial sources and used as received. 
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Figure 3.6 Synthesis of the complex 1 

{Cu2(SArMe6)Mes}2 (1) Solid terphenyl thiol HSArMe6 (0.346 g, 1 mmol) was combined with 

{CuMes}4 (0.364 g, 0.5 mmol), and ca. 60 mL of THF was added. The solution was heated at 80oC 

for 2 days, yielding a pale yellow color. The solvent was then evaporated under reduced pressure 

to dryness, and the pale yellow residue was extracted with ca. 50 mL of hexane. The solution was 

filtered through Celite and concentrated to ca. 15 mL under reduced pressure until the formation 

of small colorless crystals was observed. The solution was stored in a ca. -18 oC freezer for 4 days 

to yield 0.287 g (24%) of 1 as colorless crystals which were suitable for X-ray crystallography. 

Mp: 198-201oC. 1H NMR (600 MHz, benzene-d6): δ= 7.11 (s, 1H), 6.82 (t, J = 7.2 Hz, 2H), 6.65 

(d, J = 1.0 Hz, 2H), 6.64 (d, J = 1.0 Hz, 2H), 6.61 (s, 4H), 6.58 (s, 7H), 2.28 (s, 12H), 2.21 (s, 6H), 

1.98 (s, 12H), 1.85 (s, 24H). 13C NMR (150 MHz, benzene-d6): δ= 155.96, 143.29, 139.72, 139.25, 

137.12, 136.20, 134.71, 129.30, 128.84, 128.16, 125.49, 125.33, 29.02, 21.21, 21.03, 20.08. 

UV/vis: λ/nm (ε/M−1 cm−1): 303 (1700). IR (Nujol; ṽ/cm-1): 1659w, 1590w, 1562w, 1455s, 1370s, 

1258w, 1048w, 841m, 792m, 769w, 737m, 719w, 705w, 571w. 

 

-  2 MesH
Mes Mes

SH
THF, 80oC, 2 d

2 +

Cu

4

Mes= -C6H2-2,4,6-Me3

Cu Cu

Cu Cu
S S

Mes

Mes

Mes

Mes

1 (24%)



 69 

 

Figure 3.7 Synthesis of the complex 2 

{Cu2(SAriPr4)Mes}2 (2). The synthesis of 2 was accomplished in a similar manner to that of 1 with 

the use of the terphenyl thiol HSAriPr4 (0.43 g, 1 mmol) and {CuMes}4 (0.364 g, 0.5 mmol) in ca. 

60 mL of THF, yielding 0.31 g (23%) of colorless crystals which were suitable for X-ray 

crystallographic studies. Mp: decomposed at 190oC. 1H NMR (600 MHz, benzene-d6): δ 6.97-6.92 

(m, 4H), 6.90 (d, J = 6.7 Hz, 8H), 6.88- 6.83 (m, 6H), 6.71 (s, 4H), 2.73 (m, J = 7.0 Hz, 8H), 2.33 

(s, 6H), 2.29 (s, 12H), 1.20 (d, J = 6.9 Hz, 24H), 1.00 (d, J = 6.8 Hz, 24H). 13C NMR (150 MHz, 

benzene-d6) δ 156.17, 145.03, 142.55, 140.68, 139.96, 137.24, 132.73, 129.62, 129.60, 126.36, 

126.34, 123.04, 30.74, 30.66, 30.11, 24.32, 23.76, 23.73. UV/vis: λ/nm (ε/M−1 cm−1): 279 (3000). 

IR (Nujol; ṽ/cm-1): 1930w, 1584w, 1569w, 1458s, 1371s, 1350m, 1319w, 1275w, 1255w, 1097w, 

1050w, 1035m, 929w, 838s, 810m, 791s, 782s, 751s, 742s, 693w, 595w, 566w, 543w, 525w, 462w, 

350w. 

 

Figure 3.8 Synthesis of the complex 3 
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{Cu2(SAriPr6)Mes}2 (3). The terphenyl thiol HSAriPr6 (0.514 g, 1 mmol), {CuMes}4 (0.364 g, 0.5 

mmol) and ca. 60 mL of THF were combined in a Schlenk tube, and the solution was allowed to 

stir at 80oC for 2 days. The solvent was removed under reduced pressure, and the residue was 

extracted with ca. 50 mL of toluene, the resulting solution was filtered through Celite and the 

filtrate was concentrated to ca. 10 mL under reduced pressure and stored at room temperature for 

4 days, yielded 0.24 g (16%) colorless crystals which were suitable for X-ray crystallography. Mp: 

227-231oC. 1H NMR (600 MHz, benzene-d6): δ 7.26 (d, J = 13.0 Hz, 3H), 7.11 – 7.03 (m, 3H), 

6.96 (dd, J = 14.8, 7.5 Hz, 3H), 6.76 – 6.64 (m, 4H), 6.54 (s, 2H), 6.36 (d, J = 18.9 Hz, 3H), 3.14 

(q, J = 7.0 Hz, 2H), 2.95 (m, J = 19.8, 6.8 Hz, 5H), 2.89 – 2.64 (m, 3H), 2.61 – 2.53 (m, 2H), 2.52 

– 2.32 (m, 8H), 2.26 (s, 5H), 2.08 (d, J = 13.4 Hz, 1H), 2.05 (s, 2H), 1.83 (s, 5H), 1.61 (d, J = 6.8 

Hz, 5H), 1.47 – 1.24 (m, 24H), 1.23 (d, J = 6.9 Hz, 2H), 1.18 – 1.09 (m, 15H), 1.05 (d, J = 7.0 Hz, 

6H), 1.01 (d, J = 6.9 Hz, 6H), 0.97 (d, J = 6.9 Hz, 6H), 0.72 (d, J = 6.8 Hz, 5H). 13C NMR (150 

MHz, benzene-d6): δ 153.69, 153.02, 147.52, 147.42, 147.37, 145.57, 144.88, 142.78, 139.25, 

138.04, 137.97, 137.65, 134.96, 130.66, 130.43, 128.92, 127.93, 124.09, 123.71, 121.52, 121.41, 

120.98, 34.63, 32.56, 31.68, 31.01, 30.67, 30.64, 30.32, 28.82, 26.15, 25.74, 25.14, 24.98, 24.81, 

24.79, 24.44, 24.08, 23.66, 23.25, 23.03, 22.19, 20.92. UV/vis: λ/nm (ε/M−1 cm−1): 273 (2900). IR 

(Nujol; ṽ/cm-1): 1600m, 1589w, 1560w, 1455s, 1375s, 1355m, 1310w, 1255w, 1164w, 1096w, 

936w, 872m, 843m, 796m, 761w, 741m, 723m, 688w, 645w, 518w, 459w. 
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Figure 3.9 Synthesis of the complex 4 

{Cu4(SAriPr8)Mes3} (4). Complex 4 was prepared in a manner analogous to that used for complex 

3. HSAriPr8 (0.4 g, 0.67 mmol) and {CuMes}4 (0.243 g, 0.33 mmol) were combined as solids and 

ca. 50 mL of toluene was added, mixture was stirred at 110oC for 4 days. The solvent was then 

removed under reduced pressure to afford an off-white residue. The residue was dissolved in ca. 

50 mL of toluene, and the solvent was concentrated under reduced pressure to ca. 4 mL. The 

solution was then stored at a 5oC refrigerator for 5 days to afford 0.11 g (6%) of product 4 as 

colorless blocks. Mp: 185-188oC.  1H NMR (600 MHz, benzene-d6): δ 7.29 (d, J = 1.8 Hz, 1H), 

7.08 (d, J = 1.9 Hz, 4H), 6.59 (s, 4H), 6.40 (s, 2H), 2.99 (td, J = 6.8, 2.0 Hz, 4H), 2.63 (d, J = 1.9 

Hz, 12H), 2.55 (s, 2H), 2.51 (s, 6H), 2.44 – 2.39 (m, 2H), 1.99 (d, J = 1.7 Hz, 6H), 1.83 – 1.76 (m, 

12H), 1.76 (s, J = 1.7 Hz, 3H), 1.22 (dd, J = 7.0, 1.9 Hz, 12H), 1.07 (ddd, J = 13.4, 6.8, 1.9 Hz, 

24H). 13C NMR (150 MHz, benzene-d6): δ 154.19, 153.28, 146.90, 145.68, 140.18, 136.69, 136.54, 

135.58, 126.07, 125.91, 122.10, 32.32, 30.82, 30.32, 29.54, 28.53, 26.76, 24.67, 24.36, 23.03, 

21.05, 20.92. UV/vis: λ/nm (ε/M−1 cm−1): 294 (2300). IR (Nujol; ṽ/cm-1): 1589w, 1518w, 1456s, 

1372s, 1308w, 871w, 842w, 798w, 765w, 720w. 

 

X-ray Crystallographic Studies.  
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Crystals of complexes 1 and 2 suitable for X-ray crystallographic study were obtained from 

concentrated hexane solution at -18oC after 4 to 5 days, 3 and 4 were recrystallized from 

concentrated toluene. Single crystals were removed from Schlenk tubes and immediately covered 

with a layer of hydrocarbon oil. Suitable crystals were selected, mounted on a nylon cryo loop, 

and then placed in the cold nitrogen stream of the diffractometer. Data for 1-4 were collected at 

90(2) K with Cu Kα1 radiation (λ = 1.5418 Å) using a Bruker DUO 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.28,29 The 

structures were solved by direct methods and refined with the SHELXTL (2012, version 6.1) or 

SHELXTL (2013) software packages.30 Refinement was by full-matrix least-squares procedures, 

with all carbon-bound hydrogen atoms included in calculated positions and treated as riding atoms. 

The thermal ellipsoid plots were drawn using OLEX2 software.31 A summary of the 

crystallographic and data collection parameters is given in Table S1 in SI. 

 

Computational details 

The geometry optimizations of both isomers 2 and 3 were performed with the Gaussian16 

(Revision C.01) program32 using the PBE1PBE hybrid exchange functional33 and Def2-TZVP 

basis sets.34 In addition, Grimme’s empirical dispersion correction with Becke-Johnson damping 

(GD3BJ)35 was used as well as an ultrafine integration grid. Full analytical frequency calculations 

were performed for the optimized structures to ensure the nature of the stationary points found 

(minima, no imaginary frequencies). The energy decomposition analyses (EDA)36 were performed 

using ADF2021.102 program package.37 These calculations utilized the PBE1PBE functional and 
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TZ2P basis sets38 for all atoms with empirical dispersion correction (GD3BJ) and good numerical 

quality. 
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Supporting information  

 
Figure S3.1 1H NMR spectrum of {Cu2(SArMe6)Mes}2 (1) in C6D6 (600 MHz, 298 K) 

 
Figure S3.2 13C{1H} NMR spectrum of {Cu2(SArMe6)Mes}2 (1) in C6D6 (600 MHz, 298 K) 
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Figure S3.3 Infrared spectrum of a Nujol mull of {Cu2(SArMe6)Mes}2 (1) at 25oC 
 
 
 
 
 

 
Figure S3.4 UV-Vis spectrum of {Cu2(SArMe6)Mes}2 (1) at 25 °C (144 μM in hexanes) 
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Figure S3.5 1H NMR spectrum of {Cu2(SAriPr4)Mes}2 (2) in C6D6 (600 MHz, 298 K) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S3.6 13C{1H} NMR spectrum of {Cu2(SAriPr4)Mes}2 (2) in C6D6 (150 MHz, 298 K) 
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Figure S3.7 Infrared spectrum of a Nujol mull of {Cu2(SAriPr4)Mes}2 (2) at 25oC 
 
 
 
 
 

 
Figure S3.8 UV-Vis spectrum of {Cu2(SAriPr4)Mes}2 (2) at 25 °C (163 μM in hexanes) 
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Figure S3.9 1H NMR spectrum of {Cu2(SAriPr6)Mes}2 (3) in C6D6 (600 MHz, 298 K) 

 

 
Figure S3.10 13C{1H} NMR spectrum of {Cu2(SAriPr6)Mes}2 (3) in C6D6 (150 MHz, 298 K) 
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Figure S3.11 Infrared spectrum of a Nujol mull of {Cu2(SAriPr6)Mes}2 (3) at 25oC 
 
 
 
 

 
Figure S3.12 UV-Vis spectrum of {Cu2(SAriPr6)Mes}2 (3) at 25 °C (279 μM in hexanes) 
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Figure S3.13 1H NMR spectrum of {Cu4(SAriPr8)Mes3} (4)  in C6D6 (600 MHz, 298 K) 
 

 
Figure S3.14 13C{1H} NMR spectrum of {Cu4(SAriPr8)Mes3} (4) in C6D6 (150 MHz, 298 K) 
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Figure S3.15 Infrared spectrum of a Nujol mull of {Cu4(SAriPr8)Mes3} (4) at 25oC 
 
 
 
 
 
 

 

 
 

Figure S3.16 UV-Vis spectrum of {Cu4(SAriPr8)Mes3} (4) at 25 °C (181 μM in hexanes) 
 
 

 
 
 
 
 
 



 88 

Crystallography data 
 
Table S3.1 Crystallographic parameters of 1-4.  

 1 2 3  4 

formula C66H72Cu4S2  C78H96Cu4S2 C104H136Cu4S2 C69H94Cu4S 

fw 1183.56 1351.82 1704.4 1209.70 

color colorless colorless colorless colorless 

cyst syst monoclinic monoclinic triclinic monoclinic 

space group C 2/c P 21/n P-1 P21/m 

a, Å 25.0546(15) 12.6435(9) 15.6890(9) 12.1537(7) 

b, Å 14.1816(9) 19.3995(17) 16.6057(10) 19.5933(12) 

c, Å 32.2662(19) 14.6899(15) 18.1676(11) 14.0502(9) 

α, deg 90 90 90.1316(10) 90 

β, deg 96.6995(10) 108.793(9) 90.1437(10) 109.4542(9) 

γ, deg 90 90 99.8453(10) 90 

V, Å3 11386.4(12) 3411.0(5) 4663.4(5) 3154.8(3) 

Z 8 2 2 2 

Density 

(calculated) 

1.381 Mg/m3 1.316 Mg/m3 1.214 Mg/m3 1.273 Mg/m3 

Absorption 

coefficient 

1.587 mm-1 2.281 mm-1 0.989 mm-1 1.401 mm-1 

F(000) 4928 1424 1816 1280 

Crystal size 0.409 x 0.320 x 0.250 

mm3 

0.476 x 0.371 x 0.267 

mm3 

0.357 x 0.314 x 0.254 

mm3 

0.368 x 0.237 x 0.232 

mm3 

Crystal color and 

habit 

Colorless Block Colorless Block Colorless Block Colorless Block 

Theta range for 

data collection 

1.952 to 27.544° 3.911 to 69.613° 1.961 to 27.524° 2.079 to 27.547° 

Index ranges -32<=h<=32,  

-18<=k<=18,  

-41<=l<=41 

-14<=h<=15,  

-23<=k<=22,  

-17<=l<=16 

-20 <= h <= 20,  

-21 <= k <= 21,  

-23 <= l <= 23 

-15<=h<=15,  

-25<=k<=25,  

-18<=l<=18 
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Reflections 

collected 

50858 18204 42567 28803 

Independent 

reflections 

13126  

[R(int) = 0.0493] 

6264  

[R(int) = 0.0208] 

21444 

[Rint = 0.0452] 

7481  

[R(int) = 0.0415] 

Data / restraints / 

parameters 

13126 / 0 / 667 6264 / 0 / 571 21444/0/1023 7481 / 0 / 366 

Goodness-of-fit 

on F2 

1.031 1.053 1.021 1.030 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0332,  

wR2 = 0.0732 

R1 = 0.0289,  

wR2 = 0.0770 

R1 = 0.0410,  

wR2 = 0.0829 

R1 = 0.0312,  

wR2 = 0.0754 

R indices (all 

data) 

R1 = 0.0493,  

wR2 = 0.0792 

R1 = 0.0297,  

wR2 = 0.0776 

R1 = 0.0663,  

wR2 = 0.0917 

R1 = 0.0433,  

wR2 = 0.0810 

Largest diff. peak 

and hole 

0.442 and -0.316 e.Å-3 0.343 and -0.346 e.Å-3 0.392 and -0.457 e.Å-3 0.440 and -0.359 e.Å-3 

 

Computational details 

Table S3.2 Optimized bond parameters of 2 and 3. 

 2 

PBE1PBE-D3 

2 

PBE1PBE 

3 

PBE1PBE-D3 

3 

PBE1PBE 

Cu-Cu (Å) 2.465 2.509 2.433 2.463 

 2.812 2.928 2.446 2.467 

 2.466 2.509 2.701 2.800 

 2.811 2.929 2.710 2.805 

Cu-S (Å) 2.199 2.203 2.191 2.221 

 2.202 2.208 2.232 2.215 

Cu-CMes (Å) 2.003 2.005 2.022 2.013 

 2.008 2.006 2.010 2.017 

Cu-Cu-Cu (°) 77.15 83.43 71.97, 71.94 77.94, 77.92 

 102.85 96.57 99.88, 116.17 93.00, 111.14 

Cu-S-Cu (°) 79.40 83.21 75.28 78.29 

Cu-CMes-Cu (°) 75.85 77.44 74.92 75.47 

S-Cu-Cu-S/C (°) 66.52 50.56 16.03 5.90 
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Chapter 4. London Dispersion Effects in a Distannene/Tristannane Equilibrium: Energies    

of their Interconversion and the Suppression of the Monomeric Stannylene Intermediate 
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Abstract 

Reaction of {LiC6H2-2,4,6-Cyp3·Et2O}2 (Cyp=cyclopentyl) (1)   of   the   new   dispersion   energy   

donor (DED) ligand, 2,4,6-triscyclopentylphenylwith SnCl2 afforded a mixture of the distannene 

{Sn(C6H2-2,4,6-Cyp3)2}2 (2), and the cyclotristannane {Sn(C6H2-2,4,6-Cyp3)2}3(3). 2 is favored in 

solution at higher temperature (345K or above) whereas 3 is preferred near 298K. Van’t Hoff 

analysis revealed the 3 to 2 conversion has a ΔH = 33.36 kcal mol−1 and ΔS = 0.102 kcal mol−1      

K-1, which gives a ΔG300 K= +2.86 kcal mol−1, showing that the conversion of 3 to 2 is an endergonic 

process. Computational studies show that DED stabilization in 3 is-28.5 kcal mol-1 per {Sn(C6H2-

2,4,6-Cyp3)2 unit, which exceeds the DED energy in 2 of -16.3 kcal mol-1 per unit. The data clearly 

show that dispersion interactions are the main arbiter of the 3 to 2 equilibrium. Both 2 and 3 possess 



 91 

large dispersion stabilization energies which suppress monomer dissociation (supported by EDA 

results). 

 

In the mid-1980s Masamune and Sita synthesized the tristannanes {Sn(C6H3-2,6-Et2)2}3 [1] and 

{Sn(C6H2-2,4,6-iPr2)2}3,[2] characterized them spectroscopically and determined the detailed 

structure for {Sn(C6H3-2,6-Et2)2}3,[1] which revealed its triangular Sn3 core arrangement. The 

structure of {Sn(C6H2-2,4,6-iPr2)2}3 was described subsequently,[3] along with simpler, higher 

yielding, salt metathesis synthetic routes.[3] The existence of an equilibrium between the dimeric 

and trimeric structures was also noted,[2] and this was verified later by Weidenbruch and co-

workers.[4,5] In a key finding, it was shown also that {Sn(C6H2-2,4,6-iPr2)2}3 converts to the 

corresponding distannene {Sn(C6H2-2,4,6-iPr2)2}2 with the generation of a monomeric 

stannylene :Sn(C6H2-2,4,6-iPr2)2 either upon heating to 80 °C in d8-toluene or photolysis of a 

solution of the trimer at -78 °C in methylcyclohexane (Scheme 4.1).[2] Both the distannane 

{Sn(C6H2-2,4,6-iPr2)2}2 and stannylene :Sn(C6H2-2,4,6-iPr2)2 were trapped by reactions with 

phenylacetylene, a diene or a diketone.[4,5] We showed recently that a very rare non-dissociating 

solution-stable distannene {Sn(C6H2-2,4,6-Cy3)2}2 (Cy = cyclohexyl), which is stabilized by using 

a hydrogen-rich, dispersion energy donor (DED)[6] ligand -C6H2-2,4,6-Cy3 (Scheme 4.1).[7] The 

dimeric structure of this compound has a Sn=Sn double bond which remains intact even upon 

heating to 100 °C in d8- toluene, and no evidence for a trimeric species {Sn(C6H2-2,4,6-Cy3)2}3 

was detected.[7] Computational analysis revealed that the thermal robustness of the distannene 

{Sn(C6H2-2,4,6-Cy3)2}2 is a result of increased dispersion stabilization energy caused by several 

close interligand contacts between ortho-cyclohexyl C−H moieties across the Sn=Sn bond.[7] Use 

of the less sterically demanding and relatively hydrogen-poor ligand -C6H2-2,4,6-Ph3 (Ph = phenyl) 
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yielded only a monomeric stannylene :Sn(C6H2-2,4,6-Ph3)2.[7] Given the key role of dispersion 

interactions in various organometallic species with unusual structures or in counterintuitive 

spectroscopic and structural behavior,[8-20] we investigated the new DED ligand, -C6H2-2,4,6-Cyp3 

(Cyp = cyclopentyl),[21,22] which has one fewer CH2 unit per alkyl substituent than -C6H2-2,4,6-

Cy3,[7] in order to throw further light on DED ligand effects on the behavior of these compounds. 

We found that both the dimeric {Sn(C6H2-2,4,6-Cyp3)2}2 (2) and the related trimer {Sn(C6H2-2,4,6-

Cyp3)2}3 (3) are isolated by a simple salt metathesis reaction from SnCl2 and the lithium salt of the 

-C6H2-2,4,6-Cyp3 ligand (Scheme 4.2). The energy barrier for the dimer/trimer interconversion is 

established by van’t Hoff analysis and DFT calculations but we have been unable to detect the 

presence of the monomer :Sn(C6H2-2,4,6-Cyp3)2 in solution (Scheme 4.3). 

 

Scheme 4.1 Dissociating distannene (Weidenbruch)[4,5] and non-dissociating distannane (this 

group’s previous work).[7] 

 

Treatment of BrC6H2-2,4,6-Cyp3,[21,22] with 2.1 equiv. of tert-BuLi in Et2O afforded the dimeric 

lithium etherate salt {LiC6H2-2,4,6-Cyp3·Et2O}2 (1) (Figure 4.1). The lithium reagent 1 features a 

planar Li2O2 core (as the sum of interior angles is 360.0(11)°). A key feature of the structure of 1 
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is the eclipse of the ortho cyclopentyl rings from the two -C6H2-2,4,6-Cyp3 ligands across the Li2C2 

core (Figure 4.1) where six H…H approaches shorter than 2.4 Å are seen (shown as the red dashed 

lines in Figure 4.1). The lithium atoms are bonded to the Cipso atoms of the phenyl groups with 

asymmetric Li–C distances of 2.245(2) and 2.147(3) Å. The coordination sphere of the lithium 

atoms is completed by a diethyl ether donor molecule. The internal C−Li−C angle is 114.26(11)° 

while that at the Cipso atom is near 65.74(11)°. The central phenyl rings are not arranged 

orthogonally to the Li2C2 core but are tilted at an angle of 85.76(10)° with respect to the Li2C2 

planes. 

 

Figure 4.1 Molecular structure of 1. Interligand H…H contacts less than the sum of the van der 

Waals radii (ca. 2.4 Å) of two hydrogen atoms are indicated with red dashed lines. Selected bond 

lengths (Å) and angles (°): Li1-C1 = 2.245(2), Li1-C1′= 2.147(3), Li1-O1 = 1.947(7), Li1--Li1′ = 

2.399(5), Li1-C1- Li1′ = 65.74(11), C1-Li1-C1′= 114.26(11), C1-Li1-O1 = 115.8(4), C1′-Li1- O1 

= 129.0(4). 

 

Addition of 1 equiv. of the {LiC6H2-2,4,6-Cyp3·Et2O}2 salt (1) to SnCl2 in Et2O at -78 °C (Scheme 

4.2), yielded a bright red solution, suggesting the formation of a dimeric distannene species.[7] 

Overnight stirring afforded, upon workup, a mixture of large crop of yellow crystal plates co-

crystallized with a smaller quantity of red crystals. Attempted recrystallization of the reaction 
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residue using a mixture of toluene and hexane (v/v = 1:1) yielded only yellow crystalline plates. 

Single crystal X-ray crystallography of the red crystals revealed a dimeric structure of formula for 

{Sn(C6H2-2,4,6-Cyp3)2}2 (2) (Figure 4.2), whose core arrangement bears a resemblance to those of 

the previously reported distannenes.[7,23,24] The yellow crystals, however, displayed a trimeric 

structure of formula {Sn(C6H2-2,4,6-Cyp3)2}3 (3) (Figure 4.3), which has similarities (cf. Sn–Sn = 

2.92(10) Å) to those of the cyclotristannane species (see above) which feature triangular Sn3 cores 

with Sn-Sn bond distances of 2.86 and 2.94(2) Å respectively, as reported by Masamune,[1] Cardin 

and coworkers.[3] 

 

Scheme 4.2 Synthesis of distannene 2 and tristannane 3. 

 

Structures 2 and 3 represent the first instance of dimeric and trimeric tin (SnR2)n (n = 2 or 3) 

derivatives of a ligand that is common to the two structures. As shown in Figure 4.2, complex 2 is 

a distannene that has a folded, trans-pyramidalized tin coordination geometries, in which the sum 

of interligand angles at tin is 343.35(4)°. The Sn–Sn distance is 2.717(6) Å, which is at the short 

end of the known range (2.70-3.00 Å)[25-30] of Sn–Sn distances for distannenes with hydrocarbyl 

ligands. It is marginally longer than the Sn–Sn bond length (2.701(7) Å) in {Sn(C6H2-2,4,6-

Cy3)2}2,[7] where dispersion energies are calculated to be higher. The relatively short Sn–Sn length 

in 2 indicates substantial strengthening of the interaction between the two Sn(C6H2-2,4,6-Cy3)2 

units, due to the interligand LD dispersion attraction across the Sn=Sn bond. The C1−Sn1−C22 

and C43–Sn2–C64 angles are 106.6(2)° and 112.9(2)°, respectively, these values resemble those 
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in the previously reported species.[31,32] All C–Sn bond lengths fall within the range 2.172(5)-

2.210(5) Å, which is close to the sum (2.17 Å) of the single bond radii of carbon (0.77 Å) and tin 

(1.40 Å).[33] In the structure of 3 (Figure 4.3), the average Sn–Sn distance in the Sn3 core is 2.92(10) 

Å, which lies between the two previously known values for cyclotristannanes,[1,3] and is somewhat 

longer than the sum of the radii of two Sn atoms (2.8 Å).[33] Each Sn atom is bonded to two -C6H2-

2,4,6-Cyp3 ligands, giving a distorted tetrahedral tin environment. There are several close 

interligand H…H contacts within the sum (ca. 2.4 Å) of the van der Waals radii of two hydrogen 

atoms (indicated with red dashed lines in Figure 4.3), suggesting significant interligand LD 

dispersive interactions between the ortho cyclopentyl substituents. 

                                     

Figure 4.2 Two views of the molecular structure of the distannene 2 (left: top view, right: side 

view). Interligand H…H contacts across the Sn−Sn bond less than the sum of the van der Waals 

radii (ca. 2.4 Å) of two hydrogen atoms are indicated with red dashed lines. All other hydrogens 

are not shown. Selected bond lengths (Å) and angles (°): Sn1-Sn2 = 2.716(6), Sn1-C1 = 2.172(5), 

Sn1- C22 = 2.19(5), Sn2-C43 = 2.208(5), Sn2-C64 = 2.21(5), C1−Sn1−C22 = 106.6(2) (2), C43-

Sn2-C64 = 112.9(2). 
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Although the dimer 2 co-crystallizes with the trimer 3 (Scheme 4.2), attempts to isolate a large 

amount of 2 for characterization proved difficult on account of its high solubility in hydrocarbon 

solution. Computational analysis revealed a dispersion stabilization energy for the 

cyclotristannane 3 of -28.5 kcal mol-1 per {Sn(C6H2-2,4,6-Cyp3)2 unit and -16.3 kcal mol-1 per 

Sn(C6H2-2,4,6-Cyp3)2 unit for the distannene 2. The greater stabilization energy in 3 in the solid 

state thus suggests the dynamic equilibrium between 2 and 3 is greatly affected by attractive 

dispersion interactions. Energy decomposition analysis (EDA) for complex 2 yielded a London 

dispersion (LD) energy of Edisp = -32.45 kcal mol-1. The magnitude is less than that of the 

corresponding cyclohexyl substituted {Sn(C6H2-2,4,6-Cy3)2}2 (-46.38 kcal mol-1).[7] This can be 

attributed to the smaller number of close H…H contacts between Sn(C6H2-2,4,6-Cyp3)2 units in 

comparison to those in the corresponding Sn(C6H2-2,4,6-Cy3)2 fragments.  

 

 

Scheme 4.3 Proposed suppression of the conversion of complex 2 or 3 into the monomeric 

stannylene by LD effects. 

 

Moreover, unlike the structurally characterized cyclotristannanes, {Sn(C6H2-2,4,6-iPr3)2}3,[4,5] and 

{Sn(C6H3-2,6-Et3)2}3,[1,33,34] which dissociate to give an equilibrium concentration of the 

corresponding stannlyene in solution under mild conditions, the {Sn(C6H2-2,4,6-Cyp3)2}3 (3) is 

apparently converted directly to {Sn(C6H2-2,4,6-Cyp3)2}2 (2) at elevated temperature and a 

monomeric stannylene is not detected in solution by 119Sn NMR spectroscopy (Scheme 4.3). It 
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appears that any monomeric stannylene :Sn(C6H2-2,4,6-Cyp3)2 that is generated very rapidly 

associates to the distannene {Sn(C6H2-2,4,6-Cyp3)2}2 (2) (Scheme 4.3). An examination of 

variable-temperature (VT) 119Sn NMR spectrum of 3 over the temperature range of -90 to +100 °C 

showed the thermal conversion of the trimer 3 to the dimer 2 in d8-toluene with increasing 

temperature (see Figure S4.13-S4.22 in ESI for further details). At near ambient temperature (285 

to 315 K), only a single resonance at δ = -343.3 ppm is detected within a scan range of -500 to 

3000 ppm, which corresponds to the cyclotristannane 3 (cf. δ = -378.9 ppm or the cyclotristannane 

{Sn(C6H2-2,4,6-iPr3)2}3,[3] δ = -416.5 ppm for {Sn(C6H2-2,4,6-Et3)2}3,[1] and δcalc. = -340.1 ppm for 

3).[35,36] Upon heating the solution, the signal for 3 diminishes in intensity and a new signal 

appeared at δ = 417.5 ppm (computational study revealed a δ calc. of 505.9 ppm for the dimer 

2).[35,36] This new signal intensifies as the temperature is increased further. This behavior is 

consistent with the formation of the distannene 2 as the temperature increases (cf. δ = 361.3 ppm 

for the previously reported distannene {Sn(C6H2-2,4,6-Cy3)2}2,[7] δ = 427 ppm for {Sn(C6H2-2,4,6-

iPr3)2}2 which dissociates at ambient temperature,[2] and δ = 630.7 ppm for {Sn(SiMetBu2)2}2).[24] 

No other signal was detected in the chemical shift range 1200 to 3000 ppm (cf. 119Sn signal of 

Lappert’s stannylene monomer :Sn{CH(SiMe3)2}2 appears at +2328 ppm).[37] This excludes the 

presence of a measurable amount of the monomeric :Sn(C6H2-2,4,6-Cyp3)2 given that the chemical 

shifts of the 119Sn signals of monomeric diorganostannylenes fall within the range +723 to +2328 

ppm,[38-45] This is also in agreement with the calculated monomer signal at δcalc. = +2313 ppm. 

Cooling the solution to 300 K resulted in the disappearance of the signal of 2 at δ = 417.5 ppm 

and the reappearance of the signal of 3 at δ = -343. 3 ppm, underlining the reversibility of the 

process shown in Scheme 3. Furthermore, in comparison to the variable temperature (VT) 1H NMR 

data, DOSY NMR experiments on trimer 3 carried out at 373 K, indicated that 3 was fully 
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converted to 2 with a corresponding diffusion coefficient of 1.70 × 10-9 m2 s-1 in d8-toluene. A 

hydrodynamic radius of 2 from this value was calculated to be 5.01 Å, which is good agreement 

to the crystallographic radius of 2 (4.73 Å) derived from the cell volume, assuming a spherical 

shape. Apparently, any monomeric :Sn(C6H2-2,4,6-Cyp3)2 that is formed as a transient intermediate 

during the thermal conversion of 3 to 2 is below the limit of detection by 119Sn NMR spectroscopy 

under the experimental conditions. The lack of significant amounts of monomeric :Sn(C6H2-2,4,6-

Cyp3)2, which is a reflection of the relative thermal stabilities of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) and 

{Sn(C6H2-2,4,6-Cyp3)2}2 (2), is likely the consequence of the enhanced dispersion interactions in 

2 and 3 species. A suitable trapping agent, 2,3-dimethyl-1,3-butadiene was used for further 

detection of the presence of the stannylene. Upon heating 3 in the presence of 2,3-dimethyl-1,3-

butadiene in toluene, the corresponding stannacyclopentenes 4 can be isolated as a colorless solid 

in low yield (7.8%), evidenced by the 119Sn chemical shift of 4 at -84.7 ppm (cf. δ = -83.3 ppm of 

the stannacyclopentenes {Sn(C6H2-2,4,6-iPr3)2}3)[4] (see ESI for details). The monomeric 

stannylene is therefore considered to exist in solution at elevated temperatures but the extent of 

formation of the monomer is too small to be detected in 1H NMR, 119Sn NMR or 1H DOSY spectra 

even. Van′t Hoff analysis of the VT 1H NMR data yielded a ΔHconv. value of 35.06 kcal mol−1 for 

the conversion of 3 into 2. The ΔGconv. 300 K = 2.66 kcal mol−1 which leads to a ΔSconv. value of 

0.102 kcal mol-1 K-1 (see ESI for further details). The structural data for 2 and 3 and their 

cyclohexyl substituted counterparts are strongly stabilized by dispersion effects to the extent that 

the dimeric structure can be isolated in each case in contrast to the instability of the {Sn(C6H2-

2,4,6-iPr3)2}2 distannene.[4,5] In addition, the dispersion effects prevent dissociation of the 

distannenes so that the monomeric stannylenes :Sn(C6H2-2,4,6-Cyp3)2 and :Sn(C6H2-2,4,6-Cy3)2 
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are not detected, in contrast to {Sn(C6H2-2,4,6-iPr3)2}2 which was detected spectroscopically and 

easily trapped chemically.  

Quantum chemical calculations for compounds {Sn(C6H2-2,4,6-Cyp3)2}3 (3) and {Sn(C6H2-2,4,6-

Cyp3)2}2 (2) were performed at the hybrid B3LYP-D4/def2-TZVP or def2-QZVP[46-48] level on 

r2SCAN-3c[CPCM][49-51] geometries. The calculated structural parameters match the experimental 

data values closely (for further details see the ESI). The orbital analysis of {Sn(C6H2-2,4,6-iPr3)2}3 

(Figure 4.4) reveals three Sn–Sn single bonds with Wiberg bond indices of 0.83. The HOMO of 3 

is represented by two degenerate molecular orbitals of the Sn–Sn bonds and the LUMO of the 

respective antibonding p-orbital combinations (for further details see the ESI). EDA of {Sn(C6H2-

2,4,6-iPr3)2}3,[3] reveals a high LD interaction energy contribution of Edisp. = -85.6 kcal mol-1 which 

partially compensates for the strong Pauli repulsive interaction of 447.68 kcal mol-1 (Figure 4.5). 

The large Edisp. (-85.6 kcal mol-1) / Eint. (-91.8 kcal mol-1) = 0.9 ratio indicates the importance of LD 

for the overall interaction energy and impressively demonstrates its significance for stabilizing 

cyclotristannane 3. 
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Figure 4.4 a) NBOs of the Sn-Sn single bonds in 3 (B3LYP-D4/def2-TZVP/def2-SVP@Ph), and 

b) molecular frontier orbitals (B3LYP-D4/def2-QZVP) of 2 at the (iso surface value = 0.05 a.u.). 

 

EDA of {Sn(C6H2-2,4,6-iPr3)2}3
 (3) reveals a high London dispersion interaction energy 

contribution of Edisp=-85.6 kcal mol-1 which partially compensates for the strong Pauli repulsive 

interaction of 447.68 kcal mol-1 (Figure 4.5). The large Edisp (-85.6 kcal mol-1) / Eint (-91.8 kcal mol-

1) = 0.9 ratio indicates the importance of London dispersion for the overall interaction energy and 

impressively demonstrates its significance for stabilizing cyclotristannane 3.  

 

Figure 4.5 Energy decomposition analysis of 2 (red) and 3 (grey) at B3LYP-D4/def2-TZVP level. 

The dashed lines represent the overall interaction energies of the corresponding stannylene 

fragments SnR2. 

 

In conclusion, the specifically designed substituent -C6H2-2,4,6-Cyp3 (Cyp = cyclopentyl) was 

synthesized as an enhanced dispersion energy donating (DED) ligand via the synthesis of its 

lithium salt {LiC6H2-2,4,6-Cyp3·Et2O}2 (1),[52] its distannene {Sn(C6H2-2,4,6-Cyp3)2}2 (2) and the 

cyclotristannane {Sn(C6H2-2,4,6-Cyp3)2}3 (3) derivatives. Computational results showed that this 

ligand produces a lower dispersion energy of stabilization than -C6H2-2,4,6-Cy3 in the distannene 
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{Sn(C6H2-2,4,6-Cy3)2}2 probably as a result of fewer close H…H contacts between the two 

Sn(C6H2-2,4,6-Cyp3)2 units. In addition, the trimer 3 is proved to be the predominant species in 

solution as a result of greater dispersion interaction between its three :SnR2 units. For the first time, 

we have supplied the energy values of any Sn dimer-trimer equilibrium via VT multinuclear NMR 

spectroscopy which revealed that {Sn(C6H2-2,4,6-Cy3)2}3 (3) converts to the {Sn(C6H2-2,4,6-

Cy3)2}2 (2) at high temperatures (thermodynamically favored at 70 °C) and is in equilibrium with 

2. However, a monomeric stannylene :Sn(C6H2-2,4,6-Cyp3)2 was not observed in solution over a 

wide temperature range. The detailed mechanism whereby 3 is transformed into 2 remains under 

investigation. 
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Supplementary Information  

S1. Experimental Procedures 

General information. 

All manipulations were carried out under anaerobic and anhydrous conditions by using Schlenk 

techniques or in a Vacuum Atmospheres OMNI-Lab drybox under an atmosphere of dry argon or 

nitrogen. Solvents were dried by the method of GrubbsS1 and co-workers, 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. The NMR spectra were recorded on a 

500 MHz Bruker Advanced DRX spectrometer, the 1H NMR and 13C NMR spectra were 

referenced to the residual solvent signals in deuterated toluene. IR spectra were recorded as Nujol 

mulls between CsI plates on a PerkinElmer 1430 spectrometer. UV−vis spectra were recorded as 

dilute hexane solutions in 3.5 mL quartz cuvettes using an Olis 17 modernized Cary 14 

UV−vis−near-IR spectrophotometer or an HP 8452 diode-array spectrophotometer. The precursor 
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BrC6H2-2,4,6-Cyp3 was prepared via literature methods.S2,S3 Unless otherwise stated, all materials 

were obtained from commercial sources and used as received. 

Synthesis of {LiC6H2-2,4,6-Cyp3·Et2O}2 (1): 1,3,5-tricyclopentyl-bromobenzene BrC6H2-2,4,6-

Cyp3 (6.0 g, 16.67 mmol) was dissolved in ca. 60 mL of Et2O and cooled to ca. 0oC. 20 mL of a 

1.7 M (34 mmol) of tert-BuLi in pentane was then added dropwise to the stirred solution over ca. 

10 minutes. The mixture was allowed to warm to ambient temperature and stirred for eight hours. 

The solvent was then removed completely under reduced pressure to afford white powder residue, 

and ca. 70 mL of hexane was added to the residue. The solution was then heated to ca. 65oC the 

filtered through Celite at this temperature, the solution was then concentrated to ca. 50 mL under 

reduced pressure until the formation of small colorless crystals was observed. The solution was 

stored in a ca. -38 oC freezer for 2 days to yield 3.62 g (60.0%) of 1 as colorless crystals which 

were suitable for X-ray crystallography. 1H NMR (500 MHz, toluene-d8): δ 7.10 (s, 2H), 3.23 (q, 

J = 8.5 Hz, 2H), 3.03 (t, J = 8.4 Hz, 1H), 2.88 (q, J = 7.0 Hz, 4H), 2.21 (d, J = 10.6 Hz, 4H), 2.10 

– 1.98 (m, 6H), 1.90 (d, J = 12.9 Hz, 8H), 1.79 (dt, J = 23.9, 7.5 Hz, 4H), 1.71 – 1.60 (m, 2H), 0.62 

(t, J = 7.0 Hz, 6H). 13C NMR (125 MHz, toluene-d8): δ= 158.48, 143.88, 137.08, 118.89, 65.50, 

53.10, 46.97, 37.23, 35.06, 26.78, 25.63, 13.87. Mp: 132-135oC. UV/vis: λ/nm (ε/M−1 cm−1): 272 

(2200). IR (Nujol; ṽ/cm-1): 1581m, 1529m, 1453s, 1404w, 1421w, 1374s, 1301w, 1258w, 1206w, 

1182w, 1150w, 1139m, 1056m, 867m, 793w, 720m, 398m.  

Synthesis of {Sn(C6H2-2,4,6-Cyp3)2}3 (3): A solution of 2,4,6-tricyclopentylphenyllithium 

etherate (1) (1.81 g, 5 mmol) in ca. 50 mL of diethyl ether was added dropwise to a slurry of SnCl2 

(0.47 g, 2.5 mmol) in ca. 10 mL of diethyl ether at -78oC. The solution turned orange-yellow 

immediately then became bright red. The reaction was then allowed to warm slowly to room 
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temperature and stirred for ten hours. Removal of solvent under reduced pressure afforded a red 

residue, and ca. 80 mL of toluene was added. The solution was heated to ca. 50oC then filtered 

thorough celite at this temperature. The solution was concentrated under reduced pressure to ca. 

50 mL and stored in a ca. -38oC freezer for 3 days. 0.785 g of 3 (46%) was afforded as yellow 

plates that were suitable for X-ray determination. 1H NMR (500 MHz, toluene-d8) δ 7.12 (s, 2H), 

3.67 (s, 2H), 3.29 (t, J = 8.2 Hz, 2H), 2.82 (p, J = 9.1 Hz, 3H), 2.51 – 2.36 (m, 4H), 1.97 (d, J = 

12.1 Hz, 9H), 1.72 (dd, J = 10.7, 5.6 Hz, 9H), 1.64 – 1.54 (m, 20H), 1.37 (t, J = 6.9 Hz, 3H), 1.16 

(d, J = 8.5 Hz, 4H). 13C NMR (500 MHz, toluene-d8) δ 137.11, 122.90, 46.38, 36.35, 34.67, 26.42, 

25.52, 25.44. Mp: 176-180oC. UV/vis: λ/nm (ε/M−1 cm−1): 310 (15000). IR (Nujol; ṽ/cm1): 2720w, 

1566w, 1543w, 1450s, 1421w, 1368s, 1298w, 1077m, 1013m, 866w, 797m, 725m, 378w. 

Synthesis of 3,4-Dimethyl-1,1-bis(2,4,6-tricyclopentylphenyl)-1-stanna-3-cyclopentene (4): 

{Sn(C6H2-2,4,6-Cyp3)2}3 (3) (0.511 g, 0.25 mmol) was combined with 2,3-dimethyl-1,3-butadiene 

(0.093 g, 1.125 mmol) in ca. 50 mL of toluene. The solution was heated to 85oC and stirred for 12 

h. The solvent was removed under reduced pressure to afford a white residue, and ca. 50 mL of 

THF was added. The solution was then filtered thorough celite and was concentrated under reduced 

pressure to ca. 5 mL. Storage in a ca. -78oC freezer for 7 days afforded 0.050 g of 4 (7.8%) as 

colorless block. 1H NMR (500 MHz, toluene-d8) δ 7.14 (s, 4H), 3.56 (s, 2H), 3.36 – 3.22 (m, 4H), 

2.97 – 2.86 (m, 2H), 2.23 (s, 10H), 2.05 – 1.88 (m, 20H), 1.86 – 1.53 (m, 38H). 13C NMR (500 

MHz, toluene-d8) δ 152.34, 146.87, 142.74, 131.65, 122.39, 67.36, 50.25, 46.30, 36.45, 34.68, 

28.53, 25.81, 25.48, 21.40. 119Sn NMR (187 MHz, Toluene-d8) δ -84.70 ppm. 
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Supporting Information 

 

 
Figure S4.1 1H NMR spectrum of {LiC6H2-2,4,6-Cyp3·Et2O}2 (1) in C7D8 at 298 K.  

 

Figure S4.2 13C NMR spectrum of {LiC6H2-2,4,6-Cyp3·Et2O}2 (1) in C7D8 at 298 K.  
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Figure S4.3 1H NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 283 K. 

 

 

Figure S4.4 1H NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 300 K. 
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Figure S4.5 1H NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 315 K. 

 

 

Figure S4.6 1H NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 330 K. 
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Figure S4.7 1H NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 345 K. 

 

 

Figure S4.8 1H NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 360 K. 
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Figure S4.9 1H NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 375 K. 

 

Figure S4.10 Variable temperature 1H NMR spectra (scan range of 8.25 to -0.25 ppm) of the 

interconversion of complexes 2 and 3 in C7D8. The trimer 3 indicated by blue sphere and the dimer 

2 indicated by red sphere.  
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Figure S4.11 Details of variable temperature 1H NMR spectra (scan range of 7.25 to 6.9 ppm) of 

the interconversion of complexes 2 and 3 in C7D8. The trimer 3 indicated by blue sphere and the 

dimer 2 indicated by red sphere.  

 

 

 

 

 

 

 

 

 

 

Figure S4.12 13C NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 375 K. 
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Figure S4.13 119Sn{1H} NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 283 K. 

 

Figure S4.14 119Sn{1H} NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 300 K. 
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Figure S4.15 119Sn{1H} NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) in C7D8 at 315 K. 

 

Figure S4.16 119Sn{1H} NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) and {Sn(C6H2-2,4,6-

Cyp3)2}2 (2)  C7D8 at 330 K. 
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Figure S4.17 119Sn{1H} NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) and {Sn(C6H2-2,4,6-

Cyp3)2}2 (2) in C7D8 at 345 K. 

 

Figure S4.18 119Sn{1H} NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) and {Sn(C6H2-2,4,6-

Cyp3)2}2 (2) in C7D8 at 360 K. 
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Figure S4.19 119Sn{1H} NMR spectrum of {Sn(C6H2-2,4,6-Cyp3)2}2 (2)  in C7D8 at 375 K. 

 

Figure S4.20 Variable temperature 1H NMR spectra (temperature range of 283 to 375 K) of the 

interconversion of complexes 2 and 3 in C7D8. The trimer 3 indicated by blue sphere and the dimer 

2 indicated by red sphere.  
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Figure S4.21   UV-Vis spectrum of {Li(C6H2-2,4,6-Cyp3)·OEt2}2 (1) at 25 °C (82 μM in hexanes). 

 

 

 

 

 

Figure S4.22   Infrared spectrum of a Nujol mull of {Li(C6H2-2,4,6-Cyp3)·OEt2}2 (1) at 25oC. 
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Figure S4.23   UV-Vis spectrum of {Sn(C6H2-2,4,6-Cyp
3)2}3 (3) at 25 °C (48 μM in hexanes). 

 

 

 

 

 

Figure S4.24   Infrared spectrum of a Nujol mull of {Sn(C6H2-2,4,6-Cyp3)2}3 (3) at 25oC. 
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Van’t Hoff analysis 

The cyclotristannane 3 was dissolved in d8-toluene and transferred to a sealed J. Young NMR tube. 

The tube was inserted into a temperature-controlled NMR probe and 1H NMR spectra were 

collected at 15 K intervals from 180 to 375 K. Concentrations of the distannene 2 and 

cyclotristannane 3 were determined by integration of the meta hydrogens of the central rings of 

the ligands. The equilibrium constant of the reaction was calculated according to the expression: 

 

a). Complex 3 to 2: 

 

 

 

 

 

The equilibrium constant (Keq) was calculated as: 

 

The concentrations of the species were determined according to their relative integrations. A 

Van't Hoff plot of Ln(Keq) against 1/T was constructed for the above reaction. ∆S and ∆H were 

calculated using the gradient and intercept of the plot: 
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The free energy ∆G was then calculated using equation below: 

Table S4.1 Determined concentrations, equilibrium constants and natural logs used for van’t Hoff analysis for complex 3. 

Temperature (K) C[Trimer] C[Dimer] Keq Ln(Keq) 1/T 

283.0 2.01 0.10 0.0002426 -8.323 0.00353 

300.0 1.83 0.34 0.0117364 -4.445 0.00333 

315.0 1.74 0.74 0.1338433 -2.011 0.00317 

330.0 1.72                1.44 1.0093245  0.00928 0.00303 

345.0 1.42                 2.73 10.090467  2.31159 0.00290 

360.0 1.07                 4.15 62.427612  4.13416 0.00278 

375.0                           0.39                            5.25                         951.36384               6.85792                     0.00267 

 

 

 

 

 

 

Figure S4.25 Van’t Hoff plot of Ln(Keq) against 1/T for the equilibrium between 2 and 3.  
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Table S4.2 Calculated thermodynamic parameters of the dissociation reaction of complex 3. 

Gradient = -16771 ∆S (kJ mol-1 K-1) ∆S (kcal mol-1 K-1) ∆H (kJ mol-1) ∆H (kcal mol-1) 

Intercept = 51.1 +0.04248 +0.101637 +139.43 

 

+33.357 

 

 

Table S4.3 Temperature dependence on free energy (∆G) for the dissociation of complex 3. 

Temperature (K) ∆G 

283.0 4.59398225 

300.0 2.86614211 

315.0 1.34157727 

330.0 -0.1829876 

345.0 -1.7075524 

360.0 -3.2321172 

375.0 -4.7566821 
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b). Complex {Sn(C6H2-2,4,6-iPr2)2}3 to {Sn(C6H2-2,4,6-iPr2)2}2: 

 

 

Table S4.4 Determined concentrations, equilibrium constants and natural logs used for van’t Hoff analysis for complex 

{Sn(C6H2-2,4,6-iPr2)2}3. 

Temperature (K) C[Trimer] C[Dimer] Keq Ln(Keq) 1/T 

298.8 2.00 0.15 0.00084375 -7.0776543 0.00334672 

312.0 1.93 0.31 0.007997799 -4.828589 0.00320513 

325.9 1.69 0.40 0.022408179 -3.7983293 0.00306843 

337.6 1.69                 0.69 0.115020132 -2.1626481 0.00296209 

343.5 1.69                 1.22 0.635778859 -0.4529045 0.00291121 

354.9 1.80                 2.09 2.817694136 1.03591887 0.0028177 

363.8 2.09                 4.33 23.46593161 3.15554965 0.00274876 

369.0 1.93                 5.80 52.38046659 3.95853375 0.00271003 
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Figure S4.26 Van’t Hoff plot of Ln(Keq) against 1/T for the equilibrium between {Sn(C6H2-

2,4,6-iPr2)2}3 and {Sn(C6H2-2,4,6-iPr2)2}2.  

 

 

 

Table S4.5 Calculated thermodynamic parameters of the dissociation reaction of complex {Sn(C6H2-2,4,6-iPr2)2}3. 

Gradient = -16900 ∆S (kJ mol-1 K-1) ∆S (kcal mol-1 K-1) ∆H (kJ mol-1) ∆H (kcal mol-1) 

Intercept = 48.896 +0.407 

 

+0.0972 +140.51 +33.61 
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Table S4.6 Temperature dependence on free energy (∆G) for dissociation of complex {Sn(C6H2-2,4,6-iPr2)2}3. 

Temperature (K) ∆G 

298.8 4.55455082 

312.0 3.2707992 

325.9 1.91896985 

337.6 0.78109911 

343.5 0.20730104 

354.9 -0.9013935 

363.8 -1.7669533 

369.0 -2.2726737 

Estimate of Error: The uncertainty in the integration was estimated to be 10% due to broadening. 

The VT apparatus indicated an uncertainty in the temperature of 1%. 
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DOSY NMR Analysis 

 
 

Figure S4.27 DOSY NMR of 3 at 373 K showing its conversion to 2 and the corresponding 

diffusion coefficient.  

At 373 K, the entirety of 3 is converted to 2. The DOSY NMR was obtained at this temperature 

and the hydrodynamic radius of 2 in toluene was calculated using the following equation: 

 

Where k is the Boltzmann constant, T is the temperature, η is the viscosity of toluene at 373 K and 

D is the diffusion coefficient. Following the calculation, r = 5.01 Å. Comparing this with the 

approximated spherical radius using the volume (rv) from the crystal structure of 2, we find that rv 

= 4.73 Å. These values are in good agreement, suggesting that the species observed at 373 K is 

indeed the distannene 2, generated from the cyclotristannane 3. 
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Crystallographic Data 

 1 2 3 

formula C50H78Li2O2 C84H116Sn2 C126H174Sn3 

fw 725.0 1363.14 2044.71 

color colorless red yellow 

cyst syst Triclinic Triclinic Triclinic 

space group P-1 P-1 R-3c 

a, Å 9.424(5) 12.508(11) 24.303(2) 

b, Å 10.748(6) 14.438(13) 24.303(2) 

c, Å 11.561(6) 20.6912(19) 75.010(10) 

α, deg 78.395(2) 93.931(16) 90.0 

β, deg 88.0(2) 103.427(15) 90.0 

γ, deg 81.439(2) 100.302(15) 120.0 

V, Å3 1134.3(11) 3552.0(6) 38369(9) 

Z 1 2 12 

Density (calculated), Mg/m3 1.061 1.275 1.062 

Absorption coefficient, mm-1 0.455 0.747 0.622 

F(000) 400.0 1440 12960 

Crystal size, mm3 0.407 x 0.341 x 0.258 0.324 x 0.266 x 0.168 0.431 x 0.234 x 0.217 

Crystal color and habit colorless block red plate yellow plate 

Theta range for data collection, deg 7.806 to 136.822 1.443 to 25.460 2.010 to 25.469 

Index ranges -9<=h<=1, 

-12<=k<=12, 

-13<=l<=13 

-15<=h<=15, 

-17<=k<=17, 

-24<=l<=24 

-25<=h<=24, 

-29<=k<=29, 

-90<=l<=90 

Reflections collected 19522 19530 7906 

Independent reflections 4134, [R(int) = 0.041] 12634 [R(int) = 0.045] 7906, [R(int) = ?] 

Data / restraints / parameters 4134/0/302 12634 / 35 / 802 7906 / 93 / 413 
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Goodness-of-fit on F2 1.101 1.042 1.094 

Final R indices [I>2sigma(I)] R1 = 0.0797, 

wR2 = 0.1911 

R1 = 0.0592, 

wR2 = 0.1011 

R1 = 0.0549, 

wR2 = 0.1161 

R indices (all data) R1 = 0.0805, 

wR2 = 0.1922 

R1 = 0.1002, 

wR2 = 0.1135 

R1 = 0.0636, 

wR2 = 0.1221 

Largest diff. peak and hole, e.Å-3 0.32/-0.48 0.850/-0.917 1.832/-1.542 

 

Computational Details 

 

General remarks, geometry optimizations and single point energies 

 

Computed structures and orbitals were visualized with UCSF Chimera4 1.10.2. Quantum 

mechanical calculations were performed with the TURBOMOLE 7.5.15 and ORCA 5.0.36 program 

packages. Geometries were pre-optimized with the GFN2-xTB7 extended tight binding method 

applying the generalized born solvation with solvent accessible surface (GBSA)8 model for toluene. 

Final geometries were optimized applying r2SCAN-3c9 with the COSMO10 implicit continuum 

solvation model for toluene as implemented in TURBOMOLE. All calculations were accelerated 

by applying the resolution-of-identity (RI) approximation for Coulomb integrals11 with matching 

default auxiliary basis sets.12  

Gas phase single point energies were calculated at the B3LYP-D4/def2-QZVP13-16 level applying 

DEFGRID3 and TightSCF options as implemented in ORCA. Energy decomposition analysis 

(EDA)17 was performed at the BLYP-D4/def2-TZVP level (For the tristannane, def2-TZVP was 

used for the tin atoms and the attached phenyl units, the remaining parts of the ligand were treated 

with the def2-SVP basis set). The D4 correction to repulsive density functionals such as B3LYP 
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was found to reproduce the London dispersion contribution obtained from sophisticated, DLPNO-

CCSD(T) based local energy decomposition schemes well.18,19 Default def2 effective core 

potentials as implemented in TURBOMOLE were applied for Sn. 

 

NMR parameter calculations 

 

NMR chemical shifts δ for 119Sn nuclei were calculated relative to tetramethylstannane: 

 

δ(X) = σ(Xref) − σ(X)  

 

Isotropic chemical shielding (σ) and coupling constants were calculated applying the Amsterdam 

Modeling Suite AMS2022.10120-22 program package. The revPBE23 functional was applied with 

the all-electron ZORA/TZP24 basis set and the zeroth-order regular approximation (ZORA)25,26 

including spin-orbit corrections (SO-ZORA).27 The COSMO28 implicit solvation model was 

applied for toluene (surf Esurf, solv Eps=2.38 Rad=3.48; div ndiv=5 settings). Otherwise, 

default settings including gauge-including atomic orbital (GIAO) were applied as implemented 

in AMS. The chemical Shift was averaged for all symmetry equivalent tin atoms. 

Table S4.7 Calculated 119Sn NMR chemical shifts at the SO-ZORA-revPBE(COSMO)/TZP level. 

 

# δcalc(119Sn) 

2 505.9 

3 -340.1 

Stannylener 2313.1 
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Cartesian Coordinates (XYZ format) 

 

Stannylene 

101 

r2SCAN-3c 

Sn   -0.0553150   -2.5995402   -0.4453146 

C    -2.8717078    0.8851979    0.1629562 

H    -3.1255429    1.8096752   -0.3536015 

C    -3.4737821    0.6256176    1.3924152 

C     2.9404833    0.7334417    0.1279038 

H     3.2405293    1.4108479    0.9260202 

C    -6.4065745    2.2021182    3.2588023 

H    -7.1419544    1.8253274    3.9767298 

H    -6.9247522    2.9243836    2.6177246 

C     3.1408794    0.0119511   -2.1456130 

H     3.5927095    0.1108757   -3.1308980 

C     3.5245411    0.8876148   -1.1279517 

C    -1.6005826   -1.1761051    0.2753207 

C     1.3564996   -0.3255337    1.7536047 

H     0.6417394   -1.1656246    1.7723009 

C     1.5691720   -1.1016685   -0.6638026 

C     2.3436161   -0.5315938    2.9203171 

H     2.7095156   -1.5627810    2.9717549 
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H     3.2171434    0.1131651    2.7697201 

C    -1.9432472    0.0052559   -0.4054440 

C    -4.4236984    1.6190851    2.0068760 

H    -4.5722914    2.4406635    1.2898561 

C    -3.1492126   -0.5644047    2.0466170 

H    -3.6169884   -0.7903321    3.0030631 

C    -1.3088726    0.3763025   -1.7254387 

H    -0.6320205   -0.4385201   -2.0313149 

C     1.9710344   -0.2452279    0.3757948 

C    -2.6622285   -4.7823365    3.3044849 

H    -1.9474175   -5.4570017    2.8163138 

H    -3.4790894   -5.3971126    3.6962279 

C     2.1813246   -0.9771811   -1.9279856 

C    -2.2292785   -1.4623136    1.5050410 

C    -3.9363196    2.2269069    3.3371523 

H    -3.5700255    1.4169436    3.9806542 

H    -3.1069336    2.9278768    3.1943269 

C    -3.1310787   -3.7311311    2.2977684 

H    -3.3767497   -4.1397369    1.3111843 

H    -4.0184426   -3.2036822    2.6743110 

C    -1.9462318   -2.7516330    2.2462863 

H    -1.1320170   -3.2901161    1.7239577 

C    -5.8101426    1.0788501    2.3961818 
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H    -6.4254532    0.8287669    1.5251825 

H    -5.6890313    0.1641248    2.9910474 

C     4.5154387    1.9921831   -1.3825964 

H     4.7121332    2.5031865   -0.4280165 

C     4.0403924    3.0472545   -2.4021525 

H     3.6164259    2.5293997   -3.2717087 

H     3.2546424    3.6924974   -1.9949771 

C     1.8319380   -1.9166966   -3.0624639 

H     1.0130065   -2.5852832   -2.7326102 

C     0.5805855    0.9294264    2.1888205 

H     1.2097265    1.8135721    2.0195235 

H    -0.3460456    1.0587266    1.6204156 

C     2.9781541   -2.8410319   -3.5062232 

H     3.8666916   -2.2317009   -3.7215287 

H     3.2502752   -3.5692387   -2.7342173 

C     6.5081609    2.8978947   -2.3999477 

H     7.2308064    2.7701242   -3.2121733 

H     7.0503705    3.3332518   -1.5526995 

C    -5.1914637    2.8820073    3.9527076 

H    -5.1987360    3.9608168    3.7648758 

H    -5.2148192    2.7484053    5.0389352 

C     5.8696898    1.5673114   -1.9742769 

H     6.4817191    1.0009324   -1.2640370 
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H     5.6998253    0.9282974   -2.8506166 

C     5.3191957    3.8173977   -2.7996721 

H     5.3797506    4.7741072   -2.2704586 

H     5.3247526    4.0456045   -3.8702895 

C    -2.2839334    0.6336907   -2.8932687 

H    -2.6726661   -0.3001898   -3.3135342 

H    -3.1450356    1.2029124   -2.5252814 

C    -0.4680189    1.6644139   -1.6959368 

H    -1.0580174    2.4662298   -1.2316188 

H     0.4529253    1.5416098   -1.1170146 

C     2.4337796   -3.4755323   -4.7879397 

H     3.2195440   -3.9000834   -5.4210037 

H     1.7496086   -4.2916074   -4.5243941 

C    -1.5189276   -2.6324105    3.7279119 

H    -2.0253027   -1.7810965    4.1942930 

H    -0.4434420   -2.4474146    3.8156499 

C    -1.9533724   -3.9608072    4.4042840 

H    -2.6447598   -3.7537777    5.2280765 

H    -1.1038664   -4.5044991    4.8291620 

C     1.3739768   -1.2747765   -4.3898568 

H     0.3217982   -0.9749290   -4.3504394 

H     1.9569350   -0.3666178   -4.5775879 

C     0.3435534    0.7115942    3.6878109 
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H     0.2131521    1.6542983    4.2293919 

H    -0.5758050    0.1319061    3.8243438 

C     1.5710194   -0.0970999    4.1889682 

H     1.2495397   -0.9656213    4.7738892 

H     2.2087104    0.5044866    4.8448628 

C    -1.4855450    1.4755450   -3.9196423 

H    -1.2168871    0.8830658   -4.8008202 

H    -2.0874891    2.3167817   -4.2787670 

C     1.6554614   -2.3343927   -5.4875609 

H     0.7315213   -2.7054003   -5.9419334 

H     2.2525969   -1.8949908   -6.2933072 

C    -0.2146066    1.9664671   -3.1765489 

H     0.6635144    1.4024598   -3.5099421 

H    -0.0047834    3.0259246   -3.3573917 

 

Distannene (2) 

202 

r2SCAN-3c 

Sn   -0.9189443    1.2166748   -0.3256484 

C    -2.9618335    4.9975289    0.7446936 

H    -3.0538646    5.9714179    0.2668141 

C    -3.4682385    4.8343470    2.0305086 

C     2.7168026    3.8010487    0.2787525 
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H     3.1338023    4.4118206    1.0780159 

C    -5.7388324    6.9538398    4.2524824 

H    -6.4470803    6.7023630    5.0482789 

H    -6.1577675    7.8082300    3.7091529 

C     2.8607898    2.9406544   -1.9410888 

H     3.3758892    2.8709981   -2.8975627 

C     3.3824260    3.7598926   -0.9430372 

C    -2.1862906    2.7032447    0.6957108 

C     0.9346462    3.1458781    1.8895130 

H     0.0085337    2.5599667    1.8916852 

C     1.0128349    2.2684019   -0.5161292 

C     1.8306483    2.5970549    3.0218073 

H     1.8093683    1.5006157    3.0500881 

H     2.8708068    2.8900013    2.8391702 

C    -2.3185919    3.9539705    0.0680738 

C    -4.0851438    5.9923087    2.7683279 

H    -4.0963290    6.8626799    2.0948701 

C    -3.3720296    3.5721949    2.6199597 

H    -3.7768832    3.4213469    3.6181197 

C    -1.7816883    4.2205262   -1.3186577 

H    -1.3385662    3.2899898   -1.7183272 

C     1.5464508    3.0710544    0.5123245 

C    -3.5317035   -0.6027838    4.0658564 
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H    -3.5589841   -1.4528753    3.3726635 

H    -4.1704239   -0.8568896    4.9175184 

C     1.7007724    2.1879144   -1.7455772 

C    -2.7631746    2.5001802    1.9678993 

C    -3.3406907    6.3939223    4.0565237 

H    -3.1373161    5.4886061    4.6427509 

H    -2.3761120    6.8698305    3.8495831 

C    -3.9968904    0.6691313    3.3421305 

H    -4.8161387    0.4994924    2.6363589 

H    -4.3392071    1.4123239    4.0732228 

C    -2.7114022    1.1597055    2.6590911 

H    -2.4528026    0.4036517    1.9042395 

C    -5.5175718    5.7776177    3.2865115 

H    -6.2562793    5.7364762    2.4788191 

H    -5.5664630    4.8243284    3.8285279 

C     4.6530345    4.5384554   -1.1548299 

H     4.8355237    5.1502462   -0.2581404 

C     4.6720474    5.4727892   -2.3761811 

H     4.3346733    4.9167937   -3.2604999 

H     4.0083634    6.3359090   -2.2564335 

C     1.2401766    1.3102838   -2.8877897 

H     0.3857306    0.7100736   -2.5388351 

C     0.5639455    4.5510322    2.3922209 



 137 

H     1.4171529    5.2312002    2.2658210 

H    -0.2901642    4.9691184    1.8491338 

C     2.3107485    0.3131447   -3.4232943 

H     3.3163144    0.6078992   -3.1082405 

H     2.1355413   -0.6803038   -3.0018225 

C     6.9558945    4.6512856   -1.9541013 

H     7.5783045    4.1781785   -2.7203701 

H     7.6296369    4.9817301   -1.1563951 

C    -4.3284438    7.3120357    4.8046203 

H    -4.0993469    8.3647892    4.6079535 

H    -4.2631128    7.1690695    5.8879166 

C     5.9013825    3.6695313   -1.4027269 

H     6.2281849    3.1432584   -0.4993128 

H     5.6554204    2.9069091   -2.1526836 

C     6.1535270    5.8592602   -2.5192460 

H     6.3620818    6.7580908   -1.9280497 

H     6.4199341    6.0891236   -3.5558079 

C    -2.8191110    4.6877627   -2.3551264 

H    -3.5213935    3.8932724   -2.6308080 

H    -3.4051417    5.5119221   -1.9299272 

C    -0.7013262    5.3101141   -1.4214973 

H    -1.0445634    6.2011682   -0.8797721 

H     0.2479626    4.9925656   -0.9789410 
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C     2.1743943    0.3160867   -4.9644327 

H     2.9936551    0.8905487   -5.4151188 

H     2.2132666   -0.6927490   -5.3897456 

C    -1.6868468    1.0188984    3.8003685 

H    -1.8121276    1.8624296    4.4915784 

H    -0.6528355    1.0314373    3.4411728 

C    -2.0613634   -0.3140602    4.4829791 

H    -1.9474840   -0.2510977    5.5698904 

H    -1.4027541   -1.1190331    4.1350060 

C     0.7661101    2.0762210   -4.1398678 

H    -0.2337086    2.5062336   -4.0069082 

H     1.4574916    2.9023214   -4.3551604 

C     0.2759463    4.3210908    3.8788554 

H     0.3402000    5.2395257    4.4722269 

H    -0.7453399    3.9366976    3.9837885 

C     1.3016298    3.2491496    4.3252868 

H     0.8368278    2.5116478    4.9881126 

H     2.1256358    3.7047633    4.8848668 

C    -1.9691342    5.1872747   -3.5385784 

H    -1.8338307    4.3848007   -4.2725908 

H    -2.4556046    6.0164492   -4.0620509 

C     0.8419322    1.0271132   -5.2501004 

H     0.0069221    0.3213362   -5.1484580 
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H     0.7925590    1.4580229   -6.2562320 

C    -0.5967087    5.5973383   -2.9303795 

H     0.2083130    4.9960611   -3.3666216 

H    -0.3549395    6.6468728   -3.1259854 

H     2.0198256   -5.5728394    4.6076626 

H     2.1586509   -6.7355686    2.5059524 

C     1.8398987   -4.9620587    3.7165795 

H     2.3761097   -4.0140140    3.8509788 

H     5.5788623   -1.2697131    3.3886603 

H     3.3584665   -5.4796214    2.2100398 

C     2.2969583   -5.6518474    2.4164846 

H    -0.2248698   -5.6038066    3.5615893 

H    -0.0742380   -3.9426424    4.1606896 

C     0.3576032   -4.6773691    3.4717016 

H     5.8854744   -1.5788503    1.6733995 

C     5.1729761   -1.1323558    2.3804188 

H     3.2141601   -1.6789058    3.1389833 

H     3.8346861   -2.8346104    1.9570234 

C     3.7844781   -1.7693680    2.2060526 

H     4.4089726    0.8442357    2.8234892 

C     1.3803104   -5.0887572    1.2986874 

H    -5.1194560   -6.7889881    2.3028866 

H     5.8648235    0.8874001    1.8137270 
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C     4.9386782    0.3345547    2.0071375 

H     0.8726972   -5.8975867    0.7624198 

C     0.3371851   -4.1888743    2.0105882 

H    -1.3213061   -6.2639530    1.6364012 

H    -5.6227904   -8.8799524    1.2257452 

H     1.9323467   -4.5109298    0.5506632 

H     0.7512819   -3.1640501    2.0333023 

C    -5.1662994   -6.7517515    1.2092716 

H     2.1518401   -0.5186443    1.4989889 

C     3.0743402   -0.9465946    1.0804124 

C    -1.7654249   -5.3335638    1.2852130 

H    -3.1520840   -7.4734759    0.9912110 

C    -5.8013001   -8.0090390    0.5856662 

H    -6.8861992   -7.9053918    0.4838468 

C    -1.0356003   -4.1424299    1.3789182 

C     4.0364984    0.2325331    0.7740749 

H    -5.7414180   -5.8583687    0.9347388 

H     5.9283376   -4.0786756   -1.0658819 

C    -3.7728436   -6.6727184    0.5614024 

H     4.6444969   -0.0017249   -0.1083629 

H     4.7708583   -2.1782156   -0.5332927 

C    -3.0402674   -5.3683323    0.7283808 

C     2.7033355   -1.7740945   -0.1306840 
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H     3.4894034    1.1528352    0.5504280 

H    -4.5751815   -9.1633308   -0.8158142 

H     5.1901423   -5.5640442   -1.6757794 

H     7.7770483   -4.8581515   -2.3685876 

C     3.7466081   -2.3526384   -0.8571260 

C     5.6311939   -4.6086973   -1.9797824 

C    -5.0960361   -8.1999804   -0.7888991 

C    -1.6023144   -2.9484662    0.9033000 

Sn   -0.2448253   -1.2220457    0.7627490 

C     1.3676918   -2.0068844   -0.5188346 

H    -0.8279989   -5.0053284   -1.4220564 

C    -4.0840645   -7.0450945   -0.9005435 

C     6.8378022   -4.7683192   -2.9235283 

H    -5.8054334   -8.1974300   -1.6225335 

C    -3.6114621   -4.1623860    0.3151085 

C     3.5115082   -3.1419351   -1.9799261 

H     6.7316051   -5.6805729   -3.5207772 

H    -3.1838671   -7.3081322   -1.4666166 

C    -2.9259214   -2.9519033    0.4136423 

H     5.8748793   -1.9588140   -2.6437508 

C     4.6471538   -3.7309071   -2.7726656 

C     1.1165278   -2.7882316   -1.6643822 

H     0.1005482   -5.0398607   -2.9364125 
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C    -0.6795212   -4.5004430   -2.3825799 

H    -4.5403346   -6.1788291   -1.3970069 

H    -4.6154090   -4.1676030   -0.1031597 

C     2.1906500   -3.3385416   -2.3716749 

H     7.7410549   -2.9339449   -3.7779264 

C     5.5917700   -2.6939019   -3.4082021 

C     6.8169605   -3.5164419   -3.8489542 

H    -0.9954547   -2.5916430   -1.5008182 

C    -0.2730306   -3.0284986   -2.1995424 

H     4.2211388   -4.3434138   -3.5819140 

H     1.9952303   -3.9289232   -3.2654354 

H    -3.0314759   -0.8341574    0.3598243 

H    -2.7977862   -4.1724228   -2.5510466 

H    -2.2032282   -5.3409689   -3.7323438 

C    -3.6105723   -1.6826912   -0.0321316 

C    -1.9592969   -4.4055008   -3.2173848 

H    -5.1540124   -1.3819637    1.5161320 

H     6.7121344   -3.8220154   -4.8957021 

H     5.1179561   -2.1448175   -4.2293194 

C    -5.0609891   -1.4719032    0.4292732 

H    -5.6791325   -2.3220642    0.1144878 

C    -0.5442859   -2.4091172   -3.5894586 

H    -2.7779059   -1.2863909   -2.0368501 
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C    -3.7419786   -1.4687161   -1.5514828 

H     0.3541531   -2.4891019   -4.2124413 

H    -4.1773958   -2.3719046   -1.9979618 

C    -1.7092505   -3.2333723   -4.1974492 

H    -0.7765405   -1.3411897   -3.5034328 

H    -5.1737491    0.6836392    0.2286739 

H    -2.6120507   -2.6274541   -4.3286439 

H    -1.4312701   -3.6088070   -5.1882457 

C    -5.4814250   -0.2068229   -0.3334516 

C    -4.7064279   -0.2710501   -1.6807947 

H    -4.1419224    0.6558334   -1.8388083 

H    -6.5652231   -0.1445076   -0.4724663 

H    -5.3781537   -0.3898424   -2.5368932 

 

Cyclotristannane (3) 

303 

r2SCAN-3c 

Sn   -1.6781523    0.1644453   -0.0264646 

C    -5.1023020    1.5581468   -2.5311957 

H    -5.9068017    2.2750886   -2.3849295 

C    -4.3678722   -1.8680304    0.2259062 

H    -3.5260495   -1.6936388   -0.4482494 

C    -4.1710669   -1.0224357    1.4653883 
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C    -3.0717452   -0.1591950    1.6611185 

C    -3.0715790    0.5077409   -1.7192026 

C    -4.1097850    1.4521662   -1.5532540 

C    -5.1576786   -1.1148618    2.4505787 

H    -6.0054371   -1.7750895    2.2768770 

C    -3.0210865   -0.2528540   -2.9047547 

C    -4.4400747   -3.3961489    0.5094374 

H    -3.4633578   -3.8761674    0.3949550 

H    -4.7663662   -3.5698698    1.5418300 

C    -5.4545132    2.2046438    0.5204171 

H    -6.3074660    1.9333992   -0.1128023 

H    -5.3077389    1.3884738    1.2323732 

C    -5.0861454   -0.3917733    3.6362337 

C    -5.6847533   -1.5448342   -0.5527772 

H    -6.2021103   -0.6793508   -0.1290807 

H    -5.4349309   -1.2879848   -1.5886796 

C    -1.9623778   -1.3094797   -3.1509244 

H    -1.0603590   -1.0244329   -2.5921599 

C    -2.9568726    0.5380094    2.8807513 

C    -4.0277257   -0.0971040   -3.8642731 

H    -3.9990869   -0.6964035   -4.7714343 

C    -4.2096275    2.4033531   -0.3769034 

H    -3.3156412    2.2872339    0.2518812 
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C    -3.9715449    0.4182511    3.8361173 

H    -3.9013645    0.9786161    4.7653231 

C    -5.0845149    0.7907344   -3.6908783 

C    -4.3066645    3.8977435   -0.7538967 

H    -3.3694889    4.2979444   -1.1521282 

H    -5.0718208    4.0350581   -1.5280530 

C    -1.8111434    1.4904449    3.1587339 

H    -0.9278807    1.1277038    2.6151998 

C    -5.4879463   -3.9449170   -0.4647070 

H    -5.0453901   -4.0837427   -1.4601976 

H    -5.8971704   -4.9100999   -0.1460865 

C    -2.4324441   -2.7117586   -2.6544669 

H    -2.0179790   -2.9410112   -1.6670054 

H    -3.5255653   -2.7084139   -2.5661950 

C    -2.0065739   -3.7130679   -3.7335985 

H    -2.6101839   -4.6278509   -3.7185710 

H    -0.9580710   -3.9992436   -3.5922417 

C    -6.1554941    0.9307876   -4.7388513 

H    -5.9516712    0.2028981   -5.5390463 

C    -2.1450763    2.9296580    2.6622987 

H    -1.6868809    3.1311792    1.6892622 

H    -3.2315940    3.0158552    2.5493988 

C    -6.5317390   -2.8261226   -0.5121402 
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H    -7.1391629   -2.8559900    0.4030268 

H    -7.2173196   -2.9066471   -1.3630728 

C    -7.5955449    0.7033392   -4.2479898 

H    -7.7659760    1.3025419   -3.3440530 

H    -7.7923475   -0.3432988   -3.9911541 

C    -1.5700908   -1.5443102   -4.6389640 

H    -1.8952833   -0.7373535   -5.3011406 

H    -0.4788715   -1.5971375   -4.7012391 

C    -2.1505574   -2.9097646   -5.0264257 

H    -3.2119981   -2.8190735   -5.2955087 

H    -1.6286121   -3.3621803   -5.8771369 

C    -1.6620171    3.8847495    3.7580912 

H    -0.5897481    4.0811182    3.6416596 

H    -2.1870669    4.8468451    3.7362640 

C    -6.1578869   -0.5033443    4.6863879 

H    -5.9030754    0.1771839    5.5131610 

C    -1.4310025    1.6806625    4.6550452 

H    -0.3405791    1.6414144    4.7394014 

H    -1.8362043    0.8991975    5.3033611 

C    -7.5829321   -0.1656257    4.2152642 

H    -7.7907937   -0.7091650    3.2844880 

H    -7.7147609    0.9019617    4.0081989 

C    -8.4644576    1.2192992   -5.4067902 
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H    -9.4357271    1.5862300   -5.0600305 

H    -8.6630621    0.4056769   -6.1134881 

C    -6.2562858    2.3287501   -5.3783022 

H    -6.2396857    3.0832519   -4.5815168 

H    -5.4150113    2.5428562   -6.0463109 

C    -1.9026314    3.0879490    5.0413674 

H    -2.9742254    3.0852467    5.2846721 

H    -1.3645099    3.4886096    5.9079129 

C    -5.7104729    3.5656034    1.2147868 

H    -6.7530327    3.8738472    1.0812306 

H    -5.5355797    3.5046098    2.2945852 

C    -7.6216358    2.3311202   -6.0966284 

H    -7.4974550    2.1085171   -7.1617278 

H    -8.1043084    3.3114032   -6.0308605 

C    -6.3451764   -1.9158695    5.2712136 

H    -6.3962865   -2.6367100    4.4450154 

H    -5.5105712   -2.2162741    5.9140236 

C    -8.4831062   -0.6816446    5.3515528 

H    -8.6590776    0.1159539    6.0818310 

H    -9.4636021   -0.9989787    4.9826051 

C    -4.7477812    4.5761313    0.5460533 

H    -5.2135812    5.5517375    0.3707675 

H    -3.8745269    4.7474000    1.1866121 
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C    -7.6940612   -1.8486299    6.0141452 

H    -8.2338812   -2.7988286    5.9516358 

H    -7.5344643   -1.6422644    7.0779319 

Sn    0.6966624   -1.5355452   -0.0264646 

C     1.2017563   -5.1977965   -2.5311957 

H     0.9831164   -6.2529847   -2.3849295 

C     3.8016979   -2.8486731    0.2259062 

H     3.2297590   -2.2068291   -0.4482494 

C     2.9709887   -3.1010321    1.4653883 

C     1.6737396   -2.5806119    1.6611185 

C     1.0960730   -2.9139359   -1.7192026 

C     0.7972797   -4.2852614   -1.5532540 

C     3.5443379   -3.9092498    2.4505787 

H     4.5399911   -4.3133163    2.2768770 

C     1.7295212   -2.4899107   -2.9047547 

C     5.1611886   -2.1471430    0.5094374 

H     5.0885383   -1.0612721    0.3949550 

H     5.4747811   -2.3428593    1.5418300 

C     0.8179791   -5.8260689    0.5204171 

H     1.4793602   -6.4291254   -0.1128023 

H     1.4514159   -5.2908737    1.2323732 

C     2.8823583   -4.2088445    3.6362337 

C     4.1802423   -4.1507236   -0.5527772 
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H     3.6893902   -5.0315097   -0.1290807 

H     3.8328930   -4.0627958   -1.5886796 

C     2.1152316   -1.0447292   -3.1509244 

H     1.4173644   -0.4060814   -2.5921599 

C     1.0125064   -2.8297315    2.8807513 

C     2.0979574   -3.4395608   -3.8642731 

H     2.6026466   -3.1151091   -4.7714343 

C     0.0234489   -4.8473209   -0.3769034 

H    -0.3229820   -4.0150465    0.2518812 

C     1.6235564   -3.6485843    3.8361173 

H     1.1031759   -3.8679888    4.7653231 

C     1.8574614   -4.7986863   -3.6908783 

C    -1.2222126   -5.6785526   -0.7538967 

H    -2.0373846   -5.0670351   -1.1521282 

H    -0.9585524   -6.4098547   -1.5280530 

C    -0.3851914   -2.3137187    3.1587339 

H    -0.5126798   -1.3674202    2.6151998 

C     6.1603714   -2.7802424   -0.4647070 

H     6.0593200   -2.3275647   -1.4601976 

H     7.2008564   -2.6520494   -0.1460865 

C     3.5646738   -0.7506791   -2.6544669 

H     3.5559799   -0.2771155   -1.6670054 

H     4.1083379   -1.6990222   -2.5661950 
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C     4.2188981    0.1187900   -3.7335985 

H     5.3129284    0.0534399   -3.7185710 

H     3.9424820    1.1699080   -3.5922417 

C     2.2716613   -5.7962080   -4.7388513 

H     2.8001207   -5.2557475   -5.5390463 

C    -1.4646200   -3.3225196    2.6622987 

H    -1.8682403   -3.0264713    1.6892622 

H    -0.9960102   -4.3065701    2.5493988 

C     5.7133635   -4.2435906   -0.5121402 

H     6.0429414   -4.7547014    0.4030268 

H     6.1258901   -4.7970586   -1.3630728 

C     3.1886628   -6.9296044   -4.2479898 

H     2.7549536   -7.3768035   -3.3440530 

H     4.1934792   -6.5767215   -3.9911541 

C     2.1224573   -0.5875834   -4.6389640 

H     1.5862085   -1.2726867   -5.3011406 

H     1.6225974    0.3838539   -4.7012391 

C     3.5952088   -0.4075551   -5.0264257 

H     4.0473883   -1.3721352   -5.2955087 

H     3.7260396    0.2706707   -5.8771369 

C    -2.5332832   -3.3817237    3.7580912 

H    -3.2394780   -2.5512959    3.6416596 

H    -3.1039576   -4.3174780    3.7362640 



 151 

C     3.5148524   -5.0812144    4.6863879 

H     2.7980919   -5.2008052    5.5131610 

C    -0.7399952   -2.0796158    4.6550452 

H    -1.2512171   -1.1156574    4.7394014 

H     0.1393743   -2.0397983    5.3033611 

C     3.9349022   -6.4841990    4.2152642 

H     4.5095517   -6.3924427    3.2844880 

H     3.0762587   -7.1321598    4.0081989 

C     3.1762847   -7.9400849   -5.4067902 

H     3.3441481   -8.9646944   -5.0600305 

H     3.9802046   -7.7052703   -6.1134881 

C     1.1113861   -6.5824775   -5.3783022 

H     0.4496684   -6.9453523   -4.5815168 

H     0.5053276   -5.9609654   -6.0463109 

C    -1.7229266   -3.1917017    5.0413674 

H    -1.1847893   -4.1183781    5.2846721 

H    -2.3389696   -2.9260050    5.9079129 

C    -0.2326667   -6.7282163    1.2147868 

H     0.0216662   -7.7852215    1.0812306 

H    -0.2672913   -6.5462575    2.2945852 

C     1.7920086   -7.7660903   -6.0966284 

H     1.9226981   -7.5472450   -7.1617278 

H     1.1843949   -8.6742386   -6.0308605 
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C     4.8317798   -4.5371492    5.2712136 

H     5.4816011   -4.2209916    4.4450154 

H     4.6746353   -3.6641576    5.9140236 

C     4.8318747   -7.0057631    5.3515528 

H     4.2291198   -7.5569582    6.0818310 

H     5.5969420   -7.6962305    4.9826051 

C    -1.5891553   -6.3997648    0.5460533 

H    -2.2011551   -7.2909625    0.3707675 

H    -2.1741055   -5.7291387    1.1866121 

C     5.4479910   -5.7389375    6.0141452 

H     6.5407972   -5.7313361    5.9516358 

H     5.1894748   -5.7039053    7.0779319 

Sn    0.9814899    1.3710999   -0.0264646 

C     3.9005457    3.6396497   -2.5311957 

H     4.9236854    3.9778961   -2.3849295 

C     0.5661743    4.7167035    0.2259062 

H     0.2962905    3.9004679   -0.4482494 

C     1.2000782    4.1234677    1.4653883 

C     1.3980057    2.7398069    1.6611185 

C     1.9755060    2.4061950   -1.7192026 

C     3.3125054    2.8330951   -1.5532540 

C     1.6133407    5.0241115    2.4505787 

H     1.4654459    6.0884058    2.2768770 



 153 

C     1.2915653    2.7427647   -2.9047547 

C    -0.7211139    5.5432919    0.5094374 

H    -1.6251806    4.9374395    0.3949550 

H    -0.7084149    5.9127292    1.5418300 

C     4.6365341    3.6214251    0.5204171 

H     4.8281058    4.4957262   -0.1128023 

H     3.8563231    3.9023998    1.2323732 

C     2.2037871    4.6006178    3.6362337 

C     1.5045110    5.6955578   -0.5527772 

H     2.5127201    5.7108605   -0.1290807 

H     1.6020379    5.3507807   -1.5886796 

C    -0.1528538    2.3542088   -3.1509244 

H    -0.3570054    1.4305143   -2.5921599 

C     1.9443661    2.2917220    2.8807513 

C     1.9297684    3.5366648   -3.8642731 

H     1.3964403    3.8115126   -4.7714343 

C     4.1861786    2.4439678   -0.3769034 

H     3.6386232    1.7278126    0.2518812 

C     2.3479885    3.2303332    3.8361173 

H     2.7981887    2.8893727    4.7653231 

C     3.2270535    4.0079519   -3.6908783 

C     5.5288771    1.7808092   -0.7538967 

H     5.4068735    0.7690908   -1.1521282 
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H     6.0303732    2.3747966   -1.5280530 

C     2.1963349    0.8232738    3.1587339 

H     1.4405605    0.2397164    2.6151998 

C    -0.6724252    6.7251594   -0.4647070 

H    -1.0139298    6.4113074   -1.4601976 

H    -1.3036860    7.5621493   -0.1460865 

C    -1.1322297    3.4624377   -2.6544669 

H    -1.5380009    3.2181266   -1.6670054 

H    -0.5827726    4.4074361   -2.5661950 

C    -2.2123242    3.5942779   -3.7335985 

H    -2.7027445    4.5744111   -3.7185710 

H    -2.9844110    2.8293356   -3.5922417 

C     3.8838327    4.8654204   -4.7388513 

H     3.1515505    5.0528494   -5.5390463 

C     3.6096964    0.3928616    2.6622987 

H     3.5551212   -0.1047079    1.6892622 

H     4.2276042    1.2907149    2.5493988 

C     0.8183755    7.0697132   -0.5121402 

H     1.0962216    7.6106915    0.4030268 

H     1.0914296    7.7037057   -1.3630728 

C     4.4068821    6.2262652   -4.2479898 

H     5.0110224    6.0742616   -3.3440530 

H     3.5988683    6.9200203   -3.9911541 
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C    -0.5523665    2.1318936   -4.6389640 

H     0.3090748    2.0100402   -5.3011406 

H    -1.1437259    1.2132836   -4.7012391 

C    -1.4446513    3.3173197   -5.0264257 

H    -0.8353902    4.1912087   -5.2955087 

H    -2.0974275    3.0915096   -5.8771369 

C     4.1953003   -0.5030257    3.7580912 

H     3.8292261   -1.5298223    3.6416596 

H     5.2910244   -0.5293671    3.7362640 

C     2.6430346    5.5845586    4.6863879 

H     3.1049835    5.0236213    5.5131610 

C     2.1709977    0.3989533    4.6550452 

H     1.5917961   -0.5257571    4.7394014 

H     1.6968300    1.1406008    5.3033611 

C     3.6480300    6.6498247    4.2152642 

H     3.2812419    7.1016077    3.2844880 

H     4.6385022    6.2301980    4.0081989 

C     5.2881729    6.7207857   -5.4067902 

H     6.0915790    7.3784644   -5.0600305 

H     4.6828576    7.2995934   -6.1134881 

C     5.1448997    4.2537274   -5.3783022 

H     5.7900174    3.8621004   -4.5815168 

H     4.9096837    3.4181092   -6.0463109 
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C     3.6255580    0.1037527    5.0413674 

H     4.1590147    1.0331314    5.2846721 

H     3.7034795   -0.5626046    5.9079129 

C     5.9431396    3.1626129    1.2147868 

H     6.7313665    3.9113743    1.0812306 

H     5.8028709    3.0416477    2.2945852 

C     5.8296272    5.4349701   -6.0966284 

H     5.5747569    5.4387279   -7.1617278 

H     6.9199135    5.3628353   -6.0308605 

C     1.5133966    6.4530187    5.2712136 

H     0.9146854    6.8577016    4.4450154 

H     0.8359359    5.8804317    5.9140236 

C     3.6512315    7.6874078    5.3515528 

H     4.4299579    7.4410042    6.0818310 

H     3.8666601    8.6952092    4.9826051 

C     6.3369365    1.8236335    0.5460533 

H     7.4147363    1.7392250    0.3707675 

H     6.0486324    0.9817387    1.1866121 

C     2.2460702    7.5875674    6.0141452 

H     1.6930840    8.5301646    5.9516358 

H     2.3449895    7.3461697    7.0779319 
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Chapter 5. Reactivity of Diarylstannylene Sn(AriPr4)2 (AriPr4 = C6H3-2,6-(C6H3-2,6-iPr2)2) with 

alkynes 

Wenxing Zou, James. C. Fettinger, Philip Power  

  

Abstract  

Treatment of diarylstannylene Sn(AriPr4)2 (AriPr4 = C6H3-2,6-(C6H3-2,6-iPr2)2) with alkynes 

(phenylacetylene and diphenylacetylene) at elevated temperature (60oC for phenylacetylene and 

120oC for diphenylacetylene) afforded rare aryl vinyl stannylene complexes 

AriPr4Sn{C(C6H5)=C(H)(AriPr4)} (1) and AriPr4Sn{C(C6H5)=C(H)(C6H5)} (2). This finding 

represents a new type of reactions of stannylenes and alkynes in which C≡C moieties insert into 

Sn-C bond in an irreversible manner. The structure of complex 1 was confirmed by single X-ray 

crystallography and complex 2 was fully characterized by X-ray crystallography and spectroscopy 

(NMR, UV-vis and Infrared). Proposed mechanisms of the generation of complex 1 was described. 

 

The study of group 14 tetrylenes (:ER2, E = Si, Ge, Sn, Pb, R = bulky organic group), the heavier 

carbene analogues, has undergone very rapid growth in the recent decades due to their unique 

structures and chemical properties.[1-8] Of particular interest is the synthesis, characterization and 

reactivity study of stannylenes[9-11] which have the general formula of SnR2 (R = bulky organic 

ligands). Beginning with the landmark synthesis of dialkyl tin derivative Sn{CH(SiMe3)2}2 
[12] by 

Lappert and Sn{N(SiMe3)2}2 by Lappert[13] and Zuckerman[14] in the 1970s, many stannylene 

complexes have been isolated with the use of various sterically encumbered ligands. Subsequent 

examples include tin dichalcogenolates,[15-18] diaryl stannylene stabilized by bulky terphenyl 

ligand,[19-20] diborylstannylene,[21] and benzannulated N-Heterocyclic stannylenes.[22]   
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Scheme 5.1   Reactions of stannylenes with alkynes. 

 

Structural and theoretical studies showed that stannylenes feature a vacant p orbital as well as a 

non-bonded pair of electrons,[5,11,23,24] and display electron acceptor and donor characteristics. Like 

other heavier group 14 carbene analogues,[25] stannylenes typically display high reactivity towards 

small molecules due to their relatively modest HOMO-LUMO gap[26-29] and well-defined SnI 

radical character.[30-32] The reactivities of stannylenes with small molecules thus have been well 

studied and early reports have shown that they react with H2,[33-35] CO2,[36-38] RNH2 (R = Me or H),[32] 

ROH,[39] and other unsaturated organic molecules[26] under mild conditions.  
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Reports of stannylene activation of alkynes remain scarce, however. In late 1980s, Sita and 

coworkers reported a reversible complexation of a parent stannylene with a strained cycloheptyne 

ring which afforded a 1:1 complex adduct (Scheme 5.1, a).[40] It is noteworthy that the resulting 

addition product dissociated back to the corresponding stannylene and free alkyne at elevated 

temperature, indicating this coordination can also be understood in terms of a weak π-complex 

binding.[41] Veith’s group reported the synthesis of the first distannacyclobutene, which was 

prepared from a formal [2+2] cycloaddition reaction of diamidostannylene (equilibrated with the 

corresponding distannene) with a strained cyclic alkyne under ambient conditions (Scheme 5.1, 

b).[42] In contrast to those simple coordination/cycloaddition mentioned above, Kira et al. reported 

a more complicated reaction of diaryl stannylene and methyl/ethyl propynoates, afforded a 1:2 

adduct complex (Scheme 5.1, c).[43] However, treatment of the same starting reagents with non-

terminal alkynes afforded no reaction. A double insertion reaction of bis(boryl)stannylenes and 

alkynes was reported by Aldridge and co-workers, showing the treatment of bis(boryl)stannylene 

with diphenylacetylene yielded a borane-appended (vinyl) Sn(II) species (Scheme 5.1, d).[44]  

 

Scheme 5.2 The reaction of SnAr2 species with ethylene.[26] 

More recently, the Power group showed that the diarylstannylenes Sn(AriPr4)2 underwent a facile 

migratory insertion reaction with ethylene, two aryl(alkyl) stannylene species were thus 

synthesized (Scheme 5.2).[26] . This finding provides more insight into the insertion reactions of 

stannylenes and unsaturated organic molecules. Inspired by these previously reported stannylation 
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reactions, we became interested in exploring the possibility of stannylenes reacting with alkynes 

in an irreversible manner.   

  

  

Scheme 5.3   Insertion reactions of diarylstannylene with alkynes.  

  

Herein we describe the insertion reactions of the diarylstannylene Sn(AriPr4)2 (AriPr4 = C6H3-2,6-

(C6H3-2,6-iPr2)2) with phenylacetylene and diphenylacetylene (Scheme 5.3). The reaction of 

Sn(AriPr4)2 and 1.5 equiv. of phenylacetylene in benzene at 60oC for 3 days (or with 1.2 equiv. of 

diphenylacetylene in benzene at 120oC for 4 h) resulted in a color change from dark blue to dark 

red. Benzene was then removed under reduced pressure to afford a dark red residue. 

Recrystallization of the reaction residue with Et2O yielded red crystal blocks which were suitable 

for single X-ray crystallography.  

X-ray crystallographic examination of 1 showed that the phenylacetylene molecule inserted into 

one of the Sn-Cipso bonds of Sn(AriPr4)2, which gives rise to a monomeric aryl vinyl divalent tin 

complex. Complex 1 features an expected mononuclear two-coordinate tin center, with an angle 

defined by the two substituents at the tin metal (105.6(4)o) which is somewhat narrower than those 

of the previously reported diaryl stannylene complexes (cf. Sn(AriPr4)2: 117.56(8)o;[45] Sn(AriPr6)2 
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(AriPr6 = C6H3-2,6-(C6H2-2,4,6-iPr3)2):107.61(9)o;[20] Sn(AriPr4-4-Cl)2: 115.12(8);[46] Sn(AriPr4-3,5-

iPr2)2: 123.4(2)o;[46] Sn(AriPr4-4-SiMe3)2: 115.37(9)o [46]) but considerably wider than those related 

aryl alkyl substituted stannylenes (cf. AriPr4SnCH2CH2AriPr4: 94.7(5)o;[26] AriPr6SnCH2CH2AriPr6: 

99.22(1)o [26]). The Sn-C1 and Sn-C39 bond lengths in 1 are 2.23(9) and 2.28(4) Å, which slightly 

exceed the sum of the single bond radii of carbon (0.77 Å) and tin (1.4 Å)[47] and can be compared 

to the Sn-Cipso distances observed in other aryl (alkyl) stannylenes (cf.  

Sn{C(Ph)=C(Ph)B(NDippCH)2}2: 2.22(2) Å;[44] Sn{C(Ph)=C(H)B(NDippCH)2} {NDipp(SiMe3)}: 

2.25(1) Å;[44]  AriPr4SnCH2CH2AriPr4: 2.15(4) Å;[26] AriPr6SnCH2CH2AriPr6: 2.20(12) Å [26]). C1 and 

C2 have essentially planar coordination (a sum of interior angles of 359.6(10)o for C1 and 

361.0(17)o for C2) which are consistent with their sp2 hybridization.   

The use of diphenylacetylene, a more sterically demanding alkyne, also yielded a monomeric 

organotin species with only one terphenyl ligand AriPr4 bonded directly to tin. The tin atom of 2 has 

a bent two-coordinate configuration with C1-Sn-C15 angle of 98.57(13)o, which is much narrower 

than that of 1 but is comparable to that of those aryl alkyls substituted stannylenes (cf. 

AriPr4SnCH2CH2AriPr4: 94.7(5)o;[26] AriPr6SnCH2CH2AriPr6: 99.22(1)o [26]). H1, C2, C9 atoms lie 

essentially coplanar to the C1-Sn1-C3 plane with a twist angle of 7.01(14)o, while the two phenyl 

rings on the vinyl substituent is nearly orthogonal to each other (a twist angle of 86.3(2)o). 
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                              1                                                                                        2  

Figure 5.1   Crystal structures of 1 and 2. Selected bond lengths (Å) and angles (°) of 1: C1-C2 

1.33 (4); C1-C3 1.52(6); C1-Sn1 2.23(9); Sn1-C39 2.28(4); C2-C1-C3: 126.6(15); C3-C1-Sn1: 

128.7(10); C2-C1-Sn1: 108.1(11); C1-Sn1-C39: 105.6(4). Selected bond lengths (Å) and angles 

(°) of 2: C1-C2 1.35(5); C1-Sn1 2.21(4); Sn1-C15 2.21(4); C1-C3 1.47(5); C3-C1-Sn1 111.5(2); 

C2-C1-Sn1 121.8(3); C2-C1-C3 126.7(3); C1-Sn1-C15 98.57(13).  

 

Compound 2 was characterized by NMR (1H, 13C and 119Sn), UV-vis and Infrared spectroscopy. 

Inspection of the 119Sn NMR spectroscopy of compound 2 revealed a single resonance at 1601 ppm, 

which falls within the range observed for other related monomeric divalent organotin species (cf. 

AriPr4SnCH2CH2AriPr4: 1809 ppm;[26] AriPr6SnCH2CH2AriPr6:1946 ppm;[26] Sn{C(Ph)=C(H) 

B(NDippCH)2}2: 1730 ppm;[44] Sn{C(Ph)=C(Ph)B(NDippCH)2}2: 1670 [44]), indicating the 

monomeric structure of 2 in solution. The UV-vis spectrum of 2 shows a broad absorption band at 

518 nm, tailed into visible region. The absorption is attributed to n→p transition[12,46,48,49] which is 

directly correlated to the HOMO-LUMO energy gap. This value is comparable to those of other 

monomeric alkyl/aryl stannylene species (cf. AriPr4SnCH2C6H5: 486 nm;[50] AriPr4SnCH2C6H4-3-Me: 
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490 nm;[50] AriPr4SnCH2CH2tBu: 486 nm;[51] AriPr6SnCH2CH2tBu: 484 nm;[51] AriPr4SnR (R = 

norbornyl, 494 nm; norbornenyl, 502 nm)[52]).  

            

Figure 5.2 Two proposed mechnisms for the formation of 1. 

 

Two mechanisms of the formation of compounds 1 have been proposed (Figure 5.2) based on 

known literature.[26] Homolytic cleavage of a Sn-C bond is initiated upon heating, followed by the 

formation of a :ṠnAriPr4 radical and a terphenyl carbon radical ·AriPr4. The reaction of 

the :ṠnAriPr4/·AriPr4 radical pair with phenylacetylene yields the product as shown in Figure 5.2. A 

non-radical formation mechanism for 1 is also possible with the formation of a four-membered 

ring intermediate involved (Figure 5.2, right).  

In summary, the reactions of Sn(AriPr4)2 with phenylacetylene or diphenylacetylene at elevated 

temperature via an irreversible insertion route to afford products 1 and 2. The structures of 1 and 

2 were confirmed by X-ray crystallography and spectroscopy. Further investigation of the reaction 

mechanisms is ongoing. 
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Supporting Information 

All manipulations were carried out under anaerobic and anhydrous conditions by using Schlenk 

techniques or in a Vacuum Atmospheres OMNI-Lab drybox under an atmosphere of dry argon or 
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nitrogen. Solvents were dried by the method of Grubbs1 and co-workers, 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. The NMR spectra were recorded on a 

Varian Inova 600 MHz spectrometer, and the 1H NMR and 13C NMR spectra were referenced to 

the residual solvent signals in deuterated benzene. IR spectra were recorded as Nujol mulls 

between CsI plates on a PerkinElmer 1430 spectrometer. UV−vis spectra were recorded as dilute 

hexane solutions in 3.5 mL quartz cuvettes using an Olis 17 modernized Cary 14 UV−vis−near-

IR spectrophotometer or an HP 8452 diode-array spectrophotometer. The Sn(AriPr4)2 was prepared 

via literature method.[2] Unless otherwise stated, all materials were obtained from commercial 

sources and used as received. 

 

Synthesis of complex 1: 

Sn(AriPr4)2 (0.914 g, 1 mmol) and phenylacetylene (0.216 g, 2 mmol) were dissolved in ca. 30 mL 

of benzene. The reaction solution was then heated to 60oC and stirred for 3 days. The color of 

solution turned from blue to dark red which indicated the reaction’s completed. Solvent was 

removed under reduced pressure; ca. 50 mL ether was then added into the reaction residue and the 

resulting red solution was filtered through celite. The filtrate was concentrated under reduced 

pressure until the formation of small red crystals was observed. The solution was storage in -30 oC 

freezer for 4 days to afford red crystals which were suitable for X-ray crystallography. 

Synthesis of complex 2: 

Sn(AriPr4)2 (AriPr4 = C6H3-2,6-(C6H3-2,6-iPr2)2) (0.914 g, 1 mmol) was mixed with 

diphenylacetylene (0.213 g, 1.2 mmol), followed by addition of ca. 60 mL of benzene, the reaction 

mixture was stirred for 4 hours at 120 oC, the color of solution became dark red after 2 hours. 
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Solvent was removed under reduced pressure; ca. 50 mL hexane was added to the reaction residue 

then the resulting red solution was filtered through celite. The filtrate was concentrated under 

reduced pressure until the formation of small red crystals was observed. Storage of the reaction in 

-30 oC freezer for 3 days resulted in the product in a red crystal form with 55% yield. 1H NMR 

(599 MHz, Benzene-d6) δ: 7.58 (s, 1H), 7.42 (d, J = 7.5 Hz, 2H), 7.37 (d, J = 7.5 Hz, 1H), 7.14 (d, 

J = 6.8 Hz, 4H), 7.10 (d, J = 7.8 Hz, 3H), 7.05 (t, J = 7.9 Hz, 3H), 6.85 (td, J = 17.7, 7.9 Hz, 4H), 

6.73 (d, J = 7.6 Hz, 2H), 3.33 (p, J = 6.9 Hz, 4H), 1.24 (d, J = 6.9 Hz, 12H), 1.11 (d, J = 6.7 Hz, 

12H). 13C NMR (101 MHz, Benzene-d6) δ: 193.50, 181.44, 146.94, 146.79, 145.00, 138.84, 136.68, 

136.43, 130.30, 128.96, 128.73, 127.32, 126.84, 125.71, 124.98, 123.59, 31.02, 26.62, 22.88. 119Sn 

NMR (149 MHz, Benzene-d6) δ: 1607. 19. UV/vis: λ/nm (ε/ M−1 cm−1): 518 (3300).  
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Figure. S5.1 1H NMR spectrum of (2) in C6D6 (600 MHz, 298 K) 

 

Figure. S5.2 13C{1H} NMR spectrum of (2) in C6D6 (600 MHz, 298 K) 
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Figure. S5.2 119Sn{1H} NMR spectrum of (2) in C7D8 (500 MHz, 298 K). 

 
 
 
 

 
Figure. S5.3 UV-Vis spectrum of (2) at 25 °C (42 μM in hexanes). 
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Figure S5.4 FTIR spectrum of (2). 
 

 
 
 
 
 
 
 
Crystallographic Data 
 
 

 1 2 
formula C72H90OSn C44H49Sn 

fw 1090.12 696.59 
color red red 

cyst syst Triclinic Triclinic 
space group P-1 P-1 

a, Å 17.8418(9) 9.6848(11) 
b, Å 17.8598(9) 11.7885(13) 
c, Å  19.2380(10)  18.193(2) 
α, deg 88.9389(8) 90.359(2) 
β, deg 81.5494(8) 100.783(2) 
γ, deg 89.9199(8) 107.774(2) 
V, Å3 6062.6(5) 1938.6(4) 

Z 4 2 
Density (calculated), Mg/m3 1.194 1.193 
Absorption coefficient, mm-1 0.464 0.686 

F(000) 2320 725 
Crystal size, mm3 0.288 x 0.218 x 

0.188 
0.381 x 0.33 x 

0.266 
Crystal color and habit red block red block 

Theta range for data collection, deg 1.837 to 25.250 4.16 to 61.4 
Index ranges -21<=h<=21,  -13<=h<=13,  

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

050010001500200025003000350040004500
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-21<=k<=21,  
-23<=l<=23 

-16<=k<=16,  
-26<=l<=26 

Reflections collected 43731 31833 
Independent reflections 21950  

[R(int) = 0.0589] 
11908  

[R(int) = 0.0211] 
Data / restraints / parameters 21950 / 149 / 1434 11908 / 0 / 193 

Goodness-of-fit on F2 1.135 1.014 
Final R indices [I>2sigma(I)] R1 = 0.0619,  

wR2 = 0.1091 
R1 = 0.0992,  
wR2 = 0.2606 

R indices (all data) R1 = 0.0931,  
wR2 = 0.1183 

R1 = 0.1042,  
wR2 = 0.2673 

Largest diff. peak and hole, e.Å-3 0.678/-0.842 12.56/-5.26 
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