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Abstract 

 

 

 

The reaction of M[ESiMe3] (M = Li/Na; E = S, Se) with polyorganobromides, has 

afforded polychalcogenotrimethylsilane complexes Ar(CH2ESiMe3)n: 1,4-

(Me3SiECH2)2(C6Me4) (E = S, 1; E = Se, 2), 1,3,5-(Me3SiECH2)3(C6Me3) (E = S, 3; E = 

Se, 4) and 1,2,4,5-(Me3SiECH2)4(C6H2)(E = S, 5; E = Se, 6). The powerful potential of 

these complexes as precursor to combine with other organic reagents such as acyl halides 

(here ferrocenoyl chloride) lead to polyferrocenylchalcogenoesters: [1,4-

{FcC(O)ECH2}2(C6Me4)] (E = S, 7; E = Se, 8), [1,3,5-{FcC(O)ECH2}3(C6Me3)] (E = S, 9; 

E = Se, 10) and [1,2,4,5-{FcC(O)ECH2}4(C6H2)] (E = S, 11; E = Se, 12).  

Two new dichalcogenotrimethylsilane reagents 1,2-(Me3SiSCH2)2(C6H4), 13 and 1,2-

(Me3SiSeCH2)2(C6H4), 14 were prepared to further expand the series above. These two 

new reagents were prepared from 1,2-(BrCH2)2(C6H4) and Li[ESiMe3]. Their reactivity 

towards metal salts and M-E bond formation was demonstrated when 13 and 14 were 

reacted with [PdCl2(dppp)] to give two analogous dinuclear organochalcogenolate-bridged 

complexes [(dppp)2Pd2-μ-κ2S-{1,2-(SCH2)2C6H4}]X2, [15]X2 and [(dppp)2Pd2-μ-κ2Se-

{1,2-(SeCH2)2C6H4}]X2, [16]X2 (X = Cl, Br) respectively. To expand this methodology, 

the tetranuclear palladium complex [(dppp)4Pd4-μ-κ4S-{1,2,4,5-(SCH2)4C6H2}]X4, [17]X4 

(X = Cl, Br) was isolated when complex 5 was reacted with a suspension of [PdCl2(dppp)] 

in the presence of LiBr, as a source of counter ion.  

The reactivity of the polychalcogenotrimethylsilanes was developed with a different 

coordination chemistry system, namely the addition of  [(IPr)CuOAc] (IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene) to solutions of 1, 2, 3, 4 and 6 and the  previously 

reported 1,1´-fc(CH2ESiMe3)2 to yield the poly(NHC)-copper-chalcogenolate complexes, 

1,4-[{(IPr)CuECH2}2(C6Me4)] (E = S 18, E = Se 19), 1,1’-[fc{CH2ECu(IPr)}2] (E = S 20, 
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E = Se 21), 1,3,5-[{(IPr)CuECH2}3(C6Me3)] (E = S 22, E = Se 23) and 1,2,4,5-

[{(IPr)CuSeCH2}4(C6H2)] (24). 

The copper-chalcogenolate [(IPr)Cu-ESiMe3] (E = S 25, Se 26, Te 27) have been 

prepared from [(IPr)CuOAc] and E(SiMe3)2. Single crystal X-ray analysis illustrates that 

the structures of complexes 25-27 exhibit a pendant –SiMe3 group bonded to a chalcogen 

atom with a near linear coordination geometry about the copper centre. Reaction of 

Hg(OAc)2 with freshly prepared 25 [(IPr)Cu-SSiMe3] yielded the ternary cluster 

[{(IPr)CuS}2Hg], 28 via activation of the S-Si bonds. 

This straightforward approach has also been extended by i) substituting copper(I) with 

silver(I) and ii) by using the smaller NHC iPr2-bimy (1,3-diisopropylbenzimidazolin-2-

ylidene) instead of IPr.   

The reaction of [(IPr)AgOAc] with one equivalent of E(SiMe3)2 (E = S, Se) yielded 

[(IPr)Ag-ESiMe3] (E = S 29, Se 30). The addition of two equivalents of [(IPr)Ag-SSiMe3] 

to a solution of one equivalent of Hg(OAc)2 in THF led to the first example of a Ag-Hg-

sulfide cluster [{(IPr)CuS}2Hg], 31, which is isostructure with 28. 

Similar reactions between [(iPr2-bimy)CuOAc] and E(SiMe3)2 (E = S, Se) led to the 

formation of two new metal-chalcogen complexes, [(iPr2-bimy)Cu-ESiMe3] (E = S 32, Se 

33). Unlike the IPr containing complexes 25-27, 29 and 30, [(iPr2-bimy)Cu-ESiMe3] exist 

as dimers in the solid state; this can be attributed to the smaller size of the coordinated iPr2-

bimy compared to IPr. One consequence of the varying ligand size is demonstrated with 

the reaction between [(iPr2-bimy)Cu-SSiMe3] and Hg(OAc)2 which leads to the formation 

of a ternary cluster with a Cu10S8Hg3 core surrounded by six iPr2-bimy ligands, [(iPr2-

bimy)6Cu10S8Hg3], 34.  

Keywords 

chalcogen,  polydentate, chalcogenoester, ferrocene, silylchalcogenolate, metal-chalcogen, 

bridging ligand, palladium, trimethylsilyl chalcogenolate, N-heterocyclic carbene, ternary 

cluster, copper, silver, precursor, X-ray crystallography,  
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 Chapter 1 
  

 

 

 

1.1 Introduction  

It is common that the three heavy elements of the oxygen sub-group, namely sulfur, 

selenium and tellurium, be collectively referred to as the “chalcogens”.1 The chalcogens 

have a rich metal chemistry both in molecular compounds and in the solid state, on account 

of their ability to catenate and to bind to multiple metal centers. The early progress in the 

identification of the many possible coordination modes available for sulfide ligands was 

summarized neatly by Vahrenkamp.2 The coordination modes and structural types of 

soluble metal selenides and tellurides, synthesized in solution or in the solid state, have 

been classified and described in the seminal review by Ansari and Ibers.3 A large number 

of metal-chalcogenide solids are known to exhibit semiconducting behavior and excellent 

thermoelectric properties. They have been the focus of solid state research due to their 

potential for widespread applications, including rechargeable batteries,4 thermoelectric 

energy converters,5 and phase memory devices.6 Furthermore the interest in metal–

chalcogen complexes is further enhanced due to the significant role that they play in 

bioinorganic chemistry and in hydrodesulfurization and other catalytic processes.7 Finally, 

the nanomaterials chemistry of metal-chalcgoenide has kept this class of compounds at the 

fore of chemical and materials research.8  

The rich synthesis and structural chemistry of molecular, metal-chalcogen compounds 

developed due to the flexibility of chalcogen ligands in adopting several bridging 

coordination modes. To prevent extensive condensation reactions and the formation of bulk 

solids, metal-chalcogen assemblies must typically be kinetically stabilized. 
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Organochalcogenolate ligands RE- are often being used in conjunction with chalcogenide 

ligands E2- in the synthesis of metal-chalcogen complexes.9 

 

1.2 Chalcogen Containing Ligands 

There is a wide structural diversity in the coordination number and coordination 

geometry of chalcogenide (E2-) and chalcogenolate (RE-) ligands (E = S, Se, Te) that is 

rooted in the bonding flexibility of chalcogen atoms. This is demonstrated by their strong 

tendency to bridge two or more metal centers. This feature plays a significant role in the 

structural diversity in metal-chalcogen chemistry. Flexible coordination modes of 

chalcogenide and chalcogenolate ligands can be attributed to their high polarizability and 

the anionic nature of these ligands. Consequently, E2- and RE- ligands, compared to neutral 

chalcogen containing ligands such as H2E, R2E and REH, form more stable metal-

chalcogen complexes in both bridging and terminal modes. 

 

1.2.1 Chalcogenide Ligands 
The most typical bonding modes of chalcogenide ligands are μ2-, μ3- and μ4-, while the 

other higher coordination numbers are also observed (Figure 1.1). Among the reported 

metal-chalcogenide cluster complexes, the μ3- and μ4- coordination modes are more 

common in chalcogenide ligands. Going from S→Se→Te, with increasing ionic radii and 

polarizability, their ability to bridge a larger number of metal centres increases.  Therefore 

heavier chalcogen atoms exhibit higher diversity of coordination modes in chalcogen-metal 

clusters.10   
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Figure 1.1. Common coordination modes of chalcogenide (E2-) ligands.10 

 

 

1.2.2 Chalcogenolate Ligands 
Organochalogenolate ligands (RE-) play an important role in metal-chalcogen cluster 

chemistry. Despite many examples of terminal coordination of organochalogenolate, they 

tend to bridge metal centers as well. In contrast to chalcogenides, the coordinating ability 

of organochalogenolate can be modified by changing the organic substituent “R”. 

Organochalogenolate ligands are also able to adopt a terminal coordination mode on metal-

chalcogen clusters. This has allowed access to metal chalcogenolate/chalcognide clusters 

that are not available in metal chalcogenide chemistry.  

 

1.3 Synthesis of Metal-Chalcogen Complexes  
A variety of synthetic strategies have been designed to access metal chalcogenide 

assemblies. One of these methods involves the reaction of a metal salt and an alkali-metal 

chalcogen source M2E (M = alkali metal, E = S, Se).11 As an example, the reaction of 

CuCl2∙H2O with EtS- in the presence of Li2S led to the copper(I) sulfide cluster [Cu12S8]4+. 

The insolubility of alkali-metal chalcogen salt limits the ability to carry out this type of 

reaction in homogeneous solutions.  
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Other techniques involve the reaction between a metal salt and chalcogenols, REH (R 

= alkyl, aryl; E = S, Se, Te) (eq 1.1).12 This method is also is also known to introduce 

difficulty, especially in the case of tellurium chemistry, where tellurols are thermally 

unstable and light sensitive starting materials.13 

 

LnM-X +    REH LnM-ER    +    HX  

(eq. 1.1) 

Direct insertion of chalcogen into metal-carbon bond (eq. 1.2, E = elemental chalcogen) 

has also been reported. This reaction normally happens at elevated temperatures due to the 

insolubility of the chalcogen.14  

LnM-R +    E LnM-ER  

(eq. 1.2)  

 

Oxidative addition (eq. 1.3) has also been employed in the synthesis of chalcogenolate 

complexes,15 although, bulky dichalcogenide proceed too slowly in oxidation process and 

may not be applicable in this procedure. 

 

LnM +    RE-ER LnM-(ER)2  

(eq. 1.3) 

 

Silylated chalcogen reagents are valuable precursors for the synthesis of metal-

chalcogen containing materials (eq. 1.4-1.6).16 Silylated chalcogen reagents display two 

advantages in metal-chalcogen bond formation reactions. First, the lability of E-Si bond 
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leads to cleavage under mild conditions, and second the reactivity of this bond can be 

controlled by steric and electronic effects of substituents on the silyl group.17 

 

M-Xn +    n RESiMe3 [M(ER)n]m    +    n  X-SiMe3  

(eq. 1.4) 

M-Xn +  n/2   RESiMe3 [M(ER)n/2]2    +    n  X-SiMe3  

(eq. 1.5) 

M-Xn +  n/2   RESiMe3    +   n/4 E(SiMe3)2 [M(ER)n/2En/4]m  +  n  X-SiMe3  

(eq. 1.6) 

The driving force for such reactions is the formation of a X-Si bond and elimination of 

the X-SiMe3 (X = OAc, halide) as the side product. As an additional benefit, the solubility, 

stability and volatility of X-SiMe3 allows the clean isolation of the products.18  

 

1.4 Trimethylsilyl Chalcogenoether Reagents 

As described above, trimethylsilyl chalcogenoethers of the general formula RESiMe3 or 

ArESiMe3 (R = alkyl, Ar = aryl, E = S, Se, Te) offer a convenient, easily handled source 

of organo-chalcogenolate and are a powerful class of reagents due to their demonstrated 

ability to react smoothly with metal salts MX (X = halide, acetate) to form metal 

chalcogenolate cluster and nanocluster complexes (M–ER)x, through the 

thermodynamically favourable elimination of XSiMe3.9, 19 This includes their use in 

nanoparticle chemistry, where silylated reagents have been utilized to passivate the surface 

of metal chalcogenide cores.20 The 'tunability' of the substituent R- and Ar- gives the 

opportunity to introduce different characteristic to metal chalcogenolates and nanoclusters 

through these ligands. Despite their wide ranging utility, only a relatively limited number 
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of polychalcogenotrimethylsilane reagents have been reported, which is confined to a few 

bidentate aryl-chalcogenotrimethylsilane complexes.21  

There are different possible approaches to form a silylated chalcogen group (E-SiMe3) 

on an organic framework. The synthesis of Ar(ESiMe3)n (Ar = aryl, E = S, Se) reagents 

can be readily carried out by insertion of elemental sulfur or selenium into C-Li bonds, 

followed by reaction with ClSiMe3 to yield aryltrimethylsilylchalcogenoethers, 

Ar(ESiMe3)n.22 Such reaction is driven by the thermodynamically favourable formation of 

an alkali metal halide (LiCl).23 It is shown that the silylation of Li[Se(C6H4)nSe]Li (n = 0, 

1) complexes with chlorotrimethylsilane ClSiMe3 affords Me3SiSe(C6H4)nSeSiMe3, which 

possesses two functionalized Se centres (Scheme 1.1). The reactivity of bidentate 

Me3SiSe(C6H4)nSeSiMe3 toward metal salts and their ability to link metal centres with the 

facile formation of diselenolate complexes -Se(C6H4)nSe- of Pd(II) and Au(I) have been 

demonstrated (Scheme 1.2).24 

 

LiSe SeLi

n

+ 2  ClSiMe3 Me3SiSe SeSiMe3

n

+ 2  LiCl

 

Scheme 1.1. Silylation of Li[Se(C6H4)nSe]Li complexes with chlorotrimethylsilane 

 

Me3SiSe SeSiMe3

n

+ 2   Ln-MX LnMSe SeMLn

n

+ 2   XSiMe3

 

Scheme 1.2. Reactivity of bidentate Me3SiSe(C6H4)nSeSiMe3 toward metal salts 

 

In a similar procedure 1,1´-bis(trimethylsilylseleno)ferrocene, 1,1´-fc(SeSiMe3)2 was 

prepared via the reaction of chlorotrimethylsilane and [Fe(η5-C5H4SeLi)2(tmeda)].25 The 

reagent 1,1´-fc(SeSiMe3)2 was used for the assembly of high nuclearity metal clusters 
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containing multiple ferrocenyl units arranged around a central metal chalcogen core.26 It 

was communicated that the surfaces of binary metal-chalcogen clusters can be passivated 

and functionalized through the use of the ferrocenyl reagent 1,1´-fc(SeSiMe3)2, which 

serves as a soluble source of (fcSe2
2-) during cluster forming reactions. Furthermore, the 

incorporation of 1,1´-ferrocenyldiselenolate (fcSe2
2-) in the synthesis of palladium and 

platinum complexes from 1,1´- bis(trimethylsilylseleno)ferrocene was reported.27  

Li[ESiMe3] is also used to prepare Ar-ESiMe3 and R-ESiMe3 via nucleophilic 

displacement reactions with organo halides. Utilizing this methodology to prepare 

bidentate organo trimethylsilyl chalcogenides, 1,1´-fc(CH2Cl)2 can also be readily 

converted to 1,1´-fc(CH2ESiMe3)2 by nucleophilic displacement of Cl- with [ESiMe3]- 

(Scheme 1.3).28 

 

Fe

Cl

Cl

+ 2  Li[ESiMe3] Fe

ESiMe3

Me3SiE

+ 2  LiCl

 

Scheme. 1.3 Synthesis of 1,1´-fc(CH2ESiMe3)2 

 

The bidentate ligand precursor 1,1´-fc(CH2SeSiMe3)2 leads to dimeric 

[{Zn(fc(CH2Se)2)(tmeda)}2] with two bridging 1,1ˊ-fc(CH2Se)2
2- versus a chelated 

[Zn(fc(CH2Se)2)(tmeda)] via reaction with [Zn(OAc)2(tmeda)] (Scheme 1.4).28 

 

Fe

SeSiMe3

Me3SiSe

+

[Zn(OAc)2(tmeda)]

Fe

Se

Fe

SeSe

Se
Zn

Zn

Me2N NMe2

Me2N NMe2
 

Scheme 1.4. Synthesis of [{Zn(fc(CH2Se)2)(tmeda)}2] 
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1,4-bis(trimethylsilylthio)-2-butyne and 1,4-bis(trimethylsilylseleno)-2-butyne are two 

other rare examples of polychalcogenotrimethylsilane complexes, synthesized via the 

reaction between Li[ESiMe3]  (E = S, Se, respectively) and the corresponding dibromide 

reagent.21c  

 

1.5 Chalcogeno esters 

Trimethylsilyl chalcogenoethers can play a significant role in development of convenient 

and efficient methods for the synthesis of chalcogenoesters. Trimethylsilyl 

chalcogenoethers are able to react with reactive organic precursors such as acyl halides to 

form chalcogenoesters (eq. 1.7).29  

 

(R/Ar)-ESiMe3 +   (R/Ar)-C(O)Cl (R/Ar)-E-C(O)-(R/Ar)   +   ClSiMe3   

(eq. 1.7) 

Capperucci and Degl’Innocenti demonstrated that phenylselenotrimethylsilanes can 

behave as an efficient transfer agent of selenolate groups, affording a general access to 

selenoesters in good yields. They used nucleophilic fluoride anion to increase the reactivity 

of PhSeSiMe3 in the reaction with acid chlorides.29b 

Chalcogenoesters (also known as acyl chalcogenides) have attracted considerable 

attention, due to the importance of these S and Se systems in organic synthesis.30 

Chalcogenoesters are also useful synthetic intermediates and are employed as building 

blocks for the synthesis of a large variety of organic complexes.31 Other common methods 

to prepare selenoesters include the reaction of acyl halides with selenols, or alkali metal 

selenide salts,32 transition-metal catalyzed carbonylation,33 and the Pd-catalyzed coupling 

of stannyl/silyl selenide and acyl halides.34 They have also been prepared by the reaction 

of aldehydes, acyl halides, or esters with organoselenolato reagents, such as C6H5SeTl,35 

Hg(SeR)2 (R = alkyl, aryl),36 and Me2AlSeMe,31a, 37 as well as reactions between acyl 

chlorides and C6H5SeSeC6H5 mediated by indium iodide38 or RhCl(PPh3)3.39 Zhang and 
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co-workers have also reported novel syntheses of selenoesters by using SmI2,40 

Sm/TMSCl/H2O,41 TiCl4-Sm,42 Sm/CrCl3,43 and Sm/CoCl2
44 as reducing agents. Other 

methods include treating aryl selenocyanates with carboxylic acids,45 and α,β-unsaturated 

selenoesters can be prepared by the reaction of acylzirconocene chlorides with electrophilic 

selenium bromides.46 

Bidentate trimethylsilylselenide complexes of the type Me3SiSe-Ar-SeSiMe3 and 1,1´-

fc(SeSiMe3)2 have also been employed for the formation of diselenoester complexes 

(Scheme 1.5 and 1.6).29a 

 

 

 

Fe

SeC(O)CH2CH3

H3CH2C(O)CSe

Cl

O

2 + 1,1'-fc(SeSiMe3)2
- 2 ClSiMe3

 

Fe

Se

Se

O

O

X

X
Cl

O
X2 + 1,1'-fc(SeSiMe3)2

- 2 ClSiMe3

X = Me, Br

 

Scheme. 1.5 Synthesis of diselenoester complexes via 1,1´-fc(SeSiMe3)2 and RC(O)Cl 
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SeC(O)CH2CH3H3CH2C(O)CSe

SeC(O)CH2CH3H3CH2C(O)CSe

2

SeC(O)(O)CSe

SeC(O)(O)CSe
2

SeC(O)(O)CSe BrBr

SeC(O)(O)CSe BrBr
2

Cl

O
Br

Cl

O

Cl

O

2

2

2

- 2 ClSiMe3

- 2 ClSiMe3

+ A

+ B

- 2 ClSiMe3

- 2 ClSiMe3

+ A

+ B

- 2 ClSiMe3

- 2 ClSiMe3

+ A

+ B

A = B =SeSiMe3Me3SiSe SeSiMe3Me3SiSe

2  

Scheme 1.6. Synthesis of diselenoester complexes via Me3SiSe-Ar-SeSiMe3 and RC(O)Cl 

 

 

1.6 M-ESiMe3 Precursors 
Trying to find a general strategy for the controlled synthesis of mixed metal MMˊE 

compounds has directed research efforts toward the synthesis of a reactive metal-chalcogen 

precursors with the general formula of [LnM(ESiMe3)] (E = S, Se, Te). This type of 

complex is synthesized via the reaction of LnMX (X = Cl, AOc; L = ancillary ligand) and 

bis(trimethylsilyl chalcogenide) E(SiMe3)2, under mild conditions. E(SiMe3)2 (E = S, Se, 

Te) has already been widely used in the synthesis of binary metal-chalcogen clusters 

through the replacement of both –SiMe3 groups with the same metal to form M-E-M 
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moieties.47 Here, under appropriate conditions, one of the -SiMe3 groups of E(SiMe3)2 is 

selectively eliminated via reaction with a LnMX salt, to form a silyl-functionalized metal 

chalcogenolate complex, LnM-E-SiMe3. Various type of ancillary ligands “L”, such as 

amines and phosphines, have been used to induce terminal coordination of –ESiMe3 on a 

single metal centre. 

This class of complex was first reported by Yu in the synthesis of the complex 

[(PEt3)2Mo2(OAc)2(SSiMe3)2] (eq. 1.8)48 and has been expanded greatly by the Corrigan 

group by introducing a wide range of d-block metals and ancillary ligand types to this area 

of chemistry.49  

 

2.2  PEt3Mo(OAc)4 + +    2.2  E(SiMe3)2 [(PEt3)2Mo2(OAc)2(SSiMe3)2]
 

(eq. 1.8) 

In this regard the coinage metal precursors [LnCuESiMe3] and [LnAgESiMe3] have 

received considerable attention due to their specific role in ternary polynuclear cluster 

assembly.50 The size and the number of ancillary ligands “L” about the metal centre can 

determine the reactivity and stability of [LnCuESiMe3] and [LnAgESiMe3] complexes and 

influence the size and stability of the final ternary clusters.50a, 50c, 50e  

Applying four different tertiary phosphines in order to synthesize various silyl-

functionalized copper and silver chalcogenolates, sixteen complexes of [LnMESiMe3] (L 

= tertiary phosphine, E = S, Se, Te) have been reported.50a, 50d, 50e The melting points of 

these complexes range between -50 to 10°C. Such low melting points and a corresponding 

thermal instability of these type of complexes [LnM-ESiMe3] have made them relatively 

difficult to handle and store them for longer periods of time. The phosphine ligands are 

released during the thermal decomposition process, producing polynuclear clusters of the 

corresponding binary systems (eg. Cu2S).47a 
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Employing the stronger σ donor N-heterocyclic carbenes (NHCs) as the ancillary ligand 

provides thermodynamically stronger copper- and silver-ligand interaction versus tertiary 

phosphines.51 This could provide a route to more thermally stable silyl chalcogenolate 

precursors. The steric properties of the NHC can be another key component in the stability 

of L-M-ESiMe3 due to the ability to block additional coordination sites around the metal 

centre, forcing terminal coordination of the –ESiMe3. An investigation of this hypothesis 

represents a significant component of this thesis. 

    

1.7 Binary Cu-E and Ag-E clusters 
The chemistry of chalcogenide-bridged molecular clusters of the coinage metal elements 

represents an ever-developing area in chemical and materials science research. This can be 

due to, in part, the fact that binary coinage metal-chalcogenides exhibit relatively high 

ionic and even higher electric conductivity in the solid state, leading to properties 

intermediate between those of semiconducting and metallic phases.52 Secondly, the size-

dependence of the chemical, physical, and structural properties of substances on going 

from small molecules to bulk materials is of general interest.53 Colloid nanoparticles with 

narrow cluster size distributions54 and crystalline cluster compounds suitable for single-

crystal X-ray diffraction analysis are the two main interesting categories in this area. In 

both cases, the molecules have to be kinetically protected from further reaction to the 

thermodynamically favoured extended solids.  

A ligand sphere coordinating to the outer metal or chalcogen atoms is therefore required 

to prevent uncontrolled oligomerization, and the formation of bulk material, and to also 

provide solubility in organic solvent. It has been shown that in most cases the polynuclear 

core of the clusters is surrounded by tertiary phosphine molecules or a combination of 

phosphines and organic groups.47b, 55 

As mentioned earlier, a general route to copper–chalcogenide–phosphine clusters has 

been developed.19a The reactions of metal halide or carboxylate with 

bis(trimethyl)chalcogenide in the presence of phosphine leads to the formation of metal-
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chalcogenide clusters under the elimination of trimethylsilyl-halide or -carboxylate (eq. 

1.9).  

n  PR3CuX +
+   E(SiMe3)2 [(PR3)XCuyEz] +   XSiMe3 (X = Cl, OAc)  

(eq. 1.9) 

The driving force of the reaction is the elimination of thermodynamically favourable 

side product, XSiMe3. The formation of the specific cluster complexes depends very much 

on the size and the nature of the ancillary ligand, the reaction conditions, as well as the 

solvent used for the synthesis.47a, 47c  

Fenske and co-workers have employed RESiMe3 and/or E(SiMe3)2 with phosphine 

ligated metal salts to produce a wide range of binary metal-chalcogen clusters. By varying 

the nature of the surface-stabilizing phosphine ligands together with reaction conditions, 

one can isolate a large variety of core sizes ranging from the molecular to the nanoscale in 

single-crystalline form.19a, 56 The optical and electronic properties of these Cu2E clusters 

can be tuned by controlling the assembly of these monodisperse systems. A systematic 

colour change is observed from red (Cu12)57 through brown (Cu36)58 and dark brown 

(Cu70)59 to black (Cu146).60 Preliminary studies also show a relationship between size and 

conductivity of the clusters. 

Due to the stronger σ-donating property of N-heterocyclic carbene with coinage metals 

compared with tertiary phosphines, applying them in the synthesis of new coinage metal 

clusters may improve their stabilization.61 Khalili Najafabadi and Corrigan have recently 

found that the N-heterocyclic carbene iPr2-bimy (iPr2-bimy = 1,3-di-

isopropylbenzimidazole-2-ylidene) can be used as an excellent ligand for the stabilization 

of silver–phosphorus polynuclear complexes. They showed that the reaction of [(iPr2-

bimy)2AgOAc] and P(SiMe3)3 in two different ratios (2:1 and 2:0.9) leads to the first 

examples of using NHCs to stabilize the AgP nanoclusters [Ag12(PSiMe3)6(iPr2-bimy)6] 

and [Ag26P2(PSiMe3)10(iPr2-bimy)8], respectively) (Figure 1.2).62 
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Obviously the steric requirements of the NHC iPr2-bimy is not large enough to limit the 

coordination number around the metal centres to prevent cluster formation. 

 

 

Figure 1.2. Molecular structures of the AgP nanoclusters, stabilized via NHC62 

 

1.8 N-Heterocyclic Carbenes (NHCs) 
A carbene is a neutral molecule that has an electron deficient divalent carbon atom. In 

N-heterocyclic carbenes the carbenic carbon atom assumes a bent geometry where this 

arrangement suggests a sp2 hybrid orbital on the carbon. The steric and electronic effects 

of the substituents around the carbenic carbon play a very significant role in the ground-

state spin multiplicity of the non-bonding electrons of divalent carbon and in stability of 

N-heterocyclic carbenes. In 1962 Wanzlick and co-workers showed that the stability of 

carbenes could be dramatically enhanced by having strong electron donor groups around 

the carbene centre, such as amine substituents. Electronic effects can be divided into two 

parts inductive effects and mesomeric effects.  
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In the inductive effect, the σ electron withdrawing substituent around the carbene centre 

stabilizes a singlet state over a triplet state, which is due to increasing the s character of σ 

non-bonding orbitals. Consequently it increases the gap between σ and pπ orbitals in the 

singlet state. 

Having a σ donor substituent will reduce this energy gap (σ-pπ), as σ is destabilized 

which will favour the triplet state.63 Mesomeric effects influence the multiplicity of a 

carbene as well. 

Most of the substituents around the carbene centre have greater electronegativity values 

than does carbon and act as σ-acceptors to stabilize the carbene lone pair. Increasing the 

steric bulk of the substituents will cause smaller carbene bond angle N-C-N or longer 

carbene bond lengths N-C. This increases the pπ character and favors the triplet state 

carbene. Bulky substituents adjacent to the carbenic carbon also sterically disfavour 

dimerization to the corresponding olefin. In general these electronic and steric effects go a 

long way to explain the stability of N-heterocyclic carbenes. These general principles can 

be applied to all N-heterocyclic carbenes, but the relative importance of each effect varies 

for different carbene systems (Figure 1.3).51 

 

N NR R N NR R

N NR R

Imidazolylidene Imidazolinylidene Benzimidazolylidene

R = Ad                     IAd 
R = Me                     IMe 
R = Mes                   IMes 
R = 2,6-(iPr)2C6H3   IPr 
R = tBu                     ItBu

R = Mes                     SIMes 
R = 2,6-(iPr)2C6H3     SIPr

R = nPr                  nPr2-bimy 
R = iPr                  iPr2-bimy

 
 

Fig. 1.3. Structures of some of the most commonly applied classes of NHCs. Ad, 
adamantyl; Mes, mesityl; tBu, tert-Butyl; iPr, iso-propyl; Ph, phenyl.51 
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N-heterocyclic carbenes have played a significant role in organometallic chemistry 

wherein the majority of applications of NHCs involve their coordination to transition 

metals. As already mentioned, the suitability of NHCs as ligands for transition metals can 

be rationalized by their donor ability with a lone pair available for donation into the σ-

accepting orbital of the transition metals. While σ-donation is the most important 

component of NHC-metal bond, the contribution of both π back bonding into the carbene  

orbital and π-donation from the carbene p orbital is not negligible. In 1968, the first N-

heterocyclic carbene (NHC) transition metal complexes were reported independently by 

Wanzlick et al.64 and Öfele et al.65  

The Wanzlick group showed that the direct treatment of 1,3- diphenylimidazolium salt 

with mercuric(II) acetate leads to deprotonation of the imidazolium salt, generating the 

NHC ligated mercury complex (Scheme 1.7).64 This method expanded to became a general 

route for the synthesis of several NHC transition metal complexes. 

 

N

N
C2H5

C2H5

ClO4
-

N

N
C2H5

C2H5

Hg+    Hg(OAc)2
2 AcOH

N

N
C2H5

C2H5

2 ClO4
-2

2+

+

 

Scheme 1.7. NHC mercury complex synthesized by Wanzlick group 

 

Ofele and co-workers found that heating the imidazolium salts of chromium can lead to 

a N-heterocyclic carbene chromium complex (Scheme 1.8).65 
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CH3
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Scheme 1.8. NHC chromium complex synthesized by Ofele group 

 

NHCs show similar behaviour to phosphine ligands in that they are neutral ligands and 

two electron σ donors. The structural versatility and the stability of the NHC complexes 

are the two key factors that have contributed towards the fast growth of NHC chemistry 

compared to ubiquitous trialkyl- and triarylphosphine ligands. Coordinated NHCs reveal a 

fan- or fence-like shape and form a pocket-like structure around the metal centre, while 

phosphines are cone-like ligands pointing away from the coordinated metal. Due to the 

good σ-donating property of NHCs, they can form stable metal–NHCs and stronger metal–

carbon bonds with most metals compared with phosphine ligands.66 The unique ligation 

properties of NHCs have been exploited even for the preparation and stabilization of 

polynuclear main group cluster complexes.67 

In this regard, investigations on coinage metal-NHC complexes have increased 

substantially due to their interesting structural properties which come from the coordination 

flexibility of the coinage metal atoms. Their utility in transition metal mediated catalysis 

has also led to a rapid and continuous development in this area of inorganic chemistry. 

Taking advantage of N-heterocyclic carbene ligands, the Corrigan group has shown  the 

role of iPr2-bimy (1,3-di-isopropylbenzimidazole-2-ylidene) as the ancillary ligand in Cu(I) 

and Ag(I) metal–chalcogenolate clusters. The reaction of (iPr2-bimy)CuCl and  (iPr2-

bimy)AgOAc with PhESiMe3 leads to formation of the polynuclear metal–chalcogenolates 

[Cu3(μ-EPh)3(iPr2-bimy)3] and  [Ag4(μ-EPh)4(iPr2-bimy)4], respectively (Scheme 1.9 and 

1.10, respectively). 68 
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N

N
CuCl +

ESiMe3

E
Cu

E

CuE
Cu

Ph Ph

Ph
N

N
N

N

N N

iPr

iPr

iPr

iPr

iPr

iPr

- ClSiMe3

E = S, Se  

Scheme 1.9. Formation of the polynuclear metal–chalcogenolates [Cu3(μ-EPh)3(iPr2-

bimy)3] 

 

N

N
Ag(OAc) +

ESiMe3

- AcOSiMe3

E Ag

Ag E
Ag

Ag
E

E

N

N

N N

NN

N

N

iPriPr

iPr

iPr

iPr

iPr

iPr iPr

Ph

Ph

Ph

Ph

E = S, Se

Scheme 1.10. Formation of the polynuclear metal–chalcogenolates [Ag4(μ-EPh)4(iPr2-

bimy)4] 

 

These reactions illustrate that NHCs can be considered as a substitute for PR3 ligands in 

the formation of polynuclear, group 11 metal–chalcogenolate complexes, which have 

already been used extensively in this type of chemistry.66, 69  
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1.9 Ternary M-E-Mˊ Clusters 
The synthesis of ternary metal-chalcogenide clusters and nanoparticles has recently 

attracted considerable interest due to the importance of related ternary semiconductor 

solids.70 Ternary systems show broader tunable properties and applications compared to 

their binary counterparts. In this regard coinage metal-chalcogen ternary clusters attained 

considerable attention as well, due to their potential application in light-absorbing 

materials.71 As was mentioned, tertiary phosphine stabilized coinage metal silyl 

chalcogenolates [(R3P)nCu–ESiMe3] are efficiently used as the source of 

“cuprachalcogenolate” moieties when these complexes are reacted with a second metal salt 

(eq. 1.10).50c, 50e, 72  

 

n  PR3CuX + +   E(SiMe3)2 [(PR3)XCuyEzM'w] +  XSiMe3
+   M'X

(R3P)nCu-ESiMe3

X = Cl, OAc; E = S, Se, Te  

(eq. 1.10)  

The preformed metal-chalcogen bond in this precursor, the high solubility in common 

organic solvents, coupled with the reactivity of the −ESiMe3 ligands toward other metal 

salts, makes them useful as precursors for the formation of M-E-M′ bonding interactions 

and entry point into ternary d-block MM′E clusters and nanoclusters.73 

Only two CuHgE (E = S, Se) nanoclusters are reported via the reaction between 

[(R3P)CuESiMe3] complexes and mercuric salts. As an example the treatment of 

[(nPr3P)CuSSiMe3] with half an equivalent of [(nPr3P)2Hg(OAc)2] at -30°C formed the 

ternary CuHgS nanocluster of [Hg15Cu20S25(nPr3P)18] (eq 1.11, Figure 1.4). 

 

[Hg15Cu20S25(nPr3P)18]+   2  nPr3P[(nPr3P)3CuSSiMe3] +  0.5 Hg(OAc)2  

(eq. 1.11) 
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Figure 1.4. The molecular structure of [Hg15Cu20S25(nPr3P)18] (carbon and hydrogen atoms 
omitted).50e  (Hg = orange, Cu = blue, S = yellow, P = green) 

 

 

Applying this synthetic method to provide “argentachalcogenolate” moiety to a ternary 

cluster has not yet proven successful. This prompted us to investigate a new strategy to 

synthesise such ternary systems.  

 

1.10 Project Summary 
In Chapter 2 of this thesis, the synthesis and characterization of a new series of poly 

trimethylsilyl chalcogenoethers with two, three and four trimethylsilylchalcogenolate-

CH2- groups around an aromatic spacer has been successfully prepared and characterized. 

These complexes are the first examples of such poly(chalcogeno)silane groups on an 

organic spacer.   
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In order to take advantage of the reactivity of such polysilylchalcogenolate complexes 

to develop the chemistry of polychalcogenoesters, the facile preparation of di-, tri- and tetra 

polychalcogenoester frameworks via the reaction between ferrocenyl acid chloride and 

these di-, tri- and tetra- silyl chalcogen complexes is demonstrated.  

In Chapter 3, two new bidentate trimethylsilylchalcogenolate reagents with the general 

formula of 1,2-(Me3SiECH2)2C6H4 (E = S, Se) are reported. The adjacent positions of –

ESiMe3 groups in these reagents yield dinuclear organochalcogenolate-bridged complexes 

in reaction with (1,3-bis(diphenylphosphino)propane)palladium(II) chloride, 

[PdCl2(dppp)]. The results of the reaction between 1,2,4,5-(Me3SiSCH2)4(C6H2) and 

[PdCl2(dppp)]  to yield a “double-butterfly” Pd4 complex is also decribed. 

In Chapter 4, the reactivity of the polychalcogenolate precursors described in Chapter 

2, 1,4-(Me3SiECH2)2(C6Me4), 1,3,5-(Me3SiECH2)3(C6Me3) (E = S, Se), 1,2,4,5-

(Me3SiSeCH2)4(C6H2) is further demonstrated via reaction with two, three and four 

equivalents of [(IPr)CuOAc], respectively (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-

2-ylidene). IPr is one of the very well-known N-heterocyclic carbenes that has attracted 

considerable attention due to its stability, structural features and straightforward synthesis. 

Also the reaction between [(IPr)CuOAc]  and 1,1´-fc(CH2ESiMe3)2 (E = S, Se) is detailed.    

As was mentioned above, the substitution reaction between the silylated 

metalchalcogenolate reagents [LnM-ESiMe3] with the second metal salt is one of the most 

powerful approaches in the synthesis of ternary clusters of late d-block metals. The lability 

of phosphine ligands in systems reported to date prompted the development of a new 

strategy to synthesize these precursor types. In Chapter 5, a series of thermally stable [L-

Cu-ESiMe3] complexes was synthesized by using IPr as the ancillary ligand. This is the 

first example of utilizing N-heterocyclic carbene ligands in the synthesis of such of copper-

chalcogenolate complexes, [(IPr)Cu-ESiMe3] (E = S, Se, Te). By changing the metal centre 

from copper to silver, it was demonstrated a similar improvement in the thermal stability 

of silver-chalcogenolates [(IPr)Ag-ESiMe3] (E = S, Se). This work is detailed in Chapter 

6. Also described is the effect of alternating IPr with the less sterically demanding NHC 

(iPr2-bimy) in the formation of [(iPr2-bimy)Cu-ESiMe3] (E = S, Se).  
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Ternary nanoclusters MEMˊ show optical, electronic and physical properties that might 

fall between the properties of corresponding binary clusters.74 In Chapter 5 and 6, with the 

aim to synthesize novel ternary clusters and apply the new NHC stabilized precursors, 

[NHC-M-SSiMe3] (NHC = IPr, iPr2-bimy; M = Cu, Ag) were reacted with mercuric(II) 

acetate. This provides an effective synthetic route to more size controlled ternary coinage 

metal-sulfide–mercury clusters. 
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Chapter 2 
 

New Polydentate Trimethylsilyl Chalcogenide Reagents for 
the Assembly of Polyferrocenyl Architectures 

 
(Mahmood Azizpoor Fard, Bahareh Khalili Najafabadi, Mahdi Hesari, Mark S. 
Workentin, and John F. Corrigan, Chem. Eur. J. 2014, 20, 7037 – 7047) 

 

2.1 Introduction  

The chemistry of ferrocene (Fc) containing molecules and materials continues to 

develop due to the favourable electronic (redox) properties of ferrocene and its ease of 

functionalization.1-3 Such systems have a wide range of applications in materials science 

including use as sensors,4 catalysts,4a,5 electroactive materials6 and aerospace materials,7 in 

cancer therapeutics8 and other medicinal applications,9 and as a smokeless fuel additive.10  

Much research focus has been placed on polyferrocene architectures where the 

organometallic units are linked with different organic spacers such as alkenes,11 alkynes,12 

arenes,13 heterocycles,14 annulenes15 and even larger molecules such as C60.16 These types 

of complexes are suitable for investigating intra-molecular electronic interactions in the 

corresponding mixed-valent species between the ferrocenyl units through the organic 

backbone.14a-e, 17 Efforts have also been devoted to the incorporation of multiple ferrocene 

units into polymers,18 dendrimeric frameworks19 and inorganic nanoclusters.20  

In a complementary vein for this work, the preparation of poly ferrocenylthio- and 

selenoesters has been pursued.21 The chemistry of chalcogenoesters has had a strong 

development, due to the importance of these type of compounds as intermediates in 

synthetic organic chemistry.22-24 Chalcogenoesters have been employed as acylating 

reagents in synthesis of corresponding acids,25 esters,25 amides,25a,b,26  ketones27, 28 and 

aldehydes.29, 30 Acyl chalcogenides are also employed as building blocks for the synthesis 

of asymmetric aldols31 and heterocyclic compounds such as oxazoles32 and β-lactone.33 
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Chalcogenoesters also have been applied to the synthesis of natural compounds such as 

proteins34 and alkaloids.35  

Developed methodologies for the incorporation of these molecules into organic 

compounds generally involve the preparation of acyl radicals36, 37 and anions38 under mild 

conditions. New methods for the synthesis to thio- and selenoesters are still being 

developed and organo(trimethylsilyl) chalcogenides have been shown to be a convenient 

source of organo chalcogenide (RE-) in the synthesis of chalcogenoesters,39 and are of 

course well developed for the preparation of metal chalcogen complexes.20d, 40 The 

preparation of new frameworks with multiple –ESiMe3 moieties would offer routes to the 

assembly of poly thio- and selenoesters. Rimpler first reported that the sulfur silane reagent 

Me3SiOC(O)CH2SSiMe3 reacts directly with acyl chloride under ambient conditions to 

yield the corresponding thioester Me3SiOC(O)CH2SC(O)R via the formation of Me3SiCl.41 

Aryl- and alkyl(trimethylsilyl)chalcogenides offer a convenient, easily handled source of 

“ArE” and “RE” (E = S, Se, Te) respectively. Ogura and co-workers demonstrated a similar 

methodology for the heavier congener tellurium reagent PhTeSiMe3.42 Twelve years later, 

reductive cleavage of the Se-Si bond in arylselenotrimethylsilane PhSeSiMe3 was reported 

by Zhang and Zhang as a novel method for the synthesis of selenoesters.43  

In contrast to sulfur and tellurium, the chemistry of selenium Ar-/R-SeSiMe3 has not 

been as extensively developed for the preparation of chalcogenoesters. Recently the use of  

nucleophilic fluoride anion to increase the reactivity of PhSeSiMe3 in the reaction with 

acid chloride has been demonstrated.44 Concomitantly, we reported a new series of 

diselenoesters from the simple reaction of mono- or di(acid chlorides) with di- or 

monosubstituted organochalcogen-silane reagents in both solvent and under solvent-free 

conditions.21a The synthesis of an oligoselenoester complex in this work outlined the 

potential of this chemistry for the formation of polyselenoester complexes, including small 

oligomers. Herein we describe the preparation of a new class of di- tri- and tetrasubstituted 

thio- and selenotrimethylsilanes and demonstrate their utility for the assembly of a series 

of polysubstituted ferrocenylthio- and selenoesters, respectively, via their reaction with 

ferrocenoyl chloride.  
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2.2 Results and discussion 
Various synthetic methods for chalcogenoesters have been reported and are usually 

based on the reactions of acyl chloride or acid anhydrides with a source of chalcogenide 

anion such as chalcogenols (via deprotonation),45  dichalcogenides (via reduction)46 or 

alkali metal chalcogenolates.47, 48 Additional methods including metal-catalyzed reactions 

have also been reported.49-57 The demonstrated reactivity of disubstituted 1,1´-

bis(trimethylsilylseleno)ferrocene and related reagents for the preparation of 

diselenoesters58 suggests that polychalcogenosilanes could behave efficiently in 

transferring chalcogeno moieties for the formation the polychalcogenoesters.20a, b, 59  

The polychalcogenosilanes of the general formula Ar(CH2ESiMe3)n (Ar = aryl; E = S, 

Se; n = 2 – 4) 1-6 are readily prepared in good yield via the reaction of lithium 

(trimethylsilyl) chalcogenolate Li[ESiMe3] with the corresponding di-, tri- and tetra-

bromobenzyl arene (Scheme 2.1). Li[ESiMe3] is first prepared  in situ through the addition 

of bis(trimethylsilyl)chalcogenide E(SiMe3)2 to a stirred solution of nBuLi in 

tetrahydrofuran at 0º.60 The portion-wise addition of organobromine reagents to the 

solution of Li[ESiMe3] in Et2O at room temperature, followed by stirring for 12 hours, 

yielded 1, 3 and 5 (white powders) and 2, 4 and 6 (pale yellow powders) upon extraction 

with a hydrocarbon solvent. Similar reactions to substitute the bromine centers by using 

Na[ESiMe3]61 are equally effective in the formation of 1-6. The addition of the 

organobromine reagents to a suspension of Na[ESiMe3] in tetrahydrofuran at room 

temperature, and production of NaBr, makes the extraction of 1-6 somewhat easier, with 

comparable yields of products. All six compounds are highly air sensitive; however, they 

are stable for several days in solution at room temperature under an inert atmosphere. 
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Scheme 2.1. Synthesis of 1-6. 

 

 The solution NMR chemical shifts of 1-6 are reported in Table 2.1. The chemical shift 

values of the di- and tri- substituted complexes 1-4 are similar although they differ slightly 

compared to those of the corresponding tetrasubstituted aromatics 5-6. The chemical shifts 

of the Si(CH3)3 moieties in the selenium complexes appear to lower field in both 1H and 
13C {1H} NMR spectra versus the corresponding sulfur complexes. The 1H NMR spectra 

display the expected singlet for the equivalent methylene groups. All -CH2- groups in 

analogous compounds show similar chemical shift values in their 1H NMR spectra (1, 2 = 

3.75 ppm; 3, 4 = 2.46, 2.42 ppm; and 5, 6 = 3.83 ppm) but the corresponding resonances 

in the 13C {1H} NMR spectra of the selenides have lower chemical shift values (1, 3 and 5 

= 25.9 - 27.5 ppm; 2, 4 and 6 = 18.0 - 18.7 ppm). The 77Se{1H} chemical shift for 



 31 

tetrasubstituted 6 is significantly upfield (-19.0 ppm) compared to the corresponding values 

for the di- and trisubstituted complexes 2 and 4 (-70.2 and -70.7 ppm, respectively); this is 

likely to be due to interamolecular Se…Se nonbonding interactions in solution, as 

described for complementary systems.62 

To date, only a few crystal structures with -CESiMe3 group have been reported59a, 63 

although the structural chemistry of Ar(CH2ER)n in general is more mature.64 The 

structures of 1-4 and 6 were confirmed by X-ray crystallographic analyses. 

Crystallographic data and data collection parameters are summarized in Tables 2.2.1 and 

2.2.2. Complexes 1-4 crystallized in the tricilinic space group P1 . Complex 6 crystallized 

in the space group P21/c. The molecular structures of 1-4 and 6 and some of the selected 

intermolecular bond distances and angles are provided in Figures 2.1, 2.2, 2.3, 2.4 and 2.5. 

The S-Si [2.1387(7) - 2.1553(7) Å], Se-Si [2.276(2) - 2.287(2) Å], S-C [1.837(2) – 1.852(2) 

Å] and Se-C [1.982(5) – 1.997(6) Å] distances in these four compounds are typical for the 

sulfur-silicon, selenium-silicon, sulfur-carbon and selenium-carbon single bonds.65  

 

 

Table 2.1. NMR spectroscopic data for 1-6 in CDCl3. Chemical shifts are in ppm. 

  1H    13C    77Se 

  Si(CH3)3 CH3 CH2 CH Si(CH3)3 CH3 CH2 -C-  

Su
lfi

de
s 1 0.41 2.32 3.72  0.7 16.1 26.1 132.7, 135.1  

3 0.40 2.46 3.72  0.7 15.6 25.9 134.2, 134.7  

5 0.34  3.83 7.21 0.9  27.5 131.8, 137.4  

Se
le

ni
de

s 2 0.49 2.32 3.75  1.6 16.1 18.4 132.6, 135.2 -70.7 

4 0.47 2.42 3.72  1.6 16.0 18.0 133.6, 134.9 -70.2 

6 0.44  3.83 7.09 1.8  18.7 132.1, 137.5 - 19.0   
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Table 2.2.1. Crystallographic data and parameters for compounds 1-4. 

 1 2 3 4 
Formula C18H34S2Si2 C18H34Se2Si2 C21H42S3Si3 C21H42Se3Si3 
formula Weight 370.75 464.55 475.00 615.70 
crystal System Triclinic Triclinic Triclinic Triclinic 
space group Pī Pī Pī Pī 
a (Å) 6.4020(5) 6.2310(3) 10.0634(1) 10.125(2) 
b (Å) 7.3238(4) 7.5548(4) 11.5851(2) 11.630(2) 
c (Å) 11.9751(9) 12.1830(7) 13.0520(2) 13.257(3) 
α (º) 103.313(4) 103.265(2) 86.4372(9) 87.81(3) 
β (º) 97.665(3) 97.939(3) 68.2215(9) 67.71(3) 
γ (º) 92.821(5) 93.901(3) 79.5821(9) 82.00(3) 
V (Å3) 539.64(7) 549.88(5) 1389.75(4) 1430.2(6) 
Z 1 1 2 2 
ρcal (g cm-3) 1.141 1.403 1.135 1.430 
μ (Mo Kα) (mm-1) 0.354 3.468 0.402 3.990 
F(000) 202 238 516 624 
temperature (K) 150 150 150 150 
θmin, θmax (º) 3.0, 27.8 2.8, 27.7 1.7, 39.8 2.2, 27.6 
total reflns 4614 4460 90834 11696 
unique reflns 2492 2510 16840 6548 
R(int) 0.025 0.024 0.071 0.034 
R1 0.0405,  0.0397,  0.0543,  0.0496,  
wR2 [I ≥ 2σ (I)] 0.0932 0.1021 0.1269 0.1198 
R1 (all data) 0.0551 0.0470 0.1550 0.0816 
wR2 (all data) 0.1007 0.1051 0.1736 0.1360 
GOF 1.046 1.173 0.992 1.042 
min peak  -0.298 -0.596 -0.626 -0.687 
max peak 0.284 0.546 1.012 1.494 

 
R1 = ∑(|Fo| - |Fc|)/∑Fo, wR2 = [∑( w(Fo

2– Fc
2)2)/∑(wFo

2)]1/2, GOF = [∑(w(Fo
2– 

Fc
2)2)/(Nobservns - Nparams)]1/2 
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Table 2.2.2. Crystallographic data and parameters for compounds 6-8 and 11. 

 6 7 8 11 
Formula C22H46Se4Si4 C34H34Fe2O2S2 C34H34Fe2O2Se2 C54H46Fe4O4S4 
formula Weight 738.79 650.43 744.23 1110.55 
crystal System Monoclinic Triclinic Monoclinic Triclinic 
space group P21/c Pī P21/c Pī 
a (Å) 11.5701(11) 8.0896(16) 5.748(2) 5.7476(5) 
b (Å) 6.5046(5) 10.354(2) 23.046(10) 13.3324(12) 
c (Å) 21.8713(18) 18.010(4) 21.718(8) 14.9342(13) 
α (º) 90 94.803(15) 90 91.675(4) 
β (º) 95.733(5) 100.219(10) 95.791(10) 100.183(4) 
γ (º) 90 98.517(14) 90 93.298(4) 
V (Å3) 1637.8(2) 1458.8(5) 2862.3(19) 1123.60(17) 
Z 2 2 4 1 
ρcal (g cm-3) 1.498 1.481 1.727 1.641 
μ (Mo Kα) (mm-1) 4.636 1.168 3.588 1.501 
F(000) 740 676 1496 570 
temperature (K) 150 110 110 110 
θmin, θmax (º) 1.8, 25.0 1.2,  28.0 2.8, 26.4 1.4, 27.5 
total reflns 47682 20483 47265 21808 
unique reflns 2880 20483 5860 5171 
R(int) 0.252 0.000 0.094 0.061 
R1 0.0438,  0.0525,  0.0415,  0.0639 
wR2 [I ≥ 2σ (I)] 0.0714 0.0952 0.0838 0.1683 
R1 (all data) 0.1195 0.1081 0.0754 0.0904 
wR2 (all data) 0.0856 0.1138 0.0955 0.1935 
GOF 0.913 1.008 1.016 1.079 
min peak  -0.601 -0.534 -0.562 -0.699 
max peak 0.134 0.529 0.855 2.064 

 
R1 = ∑(|Fo| - |Fc|)/∑Fo, wR2 = [∑( w(Fo

2– Fc
2)2)/∑(wFo

2)]1/2, GOF = [∑(w(Fo
2– 

Fc
2)2)/(Nobservns - Nparams)]1/2 
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Figure 2.1. Thermal ellipsoid plot (40% probability level) of 1 with the atom numbering 
scheme. The thioether resides about crystallographic inversions center relating the two 
halves of the molecule. Selected bond distances (Å) and angles (º): C(4)-S(1) 1.852(2), 
S(1)-Si(1) 2.1553(7), C(4)-S(1)-Si(1) 99.84(7). 

 

 

Figure 2.2. Thermal ellipsoid plot (40% probability level) of 2 with the atom numbering 
scheme. The chalcogenoesters reside about crystallographic inversions center relating the 
two halves of the molecules. Selected bond distances (Å) and angles (º): C(4)-Se(1) 
1.995(4), Se(1)-Si(1) 2.285(1), C(4)-Se(1)-Si(1) 97.5(1). 
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Figure 2.3. Thermal ellipsoid plot (40% probability level) of 3 with the atom numbering 
scheme. Selected bond distances (Å) and angles (º): C(7)-S(1) 1.846(2), C(9)-S(2) 
1.837(2), C(11)-S(3) 1.849(2), S(1)-Si(1) 2.1430(6), S(2)-Si(2) 2.1387(7), S(3)-Si(3) 
2.1426(6), C(7)-S(1)-Si(1) 101.71(6), C(9)-S(2)-Si(2) 104.98(6), C(11)-S(3)-Si(3) 
103.15(6). 
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Figure 2.4. Thermal ellipsoid plot (40% probability level) of 4 with the atom numbering 
scheme. Selected bond distances (Å) and angles (º): C(7)-Se(1) 1.997(6), C(9)-Se(2) 
1.982(5), C(11)-Se(3) 1.994(5), Se(1)-Si(1) 2.283(2), Se(2)-Si(2) 2.276(2), Se(3)-Si(3) 
2.287(2), C(7)-Se(1)-Si(1) 98.7(1), C(9)-Se(2)-Si(2) 102.2(1), C(11)-Se(3)-Si(3) 100.4(1). 
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Figure 2.5. Thermal ellipsoid plot (40% probability level) of 6 with the atom numbering 
scheme. Selected bond distances (Å) and angles (º): C(4)-Se(1) 1.9839(1), C(5)-Se(2) 
1.9849(2), Se(1)-Si(1) 2.2873(2), Se(2)-Si(2) 2.2857(2), C(4)-Se(1)-Si(1) 97.64(14), C(5)-
Se(2)-Si(2) 102.85(16). 

 

Examination of the structures of 1 and 2 shows that they have a crystallographic center 

of symmetry. The two -ESiMe3 groups are held in trans configuration in the crystalline 

state and the C-E-Si moieties are approximately perpendicular to the central C6 plane (1 

87.89º, 2 88.85º). In the crystal structures of 3 and 4, two –ESiMe3 groups lie on one side 

of the aromatic ring with the third group on the opposite face. These patterns mirror the 

structural features of ArMe6-x(CH2ER)x (R = alkyl, aryl).66 The structure of 6 also has a 

center of symmetry; in this case adjacent -SeSiMe3 groups are on opposite site of the C6 

ring;64a this conformation minimizes steric constraints.  
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The demonstrated reactivity of –SeSiMe3 moieties towards acid chlorides suggested a 

facile route for the formation of poly-ferrocenylchalcogenoesters using 1-6. In the first 

attempt to synthesize polyferrocene based chalcogenoesters, 1,4-

[(CH3)3SiSeCH2]2(C6Me4) 2 was reacted with ferrocynoyl chloride at room temperature in 

tetrahydrofuran. After stirring for six hours, workup and purification yielded 1,4-

[FcC(O)SeCH2]2(C6Me4] 8 in 40% yield (Scheme 2.2). The reaction of ferrocenoyl 

chloride with the other silyl-selenium complexes required more forcing conditions. Thus, 

compound 6, with four –SeSiMe3 groups about the aryl ring, reacted cleanly with four 

equivalents of FcC(O)Cl at 40-45 ºC to form the corresponding 1,2,4,5-

[FcC(O)SeCH2]4(C6H2) 12 in 45% yield. Similar reaction conditions with the sulfur 

complexes 1, 3 and 5 did not lead to the formation of thioesters; higher reaction temperature 

yielded only modest evidence of S-Si activation, as indicated by 1H NMR spectroscopy. 

However, when reactions were performed by heating the silyl chalcogen reagents at 60-

65 ºC in the presence of ferrocenoyl chloride (solvent free conditions), both seleno- and 

thioesters proved readily accessible. Using this methodology, the polyferrocenyl 

complexes 1,4-[FcC(O)ECH2]2(C6Me4) (E = S, 7; E = Se, 8), 1,3,5-

[FcC(O)ECH2]3(C6Me3) (E = S, 9; E = Se, 10) and 1,2,4,5-[ FcC(O)ECH2]4(C6H2) (E = S, 

11; E = Se, 12) were prepared (Scheme 2.2). 

The NMR chemical shifts for the chalcogeno esters 7-12 are listed in Table 2.3. The 1H 

NMR spectra show one singlet (4.17-4.24 ppm) and two virtual triplets (4.48-4.87 ppm) 

assigned to the C5H5 and substituted Cp rings of ferrocene, respectively. The chemical shift 

values of the CH2 groups are shifted downfield (4.31-4.38 ppm) compared to the 

corresponding silyl-chalcogen precursor (3.72-3.83 ppm). Unlike the downfield shift of 

arene CH resonance 11 and 12 (δΔ ~ 0.2 ppm) there is no considerable change in the 

chemical shifts of the arene CH3 groups in 7, 8, 9 and 10. The chemical shift values in the 
13C NMR spectra of the methylene groups for the selenoesters generally appear downfield 

of their respective –SeSiMe3 precursor, with smaller changes observed for the thioesters. 

The large downfield shifts in 77Se NMR of the selenoesters compared to 2, 4 and 6 may be 

explained with the introduction of withdrawing >C=O group bonded to the selenium atom 
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versus Me3Si. The carbonyl carbon chemical shifts are observed between 192-195 ppm in 

their respective 13C NMR spectra.  

 

 

 

Scheme 2.2. Synthesis of 7-12. 
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Table 2.3. NMR spectroscopic data for 7-12 in CDCl3. Chemical shifts are reported in 
ppm. 
 

  1H    13C     

  Fc CH3 CH2 CH Fc CH3 CH2 -C- C=O 

Su
lfi

de
s 

7 4.24, 4.49, 4.87 2.34 4.37  68.7, 70.4,71.6, 79.0 16.5 29.2 132.0, 
133.5 193.8 

9 4.24, 4.51, 4.83 2.43 4.37  68.9, 70.8, 72.0, 81.4 16.6 25.3 133.1, 
135.2 195.0 

11 4.17, 4.45, 4.83  4.33 7.45 69.0, 70.6, 71.8, 79.0  29.8 132.9, 
135.8 192.8 

Se
le

ni
de

s 8 4.24, 4.51, 4.84 2.31 4.38  68.9, 70.8, 72.0, 81.5 17.0 25.6 133.3, 
133.4 195.2 

10 4.22, 4.48, 4.86 2.46 4.37  68.9, 70.6, 71.8, 79.1 16.5 29.2 131.8, 
136.3 193.9 

12 4.20, 4.48, 4.81  4.31 7.36 69.0, 70.8, 72.0, 81.2  25.3 132.8, 
136.8 194.0 

 
 
 
 

The structure of 1,4-[FcC(O)SCH2]2(C6Me4) 7 was solved and refined in the triclinic 

space group Pī, while 1,4-[FcC(O)SeCH2]2(C6Me4) 8 crystallizes in monoclinic space 

group P21/c. The molecular structure in the crystal together with selected bond lengths and 

angles for complexes 7 and 8 are presented in Figures 2.6 and 2.7, respectively. The C=O 

[1.205(6)-1.216(5) Å] and E-C [E = S; 1.782(3)-1.821(4) Å, E = Se; 1.957(5)-1.975(5) Å] 

distances are in the range observed for thio- and selenoester complexes.67, 68 Like their 

corresponding silylated precursors, the chalcogenoester groups are oriented in a trans 

configuration; in both complexes, the cyclopentadienyl rings adopting a staggered 

conformation. 

In complex 7 the two ferrocenoyl groups are nearly perpendicular, with an angle of 

88.09º between C5-Fe-C5 vectors. The central arene C6 is not parallel with either of the two 

substituted C5H4 rings (rotated 60.46º and 65.12º). With dihedral angles C13-C12-S1-C11 

and C16-C23-S2-C24 of 173.56º and 132.45º, respectively, one of the thioester groups is 

perpendicular to the central C6 whereas the other is rotated by ~40º.  The analogous 

configuration for complex 8 is not observed in the solid state; here the two selenoester 

groups are held in a trans configuration but with the two ferrocenoyl groups nearly parallel, 

with an angle of only 11.74º between planes defines by the C5 rings. 
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Figure 2.6. Thermal ellipsoid plot (40% probability level) of 7 with the atom numbering 
scheme. Selected bond distances (Å) and angles (º): C(12)-S (1) 1.821(4), C(11)-S(1) 
1.780(4), C(1)-C(11) 1.469(5), C(23)-S(2) 1.821(4), C(24)-S(2) 1.782(3), C(24)-C(25) 
1.470(5), C(11)-S(1)-C(12) 101.7(2), C(1)-C(11)-S(1) 113.2(3), C(23)-S(2)-C(24) 
101.7(2), C(25)-C(24)-S(2) 114.0(3), C(1)-C(11)-S(1)-C(12) 178.1(3), C(25)-C(24)-S(2)-
C(23) 169.8(3), C(13)-C(12)-S(1)-C(11) 132.4(3), C(16)-C(23)-S(2)-C(24) 173.6(3). 

 

 

 

Figure 2.7. Thermal ellipsoid plot (40% probability level) of 8 with the atom numbering 
scheme. Selected bond distances (Å) and angles (º): C(12)-Se(1) 1.975(5), C(11)-Se(1) 
1.961(4), C(11)-C(1) 1.458(6), C(23)-Se(2) 1.957(5), C(24)-Se(2) 1.947(4), C(24)-C(25) 
1.461(6), C(11)-Se(1)-C(12) 98.0(2), C(1)-C(11)-Se(1) 113.9(3), C(23)-Se(2)-C(24) 
96.2(2), C(25)-C(24)-Se(2) 113.8(3), C(1)-C(11)-Se(1)-C(12) 171.1(3), C(25)-C(24)-
Se(2)-C(23) 175.9(3), C(13)-C(12)-Se(1)-C(11) 124.5(3), C(16)-C(23)-Se(2)-C(24) 
150.0(3).  
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1,2,4,5-[FcC(O)SCH2]4(C6H2) 11 crystallized in the triclinic space group Pī with a 

centre of inversion relating two halves of the molecule. The molecular structure and some 

of the selected intermolecular bond distances and angles are provided in Figure 2.8. As 

expected the large, adjacent ferrocenylthioester groups reside on opposite sides of the C6 

ring. Two of the equivalent C5H4 rings (bonded to Fe1/Fe1A) are rotated 61.67º out of the 

plane defined by the central C6, while the other two are nearly perpendicular, twisted by 

88.31º. 

 

 

Figure 2.8. Thermal ellipsoid plot (40% probability level) of 11 with the atom numbering 
scheme. Selected bond distances (Å) and angles (º): C(11)-S(1) 1.7634(2), C(12)-S(1) 
1.8067(1), C(12)-C(13) 1.5225(1), C(17)-S(2) 1.7765(1), C(16)-S(2) 1.8293(1), C(15)-
C(16) 1.5013(1), C(11)-S(1)-C(12) 98.66(2), C(1)-C(11)-S(1) 114.6(3), C(16)-S(2)-C(17) 
99.8(2), C(18)-C(17)-S(2) 113.6(3), C(1)-C(11)-S(1)-C(12) 172.9(3), C(13)-C(12)-S(1)-
C(11) 74.0(4), C(18)-C(17)-S(2)-C(16) 168.9(3), C(15)-C(16)-S(2)-C(17) 138.9(3). 
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2.3 Electrochemistry Studies 
Given the incorporation of the ferrocene units onto complexes 7-12, it was incumbent 

to measure their electrochemical behavior of using cyclic voltammetry. To this end, 1 mM 

solutions of each polyferrocenyl complex 7-12 in acetonitrile containing 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) were prepared. The cyclic 

voltammograms were measured under inert atmosphere using a glassy carbon working 

electrode and the potentials were calibrated using ferrocene as an internal standard (0.34 V 

vs. SCE).69 Figure 2.9 shows cyclic voltammograms (CVs) of ferrocene and complexes 7-

11. 

The CVs of 7-10 (Figure 2.9 B, C), show what appears to be single chemically reversible 

oxidation process with an anodic to cathodic peak current ratios (Ipa/Ipc) for all four 

complexes 7-10 near unity. These are due to the reversible oxidation of the ferrocene 

moieties incorporated on these complexes.  The current increases with the increasing 

ferrocene content of each of the complexes, with the integrated current area  proportional 

to the number of ferrocene units in each of the complexes, relative to ferrocene.   The 

apparent single, chemically reversible oxidation for each complex indicates that the 

ferrocenyl moieties on them oxidize at the same (or very similar potential) with little or no 

interaction between them.70 The oxidation potentials of 7-12 are shifted to more positive 

potentials with Ep of ca. 0.68 V (E = S) and ca. 0.72 V (E = Se) than that observed for 

ferrocene (Eo = 0.34V vs SCE) under the same conditions, due to the presence of the 

electron withdrawing chalcogenoester groups on the C5H4 rings.[68b] The CVs for 

complexes 11 and 12 also show a single oxidation for the oxidation of the ferrocene moiety, 

but the reverse scan shows evidence for adsorption of these compounds onto the electrode 

(Figure 2.9 D), likely do to their limited solubility in this solvent, particularly upon 

oxidation.  
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Figure 2.9. Cyclic voltammograms  (CVs) of 1mM solutions of (A) ferrocene, (B) 
compound 7 (solid) 8 (dashed), (C) compound 9 (solid) and 10 (dashed), and (D) 
compound 11 in acetonitrile with 0.1 M TBAPF6 as supporting electrolyte. All the CVs 
shown are recorded at 100 mV/s and are referenced to ferrocene at 0.34 V vs SCE. 
 
 
 
 
 

2.4 Experimental Section 
All syntheses were carried out under an atmosphere of high-purity dried nitrogen using 

standard double-manifold Schlenk line techniques and nitrogen-filled glove boxes unless 

otherwise stated. Solvents were dried and collected using an MBraun MB-SP Series solvent 

purification system with tandem activated alumina (tetrahydrofuran) and an activated 

alumina/copper redox catalyst (pentane). 

 Chlorinated solvents (dichloromethane, chloroform and chloroform-d) were dried and 

distilled over P2O5. Chemicals were used as received from Alfa Aesar and/or Aldrich. 

FcC(O)Cl,71 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene,72 1,2,4,5-

tetrakis(bromomethyl)benzene,73 Li[ESiMe3]60 and Na[ESiMe3]61 (E = S, Se) were 

synthesized according to literature procedures. 1,4-bis(bromomethyl)-2,3,5,6-
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tetramethylbenzene was prepared according to similar procedure for  1,3,5-

tris(bromomethyl)-2,4,6-trimethylbenzene.72 1H NMR (CDCl3, 23 °C): δ 4.61 (s, 4H, CH2), 

2.34 (s, 12H, Ar-CH3); 13C {1H} NMR (CDCl3, 23 °C): δ 134.6, 134.0 (C6), 31.0 (CH2), 

15.9 (Ar-CH3). 

A BAS 100B\W Electrochemical Analyzer was used for cyclic voltammetry (CV) 

experiments. A homemade glassy carbon (GC, Tokai GC-20) working-electrode 3 mm in 

diameter was prepared by polishing over silicon carbide papers (500, 1200, 2400 and 4000) 

followed by diamond paste (Struers, 1 and 0.25 mm). The GC electrodes were stored in 

ethanol and polished before each set of experiments with the 0.25 mm diamond paste 

(Struers), rinsed with dry ethanol (Commercial Alcohols) and sonicated in dry ethanol for 

5 min. Platinum wires served as the reference and counter electrodes. Electrochemical 

experiments were carried out in dry CH2Cl2 (Caledon) containing 0.1 M 

tetrabutylammonium hexa- fluorophosphate (TBAPF6) as the supporting electrolyte. 

Potentials are referenced internally to ferrocene (0.342 V vs. SCE) added at the end of the 

experiments. 

NMR spectra were recorded on Varian Mercury 400, Inova 400 and Inova 600 NMR 

spectrometers. 1H and 13C chemical shifts are referenced to SiMe4, using solvent peak as a 

secondary reference, 77Se chemical shifts are referenced to Me2Se. Mass spectra and exact 

mass determinations were performed on a Bruker micrOTOF II instrument or Finningan 

MAT 8400. Elemental analysis was performed by Laboratoire d′Analyze Élementaire de 

l′Université de Montréal, Montréal, Canada, and Chemisar Laboratories, Guelph, Canada. 

Single-crystal X-ray diffraction measurements were completed on Enraf-Nonius 

KappaCCD (1, 2 and 4) and Bruker APEX-II CCD (3, 4, 7, 8 and 11) diffractometers 

equipped with graphite-monochromated Mo Kα (λ = 0.71073 Å) radiation. Single crystals 

of the complexes were carefully selected, immersed in paraffin oil and mounted on 

MiteGen micromounts. The structures were solved using direct methods and refined by the 

full-matrix least-squares procedure of SHELXTL.[74] All non-hydrogen atoms, with the 

exception of disordered carbon centers, were refined with anisotropic thermal parameters. 

Hydrogen atoms were included as riding on their respective carbon atoms. For 7, the TWIN 



 46 

command in SHELXTL was used to refine the structure. Files CCDC 978321-978328 

contain the supplementary crystallographic data for this paper. These data can be obtained 

free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

2.4.1 Synthesis of 1,4-(Me3SiSCH2)2(C6Me4) 1 

Method 1 1,4-bis(bromomethyl)-2,3,5,6-tetramethylbenzene (0.500 g, 1.56 mmol) and 

freshly prepared Li[SSiMe3] (3.13 mmol) were each dissolved in anhydrous diethyl ether 

(30 mL and 15 mL respectively) and cooled to 0 °C. The solutions were mixed and stirred 

for 1 h at this temperature and overnight at room temperature resulting in an opaque 

suspension. The solvent was removed in vacuum and 30 mL chloroform and 15 mL of 

pentane were added to solubilize the product 1. The solid LiBr was removed by twice 

passing the mixture through a sintered glass frit packed with Celite. The solvent was 

removed in vacuo yielding an off-white solid. Method 2 0.322g (2.51 mmol) of 

Na[SSiMe3] was added portion wise to a solution of (0.400 g, 1.25 mmol) 1,4-

bis(bromomethyl)-2,3,5,6-tetramethylbenzene in 40 mL tetrahydrofuran at room 

temperature followed by stirring overnight. The product was extracted as described above. 

Plate-like, colorless single crystals suitable for X-ray crystallography were obtained from 

slow evaporation of 1 in heptane (91% yield); m.p. 122-126 °C.  

ü 1H NMR (CDCl3, 23 °C): δ 3.72 (s, 4H, CH2), 2.32 (s, 12H, Ar-CH3), 0.41 (s, 18H, 

Si-CH3) ppm.  

ü 13C {1H} NMR (CDCl3, 23 °C): δ 135.1, 132.7 (C6), 26.1 (CH2), 16.1 (Ar-CH3), 0.7 

(Si-CH3) ppm.  

ü Anal. Calcd for C18H34S2Si2: C, 58.31; H, 9.24; S, 17.30. Found: C, 58.12; H, 9.30; 

S, 17.05.  

ü [M+] for C18H34S2Si2: found (calculated) at m/z = 370.1645 (370.1640). 

 

http://www.ccdc.cam.ac.uk/data_request/cif


 47 

2.4.2 Synthesis of 1,4-(Me3SiSeCH2)2(C6Me4) 2 
0.500 g of 1,4-bis(bromomethyl)-2,3,5,6-tetramethylbenzene (1.56 mmol) in 30 mL of 

tetrahydrofuran was reacted with 3.12 mmol, 0.547 g of Na[SeSiMe3] which was added 

portion wise. The suspension was stirred for 12 h at room temperature resulting in a white 

cloudy suspension. The solvent was removed in vacuum and 50 mL of pentane was added 

to solubilize 2. NaBr was removed by passing the mixture through a sintered glass frit 

packed with Celite. The solvent was removed in vacuo yielding an off-white solid (80% 

yield); m.p. 151-152 °C. Colorless plate like single crystals suitable for X-ray diffraction 

were obtained by slow evaporation of 2 in hexanes.  

ü 1H NMR (CDCl3, 23 °C): δ 3.75 (s, 4H, CH2), 2.32 (s, 12H, Ar-CH3), 0.49 (s, 18H, 

Si-CH3) ppm.  

ü 13C {1H} NMR (CDCl3, 23 °C): δ 135.2, 132.6 (C6), 18.4 (CH2), 16.1 (Ar-CH3), 1.6 

(Si-CH3) ppm.  

ü 77Se {1H} NMR (CDCl3, 23 °C): δ -70.7 ppm.  

ü [M+] C18H34[76Se] [80Se]Si2: found (calculated) at m/z = 464.0555 (464.0556). 

 

2.4.3 Synthesis of 1,3,5-(Me3SiSCH2)3(C6Me3) 3 
0.500 g of 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene (1.25 mmol) in 30 mL 

tetrahydrofuran was reacted with 3.76 mmol, 0.482 g of Na[SSiMe3] as described for the 

preparation of 2 (98% yield); m.p. 134-137 °C. Colorless cubic prism single crystals 

suitable for X-ray diffraction were obtained by slow evaporation of 3 in hexanes.  

ü 1H NMR (CDCl3, 23 °C): δ 3.72 (s, 6H, CH2), 2.46 (s, 9H,Ar-CH3), 0.40 (s, 27H, Si-

CH3) ppm.  

ü 13C {1H} NMR (CDCl3, 23 °C): δ 134.7, 134.2 (C6), 25.9 (CH2), 15.6 (Ar-CH3), 0.7 

(Si-CH3) ppm.  

ü Anal. Calcd for C21H42S3Si3: C, 53.10; H, 8.91; S, 20.25. Found: C, 52.94; H, 8.67; 

S, 20.01.  

ü [M+] C21H42S3Si3: found (calculated) at m/z = 474.1766 (474.1756). 
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2.4.4. Synthesis of 1,3,5-(Me3SiSeCH2)3(C6Me3) 4 
0.500 g of 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene (1.25 mmol) was reacted 

with 3.76 mmol, 0.658 g of Na[SeSiMe3] (in 80 mL tetrahydrofuran) as described for the 

preparation of 2 (75% yield); m.p. 129-132 °C. Single crystals suitable for X-ray diffraction 

were obtained by slow evaporation of 4 in hexanes.  

ü 1H NMR (CDCl3, 23 °C): δ 3.72 (s, 6H, CH2), 2.42 (s, 9H, Ar-CH3), 0.47 (s, 27H, 

Si-CH3) ppm.  

ü 13C {1H} NMR (CDCl3, 23 °C): δ 134.9, 133.6 (C6), 18.0 (CH2), 16.0 (Ar-CH3), 1.6 

(Si-CH3) ppm.  

ü 77Se {1H} NMR (CDCl3, 23 °C): δ -70.2 ppm.  

ü [M+] C21H42[78Se][80Se]2Si3: found (calculated) at m/z = 616.0084 (616.0098). 

 

2.4.5 Synthesis of 1,2,4,5-(Me3SiSCH2)4(C6H2) 5 
0.700 g of 1,2,4,5-tetrakis(bromomethyl)benzene (1.56 mmol) in 20 mL of diethyl ether 

was reacted with 6.22 mmol of freshly prepared Li[SSiMe3] (in 50 mL diethyl ether) as 

described for 1 (65% yield); m.p. 104-107 °C.  

ü 1H NMR (CDCl3, 23 °C): δ 7.21 (s, 2H, H-Ar), 3.83 (s, 8H, CH2), 0.34 (s, 36H, Si-

CH3) ppm.  

ü 13C {1H} NMR (CDCl3, 23 °C): δ 137.4, 131.8 (C6), 27.5 (CH2), 0.9 (Si-CH3) ppm.  

ü [M+] C22H46S4Si4: found (calculated) at m/z = 550.1552 (550.1559). 

 

2.4.6 Synthesis of 1,2,4,5-(Me3SiSeCH2)4(C6H2) 6 
0.600 g of 1,2,4,5-tetrakis(bromomethyl)benzene (1.33 mmol) was reacted with 5.34 

mmol) of freshly prepared Li[SSiMe3] as described for 1 (in 70 mL diethyl ether) (64% 

yield); m.p. 104-107 °C. Colorless needle-like single crystals suitable for X-ray diffraction 

were obtained by slow evaporation of 6 in heptane.  

ü 1H NMR (CDCl3, 23 °C): δ 7.09 (s, 2H, H-Ar), 3.83 (s, 8H, CH2), 0.44 (s, 36H, Si-

CH3) ppm.  
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ü 13C {1H} NMR (CDCl3, 23 °C): δ 137.5, 132.1 (C6), 18.7 (CH2), 1.8 (Si-CH3) ppm.  

ü 77Se {1H} NMR (CDCl3, 23 °C): δ -19.0 ppm.  

 

 2.4.7 Synthesis of [1,4-{FcC(O)SCH2}2(C6Me4)] 7 

1,4-(Me3SiSCH2)2(C6Me4) (0.186 g, 0.502 mmol) was mixed with 2 equiv of FcC(O)Cl 

(0.249 g, 1.00 mmol) as solids in an evacuated Schlenk tube. The sample was placed in a 

preheated (65 °C) oven, whereupon the reagents formed a dark red solid. After 10 h the 

mixture was cooled to room temperature. ClSiMe3 was removed in vacuo, and the residue 

was washed with n-pentane. The crude compound was then purified by column 

chromatography and eluted using 25:75 acetonitrile:dichloromethane (60% yield); m.p. 

206-209 °C. Small orange plate-like single crystals of 7 were obtained by slow evaporation 

of 1:20 acetonitrile:dichloromethane solution.  

ü 1H NMR (CDCl3, 23 °C): δ 4.87 (vt, 4H), 4.49 (vt, 4H), 4.37 (s, 4H, CH2), 4.24 (s, 

10H, Cp), 2.37 (s, 12H, CH3) ppm.  

ü 13C {1H} NMR (CDCl3, 23 °C): δ 193.8 (C=O), 133.5, 132.0 (C6), 79.0, 71.6, 70.4, 

68.7 (Fc), 29.2 (CH2), 16.5 (CH3) ppm.  

ü Anal. Calcd for C34H34Fe2O2S2: C, 62.78; H, 5.27; S, 9.86. Found: C, 62.89; H, 5.44; 

S, 9.86.  

ü [M+] C34H34Fe2O2S2: found (calculated) at m/z = 650.0700 (650.0699). 

 

2.4.8 Synthesis of [1,4-{FcC(O)SeCH2}2(C6Me4)] 8  
Method 1 To 1,4-(Me3SiSeCH2)2(C6Me4) (0.093 g, 0.200 mmol) in 10 mL of 

tetrahydrofuran, a solution of 2 equiv of FcC(O)Cl (0.100 mg, 0.401 mmol) in 10 mL 

tetrahydrofuran was mixed at 25 °C. After 2 h of stirring at room temperature, the solvent 

and volatile ClSiMe3 were removed under vacuum. After washing the residue with n-

pentane, the remaining dark red solid was purified by column chromatography and eluted 

using 25:75 acetonitrile:dichloromethane (40% yield); m.p. 187-190 °C. Method 2 1,4-

(Me3SiSeCH2)2(C6Me4) (0.220 g, 0.473 mmol) was mixed with 2 equiv of FcC(O)Cl 
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(0.235 g, 0.947 mmol) as solids in a Schlenk tube under vacuum. The sample was placed 

in a preheated (65 °C) oven, whereupon the reagents formed a dark red solid. After 12 h 

the mixture was cooled to room temperature. ClSiMe3 was removed in vacuo, and the 

residue was washed with n-pentane. The residue was purified by column chromatography 

and eluted using 25:75 acetonitrile:dichloromethane (50% yield). Orange plate-like single 

crystal of 8 was obtained by diffusing n-pentane onto dichloromethane solution.  

ü 1H NMR (CDCl3, 23 °C): δ 4.84 (vt, 4H), 4.51 (vt, 4H), 4.38 (s, 4H, CH2), 4.24 (s, 

10H, Cp), 2.31 (s, 12H, CH3) ppm.  

ü 13C {1H} NMR (CDCl3, 23 °C): δ 195.2 (C=O), 133.4, 133.3 (C6), 81.5, 72.0, 70.8, 

68.9 (Fc), 25.6 (CH2), 17.0 (CH3) ppm.  

ü 77Se {1H} NMR (CDCl3, 23 °C): δ 528.4 ppm.  

ü Anal. Calcd for C34H34Fe2O2Se2: C, 54.87; H, 4.60. Found: C, 54.59; H, 4.70.  

ü [M+] C34H34Fe2O2[78Se][80Se]: found (calculated) at m/z = 743.9604 (743.9596). 

 

2.4.9 Synthesis of [1,3,5-{FcC(O)SCH2}3(C6Me3)] 9 
A 0.116 g portion of 1,3,5-(Me3SiSCH2)3(C6Me3) (0.244 mmol) was reacted with 0.182 

mg (0.732 mmol) of FcC(O)Cl in solvent free conditions, as described for the preparation 

of 8 (see above). After appropriate workup, 9 was isolated as a dark red solid (60% yield); 

m.p. 208-210 °C.  

ü 1H NMR (CDCl3, 23 °C): δ 4.83 (vt, 6H), 4.51 (vt, 6H), 4.37 (s, 6H, CH2), 4.24 (s, 

15H, Cp), 2.43 (s, 9H, CH3) ppm. 

ü 13C {1H} NMR (CDCl3, 23 °C): δ 195.0 (C=O), 135.2, 133.1 (C6), 81.4, 72.0, 70.8, 

68.9 (Fc), 25.3 (CH2), 16.6 (CH3) ppm.  

ü Anal. Calcd for C45H42Fe3O3S3: C, 60.42; H, 4.73; S, 10.75. Found: C, 59.75; H, 

4.80; S, 10.86.  

ü [M+] C45H42Fe3O3S3: found (calculated) at m/z = 894.0356 (894.0344). 
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2.4.10 Synthesis of [1,3,5-{FcC(O)SeCH2}3(C6Me3)] 10  
A 0.294 g portion of 1,3,5-(Me3SiSeCH2)3(C6Me3) (0.478 mmol) was reacted with 

0.356 g (1.43 mmol) of FcC(O)Cl as described for the preparation of 8 (see above). After 

appropriate workup, 10 was isolated as dark red solid (45% yield); m.p. 209-211 °C.  

ü 1H NMR (CDCl3, 23 °C): δ 4.86 (vt, 6H), 4.48 (vt, 6H), 4.37 (s, 6H, CH2), 4.22 (s, 

15H, Cp), 2.46 (s, 9H, CH3) ppm. 

ü 13C {1H} NMR (CDCl3, 23 °C): δ 193.9 (C=O), 136.3, 131.8 (C6), 79.1, 71.8, 70.6, 

68.9 (Fc), 29.2 (CH2), 16.5 (CH3) ppm.  

ü 77Se{1H} NMR (CDCl3, 23 °C): δ 528.2 ppm.  

ü Anal. Calcd for C45H42Fe3O3Se3: C, 52.21; H, 4.09. Found: C, 52.41; H, 4.23. 

 

2.4.11 Synthesis of [1,2,4,5-{FcC(O)SCH2}4(C6H2)] 11 
1,2,4,5-(Me3SiSCH2)4(C6H2) (0.183 mmol, 0.101 g) was mixed with FcC(O)Cl (0.731 

mmol, 0.182 g) at 25 °C in a Schlenk tube under vacuum. The sample was placed in a 

preheated (60-65 °C) oven. After 14 h, the mixture became solid. ClSiMe3 was removed 

in vacuo, and the residue was washed with n-pentane. After appropriate workup, 11 was 

isolated as a dark red solid (66% yield); m.p. 185-189 °C. The residue was purified in two 

steps by silica and alumina column chromatography and eluted using 25:75 

acetonitrile:dichloromethane and 12.5:87.5 heptane:dichloromethane, respectively. Small 

orange needle-like single crystals of 11 were obtained by slow evaporation of 1:5 

heptane:dichloromethane solution. (50% yield).  

ü 1H NMR (CDCl3, 23 °C): δ 7.45 (s, 2H, Ar-H), 4.83 (vt, 8H), 4.45 (vt, 8H), 4.33 (s, 

8H, CH2), 4.17 (s, 20H, Cp) ppm.  

ü 13C {1H} NMR (CDCl3, 23 °C): δ 192.8 (C=O), 135.8, 132.9 (C6), 79.0, 71.8, 70.6, 

69.0 (Fc), 29.8 (CH2) ppm.  

ü Anal. Calcd for C54H46Fe4O4S4: C, 58.40; H, 4.17; S, 11.55. Found: C, 57.29; H, 

3.96; S, 11.83.  

ü [M+] C54H46Fe4O4S4: found (calculated) at m/z = 1109.9655 (1109.9676). 
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2.4.12 Synthesis of [1,2,4,5-{FcC(O)SeCH2}4(C6H2)] 12  
Method 1 To 1,2,4,5-(Me3SiSeCH2)4(C6H2) (0.111 g, 0.150 mmol) in 15 mL of  

tetrahydrofuran, a solution of four equiv of FcC(O)Cl (0.150 g, 0.601 mmol) in 10 mL 

tetrahydrofuran was mixed at 25 °C. After 4 h of stirring at room temperature, the solvent 

and ClSiMe3 were removed under vacuum. The red solid was washed with n-pentane and 

the product was purified by column chromatography, eluted using 25:75 

acetonitrile:dichloromethane (45% yield); m.p. 198-201 °C. Method 2 1,2,4,5-

(Me3SiSeCH2)4(C6H2) (0.174 g, 0.236 mmol) was mixed with four equiv of FcC(O)Cl 

(0.234 g, 0.943 mmol) as solids in an evacuated Schlenk tube. The sample was placed in a 

preheated (60-65 °C) oven, whereupon the reagents formed a dark red solid. After 14 h the 

mixture was cooled to room temperature. ClSiMe3 was removed in vacuo and after 

appropriate workup, 12 was isolated as a dark red solid (63% yield).  

ü 1H NMR (CDCl3, 23 °C): δ 7.36 (s, 2H, Ar-H), 4.81 (vt, 8H), 4.48 (vt, 8H), 4.31 (s, 

8H, CH2), 4.20 (s, 20H, Cp) ppm.  

ü 13C {1H} NMR (CDCl3, 23 °C): δ 194.0 (C=O), 136.8, 132.8 (C6), 81.2, 72.0, 70.8, 

69.0 (Fc), 25.3 (CH2) ppm.  

ü 77Se{1H} NMR (CDCl3, 23 °C): δ 528.4 ppm.  

ü Anal. Calcd for C54H46Fe4O4Se4: C, 49.96; H, 3.57. Found: C, 49.11; H, 3.80.  

ü [M+] C54H46Fe4O4[78Se][80Se]3: found (calculated) at m/z = 1299.7465 (1299.7462). 

 

2.5 Conclusion 

In summary, we have demonstrated a straightforward synthesis of a novel series of di- 

tri- and tetra- poly-chalcogenotrimethylsilanes Ar(CH2ESiMe3)n (n = 2-4). These have 

been used as “protected chalcogenides” for the facile preparation of poly ferrocenylseleno- 

and thioester assemblies via reaction with ferrocene acid chloride. The synthetic 

methodology is likely to be useful in the synthesis of other chalcogenoesters, and 

Ar(CH2ESiMe3)n themselves hold enormous potential for the assembly of polynuclear 

metal-chalcogen (cluster) architectures. We are currently developing this reaction 

chemistry. 
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Chapter 3 
 

Polydentate Chalcogen Reagents for the Facile Preparation 
of Pd2 and Pd4 Complexes 

 

(Mahmood Azizpoor Fard, Mathew J. Willans, Bahareh Khalili Najafabadi, Tetyana 
I. Levchenkoa and John. F. Corrigan, Dalton Trans., 2015, 44, 8267–8277) 

 

3.1 Introduction 
There has been considerable interest in the chemistry of the platinum group metal 

chalcogenide and chalcogenolate complexes due in part to their interesting photophysical  

properties1 and their potential utility in organic syntheses.2 Due to the high affinity of 

platinum-group metals for chalcogen based ligands, a variety of platinum and palladium-

chalcogen complexes have been reported:3,4 The ligand chemistry of thiolates and 

selenolates has mainly focused on the preparation of mononuclear complexes of 

monodentate chalcogenolates.5,6,7 

More than seventy years ago Chatt and Mann reported the thiolate-bridged 

dinuclear palladium complex from the reaction of [Pd2Cl2(μ-Cl)2(PBu3)2] and 4-

chlorobenzene-1,2-dithiol.8 The synthesis of binuclear palladium complexes is 

typically carried out by the reaction of various types of alkylchalcogenols (R-EH) 

and alkali chalcogenides (ME-R) with a mono- or dinuclear palladium complex; this 

yields different types of binuclear palladium complexes depending on the reaction 

conditions.9 Oxidative addition reactions of diorgano-disulfides and -diselenides 

with palladium(0) precursors, [Pd(PPh3)4] or [Pd(PPh3)2(olefin)], in general, can 

also yield binuclear derivatives, [Pd2(μ-ER)2(ER)2(PR′3)2] (E = S or Se).10  

Dinuclear chalcogenolate-bridged group 10 metal complexes are generally more 

stable than the analogous complexes with chalcogenide (E2−) bridges. With the 
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latter, the chalcogen sites are known to react with various organic nucleophiles, 

including chlorinated solvents.11 The chalcogen lone pairs of the M2E2 (M = Pt, Pd; 

E = S, Se) fragment are sufficiently basic to act as a donor ligand.12 Using organo 

chalcogenolate ligands as a bridging ligand suppresses the reactivity of these 

binuclear complexes by closing a free coordination site of the chalcogen.13 Recently 

Henderson and co-workers have applied ferrocenylalkyl compounds Fc(CH2)nX (n 

= 1, 6, 11; X = Cl, Br) to alkylate a chalcogenide-bridged dinuclear platinum(II) 

complex [Pt2(μ-S)2(PPh3)4] to its corresponding cationic alkylchalcogenelate 

complex [Pt2(μ-S)(μ-S(CH2)nFc)(PPh3)4]+.14 Hor and co-workers have previously 

shown the high nucleophilicity of a bridging chalcogenide in [Pt2(μ-E)2(PPh3)4] (E 

= S, Se) and [Pt2(μ-E)2(P∩P)2] towards various dihaloalkanes.13a,15  

Bidentate chalcogen ligands can also be employed for the construction of 

dinuclear palladium(II) complexes. These bidentate ligands mostly adopt a 

combination of terminal and bridging coordination modes16 as displayed in the 

complex [Pd2(μ-κ1S-(S2Fc)2)2(PnBu3)2] (Fc = Fe(C5H4)2) (Figure 3.1a).17 There are 

also reports in which the bridging ligand is coordinated to Pd atoms in a chelate 

fashion (Figure 3.1b). For example, Rawson and co-workers showed that the 

oxidative addition reaction of (Ph               )2 with [Pd(dppe)2] gives a mixture of 

mononuclear [(dppe)Pd{SNC(Ph)NS}] and bimetallic [(dppe)2Pd2-μ-κ2S-

{SNC(Ph)N(H)S}]2+ palladium dithiadiazolyl complex, which two Pd centres 

bridged by the two sulfur atoms of a protonated dithiadiazolyl ligand.18 Cao and 

Hong later reported the condensation reactions of mononuclear palladium(II) 

complexes with diphosphine and dithiolate ligands, [(dppp)Pd(S(CH2)nS)] (n = 2, 3) 

through oxidation of the ligands with elemental Se in the presence of Me4NCl. This 

affords the products [(dppp)2Pd2-μ-κ2S-(S(CH2)nS)]Cl2 (n = 2, 3, respectively). Due 

to the flexibility of -S(CH2)nS- ligands, these complexes can be viewed as two 

[Pd(P∩P)]2 fragments sharing a common dithiolate ligand. A single resonance peak 

in their 31P{1H} NMR shows the magnetically equivalent spin systems of 

phosphorus atoms in such structures.19  
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Figure 3.1. Structures observed for bidentate organochalcogenolate-bridged 
dinuclear platinum(II) and palladium(II) complexes (M = Pt, Pd; E = S, Se). 

 

 

As part of our development of the use of silylated–chalcogen precursors for 

assembling new polydentate chalcogen-bridged metal complexes, we report herein 

the synthesis of new disubstituted thio- and selenotrimethylsilane reagents 1,2-

(Me3SiECH2)2C6H4 (E = S, 13; E = Se, 14) which provide a simple method for the 

preparation of the cationic dinuclear palladium complexes; {(dppp)2Pd2-μ-κ2S-[1,2-

(SCH2)2C6H4]}2+, [15]2+ and {(dppp)2Pd2-μ-κ2Se-[1,2-(SeCH2)2C6H4]}2+, [16]2+. 

They show very interesting NMR spectroscopic behaviour which comes from the 

rigidity and special orientation of the bridging ligands in these structures. 

Taking advantage of the silylated organochalcogen to develop the chemistry of 

butterfly metal-chalcogen clusters, we also detail a unique tetranuclear palladium 

complex [(dppp)4Pd4-μ-κ4S-{1,2,4,5-(SCH2)4C6H2}]4+, [17]4+ which is prepared 

from the reaction of  1,2,4,5-(Me3SiSCH2)4C6H2 and [PdCl2(dppp)] in the presence 

of lithium bromide. Complete structural characterization and spectroscopic data are 

presented.  
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3.2 Results and discussion 
The reactivity of silylated chalcogen reagents (-ESiMe3) for the formation of 

metal–chalcogen bonds, which has been demonstrated in simple coordination 

chemistry and polynuclear clusters,20 offers a convenient route for the construction 

of chalcogen-palladium complexes. These silylated reagents react with metal salts 

through the thermodynamically favourable formation of XSiMe3 (X = Cl, OAc) to 

yield metal–chalcogenolate (M–ER) bonds (E = S, Se). The solubility of RESiMe3 

reagents in common organic solvent can offer an advantage over using related alkali 

metal chalcogenolates. Previously we have shown that the reaction of 1,1´-

bis(trimethylsilylseleno)ferrocene with trans-[MCl2(PnBu3)2] (M = Pt, Pd) yields 

dimeric complexes with two edge-sharing, square–planar platinum/palladium 

coordination centres. These are held together by two μ2-bridging selenolate ligands, 

one from each of the bis(seleno)ferrocenyl moieties forming a planar Pd2–Se2 ring 

(as in Figure 3.1a).17 

 1,2-bis((trimethylsilylchalcogeno)methyl)benzene 13 and 14 are readily 

prepared in good yield from the reaction of 1,2-bis(bromomethyl)benzene with 

lithio(trimethylsilyl)-chalcogenolate (Scheme 3.1), further expanding on the 

reported synthesis of 1,4-, 1,3,5- and 1,2,4,5-polychalcogenosilanes 

Ar(CH2ESiMe3)n (n = 2, 3, 4) from the corresponding polybromomethylbenzene and 

alkali metal (trimethylsilyl) chalcogenolate M[ESiMe3] (M = Na, Li) under mild 

conditions.21 The portion-wise addition of organobromine reagent to the solution of 

Li[ESiMe3] in Et2O at room temperature, followed by stirring for twelve hours, 

yielded 1,2-(Me3SiSCH2)2(C6H4)  (84%) 13 and 1,2-(Me3SiSeCH2)2(C6H4) (71%) 

14 as a colourless and pale yellow oily solids, respectively, upon extraction with 

pentane. They decompose readily in the presence of air; however, they are stable for 

several days at room temperature under an inert atmosphere. 
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Scheme 3.1. Synthesis of reagents 13, E = S, and 14, E = Se. 

 

The chemical shifts of the -Si(CH3)3 moieties of the diselenodisilane 14 resonate 

at lower field in both 1H (0.44 ppm) and 13C{1H} (1.7 ppm) NMR  spectra versus 

the corresponding sulfur compound 13 (0.33 ppm and 1.1 ppm, respectively). The 

methylene (-CH2-) groups in both ligands show close chemical shift values in their 
1H NMR spectra (13 = 3.86 ppm; 14 = 3.90 ppm) but the corresponding resonance 

in the 13C{1H} NMR spectrum of the selenide has lower chemical shift values (13 = 

28.3 ppm; 14 = 19.0 ppm). The 77Se{1H} chemical shift for 14 showed a singlet at -

18.4 ppm. These results match well with previously reported data for 1,2,4,5-

(Me3SiECH2)4(C6H2) (E = S, Se).21  

Treatment of cis-[MCl2L2] (M = Ni, Pt, Pd; L = mono- or 1
2 -bidendate 

phosphine ligand) with organochalcogenides RE- readily gives mononuclear cis-

[M(ER)2L2] (E = S, Se, Te), and the complexes have proven to be important 

precursors for the stepwise synthesis of dinuclear complexes. Thus, the reaction of 

another cis-[MCl2L2], activated in the presence of a cation, with cis-[M(ER)2L2] 

gives a homo-binuclear complex [M2(ER)2L2]X2.22 Introducing ionic salts as the 

source of cation, used to abstract chloride from [MCl2L2] in the presence of 

organochalcogenides, yields chalcogen-bridged cationic binuclear complexes.22a-c  

The reaction of 13 and 14 with 

E = S, 84%; E = Se, 71% 
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bis(diphenylphosphino)propane)palladium(II)  represents a new route  to dinuclear 

palladium complexes with a chalcogen-bearing bridging/chelate ligand. 

In a one-step reaction, a freshly prepared solution of 1,2-(Me3SiECH2)2(C6H4) (E 

= S; 13 or E = Se; 14) is reacted with [PdCl2(dppp)] in chloroform at room 

temperature to yield the dinuclear organochalcogenido-bridged palladium metal 

complexes [Pd2(dppp)2-μ-κ2E-{1,2-(ECH)2C6H4}]2+ (E = S, [15]2+; Se, [16]2+). 

Reactions proceed via the generation of a pale orange suspension for [15]2+ and dark 

red solutions for [16]2+ (Scheme 3.2). Filtration followed by layering the solutions 

with pentane results in the formation of colourless plate and light yellow block 

crystals for [15]X2 and [16]X2 (X = Cl, Br), respectively, suitable for analysis by 

single crystal X-ray crystallography.  

 

 

 

 

 

 

 

 

Scheme 3.2. Synthesis of complexes [15]2+ (E = S) and  [16]2+ (E = Se). 

 

The molecular structure of complexes [15]2+ and [16]2+ established by X-ray 

diffraction analyses are depicted in Figures 3.3 and 3.4, respectively. 

Crystallographic parameters are reported in Table 3.1. The isostructural complexes 

E = S, 45%; E = Se, 40% 
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of [15]2+ and [16]2+ may be considered as two palladium-phosphine fragments 

sharing a common dichalcogenolate ligand to yield a butterfly Pd2E2 ring. Each 

chalcogen atom acts as μ-bridging donor between two palladium centres. The 

bridging ligand is hinged at methylene groups (E = S, 115.7(5)°, 116.0(5)°; E = Se, 

113.7(4)°, 114.9(4)°), which causes the phenyl group to be closer to one side of the 

Pd2E2 ring (Pd1). The structures contain a non-crystallographic mirror plane which 

bisects the two Pd(II) and the bridging ligand. Such dinuclear square-planar 

complexes with M2E2 or M2(ER)2 rings can present either a planar (θ = 180°) or bent 

(θ < 180°) M2E2 core (Figure 3.2). The flexibility of these systems can result in long 

E∙∙∙E and M∙∙∙M interactions in Pd2E2/Pt2E2 rings and gain extra stabilization.23 In 

pursuit of nucleophilic addition of a bridging chalcogenide, Hor’s group has shown 

reaction of nucleophilic platinum complex, [Pt2(μ-S)2(dppp)2] with 1,2-

bis(chloromethyl)benzene at high-pressure terminates as a dithiolato bridged cation 

[(dppp)2Pt2-μ-κ2S-{1,2-(SCH2)2C6H4}]2+.15a They also illustrated that the reaction of 

1,2-(ClCH2)2C6H4 with the platinum-selenide complex [Pt2(μ-Se)2(PPh3)4] in the 

presence of excess NH4PF6 generates the structurally related butterfly dinuclear 

organochalcogenolate-bridged structure [Pt2-μ-κ2Se-{1,2-

(SeCH2)2C6H4}(PPh3)4]2+.15b 
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Table 3.1. Crystallographic data and parameters for compounds [15]X2, [16]X2 and 
[17]X4 

 

 
 

[15]X2∙4CHCl3 [16]X2∙6CHCl3 [17]X4∙6CHCl3 
Formula C62H60BrClP4Pd2S2∙4CHCl3 C62H60Cl2P4Pd2Se2∙6CHCl3 C118H114Br3ClP8Pd4S4∙6C

HCl  Formula weight 1798.73 2086.81 3325.08 
Crystal system Monoclinic Monoclinic Orthorhombic 
Space group P21/n P21/c Pbca 
a (Å) 17.4473(8) 18.668(4) 17.875(7) 
b (Å) 23.7638(11) 17.724(4) 26.862(10) 
c (Å) 18.3345(9) 24.914(5) 26.933(11) 
α (º) 90.00 90.00 90.00 
β (º) 103.015(2) 93.11(3) 90.00 
γ (º) 90.00 90.00 90.00 
V (Å3) 7406.5(6) 8231(3) 12932(8) 
Z 4 4 4 
ρcal (g cm-3) 1.613 1.684 1.708 
μ (Mo Kα) (mm-1) 1.676 2.088 2.080 
F(000) 3600 4136 6640 
Temperature (K) 150(2) 150(2) 110(2) 
θmin, θmax (º) 2.25, 24.75 2.20, 27.48 1.5, 25.1 
h, k, l (min; max) -21, -28, -22; 21, 29, 22 -24, -22, -32; 24, 22, 32 -21, -31, -32; 21, 31, 32 
Total reflns 154031 35017 213930 
Unique reflns 15167 18760 11459 
R(int) 0.1083 0.0404 0.0698 
Data/restraints/param
eter 

8972/0/ 806 13101/0/ 920 8783/45/793 
R1, wR2 [I ≥ 2σ (I)] 0.0538, 0.1194 0.0585, 0.1524 0.0670, 0.1846  
R1, wR2 (all data) 0.1167, 0.1493 0.0934, 0.1868 0.0952, 0.2191 
GOF on F2 1.029 1.040 1.119 

 

 

 

Figure 3.2. M2E2 core; coplanar arrangement (θ = 180°) or hinged arrangement (θ 
< 180°).  
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Figure 3.3. The molecular structure of complex [15]2+. The thermal ellipsoids have been 
drawn at 40% probability. Hydrogen atoms, solvent molecules and counter ions have been 
omitted for clarity. 
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Figure 3.4. The molecular structure of complex [16]2+. The thermal ellipsoids have 
been drawn at 40% probability. Hydrogen atoms, solvent molecules and counter ions 
have been omitted for clarity.   

 

With the Pd(II) complexes, each of the two chalcogen atoms of the ligands 

bridges two metal atoms, and the Pd2E2 moiety is folded along its E∙∙∙E vector (E = 

S, 134.21°; E = Se, 130.77°), as observed in [Pd2(dppp)2(S(CH2)3S)]2+ (129.7°)24 

and platinum [(dppp)2Pt2-μ-κ2S-{1,2-(SCH2)2C6H4}]2+ (132.4°).15a In [15]2+ and 

[16]2+, the Pd∙∙∙Pd (E = S, 3.2370(6) Å; E = Se, 3.3073(8) Å) and E∙∙∙E lengths (E = 

S, 3.192(2) Å; E = Se, 3.363(1) Å) are too long to be assigned any direct 

intramolecular interaction. Both palladium atoms in each complex show, 

expectedly, slightly distorted square-planar coordination geometry. The bite angles 

P-Pd-P around two palladium atoms are slightly different (E = S, 91.55(6)° for Pd1 

and 93.47(6)° for Pd2; E = Se, 93.53(5)° for Pd1 and 93.23(5)° for Pd2). The length 

of bridging Pd-E bonds (E = S, 2.361(2) - 2.384(2) Å; E = Se, 2.4631(8)-2.4950(8) 

Å) are in good agreement with the reported values for palladium-thiolate or 

palladium-selenolate bonds.25 The average bond length of E-Pd1 (E = S, 2.364(1) 
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Å; E = Se, 2.4646(6) Å) bonds is slightly shorter than E-Pd2 (E = S, 2.382(1) Å; E 

= Se, 2.490(4) Å). These data reveal the asymmetrical geometry of [15]2+ and [16]2+ 

which dramatically influences the spectroscopic behaviour of these complexes in 

solution. 

Electronic spectral data of complexes [15]X2 and [16]X2 in dichloromethane (2.0 

× 10-5 M) are provided in Table 3.2. The absorption spectra are dominated by strong 

charge-transfer bands26 between 200 and 400 nm trailing out into regions of higher 

wavelength. The spectrum of [15]X2 shows two peaks at 300 and 354 nm while the 

[16]X2 reveals two absorption maxima at 306 and 366 nm (Figure 3.5).  

 

Table 3.2. Principal electronic transitions in [15]X2, [16]X2 and [PdCl2(dppp)]. 

Compounds λmax /nm (ε /103 dm3 mol-1 cm-1) 
[15]X2 300 (33500)      354 (19200) 
[16]X2 306 (32500)      366 (17900) 
[PdCl2(dppp)] 269 (46900)      327 (11400) 

 

 
Figure 3.5. UV–Vis absorption spectra of [15]X2, [16]X2 (X = Cl/Br) and 
[PdCl2(dppp)]. 
 
 

[15]X2 
[16]X2 
[PdCl2(dppp)] 
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Oganochalcogenolate-bridged palladium complexes have been characterized 

extensively by multinuclear NMR (1H, 13C, 31P, 77Se, 125Te,) data.27 The 31P{1H} 

NMR spectra of [(μ-ER)2M2L2] and [μ-κ2E-(E∩E)M2L2] (M = Pd; E = S, Se; L = 
1

2 -bidendate phosphine) complexes usually exhibit one signal which arises from 

their symmetrical structures and the flexibility of bridging ligand.18,24,27 However, 

in the 31P{1H} NMR spectra of [15]X2 and [16]X2, two sets of multiplet resonances 

are observed (Figures 3.6 and 3.7, respectively) implying two different sets of 

phosphorus atoms in these complexes. This suggests that the bridging ligands are 

stereochemically rigid on the NMR timescale and not fluxional in solution (in the 

temperature range +25 to +50 °C) and that the configurations of [15]2+ and [16]2+ in 

solution are consistent with their solid-state structures. Such rigidity has also been 

described for Pt(II) complexes by Hor.15a,15b Each multiplet signal in the 31P{1H} 

NMR spectra can be attributed to two phosphorus atoms on each side of the bridging 

ligand and the coupling between the phosphorus atoms on two sides of the bridging 

ligand, in spite of four-bond separation. The resonances occur in the expected range 

of chelating phosphine complexes of palladium(II),5a with a gradual downfield shift 

in the thiolate complex relative to the selenolate complex ([15]X2, 9.6 and 8.2 ppm; 

[16]X2, 3.8 and 2.6 ppm). 

 

Figure 3.6. 31P{1H} NMR spectrum of [15]X2 (CDCl3, 25 °C, 161.97 MHz). 
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Figure 3.7 31P{1H} NMR spectrum of [16]X2 (CDCl3, 25 °C, 161.97 MHz). 

 

 

While the direct assignment of the 1H NMR spectrum of solutions of [15]X2 and 

[16]X2 was not possible, they clearly indicate the presence of several magnetically 

non-equivalent protons on the structure, the overall pattern of the two spectra is 

similar (Figures 3.8a and 3.9a). 1H{31P} NMR was used to simplify and clarify the 

J-coupling of the peaks in the aliphatic region (Figures 3.8b and 3.9b). 1H{31P} 

NMR spectra show eight sets of peaks between ~1.1 and 5.2 ppm ([15]X2, 1.19, 

1.32, 2.38, 2.43, 2.53, 4.00, 4.61, 5.05 ppm at CD2Cl2, 25 °C; [16]X2, 1.11, 1.42, 

2.34, 2.47, 2.84, 4.04, 4.67, 5.16 ppm in CDCl3, 25 °C). The  largest 

difference between the two sets (2.43 ppm for [15]X2 in CD2Cl2 and 2.84 ppm for 

[16]X2 in CDCl3) is for resonances assigned to  the protons close to chalcogen atoms 

(see below). 
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ppm 

 

Figure 3.8. Selected regions of (a) 1H NMR spectrum of [15]X2, (b) 1H{31P} NMR 
spectrum of [15]X2 (CD2Cl2, 25 °C, 599.48 MHz) (E = S) 

[15]X2 

(a) 

(b) 
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Figure 3.9. (a) 1H NMR spectrum of [16]X2  and (b) 1H{31P} NMR spectrum of 
[16]X2 (CDCl3, 25 °C, 399.76 MHz), (* = solvent) (E = Se). 

[16]X2 

(b) 

(a) 
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The 13C{1H} NMR spectrum (CDCl3, 25°C) of [16]X2 in the aliphatic region 

(Figure 3.10) exhibits two singlets at 18.2 and 18.4 ppm due to the central -CH2- of 

the ligand dppp. Two pseudo-triplets at 23.3 and 23.9 ppm arise from the coupling 

of the side -CαH2- groups of dppp with the phosphorus nuclei. The singlet at 30.0 

ppm arises from the methylene groups of the bridging ligand. The same pattern was 

observed for [15]X2 (CDCl3, 25°C) two singlets at 18.1, 18.3; two pseudo-triplets at  

23.6 and 24.1 and a singlet at 36.9 ppm (Figure 3.11). 

 

 
Figure 3.10. Selected region of the 13C{1H} NMR spectrum of [16]X2 (CDCl3, 25 °C, 
150.74 MHz). 
 

 

Figure 3.11. Selected region of the 13C{1H} NMR spectrum of [15]X2 (CDCl3, 25 °C, 
150.74 MHz). 
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Further analysis of the aliphatic area by a 2D 1H-1H COSY (Correlated 

Spectroscopy) experiment shows a correlation between the two doublets at 2.84 and 

5.16 ppm (J = 12.5 Hz) for [16]X2 (Figure 3.12). The same correlation is revealed 

for two doublet at 2.43 and 5.05 ppm for [15]X2 (Figure 3.13; J = 13.2 Hz). In 

agreement with these observations, 1H-13C HSQC (Heteronuclear Single Quantum 

Correlation) spectrum shows that these two sets of peaks correlate with one type of 

carbon centre (30.0 ppm for [16]X2 and 36.9 ppm for [15]X2), assigned to the -CH2- 

groups of the bridging ligand (Figures 3.14 and 3.15, respectively). As the two 

carbon atoms of these methylene groups are magnetically equivalent, the observed 

difference between the chemical shifts of two doublets in the 1H NMR spectra are 

assigned to the magnetically inequivalent hydrogen atoms (Figure 3.16) ([15]X2, J 

= 13.2 Hz; [16]X2, J = 12.5 Hz). Two hydrogen atoms that are positioned over the 

phenyl rings (HA) (see Figure 3.16) are likely considerably shielded and are assigned 

to the signals at lower frequency. Other correlated peaks in the 2D 1H-1H COSY 

spectrum of [16]X2 are at 4.04/4.67, 2.34/2.46 and 1.11/1.42 ppm. A correlation 

between the signals at 4.61, 2.38 and 1.19 ppm and the peaks at 4.00, 2.54 and 1.32 

ppm, respectively, for [15]X2 are also revealed from the 2D 1H-1H COSY spectrum. 

The 1H-13C HSQC of [16]X2 reveals the correlation between signals at 4.67 and 

2.34 ppm in the 1H NMR spectrum with the carbon signal at 23.3 ppm in the 
13C{1H}. The signals at 4.04 and 2.46 ppm (1H NMR) correlate with the other set of 

carbon signals at 23.9 ppm (Figure 3.11b). It also reveals that each of these pairs of 

peaks arises from the side -CH2- groups of different propyl chains on the two sides 

of the bridging ligand dppp. A complete description for these units is provided in 

Supporting Information. Noteworthy, in the 1H-31P HMBC (Heteronuclear Multiple 

Bond Correlation) spectra, the doublets at higher field (2.43 ppm, JHH = 13.2 Hz for 

[15]X2; 2.84 ppm, JHH = 12.5 Hz for [16]X2) couple with both sets of phosphorus 

nuclei, but the signals with a larger chemical shift (5.05 ppm for [15]X2 and at 5.15 

ppm for [16]X2) only couple with the phosphorus resonance at lower frequency 

(Figures 3.11c and 3.12c). 
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Figure 3.12. Selected region of 2D NMR spectra of [16]X2; 1H–1H COSY (CD2Cl2, 25 °C, 
1H; 400.08 MHz). 
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Figure 3.13. Selected region of 2D NMR spectra of [15]X2; 1H–1H COSY (CD2Cl2, 25 °C, 
1H; 400.08 MHz). 
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Figure 3.14. Selected region of 2D NMR spectra of [16]X2; 1H–13C HSQC (CD2Cl2, 25 
°C, 1H; 399.76 MHz, 13C; 100.52 MHz). 
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Figure 3.15. Selected region of 2D NMR spectra of [15]X2; 1H–13C HSQC (CD2Cl2, 25 
°C, 1H; 399.76 MHz, 13C; 100.52 MHz). 

 

 

 

dppp 

Ph(CH2S)

 



 80 

 

 

 

Figure 3.16. A view of molecular structure of [16]X2 showing different environment 
around protons of the metylene groups on the bridging ligand. Other hydrogen atoms, 
solvent molecules and counter ions have been omitted for clarity. 
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Figure 3.17. Selected region of 2D NMR spectra of [15]X2; 1H–31P HMBC (CD2Cl2, 25 
°C, 1H; 599.47 MHz, J = 16 Hz). 
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Figure 3.18. Selected region of 2D NMR spectra of [16]X2; 1H–31P HMBC (CD2Cl2, 25 
°C, 1H; 599.47 MHz, J = 16 Hz). 
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Recently, the direct reaction of the tetrathiol 1,2,4,5-(HSCH2)4C6H2 with two 

equivalents of Fe3(CO)12 was shown to generate a double-butterfly complex.28  The 

symmetrical distribution of sulfur centres in 1,2,4,5-(Me3SiSCH2)4(C6H2) thus 

suggested an entry into Pd4 complexes. The direct reaction between [PdCl2(dppp)] 

and 1,2,4,5-(Me3SiSCH2)4(C6H2) (4:1) did not yield any crystalline material, with 

no selectivity, as determination by 31P{1H} NMR  spectroscopy. However, repeating 

the reaction in the presence of LiBr yielded the Pd4 complex, [(dppp)4Pd4-μ-κ4S-

{1,2,4,5-(SCH2)4C6H2}]X4, [17]X4 in fair yield (Scheme 3.3). 

 

 

 

 

 

 

 

 

 

Scheme 3.3. Synthesis of complex [17]4+. 

 

 

Complex [17]4+ crystallizes in the orthorhombic space group Pbca and possesses 

a centre of symmetry, located in the middle of the central aromatic ring. As can be 

seen in Figure 3.19, complex [17]4+ contains two identical Pd2S2 butterfly 

subclusters which are connected through their μ-S atoms to two neighbouring -CH2- 

groups of the central benzene ring. In other words, this can be described as a dimeric 

Yield = 25% 
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structure of complex [15]2+. The Pd2S2 moieties are folded along the S∙∙∙S vector 

with the angle of 131.50° and the intracluster Pd∙∙∙Pd distance is 3.184(1) Å and thus 

no meaningful intra molecular interaction between metal centres. Similar to [15]2+, 

the S-Pd1 bond length on the side on which the ligands are hinged (2.358(2) and 

2.370(2) Å) is shorter than those on the opposite side (S-Pd2 (2.387(2) and 2.388(2) 

Å). The non co-planar nature of the 2 × Pd2 units contrasts with planar, conjugated 

structures prepared from group 10 metals and arenetetrathiolate ligands.29 The NMR 

data for [17]X4 are not reported due to its poor solubility in common organic 

solvents. Attempts at improving the yield of [17]4+ by repeating the synthesis with 

the more soluble [nBu4N]Br did not result in the formation of pure material as shown 

by ESI-MS and elemental analysis. 

 

 

 

 

Figure 3.19. The molecular structure of complex [17]4+. The thermal ellipsoids have 
been drawn at 40% probability. Hydrogen atoms, solvent molecules, disordered 
phenyl group and counter ions have been omitted for clarity.   
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In the case of {[17]X4}, the dominant peak at m/z = 2714 is assigned to {[17]I3}+ 

(Figure 3.20), that is arising from the sodium iodide used as the instrument calibrant. 

Both X-ray diffraction analyses and the mass spectra of [15]X2 and [16]X2 

complexes indicate the trace amounts of bromide as counter ion for [15]2+ and [16]2+, 

which likely arises from the impurity of lithium bromide as the side product in 

preparation of the ligands 13 and 14. In the mass spectrum of complex [15]X2, three 

peaks, at m/z = 1241, 1285 and 1333, are observed (Figure 3.21). The most intense 

peak at m/z = 1241 can be assigned to {[15]Cl}+. The weak signal at m/z = 1285 

arises from {[15]Br}+. Finally the peak with m/z = 1333, which corresponds to 

{[15]I}+. The mass spectrum of complex [16]X2 showed three peaks as well, at m/z 

= 1335, 1381 and 1427 due to {[16]Cl}+, {[16]Br}+ and {[16]I}+, respectively 

(Figure 3.22). The presence of the mixed halide counter ions does not manifest itself 

in the solution state NMR spectra (vide supra) 

Thus the mass spectrometric investigation on these complexes reveal the 

formation of mono cationic particles {[15]X}+, {[16]X}+  and {[17]X3}+ with the 

correct isotopic pattern for the proposed formulas (Figure 3.23); there is no evidence 

for dicationic species. 

 

 

Figure 3.20. Mass spectrum obtained by electrospraying [17]X4 suspended in toluene at 
an ESI capillary voltage of 4.5 kV. Charge states are indicated as 1+ for [17]I3

+. 

{[17]X3}+ 
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Figure 3.21. Mass spectrum obtained by electrospraying [15]X2 in dichloromethane at an 
ESI capillary voltage of 4.5 kV. Charge states are indicated as 1+ for different counter ions. 

 

 

 

 

 

Figure 3.22. Mass spectrum obtained by electrospraying [16]X2 in tetrahydrofuran at an 
ESI capillary voltage of 4.5 kV. Charge states are indicated as 1+ for different counter ions. 

 

{[15]X}+ 
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Figure 3.23. Close-up view of the most intense isotope peak region for (a) {[15]X}+; 
(X = Cl),  (b) {[16]X}+; (X = Cl) and (c) {[17]X3}+; (X = I). Squares in each panel 
indicate the expected isotope pattern. 

{[16]X}+ 

{[17]X3}+ 

{[15]X}+ 
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3.3 Experimental 
All syntheses were carried out under an atmosphere of high-purity dried nitrogen 

using standard double-manifold Schlenk line techniques and nitrogen-filled glove 

boxes unless otherwise stated. Solvents were dried and collected using an MBraun 

MB-SP Series solvent purification system with tandem activated alumina 

(tetrahydrofuran) and an activated alumina/copper redox catalyst (pentane). 

Chlorinated solvent (chloroform-d) was dried and distilled over P2O5. 

Dichloromethane-d2 was purchased from CIL. Chemicals were used as received 

from Sigma-Aldrich. [PdCl2(dppp)],30 1,2-bis(bromomethyl)benzene,31 1,2,4,5-

(Me3SiSCH2)4C6H2
21 and Li[ESiMe3]32 (E = S, Se) were synthesized according to 

literature procedures.  

High-resolution mass spectral measurments (13 and 14) were performed on 

Finningan MAT 8400 using electron impact (EI) ionization. Mass spectra and exact 

mass determinations of the samples [15]X2 and [16]X2 in THF and [17]X4 in DCM 

were performed on a Bruker micrOTOF II instrument or Finningan MAT 8400 using 

positive electron spray ionization: m/z values have been rounded to the nearest 

integer or half-integer; sodium iodide was used as a calibrant. Expected isotope 

distribution patterns were simulated by the Bruker Compass DataAnalysis program. 

UV−vis absorption spectra were measured with a Varian Cary 100 

spectrophotometer.  

Infrared spectra ([15]X2 and [16]X2) were collected using a Bruker Vector33 

spectrometer. The samples (~0.05 mg) was dispersed in dry KBr and packed into a 

pellet using a press. ATR spectrum of [17]X4 was collected using a Perkin Elmer 

Spectrum Two ATR-FTIR spectrometer. The wave number range scanned was 

4000–400 nm (Figures 3.24, 3.25 and 3.26). Elemental analysis was performed by 

Laboratoire d′Analyze Élementaire de l′Université de Montréal, Montreal, Canada. 

Samples were dried for twelve hours prior to send for analysis. 
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Figure 3.24. FT-IR spectrum of [15]X2 in KBr. 

 

 

 

Figure 3.25. FT-IR spectrum of [16]X2 in KBr. 
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Figure 3.26. ATR spectrum of [17]X4. 

 

 

Experimentally obtained values suggests some residual lattice solvent remained. 

In order to quantify this, thermogravimetric analysis (TGA) was carried out on 

samples [15]X2 and [16]X2, and [17]X4 using a Q600 SDT thermal analyses 

instrument at a heating rate of 2 °C/min, under nitrogen flow. Results for [15]X2 

indicated ~3 % weight loss at 150 °C corresponding to  0.3 equivalents of residual 

CHCl3 in the lattice. For [16]X2 a  ~4% weight loss was observed (0.5 CHCl3). For 

[17]X4, 6.5 % mass loss was observed (1.6 CHCl3). Calculated molecular formulae 

(below) include these residual lattice solvents. 

NMR spectra were recorded on Varian Mercury 400, Inova 400 and Inova 600 

NMR spectrometers. 1H and 13C chemical shifts are referenced to SiMe4, using 

solvent peak as a secondary reference, 31P chemical shifts are referenced to 85% 

H3PO4.  

Single-crystal X-ray diffraction measurements were completed on a Bruker 

APEX-II CCD ([15]X2, [17]X4) and Enraf-Nonius KappaCCD ([16]X2) 
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diffractometers equipped with graphite-monochromated Mo Kα (λ = 0.71073 Å) 

radiation. Single crystals of the complexes were carefully selected, immersed in 

paraffin oil and mounted on MiteGen micromounts. The structures were solved 

using direct methods and refined by the full-matrix least-squares procedure of 

SHELXTL.33 All non-hydrogen atoms were refined with anisotropic thermal 

parameters. Hydrogen atoms were included as riding on their respective carbon 

atoms.  

Solvent molecules are present in the lattice of all three crystals. Some disordered 

solvent was refined with isotropic displacement parameters using partial occupancy 

at some positions. In [17]4+, one of the phenyl groups of dppp was modelled as being 

disordered over two positions, with refined complementary site occupancy factors. 

The experimental composition of counter ions was determined by the variable site 

occupancy of Cl and Br atoms. In [15]X2, two counter ions are refined with 

displacement parameters to an occupancy of 70:30% chloride to bromide for one 

position and 30:70% for the other site. Both counter-ions in [16]X2 were refined as 

chloride, but the electrospray ionization (ESI) mass study showed a small amount 

of bromide in this compound as well. In [17]X4 bromide occupies 75%  of the 

counter ions positions.  

 

3.3.1 Synthesis of 1,2-(Me3SiSCH2)2C6H4, 13  

1,2-bis(bromomethyl)benzene (0.500 g, 1.56 mmol) and freshly prepared Li[SSiMe3] 

(3.12 mmol) were each dissolved in anhydrous diethyl ether (30 mL and 15 mL 

respectively). The solutions were mixed at room temperature and stirred overnight 

resulting in an opaque suspension. The solvent was removed under vacuum and 30 mL of 

dry pentane were added to solubilize the product 13. The reaction mixture was filtered by 

passing the suspension through a sintered glass frit packed with dried Celite. The solvent 

was removed in vacuo yielding a colourless, oily solid (84% yield).  
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ü 1H NMR (400.08 MHz, CDCl3, 23 °C): δ 7.28 (m, 2H, Ar-H), 7.18 (m, 2H, Ar-H), 

3.88 (s, 4H, CH2), 0.33 (s, 18H, Si-CH3) ppm.  

ü 13C{1H} NMR (100.61 MHz, CDCl3, 23 °C): δ 138.5, 130.0, 127.4 (C6), 28.0 (CH2), 

0.9 (Si-CH3).  

ü [M+] C14H26S2Si2: found (calculated) at m/z = 314.1006 (314.1014). 

 

3.3.2 Synthesis of 1,2-(Me3SiSeCH2)2C6H4, 14 

1,2-bis(bromomethyl)benzene (0.500 g, 1.56 mmol) was reacted with Li[SeSiMe3] 

(3.12 mmol) as described for the preparation of 13 yielding a pale yellow, oily solid (71% 

yield).  

ü 1H NMR (400.08 MHz, CDCl3, 23 °C): δ 7.22 (m, 2H, Ar-H), 7.14 (m, 2H, Ar-H), 

3.90 (s, 4H, CH2), 0.44 (s, 18H, Si-CH3) ppm.  

ü 13C{1H} NMR (100.61 MHz, CDCl3, 23 °C): δ 138.8, 130.2, 127.2 (C6), 19.0 (CH2), 

1.7 (Si-CH3) ppm.  

ü 77Se{1H} NMR (76.20 MHz, CDCl3, 23 °C): δ -18.4 ppm.  

ü [M+] C14H26S2Si2: found (calculated) at m/z = 407.9907 (407.9911) 

 

3.3.3 Synthesis of [(dppp)2Pd2-μ-κ2S-{1,2-(SCH2)2C6H4}]X2,  

[15]X2  

0.357 g (0.605 mmol) of [PdCl2(dppp)] was suspended in 10 mL chloroform. A solution 

of 1,2-(CH2SSiMe3)2C6H4 13 (0.303 mmol, 0.0925 g) in chloroform (5 mL) was added 

drop-wise at room temperature and the solution was stirred at this temperature for 2 hours 

by which time a pale orange suspension had formed. The reaction solution was filtered 

over dried Celite to yield a yellow solution and to ensure removal of precipitated side-

products. The solvent was reduced to ~10 mL under vacuum, at which point it was layered 

with 20 mL of pentane. Colourless plates crystalized after a few days. The mother liquor 
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was removed via pipette and the crystals were washed with 2×10 mL of pentane and dried 

under vacuum. Yield 45 %; m.p. 230-234 °C.  

ü 1H{31P} NMR (599.48 MHz, CD2Cl2, 25 °C): δ 7.96 (br, 8H) 7.78-6.93 (multiplets, 

36H), 5.05 (d, 2H, J = 13.2 Hz), 4.62 (d, 1H, J = 13.2 Hz), 4.60 (d, 1H, J = 13.2 Hz), 

4.02 (d, 1H, J = 13.2 Hz), 4.00 (d, 1H, J = 13.2 Hz), 2.53 (m, 2H), 2.44 (m,2H) 2.43 

(d, 2H, J = 13.2 Hz), 2.38 (m, 2H), 1.32 (m, 1H), 1.19 (m, 1H) ppm.  

ü 13C{1H} NMR (150.74 MHz, CDCl3, 25 °C): δ 141.0 (s), 135.0 (m), 132.8 (m), 132.6 

(m), 132.0 (s), 131.5 (s), 130.6 (s), 130.3 (m), 130.1 (m), 129.9 (s), 129.3 (s), 128.5 

(m), 127.6 (m), 127.0 (s), 36.9 (s), 24.1 (t, J = 17.3 Hz), 23.6 (t, J = 17.3 Hz), 18.3 

(s), 18.1 (s) ppm. 

ü 31P{1H} NMR (161.97 MHz, CDCl3, 25 °C): δ 9.6 (m) 8.2 (m) ppm. 

ü Anal. Calcd for C62H60BrClP4Pd2S2∙0.3CHCl3: C 55.13, H 4.48, S, 4.73; found C 

55.09, H 4.69; S 4.73. 

 

3.3.4 Synthesis of [(dppp)2Pd2-μ-κ2Se-{1,2-(SeCH2)2C6H4}]X2,  

[16]X2  

0.830 g (1.408 mmol) of [PdCl2(dppp)] was suspended in 20 mL chloroform. A solution 

of 1,2-(CH2SeSiMe3)2C6H4 14 (0.704 mmol, 0.288 g) in chloroform (10 mL) was added 

drop-wise at room temperature and the solution was stirred at this temperature for 1 hour 

by which time a clear dark red solution had formed. The reaction solution was filtered over 

a filter paper. The solvent was reduced to ~15 mL under vacuum, at which point it was 

layered with 20 mL of pentane. Yellow block crystals deposited after 12 hours. The mother 

liquor was removed via pipette and the crystals were washed with 2×10 mL of pentane and 

dried under vacuum. Yield 40 %; m.p. 220-223 °C.  

ü 1H{31P} NMR (399.76 MHz, CDCl3, 25 °C): δ 7.99-6.95 (multiplets, 44H), 5.16 (d, 

2H, J = 12.5 Hz), 4.69 (d, 1H, J = 12.5 Hz), 4.66 (d, 1H, J = 12.5 Hz), 4.06 (d, 1H, J 

= 12.5 Hz), 4.03 (d, 1H, J = 12.5 Hz), 2.84 (d, 2H, J = 12.5 Hz), 2.47 (m, 2H), 2.44 

(m, 2H), 2.34 (m, 2), 1.42 (m, 1H), 1.11 (m, 1H) ppm. 
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ü 13C{1H} NMR (150.74 MHz, CDCl3, 25 °C): δ 140.5 (s), 134.9 (m), 133.3 (s), 133.0 

(s), 132.4 (m), 132.2 (m), 131.9 (s), 131.4 (s), 130.6 (m), 129.9 (s), 129.7 (s), 129.3 

(s), 128.5 (m), 128.3 (m), 127.5 (m), 127.4 (s), 127.2 (s), 126.7 (s), 125.5 (m), 30.0 

(s), 23.9 (t, J = 16.7 Hz), 23.3 (t, J = 16.7 Hz), 18.4 (s), 18.2 (s) ppm.  

ü 31P{1H} NMR (161.97 MHz, CDCl3, 25 °C): δ 3.8 (m) 2.6 (m) ppm. 

ü Anal. Calcd  for C62H60Cl2P4Pd2Se2∙0.5CHCl3: C 52.48, H 4.18; found C 50.81, H 

4.17; 

 

3.3.5 Synthesis of [(dppp)4Pd4-μ-κ4S-{1,2,4,5-

(SCH2)4C6H2}]X4,  [17]X4  

0.360 g (0.610 mmol) of [PdCl2(dppp)] was suspended in 15 mL chloroform. A solution 

of 1,2,4,5-(CH2SSiMe3)4C6H2 (0.153 mmol, 0.0841 g) in chloroform (5 mL) was added 

drop-wise at room temperature, followed by adding 0.610 mmol LiBr (0.0530 g) portion-

wise. The suspension was stirred at this temperature for two hours by which time an orange 

suspension had formed. The reaction solution was filtered over dried Celite to ensure 

removal of precipitated side-products and remaining LiBr. The resulting yellow solution 

was layered with 20 mL of pentane. Colourless prisms crystalized after a few days. The 

mother liquor was removed via pipette and the crystals were washed with 2×10 mL of 

pentane and dried under vacuum. Yield 25 %; m.p. > 260 °C. 

ü Anal. Calcd  for C118H114Br3ClP8Pd4S4∙1.6CHCl3 C 51.30, H 4.16, S 4.58; 

found  49.23, H 4.13, S4.12. 
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3.4 Conclusions 

The work presented here illustrates the single step, straightforward synthesis of 

the dinuclear organochalcogenide-bridged palladium complexes [15]X2 and [16]X2 

using the easily handled reagents 13 and 14, respectively, and (1,3-

bis(diphenylphosphino)propane)palladium(II) chloride. The structural rigidity of 

the chalcogenolate ligands in the bridging coordination mode induces interesting 

spectroscopic characteristics in the Pd2E2 complexes, specifically asymmetry in the 

bimetallic complex. Various types of nuclear magnetic resonance spectroscopic 

techniques were used to interpret corresponding NMR behaviour. Taking advantage 

of silylated–chalcogen reagents for the facile preparation of butterfly shaped Pd2E2 

complexes, the use of tetrasulfur reagent promotes the formation of the novel 

tetranuclear palladium complex [17]X4 consisting of a double-butterfly metal-

thiolate framework. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 96 

3.5 References 

[1] (a) Yam, V. W.-W.; Yu, K.-L.; Cheng, E. C.-C.; Yeung, P. K.-Y.; Cheung, K.-K.; 
Zhu, N., Chem. Eur. J. 2002, 8, 4121-4128; (b) Yam, V. W.-W.; Yeung, P. K.-Y.; 
Cheung, K.-K., J. Chem. Soc., Chem. Commun. 1995, 267-269; (c) Cheon, J. W.; 
Talaga, D. S.; Zink, J. I., Chem. Mater. 1997, 9, 1208-1212; (d) Folmer, J. C. W.; 
Turner, J. A.; Parkinson, B. A., J. Solid State Chem. 1987, 68, 28-37; (e) Yam, V. W.-
W.; Yeung, P. K.-Y.; Cheung, K.-K., J. Chem. Soc., Dalton Trans. 1994, 2587-2588; 
(f) Yam, V. W.-W., C. R. Chimie 2005, 8, 1194-1203; (g) Poon, S.-Y.; Wong, W.-Y.; 
Cheah, K.-W.; Shi, J.-X., Chem. Eur. J. 2006, 12, 2550-2563; (h) Saito, K.; Nakao, 
Y.; Umakoshi, K.; Sakaki, S., Inorg. Chem. 2010, 49, 8977-8985; (i) Schneider, J.; Du, 
P.; Wang, X.; Brennessel, W. W.; Eisenberg, R., Inorg. Chem. 2009, 48, 1498-1506; 
(j) Tzeng, B.-C.; Chiu, T.-H.; Lin, S.-Y.; Yang, C.-M.; Chang, T.-Y.; Huang, C.-H.; 
Chang, A. H.-H.; Lee, G.-H., Cryst. Growth Des. 2009, 9, 5356-5362. 

[2] (a) Kumar, A.; Rao, G. K.; Kumar, S.; Singh, A. K., Organometallics 2014, 33, 
2921-2943; (b) Kumar, S.; Rao, G. K.; Kumar, A.; Singh, M. P.; Singh, A. K., Dalton 
Trans. 2013, 42, 16939-16948; (c) Sharma, K. N.; Joshi, H.; Sharma, A. K.; Prakash, 
O.; Singh, A. K., Organometallics 2013, 32, 2443-2451; (d) Aleksanyan, D. V.; 
Kozlov, V. A.; Nelyubina, Y. V.; Lyssenko, K. A.; Puntus, L. N.; Gutsul, E. I.; Shepel, 
N. E.; Vasil'ev, A. A.; Petrovskii, P. V.; Odinets, I. L., Dalton Trans. 2011, 40, 1535-
1546; (e) Kozlov, V. A.; Aleksanyan, D. V.; Nelyubina, Y. V.; Lyssenko, K. A.; 
Gutsul, E. I.; Vasil'ev, A. A.; Petrovskii, P. V.; Odinets, I. L., Dalton Trans. 2009, 
8657-8666. 

[3] (a) Ishii, A.; Nakata, N.; Uchiumi, R.; Murakami, K., Angew. Chem.-Int. Ed. 2008, 
47, 2661-2664; (b) Albano, V. G.; Monari, M.; Orabona, I.; Panunzi, A.; Ruffo, F., J. 
Am. Chem. Soc. 2001, 123, 4352-4353; (c) Albano, V. G.; Monari, M.; Orabona, I.; 
Panunzi, A.; Roviello, G.; Ruffo, F., Organometallics 2003, 22, 1223-1230; (d) 
Nakata, N.; Ikeda, T.; Ishii, A., Inorg. Chem. 2010, 49, 8112-8116; (e) Wrackmeyer, 
B.; Hernandez, Z. G.; Kempe, R.; Herberhold, M., Eur. J. Inorg. Chem. 2007, 239-
246. 

[4] (a) Chauhan, R. S.; Kedarnath, G.; Wadawale, A.; Slawin, A. M. Z.; Jain, V. K., 
Dalton Trans. 2013, 42, 259-269; (b) Ji, W.; Jing, S.; Liu, Z. Y.; Shen, J.; Ma, J.; Zhu, 
D. R.; Cao, D. K.; Zheng, L. M.; Yao, M. X., Inorg. Chem. 2013, 52, 5786-5793; (c) 
Saleem, F.; Rao, G. K.; Singh, P.; Singh, A. K., Organometallics 2013, 32, 387-395; 
(d) Niebel, T.; MacDonald, D. G.; Khadka, C. B.; Corrigan, J. F., Z. Anorg. Allg. Chem. 
2010, 636, 1095-1099; (e) Aucott, S. M.; Milton, H. L.; Robertson, S. D.; Slawin, A. 
M. Z.; Walker, G. D.; Woollins, J. D., Chem.-Eur. J. 2004, 10, 1666-1676. 

[5] (a) Jain, V. K.; Jain, L., Coord. Chem. Rev. 2005, 249, 3075-3197; (b) Kedarnath, 
G.; Jain, V. K., Coord. Chem. Rev. 2013, 257, 1409-1435. 

[6] (a) Chauhan, R. S.; Sharma, R. K.; Kedarnath, G.; Cordes, D. B.; Slawin, A. M. Z.; 
Jain, V. K., J. Organomet. Chem. 2012, 717, 180-186; (b) Hirano, M.; Tatesawa, S.-
y.; Yabukami, M.; Ishihara, Y.; Hara, Y.; Komine, N.; Komiya, S., Organometallics 
2011, 30, 5110-5122; (c) Tsuji, T.; Kuwamura, N.; Yoshinari, N.; Konno, T., Inorg. 



 97 

Chem. 2013, 52, 5350-5358; (d) Vetter, C.; Kaluđerović, G. N.; Paschke, R.; Gómez-
Ruiz, S.; Steinborn, D., Polyhedron 2009, 28, 3699-3706. 

[7] (a) Hannu-Kuure, M. S.; Komulainen, J.; Oilunkaniemi, R.; Laitinen, R. S.; 
Suontamo, R.; Ahlgren, M., J. Organomet. Chem. 2003, 666, 111-120; (b) Kirij, N. 
V.; Tyrra, W.; Pantenburg, I.; Naumann, D.; Scherer, H.; Naumann, D.; Yagupolskii, 
Y. L., J. Organomet. Chem. 2006, 691, 2679-2685; (c) Panunzi, A.; Roviello, G.; 
Ruffo, F., Inorg. Chem. Commun. 2003, 6, 1282-1286; (d) Risto, M.; Jahr, E. M.; 
Hannu-Kuure, M. S.; Oilunkaniemi, R.; Laitinen, R. S., J. Organomet. Chem. 2007, 
692, 2193-2204. 

[8] Chatt, J.; Mann, F. J., J. Chem. Soc. 1938, 1949-1954. 

[9] (a) Jain, V. K., Inorg. Chim. Acta 1987, 133, 261-266; (b) Jain, V. K.; Patel, R. P.; 
Muralidharan, K. V.; Bohra, R., Polyhedron 1989, 8, 2151-2155; (c) Padilla, E. M.; 
Jensen, C. M., Polyhedron 1991, 10, 89-93; (d) Padilla, E. M.; Golen, J. A.; Richmann, 
P. N.; Jensen, C. M., Polyhedron 1991, 10, 1343-1352; (e) Jain, V. K.; Kannan, S., J. 
Organomet. Chem. 1992, 439, 231-235; (f) Kumbhare, L. B.; Wadawale, A. P.; Jain, 
V. K.; Kolay, S.; Nethaji, M., J. Organomet. Chem. 2009, 694, 3892-3901; (g) Nakata, 
N.; Uchiumi, R.; Yoshino, T.; Ikeda, T.; Kamon, H.; Ishii, A., Organometallics 2009, 
28, 1981-1984. 

[10] (a) Oilunkaniemi, R.; Laitinen, R. S.; Ahlgren, M., J. Organomet. Chem. 2001, 
623, 168-175; (b) Morley, C. P.; Webster, C. A.; Di Vaira, M., J. Organomet. Chem. 
2006, 691, 4244-4249; (c) Ananikov, V. P.; Malyshev, D. A.; Beletskaya, I. P.; 
Aleksandrov, G. G.; Eremenko, I. L., J. Organomet. Chem. 2003, 679, 162-172; (d) 
Beletskaya, I. P.; Ananikov, V. P., Eur. J. Org. Chem. 2007, 3431-3444; (e) Ananikov, 
V. P.; Beletskaya, I. P., Dokl. Chem. 2003, 389, 81-86. 

[11] (a) Mas-Balleste, R.; Capdevila, M.; Champkin, P. A.; Clegg, W.; Coxall, R. A.; 
Lledos, A.; Megret, C.; Gonzalez-Duarte, P., Inorg. Chem. 2002, 41, 3218-3229; (b) 
Gukathasan, R. R.; Morris, R. H.; Walker, A., Can. J. Chem.-Rev. Can. Chim. 1983, 
61, 2490-2492; (c) Yam, V. W. W.; Yeung, P. K. Y.; Cheung, K. K., J. Chem. Soc.-
Chem. Commun. 1995, 267-269; (d) Briant, C. E.; Gardner, C. J.; Hor, T. S. A.; 
Howells, N. D.; Mingos, D. M. P., J. Chem. Soc., Dalton Trans. 1984, 2645-2651. 

[12] (a) Yeo, J. S. L.; Vittal, J. J.; Henderson, W.; Hor, T. S. A, J. Chem. Soc., Dalton 
Trans. 2002, 328-336; (b) Matsumoto, K.; Kotoku, N.; Shizuka, T.; Tanaka, R.; Okeya, 
S., Inorg. Chim. Acta 2001, 321, 167-170; (c) Liu, H.; Tan, A. L.; Mok, K. F.; Mak, 
T. C. W.; Batsanov, A. S.; Howard, J. A. K.; Hor, T. S. A., J. Am. Chem. Soc. 1997, 
119, 11006-11011; (d) Capdevila, M.; Carrasco, Y.; Clegg, W.; Coxall, R. A.; 
Gonzalez-Duarte, P.; Lledos, A.; Sola, J.; Ujaque, G., Chem. Commun. 1998, 597-598; 
(e) Zhou, M.; Xu, Y.; Tan, A.-M.; Leung, P.-H.; Mok, K. F.; Koh, L. L.; Hor, T. S. A., 
Inorg. Chem. 1995, 34, 6425-6429. 

[13] (a) Ujam, O. T.; Devoy, S. M.; Henderson, W.; Nicholson, B. K.; Hor, T. S. A., 
Dalton Trans. 2012, 41, 12773-12780; (b) Chong, S. H.; Henderson, W.; Hor, T. S. 
A., Dalton Trans. 2007, 4008-4016; (c) Ujam, O. T.; Henderson, W.; Nicholson, B. 
K.; Andy Hor, T. S., Inorg. Chim. Acta 2011, 376, 255-263. 



 98 

[14] Devoy, S. M.; Henderson, W.; Nicholson, B. K., Inorg. Chim. Acta 2013, 406, 
81-86. 

[15] (a) Chong, S. H.; Young, D. J.; Hor, T. S. A., J. Organomet. Chem. 2006, 691, 
349-355; (b) Yeo, J. S. L.; Vittal, J. J.; Henderson, W.; Hor, T. S. A., Organometallics 
2002, 21, 2944-2949; (c) Yeo, J. S. L.; Vittal, J. J.; Hor, T. S. A., Eur. J. Inorg. Chem. 
2003, 277-280. 

[16] (a) Cao, R.; Hong, M.; Jiang, F.; Kang, B.; Xie, X.; Liu, H., Polyhedron 1996, 15, 
2661-2670; (b) Ford, S.; Morley, C. P.; Di Vaira, M., Inorg. Chem. 2004, 43, 7101-
7110; (c) Gibson, V. C.; Long, N. J.; White, A. J. P.; Williams, C. K.; Williams, D. J., 
Chem. Commun. 2000, 2359-2360; (d) Gibson, V. C.; Long, N. J.; Williams, C. K.; 
Fontani, M.; Zanello, P., Dalton Trans. 2003, 3599-3605; (e) Kudoh, K.; Okamoto, T.; 
Yamaguchi, S., Organometallics 2006, 25, 2374-2377; (f) Sato, O.; Sakai, A.; Aoki, 
M.; Kuramochi, T.; Nakayama, J., Heterocycles 2012, 86, 1253-1260; (g) Pop, F.; 
Branzea, D. G.; Cauchy, T.; Avarvari, N., C. R. Chimie 2012, 15, 904-910. 

[17] Brown, M. J.; Corrigan, J. F., J. Organomet. Chem. 2004, 689, 2872-2879. 

[18] Banister, A. J.; Howard, J. A. K.; May, I.; Rawson, J. M., Chem. Commun. 1997, 
1763-1764. 

[19] Su, W. P.; Cao, R.; Hong, M. C.; Wu, D. X.; Lu, J. X., J. Chem. Soc.-Dalton 
Trans. 2000, 1527-1532. 

[20] (a) Fuhr, O.; Dehnen, S.; Fenske, D., Chem. Soc. Rev. 2013, 42, 1871-1906; (b) 
MacDonald, D. G.; Corrigan, J. F., Philos. Trans. R. Soc. A-Math. Phys. Eng. Sci. 
2010, 368, 1455-1472; (c) DeGroot, M. W.; Corrigan, J. F., Z. Anorg. Allg. Chem. 
2006, 632, 19-29. 

[21] Fard, M. A.; Khalili Najafabadi, B.; Hesari, M.; Workentin, M. S.; Corrigan, J. 
F., Chem. Eur. J. 2014, 20, 7037-7047. 

[22] (a) Mitchell, K. A.; Streveler, K. C.; Jensen, C. M., Inorg. Chem. 1993, 32, 2608-
2609; (b) Garcia, J. J.; Arevalo, A.; Montiel, V.; Del Rio, F.; Quiroz, B.; Adams, H.; 
Maitlis, P. M., Organometallics 1997, 16, 3216-3220; (c) Capdevila, M.; Clegg, W.; 
Gonzalez-Duarte, P.; Harris, B.; Mira, I.; Sola, J.; Taylor, I. C., J. Chem. Soc., Dalton 
Trans. 1992, 2817-2826; (d) Redin, K.; Wilson, A. D.; Newell, R.; DuBois, M. R.; 
DuBois, D. L., Inorg. Chem. 2007, 46, 1268-1276. 

[23] Aullón, G.; Hamidi, M.; Lledós, A.; Alvarez, S., Inorg. Chem. 2004, 43, 3702-
3714. 

24 Su, W.; Cao, R.; Hong, M.; Wu, D.; Lu, J., J. Chem. Soc., Dalton Trans. 2000, 
1527-1532. 

[25] (a) Oilunkaniemi, R.; Laitinen, R. S.; Ahlgren, M., J. Organomet. Chem. 1999, 
587, 200-206; (b) Forniés-Cámer, J.; Aaliti, A.; Ruiz, N.; Masdeu-Bultó, A. M.; 
Claver, C.; Cardin, C. J., J. Organomet. Chem. 1997, 530, 199-209. 

[26] Zheng, A. X.; Ren, Z. G.; Wang, H. F.; Li, H. X.; Lang, J. P., Inorg. Chim. Acta 
2012, 382, 43-51. 



 99 

[27] (a) Dey, S.; Jain, V. K.; Varghese, B., J. Organomet. Chem. 2001, 623, 48-55; (b) 
Goggin, P. L.; Goodfellew, R. J; Reed, F. J. S., J. Chem. Soc. A 1971, 2031-2038; (c) 
Henderson, W.; McCaffrey, L. J.; Nicholson, B. K., J. Chem. Soc., Dalton Trans. 2000, 
2753-2760; (d) Romerosa, A.; López-Magaña, C.; Saoud, M.; Mañas, S., Eur. J. Inorg. 
Chem. 2003, 2003, 348-355; (e) Singhal, A.; Jain, V. K., J. Organomet. Chem. 1995, 
494, 75-80. 

[28] Song, L. C.; Qi, C. H.; Bao, H. L.; Fang, X. N.; Song, H. B., Organometallics 
2012, 31, 5358-5370. 

[29] Arumugam, K.; Shaw, M. C.; Chandrasekaran, P.; Villagran, D.; Gray, T. G.; 
Mague, J. T.; Donahue, J. P., Inorg. Chem. 2009, 48, 10591-10607. 

[30] Sanger, A. R., J. Chem. Soc., Dalton Trans. 1977, 1971-1976. 

[31] Wenner, W., J. Org. Chem. 1952, 17, 523-528. 

[32] Taher, D.; Wallbank, A. I.; Turner, E. A.; Cuthbert, H. L.; Corrigan, J. F., Eur. J. 
Inorg. Chem. 2006, 4616-4620. 

[33] (a) Sheldrick, G. M., Acta Crystallogr. Sect. A 2008, 64, 112-122; (b) Sheldrick, 
G. M., SHELXTL PC Version 6.1 An Integrated System for Solving, Refining, and 
Displaying Crystal Structures from Diffraction Data, Bruker Analytical X-ray 
Systems, 2000. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 100 

Chapter 4 
 

Tethered Poly-Copper-Chalcogenolate Assemblies Enabled 
via NHC Ligation 

 

 

 

4.1 Introduction 
Silylated chalcogen reagents of the type RESiMe3 (R = an organic group, E = S, Se) 

have been shown to be a convenient source of organo-chalcogenolate (RE-) as easily 

formed synthons in the synthesis of chalcogenoesters,1 and are well developed for the 

preparation of metal chalcogen bonds.2 With the latter, their utility in coordination 

chemistry has been confirmed for both the preparation of polynuclear metal-chalcogen 

(cluster) architectures3 as well as single metal coordination complexes.4 The tunability of 

the substituent R has been shown to be very effective at incorporating a tailored surface 

onto metal-chalcogen clusters and has the benefit of stabilizing the surface of the cluster at 

the same time allowing the incorporation of specific chemical functionalities. 

With continued interest in the assembly of the molecules containing –ESiMe3 groups, 

we reported recently the synthesis and the characterization of a series of poly-

chalcogenotrimethylsilanes Ar(CH2ESiMe3)n, (Ar = aryl; E = S, Se; n = 2 (ortho, para), 3 

and 4).5 These complexes represent the first examples of the incorporation of such a large 

number of reactive –ESiMe3 moieties onto an organic molecular scaffold. We also 

demonstrated the reactivity of –ESiMe3 moieties towards ferrocenoyl chloride as a simple 

route for the formation of poly-ferrocenylchalcogenoesters.5  

Also demonstrated was the simple preparation of butterfly shaped Pd2E2 (E = S, Se) 

complexes via the reaction of [(dppp)PdCl2] (1,3-



 101 

bis(diphenylphosphino)propane)palladium(II) and the disubstituted thio- and 

selenotrimethylsilane reagents, 1,2-(Me3SiECH2)2(C6H4).6 Taking advantage of the 

symmetrical distribution of chalcogen centers in 1,2,4,5-(Me3SiSCH2)4(C6H2) offers an 

entry into “double-butterfly” Pd2S2 complexes, therefore demonstrating the use of such 

polysilylated chalcogen reagents with defined spacers between the  formed metal-

chalcogenolate units.6  

Herein we use these reagents to develop the chemistry of novel polynuclear copper(I)-

chalcogenolate complexes. These compounds are of significant interest because of their 

biological relevance to the cysteine-rich copper(I) proteins and other copper based 

thioneins7 together with their potential as catalysts.8 The development in these areas cannot 

be driven without careful examination of supporting ligands, which can permit one to fine-

tune the stability and reactivity in the coordination sphere of the metal center. Given that 

N-heterocyclic carbenes (NHCs) show powerful coordination ability toward a wide range 

of metal ions to form strong M–C bonds, significant advances can be expected in the 

synthetic and structural chemistry of transition metal complexes bearing NHCs and 

(poly)chalcogenolate ligands. 

As the only example of polydentate organochalcogen spacers for the assembly of poly-

(NHC)copper chalcogenolates, Zhang and Warren emulated the role of histidine and 

cysteine ligands at trigonal copper sites by employing large N-heterocyclic carbene ligands 

along with C3 and C4 alkyldithiolate linkers. The addition of either 1,3-propanedithiol or 

1,4-butanedithiol to 2 equiv. [(Cl2IPr)CuOtBu] (Cl2IPr = 1,3-bis-(2,6-diisopropylphenyl)-

4,5-dichloroimidazol-2-ylidene) led to the formation of the corresponding dinuclear 

copper(I) thiolate complexes [{(Cl2IPr)Cu}2(µ-S(CH2)nS)] (n = 3 or 4). Crystallization of 

these two complexes showed two different dicopper-dithiolate motifs dependent on the 

length of the linkers.7a 

We have previously shown that the reaction of [(iPr2-bimy)CuCl]2 (iPr2-bimy = 1,3-di-

isopropylbenzimidazole-2-ylidene) with one equivalent of Ph-ESiMe3 (E = S, Se) yielded 

a six-membered E3Cu3 cluster with three iPr2-bimy on the Cu atoms.9  The formation of 

bridging μ-ER in these complexes reflects the smaller size of the carbene ligands. In order 
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to develop the coordination chemistry and structural properties of carbene-copper 

chalcogenolates with multidentate organic spacers, the poly-chalcogenotrimethylsilane 

complexes 1,4-(Me3SiECH2)2(C6Me4), 1,3,5-(Me3SiECH2)3(C6Me3) (E = S, Se), 1,2,4,5-

(Me3SiSeCH2)4(C6H2) and 1,1´-fc(CH2ESiMe3)2 (E = S, Se) are used in this study. The 

reactivity of such complexes has been demonstrated with copper(I) salts. For this purpose, 

we selected [(IPr)CuOAc] (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene): this 

carbene ligand has already been well established in the chemistry of monomeric copper(I) 

thiolate complexes, [(IPr)CuS(CH2)nPh] (n = 0, 1).8 

The silylated reagents Ar(CH2ESiMe3)n and 1,1´-fc(CH2ESiMe3)2, via reaction with 

[(IPr)CuOAc] and the formation of Me3SiOAc, facilitate a one-step synthetic procedure 

for the formation of the polynuclear NHC-copper chalcogenolates 1,4-

[{(IPr)CuECH2}2(C6Me4)] (E = S 18, E = Se 19), 1,1´-[fc(CH2ECuIPr)2] (E = S 20, E = Se 

21), 1,3,5-[{(IPr)CuECH2}3(C6Me3)] (E = S 22, E = Se 23) and 1,2,4,5-

[{(IPr)CuECH2}4(C6H2)] (E = Se 24). These are the first examples of such NHC ligated 

Cu-chalcogen assemblies and represent a new route into polynuclear copper-

chalcogenolate chemistry. 

NHCs have gained increasing interest over the last years and now play a central role in 

organometallic chemistry10,11 There strong bonding characteristics have also been used to 

stabilize a typical oxidation states and bonding motifs of the main group elements, which 

are otherwise unstable.12 In a similar context, coinage metal-NHCs are widely studied for 

their interesting structural properties13 and their potential applications in medicine,14 

nanomaterials, liquid crystals,15 and catalysis.16 Despite being the least stable among the 

coinage metal-NHC complexes, investigations on Cu(I)-NHCs have increased 

substantially. Compared with their phosphine counterparts, Cu(I)-NHCs with bulky and 

robust substituents present many advantages such as thermal stability and ease of 

preparation of differing ligand types.13b  
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4.2 Results and discussion 
 

As outlined in Scheme 4.1, a series of polynuclear NHC ligated copper chalcogenolate 

complexes can be synthesized through the reactions of [(IPr)CuOAc] and 

polychalcogenotrimethylsilane reagents in good yields. Reactions of di- and tri-substituted 

1,4-(Me3SiECH2)2(C6Me4), 1,3,5-(Me3SiECH2)3(C6Me3) and 1,1´-fc(CH2ESiMe3)2 (E = S, 

Se) and 1,1’-fc(CH2ESiMe3)2 (E = S, Se) with [(IPr)CuOAc] proceed at room temperature. 

However, because of the instability of 24 at ambient temperatures, 1,2,4,5-

(Me3SiECH2)4(C6H2), was reacted with four equivalents of [(IPr)CuOAc] at -40 °C in THF. 

After warming to -25 °C and layering with cold pentane, 24 was obtained as colorless 

crystals. 

At present there are but a few examples of solid-state structures of NHC-copper 

chalcogenolate complexes.7a, 8, 17 In this study, single crystals of 1,4-

[{(IPr)CuECH2}2(C6Me4)] (E = S 18, E = Se 19), 1,1´-[fc(CH2ECuIPr)2] (E = S 20, E = Se 

21) and 1,2,4,5-[{(IPr)CuSeCH2}4(C6H2)] (24) suitable for X-ray diffraction study were 

obtained through solvent diffusion (pentane) to the reaction solutions (Table 4.1). 

Molecules of 18 and 19 crystallize in monoclinic space group P21/c. The molecular 

structures of 18 and 19, which reside about a crystallographic inversion center, confirm 

that the two (IPr)Cu-E moieties lie on opposite sides of the aromatic spacer (Figures 4.1 

and 4.2, respectively). The C-E-Cu angles in 18 and 19 (100.61(9)° and 97.48(2)°, 

respectively) are close to the C-E-Si angles in their corresponding 

trimethylsilylchalcogenide reagents 1,4-(Me3SiECH2)2(C6Me4) (E = S, 99.84(7) °; E = Se, 

97.47(1) °). The S-Cu (18 2.1363(8) Å) and Se-Cu (19 2.241(1) Å) distances are similar to 

those previously reported for chalcogenolate-copper(NHC) single bonds.7a, 17b These two 

molecular structures also illustrate the expected, near-linear coordination geometry of the 

copper(I) center (18 174.35(8) and 19 174.4(2)°). The central arene C6 in 18 and 19 is not 

parallel with either of the NHC C3N2, which are rotated relative to the central aromatic 

(29.55° for 18 and 29.64° for 19, respectively). The ferrocenyl complexes 20 and 21 also 

reside about a crystallographic inversion center in the monoclinic space group  
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P21/c. The two carbene-copper chalcogenolate groups are held in a trans configuration in 

the solid state with the two Cp rings adopting a staggered conformation (Figures 4.3 and 

4.4). The Fe atom sits on the crystallographic inversion center with the planes of the 

cyclopentadienyl rings parallel and the CH2 groups lying in the plane of their respectiveCp 

rings. Similar to 18 and 19, these two molecular structures reveal the near-linear 

coordination geometry for copper(I) centres (20 178.3(2) and 21 179.1(1)°). The imidazol-

2-ylidene and Cp rings are, however, not coplanar (rotated 54.92° for 20 and 55.09° for 

21). Due to the obtuse angles of Cp-CH2-E (113.7(4)° for both 20 and 21) and CH2-E-Cu 

(20 E = S, 105.6(2); 21 E = Se, 101.8(2)°) and the dihedral angles of Cp-CH2-E-Cu (20 E 

= S, 85.6(4)°; 21 E = Se, 87.3(4)°) the (IPr)Cu-E- groups are located away from each other. 

The angles of CH2-E-Cu in 20 and 21 are larger than those observed for 18 and 19. 

 

 

 
Figure 4.1. Thermal ellipsoid plot (40% probability level) of 18 with the selected atom 
numbering scheme. Hydrogen atoms and solvent molecule are omitted for clarity. Selected 
bond distances (Å) and angles (º): S1-Cu1 2.1363(8), Cu1-C7 1.893 (2), C5-S1 1.843(3), 
C5-S1-Cu1 100.61(9), S1-Cu1-C7 174.35(8). 
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Figure 4.2. Thermal ellipsoid plot (40% probability level) of 19 with the selected atom 
numbering scheme. Hydrogen atoms and solvent molecule are omitted for clarity. Selected 
bond distances (Å) and angles (º): Se1-Cu1 2.241(1), Cu1-C7 1.883 (6), C4-Se1 1.995(7), 
C4-Se1-Cu1 97.5(2), Se1-Cu1-C7 174.4(2). 
 
 
 

 

Figure 4.3. Thermal ellipsoid plot (40% probability level) of 20 with the selected atom 
numbering scheme. Hydrogen atoms and solvent molecules are omitted for clarity. 
Selected bond distances (Å) and angles (º): S1-Cu1 2.137(2), Cu1-C7 1.888 (5), C1-S1 
1.871(6), C1-S1-Cu1 105.6(2), S1-Cu1-C7 178.3(2), C2-C1-S1 113.7(4). 
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Figure 4.4. Thermal ellipsoid plot (40% probability level) of 21 with the selected atom 
numbering scheme. Hydrogen atoms and solvent molecules are omitted for clarity. 
Selected bond distances (Å) and angles (º): Se1-Cu1 2.248(1), Cu1-C7 1.900(5), C1-Se1 
1.991(6), C1-Se1-Cu1 101.8(2), Se1-Cu1-C7 179.1(1), C2-C1-Se1 113.7(4). 
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 Table 4.1. Crystallographic data and parameters for compounds 18, 19, 20, 21 and 24.[a] 

 

The 1H NMR spectra for 20 and 21 display the expected peaks for the equivalent carbene 

ligands, one singlet assigned to CH2 groups (20 2.94; 21 2.86 ppm) and two singlets 

assigned to the CH groups of the Cp ring (20 3.57, 3.40; 21 3.62, 3.43 ppm). In the 13C{1H} 

NMR spectra of 20 and 21 the peaks of CH2 groups are observed at 23.7 and 23.8 ppm, 

respectively. Three peaks corresponding to the central ferrocene are detected in 13C{1H} 

spectra, at 93.2 (Cipso), 68.3 and 67.5 for 20 and at 92.8 (Cipso), 68.2 and 67.6 ppm for 21. 

 18 19 20 21 24 

formula C66H88Cu2N4Se2 
∙C7H8 

C66H88Cu2N4Se2 
∙C6H6 

C66H84Cu2FeN4S2 

∙CH2Cl2 
C66H84Cu2FeN4Se2 

∙C5H12 
C118H154Cu4N8Se4 
∙3THF 

formula weight 1220.73 1300.51 1265.34 1346.36 2470.79 

crystal system monoclinic monoclinic monoclinic monoclinic triclinic 

space group P 21/c P 21/c P 21/c P 21/c P1  

a [Å] 12.333(3) 12.295(6) 20.836(8) 20.825(9) 13.006(4) 

b [Å] 18.948(4) 19.047(9) 9.596(4) 9.791(4) 14.080(5) 

c [Å] 15.858(3) 15.877(7) 16.941(5) 17.063(5) 19.173(7) 

α [°] 90 90 90 90 71.160(15) 

β [°] 112.28(3) 111.530(12) 101.905(8) 102.294(8) 89.187(15) 

γ [°] 90 90 90 90 65.456(10) 

V [Å3] 3429.1(14) 3459(3) 3314(2) 3399(2) 2993.2(17) 

Z 2 2 2 2 1 

ρcal [g cm-3] 1.182 1.249 1.268 1.315 1.692 

M (MoKα) [mm-1] 0.723 1.708 1.036 1.943 1.972 

F(000) 1304 1360 1332 1404 1290 

temperature [K] 110 110 110 110 110 

θmin, θmax [°] 2.80, 30.37 2.54, 23.64 2.74, 29.00 2.71, 30.09 2.35, 31.61 

total reflns 65891 53528 47566 75915 71877 

unique reflns 10494 5315 5323 5473 20161 

R(int) 0.0440 0.0306 0.0653 0.0600 0.0240 

R1 0.0538 0.0509 0.0680 0.0549 0.0459 

wR2 [I ≥ 2σ (I)] 0.1546 0.1433 0.2016 0.1589 0.1284 

R1 (all data) 0.0882 0.0973 0.0818 0.0669 0.0843 

wR2 (all data) 0.1883 0.1916 0.2128 0.1728 0.1610 

GOF 1.093 1.076 1.142 1.366 1.121 

[a]R1 = ∑(|Fo| - |Fc|)/∑Fo, wR2 = [∑( w(Fo2– Fc2)2)/∑(wFo2)]1/2, GOF = [∑(w(Fo2– Fc2)2)/(Nobservns - Nparams)]1/2 
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The facile assembly of these dicopper complexes suggested an expansion of the number 

of metal sites around the C6 tether via reagents with increasing number of ESiMe3. 

Although single crystals of 1,3,5-[{(IPr)CuECH2}2(C6Me3)] (E = S, 22, E = Se, 23) proved 

elusive, formation of these tri-chalcogenolate complexes could be confirmed via spectral 

and elemental analysis. The 1H NMR (CDCl3, 25 °C) spectra of 18, 19, 22 and 23 show 

the expected carbene peaks and two singlets assigned to CH2 and CH3 of the central spacer. 

The chemical shift values of the methylene groups are shifted significantly upfield (18 

2.61, 19 2.63, 22 2.94 and 23 2.98 ppm) compared to the corresponding polysilyl–

chalcogen precursors (3.72, 3.75, 3.72, 3.72 ppm, respectively). The chemical shift values 

of methyl groups bonded to the central arene ring (18 1.91, 19 1.91, 22 1.83, 23 1.80 ppm) 

slightly differ versus the corresponding precursors (2.32, 2.32, 2.46, 2.42 ppm, 

respectively). The 13C{1H} NMR spectra of 18, 19, 22 and 23, in addition to the expected 

peaks of the carbine ligand, reveal two extra signals in the aliphatic region for these CH2 

and CH3 groups (18 23.5, 16.0; 19 10.6, 16.0; 22 23.1, 15.4 and 23 10.2, 15.3 ppm, 

respectively) together with two extra signals in the aromatic region (18 138.8, 131.0; 19 

138.3, 130.9; 22 138.2, 131.3 and 23 137.8, 1309 ppm) from the corresponding spacers. 
77Se{1H} NMR spectra of 19 and 23 display sharp signals at -101.9 and -108.8 ppm 

respectively. 

The tetrasubstituted 1,2,4,5-(Me3SiSeCH2)4(C6H2) can be similarly used for the 

preparation of 1,2,4,5-[{(IPr)CuSeCH2}4(C6H2)] 24. Single crystal X-ray analysis 

illustrates that compound 24 forms two lateral four-membered butterfly shaped Cu2Se2 

rings on a central C6H2(CH2Se)4 spacer, involving a crystallographic inversion centre 

(Figure 4.5). In this structure, which crystallizes in the triclinic space group P1  with one 

molecule per unit cell, all copper atoms adopt distorted trigonal planar coordination 

environments and all are coordinated by two (bridging) selenolates and the carbon atom of 

the NHC ligand. As shown in Figure 4.5 the two adjacent carbene ligands on Cu2Se2 rings 

rotate by an angle of 66.80° with respect to one each other. In 24 the Cu⋯Cu distance 

(2.6705(8) Å) is significantly smaller than the sum of the van der Waals radii (2.80Å) while 

the Se⋯Se length (3.792(1) Å) is far too long to be assigned any direct intramolecular 

interaction. In the reported structural analyses of dinuclear copper(I)-chalcogenolates only 
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a few cases are known with a central four membered (Cu2E2) unit.18 Recently Fuhr and co-

workers reported a series of binuclear copper(I) thiolate and selenolate complexes 

[Cu2(ER)2(dpppt)2] (E = S, Se; R = alkyl or aryl group, dpppt = 1,5-

bis(diphenylposphino)pentane) through the reaction of solution of copper(I) acetate, and 

phosphine ligand (dpppt) in toluene with the addition of different monodentate 

chalcogenolate (RESiMe3) sources.19 The dinuclear Cu2E2 motif with a diamond-like 

structure is very well-known in biological systems and revealed the first metal-metal bond 

observed in nature.7d, 20 The short Cu···Cu distance enables the unit to act as a very efficient 

electron transfer agent, cycling between the oxidation states Cu(1.5)Cu(1.5) and 

Cu(I)Cu(I). It has motivated considerable efforts to understand the structure–function 

relationship in this highly unusual bimetallic center.7d, 20 

 

Figure 4.5. Thermal ellipsoid plot (40% probability level) of 24 with the selected atom 
numbering scheme. Hydrogen atoms, solvent molecules and disorders are omitted for 
clarity. Selected bond distances (Å) and angles (º): Cu1-Cu2 2.6705(8), Cu1-Se1 2.399(1), 
Cu1 Se2 2.3793(9), Cu2-Se1 2.4791(9), Cu2-Se2  2.5282(9), Cu2-C33  1.936(3), Cu1-C6  
1.928(2), Cu1-Se1-Cu2 66.36(2), Cu1-Se2-Cu2 65.85(2), Se1-Cu1-Se2 105.04(2), Se2-
Cu2-Se1 98.44(2), Se1-C4-C1 115.5(2), Se2-C5-C2 114.1(2), C4-Se1-Cu1 103.96(9), C4-
Se1-Cu2 90.97(9), C5-Se2-Cu1 106.68(8), C5-Se2-Cu2 92.79(8), C6-Cu1-Se1 126.8(1), 
C6-Cu1-Se2 127.4(1), C33-Cu2-Se1 130.39(9), C33-Cu2-Se2 128.83(9). 



 111 

The presence of two redox-active metal centers (Cu and Fe) in 20 and 21 make these 

complexes ideal candidates for investigating their redox properties. The reversibility and 

relative oxidation potentials of the redox processes in these compounds were investigated 

by cyclic voltammetry (CV) of 1mM solutions of each complex in dichloromethane, 

containing 0.1 M [(nBu)4N]PF6 as the supporting electrolyte. The cyclic voltammograms 

of 20 and 21 show two irreversible oxidations (Eox: 20 0.30, 0.50V; 21 0.20, 0.42V) and 

one chemically reversible oxidation processes (20 Eox: 0.70, ΔE: 0.13; 21 Eox: 0.73, ΔE: 

0.17 V) at scan rate of 100 mV s-1 (Figure 4.6). 

 

Figure 4.6. Cyclic voltammograms (CVs) of 1 mM solutions of 20 (solid) and 21 (dashed), 
in dichloromethane with 0.1m TBAPF6 as supporting electrolyte (Recorded at 100 mVs-1 
scan rate and are referenced to ferrocene  at 0.475 V vs SCE). 

 

The two small irreversible oxidation peaks might be correspondence to copper(I/II) 

oxidation. Lowering the intensity of these two irreversible oxidation peaks, in the second 

and third cycles, indicates the decomposition of 20 and 21 through the oxidation process 

(Figures 4.7 and 4.8). The dominant reversible peak is assigned to the reversible oxidation 

of Fe(II/III) in the ferrocene containing moieties that are formed after decomposition of 

these complexes. 
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Figure 4.7. Multicyclic voltammogram (CV) of 1 mm solutions of 20, in dichloromethane 
with 0.1m TBAPF6 as supporting electrolyte (Recorded at 100 mVs-1 scan rate and are 
referenced to ferrocene  at 0.475 V vs SCE). 

 

 
Figure 4.8. Multicyclic voltammogram (CV) of 1 mm solutions of 21, in dichloromethane 
with 0.1m TBAPF6 as supporting electrolyte (Recorded at 100 mVs-1 scan rate and are 
referenced to ferrocene  at 0.475 V vs SCE). 
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4.3 Experimental Section 
All syntheses were carried out under an atmosphere of high-purity dried nitrogen using 

standard double-manifold Schlenk line techniques and nitrogen-filled glove boxes unless 

otherwise stated. Solvents were dried and collected using an MBraun MB-SP Series solvent 

purification system with tandem activated alumina (tetrahydrofuran) and an activated 

alumina/copper redox catalyst (pentane). Chlorinated solvents (dichloromethane, 

chloroform, chloroform-d, dichloromethane-d2) were dried and distilled over P2O5.  

Other chemicals were used as received from commercial sources (Alfa Aesar and 

Aldrich). 1,4-(Me3SiECH2)2(C6Me4),5 1,3,5-(Me3SiECH2)3(C6Me3) (E = S, Se),5 1,2,4,5-

(Me3SiSeCH2)4(C6H2),5 1,1´-fc(CH2ESiMe3)2 (E = S, Se)21 and [(IPr)CuOAc]22 were 

synthesized according to literature procedures.  

NMR spectra were recorded on Varian Mercury 400, Inova 400 and Inova 600 NMR 

spectrometers. 1H and 13C{1H} chemical shifts are referenced to SiMe4, using solvent peak 

as a secondary reference; 77Se chemical shifts are referenced to Me2Se. HSQC 

(Heteronuclear Single Quantum Correlation) and HMBC (Heteronuclear Multiple Bond 

Correlation) spectroscopic techniques were used to assign the peaks for 13C{1H} NMR 

spectra. 

Elemental analysis was performed by Laboratoire d′Analyze Élementaire de 

l′Université de Montréal, Montréal, Canada. Samples were dried for twelve hours prior to 

sending for analysis. Experimentally obtained values of elemental analysis and NMR 

spectra suggests some residual lattice solvent remained. NMR spectra of the dried samples 

showed ~1 and 0.75 toluene molecule in the molecular formulas of 18 and 19 respectively.  

A Bas 100B\W Electrochemical Analyzer was used for cyclic voltammetry (CV) 

experiments. A homemade glassy carbon (GC, Tokai GC-20) working-electrode 3 mm in 

diameter was prepared by polishing over silicon carbide papers (500, 1200, 2400 and 4000) 

followed by diamond paste (Struers, 1 and 0.25 mm). The GC electrodes were stored in 

ethanol and polished before each set of experiments with the 0.25 mm diamond paste 

(Struers), rinsed with dry ethanol (Commercial Alcohols) and sonicated in dry ethanol for 
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5 minutes. Platinum wires served as the reference and counter electrodes. Electrochemical 

experiments were carried out in dry dichloromethane solutions of the analyte (~1 mM), 

containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting 

electrolyte. Potentials are referenced internally to ferrocene (~1 mM, 0.475 V vs. SCE)23 

added at the end of the experiments. 

Single-crystal X-ray diffraction measurements were completed on Bruker APEX-II 

CCD diffractometer equipped with graphite-monochromated Mo Kα (λ = 0.71073 Å) 

radiation. Single crystals of the complexes were carefully selected, immersed in paraffin 

oil and mounted on MiteGen micromounts. The structures were solved using direct 

methods and refined by the full-matrix least-squares procedure of SHELXTL.24 All non-

hydrogen atoms, with the exception of disordered carbon centers, were refined with 

anisotropic thermal parameters. Files CCDC XXXXXXXXX contain the supplementary 

crystallographic data for this paper. These data can be obtained free of charge from The 

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

4.3.1 Synthesis of 1,4-[{(IPr)CuSCH2}2(C6Me4)] 18  
To a solution of 67 mg [(IPr)CuOAc] (0.13 mmol) in 5 mL toluene was added to 24 mg 

1,4-(Me3SiSCH2)2(C6Me4) (0.065 mmol) in 5mL toluene at -40 °C. The mixture was stirred 

for 30 minutes and warmed up to the room temperature resulting a clear colourless solution. 

This solution was layered with 20-25 mL of pentane. Colourless block crystals suitable for 

X-ray diffraction were obtained after 4-5 days. The crystals were washed with 3×10 ml of 

pentane and dried under dynamic vacuum for further analyses (82 % yield); m.p. above 

260 °C. 

ü 1H NMR (CDCl3, 599.36 MHz, 25 °C): δ 7.43 (t, J = 7.81 Hz, 4H, para-CH), 7.26 

(d, J = 7.81 Hz, 8H, meta-CH), 7.08 (s, 4H, NCH), 3.11 (s, 4H, CH2), 2.59 (sept., J 

= 6.64 Hz, 8H, CH(CH3)2), 1.88 (s, 12H, Ar-CH3) 1.30 (d, J = 6.64 Hz, 24H, 

CH(CH3)2), 1.20 (d, J = 6.64 Hz, 24H, CH(CH3)2), ppm. 

ü 13C{1H} NMR (CDCl3, 100.53 MHz, 25 °C): 182.4 (NCCu), 145.6 (ortho-C), 138.8 

(central ring), 134.7 (ipso-C), 131.0 (central ring), 130.3 (para-C), 124.1 (meta-C), 

http://www.ccdc.cam.ac.uk/data_request/cif
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122.6 (NCH), 28.8 (CH(CH3)2), 24.7 (CH(CH3)2), 23.9 (CH(CH3)2), 23.5 (CH2) 16.0 

(Ar-CH3) ppm.  

ü Anal. Calcd for C66H90Cu2N4S2∙0.75C7H8: C, 71.33; H, 8.06; N, 4.67; S, 5.34. Found: 

C, 72.06; H, 8.12; N, 4.47; S, 5.58. 

 

4.3.2 Synthesis of 1,4-[{(IPr)CuSeCH2}2(C6Me4)] 19  
To a solution of 160 mg [(IPr)CuOAc] (0.312 mmol) in 5 mL toluene was reacted to 72 

mg 1,4-(Me3SiSeCH2)2(C6Me4) (0.156 mmol) in 5mL toluene as described for the 

preparation of 18. The resulting clear pale yellow solution was layered with 20-25 mL of 

pentane. Colourless crystals were obtained after 4-5 days. The crystals were washed with 

3×10 ml of pentane and dried under dynamic vacuum for further analyses. Repeating the 

reaction in benzene at room temperature followed by pentane diffusion in the gas phase to 

the mother liquor yielded colourless plate crystals suitable for X-ray diffraction (60 % 

yield); m.p. decomposed at ~240-245 °C.  

ü 1H NMR (CDCl3, 599.40 MHz, 25 °C): δ 7.45 (t, J = 6.63 Hz, 4H, para-CH), 7.28 

(d, J = 6.63 Hz, 8H, meta-CH), 7.11 (s, 4H, NCH), 3.05 (s, 4H, CH2), 2.63 (sept., J 

= 6.45 Hz, 8H, CH(CH3)2), 1.91 (s, 12H, Ar-CH3) 1.34 (d, J = 6.45 Hz, 24H, 

CH(CH3)2), 1.22 (d, J = 6.45 Hz, 24H, CH(CH3)2) ppm. 

ü 13C{1H} NMR (CDCl3, 100.61 MHz, 25 °C): 182.6 (NCCu), 145.6 (ortho-C), 138.3 

(central ring), 134.6 (ipso-C), 130.9 (central ring), 130.3 (para-C), 124.0 (meta-C), 

122.6 (NCH), 28.7 (CH(CH3)2), 24.7 (CH(CH3)2), 23.9 (CH(CH3)2), 15.9 (Ar-CH3), 

10.6 (CH2) ppm.  

ü 77Se{1H} NMR (CDCl3, 76.24 MHz, 25 °C) -101.9 ppm.  

ü Anal. Calcd for C66H90Cu2N4Se∙C7H8: C, 66.59; H, 7.50; N, 4.26. Found: C, 66.87; 

H, 7.43; N, 4.08. 
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4.3.3 Synthesis of 1,1´-[fc(CH2SCuIPr)2] 20  
To a solution of 124 mg of [(IPr)CuOAc] (0.242 mmol) in 5 mL chloroform was mixed 

with 51 mg 1,1´-fc(CH2SSiMe3)2 (0.121 mmol) in 5mL chloroform at -40 °C. The mixture 

was stirred for 30 minutes and warmed to room temperature resulting in a clear, pale orange 

coloured solution; this was layered with 30-35 mL of pentane. Yellow block crystals 

suitable for X-ray diffraction were obtained after two days. The crystals were washed with 

2×10 ml of diethyl ether and 2×10 ml of pentane and dried under dynamic vacuum for 

further analyses (80 % yield); m.p. 211-214 °C.  

ü 1H NMR (CDCl3, 400.08 MHz, 25 °C): δ 7.50 (t, J = 7.63 Hz, 4H, para-CH), 7.30 

(d, J = 7.63 Hz, 8H, meta-CH), 7.08 (s, 4H, NCH), 3.57 (s, 4H, Cp-H), 3.40 (s, 4H, 

Cp-H) 2.94 (s, 4H, CH2), 2.58 (sept., J = 7.04 Hz, 8H, CH(CH3)2), 1.32 (d, J = 7.04 

Hz, 24H, CH(CH3)2), 1.22 (d, J = 7.04 Hz, 24H, CH(CH3)2) ppm.  

ü 13C{1H} NMR (CDCl3, 150.73 MHz, 25 °C): 182.1 (NCCu), 145.7 (ortho-C), 134.7 

(ipso-C), 130.4 (para-C), 124.1 (meta-C), 122.7 (NCH), 93.2 (ipso-C5), 68.3 (Cp), 

67.5 (Cp),  28.8 (CH(CH3)2), 24.9 (CH(CH3)2), 23.9 (CH(CH3)2), 23.7 (CH2) ppm.  

ü Anal. Calcd for C66H84Cu2FeN4S2: C, 67.15; H, 7.17; N, 4.75; S, 5.43. Found: C, 

66.34; H, 7.23; N, 4.69; S, 5.22. 

 

4.3.4 Synthesis of 1,1´-[fc(CH2SeCuIPr)2] 21 
92 mg of [(IPr)CuOAc] (0.18 mmol) was reacted with 46.5 mg 1,1´-fc(CH2SeSiMe3)2 

(0.090 mmol) as described for the preparation of 20. The resulting clear orange solution 

was layered with 30-35 mL of pentane. Orange block crystals suitable for X-ray diffraction 

were obtained after two days. The crystals were washed with 2×10 ml of diethyl ether and 

2×10 ml of pentane and dried under dynamic vacuum for further analyses. (75 % yield); 

m.p. 186-189 °C.  

ü 1H NMR (CDCl3, 599.36 MHz, 25 °C): δ 7.51 (t, J = 7.04 Hz, 4H, para-CH), 7.32 

(d, J = 7.63 Hz, 8H, meta-CH), 7.10 (s, 4H, NCH), 3.62 (s, 4H, Cp-H), 3.43 (s, 4H, 

Cp-H) 2.86 (s, 4H, CH2), 2.60 (sept., J = 7.04 Hz, 8H, CH(CH3)2), 1.32 (d, J = 7.04 

Hz, 24H, CH(CH3)2), 1.22 (d, J = 7.04 Hz, 24H, CH(CH3)2) ppm.  
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ü 13C{1H} NMR (CDCl3, 100.53 MHz, 25 °C): 145.6 (ortho-C), 134.5 (ipso-C), 130.4 

(para-C), 124.1 (meta-C), 122.8 (NCH), 92.8 (ipso-C5), 68.2 (Cp), 67.6 (Cp),  28.7 

(CH(CH3)2), 24.9 (CH(CH3)2), 23.8 (CH(CH3)2), 9.4 (CH2) ppm. 

ü 77Se{1H} NMR (CDCl3, 76.24 MHz, 25 °C) -12.0 ppm.  

ü Anal. Calcd for C66H90Cu2N4Se: C, 62.21; H, 6.64; N, 4.40. Found: C, 61.43; H, 

6.88; N, 4.30. 

 

4.3.5 Synthesis of 1,3,5-[{(IPr)CuSCH2}3(C6Me3)] 22  
To a solution of 129 mg of [(IPr)CuOAc] (0.252 mmol) in 5 mL chloroform was added 

to 40 mg 1,3,5-(Me3SiSeCH2)3(C6Me3) (0.084 mmol) in 5mL chloroform at -40 °C. The 

mixture was stirred and warmed to room temperature, resulting in a colourless solution. 

The solvent and volatile (OAc)SiMe3 were removed under vacuum. The off-white residue 

was washed with 2×10 ml of diethyl ether and 2×10 ml pentane followed by drying under 

vacuum (70 % yield); m.p. 221-224 °C.  

ü 1H NMR (CDCl3, 599.36 MHz, 25 °C): δ 7.42 (t, J = 7.63 Hz, 6H, para-CH), 7.26 

(d, J = 7.63 Hz, 12H, meta-CH), 7.08 (s, 6H, NCH), 2.98 (s, 6H, CH2), 2.60 (sept., J 

= 6.45 Hz, 12H, CH(CH3)2), 1.83 (s, 9H, Ar-CH3) 1.32 (d, J = 6.45 Hz, 36H, 

CH(CH3)2), 1.20 (d, J = 6.45 Hz, 36H, CH(CH3)2), ppm. 

ü 13C{1H} NMR (CDCl3, 150.73 MHz, 25 °C): 182.6 (NCCu), 145.6 (ortho-C), 138.2 

(central ring), 134.7 (ipso-C), 131.3 (central ring), 130.4 (para-C), 124.0 (meta-C), 

122.5 (NCH), 28.7 (CH(CH3)2), 24.8 (CH(CH3)2), 23.9 (CH(CH3)2), 23.1 (ArCH2), 

15.4 (ArCH3) ppm.  

 

4.3.6 Synthesis of 1,3,5-[{(IPr)CuSeCH2}3(C6Me3)] 23  
To a solution of 92 mg of [(IPr)CuOAc] (0.18 mmol) in 5 mL chloroform was reacted 

to 37 mg 1,3,5-(Me3SiSeCH2)3(C6Me3) (0.060 mmol) in 5mL chloroform as described for 

the preparation of 22, resulting in a pale yellow solution. The solvent and volatile 

(OAc)SiMe3 were removed under vacuum. The pale yellow residue was washed with 2×10 
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ml of diethyl ether and 2×10 ml pentane followed by drying under vacuum (63.9 yield); 

m.p. 212-214 °C.  

ü 1H NMR (CDCl3, 599.36 MHz, 25 °C): δ 7.43 (t, J = 7.63 Hz, 6H, para-CH), 7.26 

(d, J = 7.63 Hz, 12H, meta-CH), 7.09 (s, 6H, NCH), 2.94 (s, 6H, CH2), 2.61 (sept., J 

= 6.45 Hz, 12H, CH(CH3)2), 1.80 (s, 9H, Ar-CH3) 1.34 (d, J = 6.45 Hz, 36H, 

CH(CH3)2), 1.22 (d, J = 6.45 Hz, 36H, CH(CH3)2), ppm.  

ü 13C{1H} NMR (CDCl3, 100.61 MHz, 25 °C): 182.7 (NCCu), 145.5 (ortho-C), 137.8 

(central ring), 134.5 (ipso-C), 130.9 (central ring), 130.3 (para-C), 124.0 (meta-C), 

122.4 (NCH), 28.6 (CH(CH3)2), 24.7 (CH(CH3)2), 23.8 (CH(CH3)2), 15.3 (central 

ring-ArCH3), 10.2 (CH2); 77Se{1H} NMR (CDCl3, 76.24 MHz, 25 °C) -108.8 ppm.  

 

4.3.7 Synthesis of 1,2,4,5-[{(IPr)CuSeCH2}4(C6H2)] 24  
To a solution of 145 mg [(IPr)CuOAc] (0.283 mmol) in 5 mL tetrahydrofuran was 

reacted to 52 mg 1,2,4,5-(Me3SiSeCH2)4(C6H2) (0.071 mmol) in 5mL tetrahydrofuran at -

40 °C, resulting in a pale yellow solution. The reaction solution was warmed up to -25 °C 

followed by layering with 40 ml pentane. Yellow block crystals suitable for X-ray 

diffraction were obtained after ten days. 

Repeating the same reaction in CDCl3 at -40 °C and maintaining the solution at -25 °C 

for 12 hours showed the concomitant formation of 1,2,4,5-[{(IPr)CuSeCH2}4(C6H2)] 24 

and the side product (AcO)SiMe3 via 1H NMR spectroscopy.  

ü 1H NMR (CDCl3, 599.36 MHz, 25 °C): δ 7.54 (t, J = 7.6 Hz, 8H, para-CH), 7.34 (d, 

J = 7.6 Hz, 48H, meta-CH), 7.19 (s, 8H, NCH), 2.57 (sept., J = 7.0 Hz, 16H, 

CH(CH3)2), 1.72 (s, 12H, Ar-CH2) 1.30 (d, J = 7.0 Hz, 48H, CH(CH3)2), 1.24 (d, J = 

7.0 Hz, 48H, CH(CH3)2), ppm. 
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4.4 Conclusion 
The results show that the polydentate trimethylsilyl chalcogenolate reagents provide a 

convenient route to prepare poly (NHC)carbene-copper-chalcogenolate complexes. The 

structure of 24 reveals that the pair of adjacent -CH2SeSiMe3 groups on 1,2,4,5-

(Me3SiSCH2)4(C6H2) precursor induces interesting butterfly shaped bimetallic Cu2Se2 

structures on two sides of the C6 ring, while complexes 1,4-[{(IPr)CuECH2}2(C6Me4)]  (E 

= S 18, E = Se 19) and 1,1´-[fc(CH2ECuIPr)2] (E = S 20, E = Se 21) exhibit near linear 

geometry on the Cu centers. The CVs of 20 and 21 show what appears to be two chemically 

irreversible oxidation processes and one single reversible oxidation peak. These might be 

due to the irreversible oxidation of Cu(I) centres and the reversible oxidation of ferrocene 

moiety incorporated on these complexes and reveal the electrochemical instability of these 

two copper-chalcogenolate complexes.   
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Chapter 5 

 

Simple but effective: thermally stable Cu–ESiMe3 

via NHC ligation 

 

(Mahmood Azizpoor Fard, Florian Weigend and John F. Corrigan, Chem. 
Commun., 2015, 51, 8361—8364) 

 

5.1 Introduction 

The chemistry of ligand stabilized copper(I) silyl chalcogenolates [LnCu-E-SiMe3] (L = 

trialkyl-, dialkylaryl- or alkyldiarylphosphine; n = 2, 3) and related complexes as a soluble 

source of “cuprachalcogenolate”, CuE-, has resulted in the formation of several interesting 

ternary metal-copper-chalcogenide clusters when these coordination complexes are reacted 

with a second metal salt.1,2 The high reactivity of copper bonded trimethylsilylchalcogen 

groups has led to a facile formation of mixed metal-copper-chalcogenide framework, 

through replacement of the chalcogen-silicon bond with a chalcogen-M´ interaction (M´ = 

In, Ga, Ag, Hg).1a,2 Larger –SiR3 substituents about the chalcogen can adversely affect 

these selective E-Si bond cleavage reactions.3 The approach of using a trimethylsilyl 

functionality on the chalcogen for a ternary M´ME cluster evolved from the extensive 

reaction chemistry of E(SiMe3)2 with Cu(I) which yields both molecular and nanoscopic 

copper(I) chalcogenide complexes that display rich and diverse structural features due to 

various coordination modes of both the copper(I) and chalcogen centres.4 There are now 

several copper(I)-chalcogenide based heterometallic clusters accessed by utilizing the 

reactivity of the copper trimethylsilylchalcogenolate and the ultimate ability of the 

chalcogenide ligands to adopt bridging coordination modes between different metal centres 
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including [Cu6In8S13Cl4(PEt3)12],2b [Hg15Cu20S25(PPr3)18]2b and 

[(Et3PCu)6(MeGa)4Ga4S13].2c 

To date, however, the low melting points and thermal instability of these [LnCu-ESiMe3] 

have made them relatively difficult to handle and store for longer periods of time with the 

adverse effect on being able to control their reactivity for ternary cluster formation. In part, 

this can be attributed to the rather labile nature of the coordinated tertiary phosphines. 

Using an alternate ancillary ligand such as IPr (IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazolin-2-ylidene), we set out to increase the thermal stability of Cu-

ESiMe3, at the same time promoting an oriented coordination on copper centre. We also 

reasoned that the strong bonding of IPr with Cu(I) would enhance the kinetic stability first 

formed Cu-S-M´ complexes. Here, as the first example, we introduced the N-heterocyclic 

carbene 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene (IPr) as the ancillary ligand in 

the synthesis of copper(I)-trimethylsilylchalcogenolates, [(IPr)Cu-ESiMe3] (E = S, 25; Se, 

26; Te, 27). We demonstrate the reactivity of the thiolate precursor in the synthesis of a 

mixed metal chalcogenide complexes (Hg-S-Cu), a rare example of a Cu(I)-Hg(II)-

chalcogenide polynuclear complex. 

N-heterocyclic carbenes (NHCs) now rival phosphines as ligands in organometallic 

chemistry and the extensive range of accessible NHC-based complexes continues to grow 

at a rapid rate.5 The strong σ-donor and relatively weak π-acceptor properties of NHCs bear 

similarities to the coordination characteristics of phosphines, although NHCs are generally 

better electron-donors.6 This provides thermodynamically stronger metal–ligand bonds, 

reflected in the typically greater bond dissociation energies and shorter metal–ligand bond 

lengths when compared to their phosphine counterparts, although notable exceptions to 

this trend arise when steric constraints interfere with metal–ligand binding.  

 

5.2 Results and Discussion 

The NHC 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene (IPr) has recently been 

shown to ligate with CuCl and, when treated with a source of PhS-, to promote terminal 
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coordination of the arylthiolate in [(IPr)Cu-SPh].7 When [(IPr)CuOAc] is treated with one 

equivalent of bis(trimethylsilyl)chalcogenide E(SiMe3)2 at -70 °C and stored at -25 °C, 

complexes [(IPr)Cu-ESiMe3] (25 E = S; 26 E = Se; 27 E = Te) are isolated via the addition 

of a hydrocarbon counter solvent and isolated in 50-62% yields as off-white solids (Scheme 

5.1a). Each can be stored under an inert atmosphere at room temperature. In all cases, only 

one -ESiMe3 is activated in E(SiMe3)2 to form 25-27, with no evidence of any other 

competitive side reactions. Indeed, monitoring the reactions via 1H NMR spectroscopy 

indicates the quantitative replacement of ligated OAc– with Me3SiE– and the concomitant 

formation of (AcO)SiMe3. 1H NMR spectra of isolated samples of [(IPr)Cu-SSiMe3] 25 in 

CDCl3 show, in addition to a set of resonances assigned to one IPr ligand, a high field 

resonance at -0.17 ppm from the coordinated -SSiMe3 which satisfactorily integrates as 

nine hydrogen atoms versus IPr (Figure 5.1). This chemical shift is at slightly higher field 

compared to those reported for this resonance in tetrahedral [L3Cu-SSiMe3].1a The 

selenium complex 26 (δ = -0.04 ppm) and the tellurium containing 27 (δ = 0.15 ppm) also 

display resonances at higher field for the –SiMe3 moieties (Figures 5.2 and 5.3) compared 

to [L3Cu-ESiMe3] but the trends in the differences (δΔ) on going from S→Se→Te within 

a series is similar in both cases. 

 
Scheme 5.1. Synthesis of 25-28 

25, 61.5% 
26, 55.4%  
27, 50.3% 

28, 20% 
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Figure 5.1. 1H NMR spectrum of 25 (CDCl3, -10 °C, 399.76 MHz). 

 

 

 

Figure 5.2. 1H NMR spectrum of 26 (CDCl3, -10 °C, 399.76 MHz). 

-CH- 

-CH(CH3)2 

-Si(CH3)3 

-CH- 

-CH(CH3)2 

-Si(CH3)3 
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Figure 5.3. 1H NMR spectrum of 27 (CDCl3, -15 °C, 399.76 MHz). 

 

Notably, the high melting points of the [(IPr)Cu-ESiMe3] (25; 171-172, 26; 166-168, 

27; 178-180 °C) are in stark contrast to those of the phosphine ligated [L3Cu-ESiMe3], the 

most thermally stable of which could only be handled below ~10°C and for which the 

tellurium analogues are prone to decomposition at the melting point.1b The relative 

stabilities of 25-27 in solution also facilitate their crystallization and multinuclear NMR 

analyses.  

The molecular structures 25-27, as determined via single crystal X-ray diffraction 

(Figures 5.4, 5.5, and 5.6, respectively) illustrate the expected, near-linear coordination 

geometry of the copper(I) centre (∠IPr-Cu-E = ~170-176°), and the orientation of the 

pendant -SiMe3 moiety bonded to the chalcogen atom. The nearly orthogonal angles for 

Cu-E-Si (1; 104.64(5)°, 2; 100.42(2)°, 3; 94.52(2)°) contrast with those for [L3Cu-ESiMe3] 

which range from ~120-130°.1a,1b,8 The copper-chalcogen and chalcogen-silicon bond 

lengths display the expected increase from sulfur to selenium to tellurium (Cu-E: 1; 

2.133(1), 2; 2.2431(7), 3; 2.424(1) Å, E-Si: 1; 2.105(2), 2; 2.2502(7), 3; 2.424(1) Å). 

Notable, however, is the markedly shorter Cu-E (Δ ~ 0.25-0.3 Å) in the two-coordinate 

NHC complexes versus tetrahedral [L3Cu-ESiMe3]. The shorter copper-chalcogen bond 

-CH- 

-CH(CH3)2 

-Si(CH3)3 
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lengths in 25, 26 and 27 may be attributed to increase in the s orbital character at the Cu 

(“sp” vs “sp3”). The Cu-C distances of 25-27 do not show any dependence on the nature of 

the chalcogen trans to the NHC ligand. Overall, the differences in Cu-E lengths and Cu-E-

Si angles are consistent with the different coordination numbers of the Cu atoms and related 

steric effects.  

 

 

Figure 5.4. The molecular structure of [IPrCu-SSiMe3] 25 (40% probability); 
Selected bond lengths (Å) and angles (°): C1-Cu1 1.885(3), Cu1-S1 2.133(1), S1-
Si1 2.105(2), C1-Cu1-S1 171.6(1), Cu1-S1-Si1 104.65(5). Hydrogen atoms are 
omitted. 
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Figure 5.5. The molecular structure of [IPrCu-SeSiMe3] 26 (40% probability); Selected 
bond lengths (Å) and angles (°): C1-Cu1 1.884(1), Cu1-Se1 2.2431(7), Se1-Si1 2.2502(7), 
C1-Cu1-Se1 170.68(5), Cu1-Se1-Si1 100.42(2). Hydrogen atoms are omitted. 

 

Figure 5.6. The molecular structure of [IPrCu-SeSiMe3] 27 (40% probability); Selected 
bond lengths (Å) and angles (°): C1-Cu1 1.902(2), Cu1-Te1 2.424(1), Te1-Si1 2.487(1), 
C1-Cu1-Te1 176.00(5), Cu1-Te1-Si1 94.52(2). Hydrogen atoms are omitted. 
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Table 5.1. Crystallographic data and parameters for compounds 25-28 
 25∙THF 26∙THF 27 28∙4CH2Cl2 
formula C30H45CuN2SSi∙THF C30H45CuN2SeSi∙THF C30H45CuN2SiTe C54H72Cu2HgN4S2∙4CH2Cl2 
formula weight 629.47 676.37 652.91 1508.64 
crystal system monoclinic monoclinic Monoclinic monoclinic 
space group C2/c C2/c P21/n P21/n 
a [Å] 28.986(15) 29.597(6) 9.789(3) 13.026(3) 
b [Å] 12.887(7) 12.842(3) 21.443(11) 16.803(3) 
c [Å] 19.067(9) 19.184(4) 15.580(6) 16.264(4) 
α [°] 90.00 90.00 90.00 90.00 
β [°] 92.619(12) 93.196(5) 100.673(19) 106.93(3) 
γ [°] 90.00 90.00 90.00 90.00 
V [Å3] 7115(6) 7280(3) 3214(2) 3405.6(14) 
Z 8 8 4 2 
ρcal [g cm-3] 1.175 1.234 1.349 1.471 
μ (MoKα) [mm-1] 0.733 1.659 1.626 3.279 
F(000) 2704 2848 1336 1524 
temperature [K] 110 110 110 110 
θmin, θmax [°] 2.51, 27.46 2.47, 36.21 2.83, 36.00 2.66, 29.58 
total reflns 60384 150833 109050 18008 
unique reflns 8905 17704 11631 5492 
R(int) 0.0771 0.0306 0.0305 0.0380 
R1 0.0573 0.0365 0.0249 0.0518 
wR2 [I ≥ 2σ (I)] 0.1633 0.1025 0.0836 0.1454 
R1 (all data) 0.1080 0.0625 0.0328 0.0658 
wR2 (all data) 0.2016 0.1284 0.0984 0.1676 
GOF 1.195 1.081 1.313 1.216 

 

The pendent –SiMe3 in M-SSiMe3 have been shown to react with M´-X (X = halide; 

carboxylate) to yield M-E-M´9 and the reaction of [(Pr3P)3CuSSiMe3] with Hg(OAc)2 has 

been shown to lead to the ternary cluster [Hg15Cu20S25(PPr3)18] via activation of the S-Si 

bond, and ligand stabilized assembly of the forming Cu-S-Hg units.2a Krautscheid and co-

workers recently reported the isolation the Lewis acid:base adduct [(iPr3P)2Cu(μ-

SSiMe3)(InMe3)], which can be described as the first formed interaction en route to 

activation of the S-Si bond.10 The use of the NHC stabilized Cu-ESiMe3 reagents in 25-27 

offers a complementary entry into the formation of ternary complexes where, because of 

the size of the NHC coupled with the inherent stability of the NHC-Cu bond, controlled 

M-E bond forming reactions and the isolation of low nuclearity fragments en route to larger 

architectures can be anticipated. When 25 is treated with 0.5 equivalent of Hg(OAc)2 at 

lower temperatures [{(IPr)CuS}2Hg] 28 forms (Scheme 5.1b). This is achieved via the 
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controlled cleavage of the S-Si bonds, the formation of mercuric sulfide bonds and 

generation of (AcO)SiMe3. Complex 28 (Figure 5.7) consists of a linear S-Hg-S 

arrangement with Hg-S distances of 2.309(2) Å, the Hg atom residing on a crystallographic 

inversion centre. The Cu-S-Hg angle (86.61(8)°) is significantly smaller than ∠Cu-S-Si in 

25 (104.64(5)°). Although the Cu-S (2.125(2) Å) and Hg-S distances are typical for Cu-

SR11 and Hg-SR11 interactions, the Cu-S-Hg angle (86.61(8)°) is markedly less than the 

Hg-S-C angles observed in [Hg(SAr)2].13 Despite the acute nature of ∠Cu-S-Hg (and 

Hg∙∙∙Cu = 3.044(1) Å), calculations at the DFT level (TPSS/dhf-TZVP)14a-c do not suggest 

any significant Hg∙∙∙Cu interactions. For instance, the shared electron numbers15 for Cu-

Hg amount to 0.04, for Hg-S, Cu-S and Cu-C they are about ten times larger, 0.39 to 0.48.  

The structural arrangement emphasizes the description of the (IPr)Cu-S- as a 

“cuprathiolate” moiety, two of which bond to Hg(II) to yield 28. The two IPr ligands in 28 

kinetically stabilize the structure from subsequent condensation reactions, en route to larger 

Cu(I)-Hg(II)-sulfide polynuclear complexes.2a,2b 

 

Figure 5.7. Molecular structure of [{(IPr)CuS}2Hg] 28 in the crystal (40 % 
probability; hydrogen atoms omitted). The cluster resides on a crystallographic 
inversion centre relating the two halves of the molecule. Selected bond lengths (Å) 
and angles (°): C1-Cu1 1.891(8), Cu1-S1 2.125(2), S1-Hg1 2.309(2), C1-Cu1-S1 
177.4(3), Cu1-S1-Hg1 86.61(8). Hg1…Cu1: 3.044(1) Å. 
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5.3 Experimental 

All synthetic and handling procedures were carried out under an inert atmosphere of 

high purity dried nitrogen using Schlenk line techniques and inert atmosphere glove boxes. 

Non-chlorinated solvents were dried using an MBraun MB-SP Series Solvent Purification 

system with tandem activated alumina (THF) or activated alumina-activated copper 

redox catalyst (pentane).  Chloroform-d and dichloromethane were dried and distilled over 

P2O5. Dichloromethane-d was purchased from CIL. Mercuric(II) acetate was used as 

received from commercial source (Aldrich). The corresponding carbene copper(I) acetate 

IPrCu(OAc),16 S(SiMe3)2,17 Se(SiMe3)2
9c and Te(SiMe3)2

9c were prepared according to 

literature procedures.  

NMR spectra were recorded on Varian Mercury 400, Inova 400 and Inova 600 NMR 

spectrometers. 1H and 13C chemical shifts are referenced to SiMe4, using residual solvent 

as a secondary peak (1H chemical shifts of compound 25 reference to trace amount of thf 

because of overlapping and low intensity of the CDCl3 solvent peak). 77Se chemical shift 

is referenced to Me2Se and 125Te chemical shift is referenced to Me2Te. The peak from 

CO2 in the 13C NMR spectra arises from dry ice, used for making NMR samples at low 

temperature. Elemental analysis was performed by Laboratoire d'Analyse Élementaire de 

l'Université de Montréal, Canada. 

Single-crystal X-ray diffraction measurements were completed on a Bruker APEX-II 

CCD diffractometer equipped with graphite-monochromated Mo Kα (λ = 0.71073 Å) 

radiation. Single crystals of the complexes were carefully selected, immersed in paraffin 

oil and mounted on MiteGen micromounts. The structures were solved using direct 

methods and refined by the full-matrix least-squares procedure of SHELXTL. All non-

hydrogen atoms, with the exception of disordered carbon atoms of the solvent, were refined 

with anisotropic thermal parameters. Hydrogen atoms were included as riding on their 

respective carbon atoms. In compound 28, one of the iso-propyl groups of the carbene was 

modelled as being disordered over two positions, with refined complementary site 

occupancy factors. Files CCDC 1045224-1045227 contain the supplementary 
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crystallographic data for this paper. These data can be obtained free of charge from the 

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

5.3.1 Synthesis of [IPrCuSSiMe3] 25 

46 μL of S(SiMe3)2 (0.218 mmol) was added to a cold (-70 °C) solution of one 

equivalent of IPrCu(OAc) (111 mg, 0.217 mmol) in 10 mL tetrahydrofuran, followed by 

storing the solution at -25 °C overnight. The reaction was layered with 30 mL of pentane 

at low temperature. Five to six days later colourless plate-like single crystals were obtained 

and identified by X-ray crystallography to be [IPrCuSSiMe3]. The crystals were washed 

with 3×10 mL cold pentane (-70°C) and dried under dynamic vacuum at 0°C.  

25 can be precipitated in higher yields by adding 40 mL of cold pentane to reaction 

solutions; storing at -25°C overnight forms an off-white suspension. Washing and drying 

the precipitated solid with 5×10 mL cold pentane, followed by drying under vacuum at 0 

°C, gives 25 as an analytically pure product as small crystals (62% yield); m.p. 171-172 

°C.  

ü 1H NMR (CDCl3, 399.76 MHz, -10 °C): δ 7.46 (t, J = 7.8 Hz, 2H, para-CH), 7.28 

(d, J = 7.8 Hz, 4H, meta-CH), 7.13 (s, 2H, NCH), 2.57 (sept., J = 7.0 Hz, 4H, 

CH(CH3)2), 1.31 (d, J = 7.0 Hz, 12H, CH(CH3)2), 1.22 (d, J = 7.0 Hz, 12H, 

CH(CH3)2), -0.17 (s, 9H, -Si(CH3)3) ppm.  

ü 13C{1H} NMR (CDCl3, 100.53 MHz, -10 °C): 181.1 (NCCu), 145.4 (ortho-C), 134.4 

(ipso-C), 130.2 (para-C), 124.0 (meta-C), 122.6 (NCH), 28.6 (CH(CH3)2), 24.9 

(CH(CH3)2), 23.9 (CH(CH3)2), 6.7 (-Si(CH3)3) ppm.  

ü Anal. Calcd for C30H45CuN2SSi: C, 64.64; H, 8.14; N, 5.03; S, 5.75. Found: C, 64.24; 

H, 8.28; N, 4.97; S, 5.49. 

 

http://www.ccdc.cam.ac.uk/data_request/cif
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5.3.2 Synthesis of [IPrCuSeSiMe3] 26 

53 μL of Se(SiMe3)2 (0.211 mmol) was reacted with one equivalent of of IPrCu(OAc) 

(108 mg, 0.211 mmol) in 10 mL tetrahydrofuran as described for the preparation of 25. 

Colourless single crystals suitable for X-ray diffraction were obtained after five to six days 

by layering the mother liquor with 30 mL of pentane at -25°C. 

 The product can be isolated as an off-white powder by adding 40-50 mL of cold pentane 

to reaction solutions at -25°C, as described for 25. Washing and drying the precipitated 

solid with 5×10 mL cold pentane, followed by drying under vacuum at 0 °C, gives 26 as 

small crystals (55% yield); m.p. 166-168 °C.  

ü 1H NMR (CDCl3, 399.76 MHz, -10 °C): δ 7.46 (t, J = 7.8 Hz, 2H, para-CH), 7.28 

(d, J = 7.8 Hz, 4H, meta-CH), 7.12 (s, 2H, NCH), 2.58 (sept., J = 7.0 Hz, 4H, 

CH(CH3)2), 1.31 (d, J = 7.0 Hz, 12H, CH(CH3)2), 1.21 (d, J = 7.0 Hz, 12H, 

CH(CH3)2), -0.04 (s, 9H, -Si(CH3)3) ppm.  

ü 13C{1H} NMR (CDCl3, 100.53 MHz, -10 °C): 181.6 (NCCu), 145.4 (ortho-C), 134.4 

(ipso-C), 130.2 (para-C), 124.0 (meta-C), 122.6 (NCH), 28.6 (CH(CH3)2), 25.0 

(CH(CH3)2), 23.9 (CH(CH3)2), 7.3 (-Si(CH3)3) ppm.  

ü 77Se NMR (CDCl3, 76.20 MHz, -10°C): -481 ppm.  

ü Anal. Calcd for C30H45CuN2SeSi: C, 59.63; H, 7.51; N, 4.64. Found: C, 58.43; H, 

7.89; N, 4.47. 

 

5.3.3 Synthesis of [IPrCuTeSiMe3] 27  

67 μL of Te(SiMe3)2 (0.237 mmol) was reacted with one equivalent of IPrCu(OAc) (121 

mg, 0.237 mmol)  in 10 mL tetrahydrofuran as described for the preparation of 25. 

Colourless single crystals suitable for X-ray diffraction were obtained after five to six days 

by layering the mother liquor with 35 mL of pentane at -25°C.  
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Compound 27 was isolated as an off-white powder according to the procedure for 25 

and 26; (50.3% yield); m.p. 178-180 °C.  

ü 1H NMR (CDCl3, 399.76 MHz, -15 °C): δ 7.47 (t, J = 7.8 Hz, 2 H, para-CH), 7.29 

(d, J = 7.8 Hz, 4 H, meta-CH), 7.12 (s, 2H, NCH), 2.58 (sept., J = 7.0 Hz, 4 H, 

CH(CH3)2), 1.33 (d, J = 7.0 Hz, 12 H, CH(CH3)2), 1.22 (d, J = 7.0 Hz, 12H, 

CH(CH3)2), 0.15 (s, 9H, -Si(CH3)3) ppm.  

ü 13C{1H} NMR (CDCl3, 100.53 MHz, -15 °C): 145.5 (ortho-C), 134.4 (ipso-C), 130.3 

(para-C), 124.0 (meta-C), 122.6 (NCH), 28.7 (CH(CH3)2), 25.1 (CH(CH3)2), 23.8 

(CH(CH3)2), 8.3 (-Si(CH3)3) ppm.  

ü 125Te NMR (CDCl3, 126.12 MHz, -15 °C): -1179 ppm.  

 

5.3.4 Synthesis of [(IPrCuS)2Hg] 28  

41 μL of S(SiMe3)2 (0.194 mmol) was added to a cold (-70 °C) solution of one 

equivalent of IPrCu(OAc) (99 mg, 0.194 mmol) in 10 mL tetrahydrofuran, followed by 

storage at -25 °C overnight. The reaction solution was cooled to -70 °C to mix with 0.097 

mmol Hg(OAc)2 (31 mg in 5 mL of thf) at this temperature. After warming to -25 °C and 

keeping the solution at this temperature for 2 hrs, the solvent was removed under vacuum 

at 0 °C. The off-white solid was redissolved in a minimum amount of cold dichloromethane 

and the solution layered with 30 mL cold pentane (-70 °C). Colourless blocks as single 

crystals suitable for X-ray diffraction were obtained after six to seven days (~20 % yield); 

m.p. 139-141 °C.  

ü 1H NMR (CD2Cl2, 599.38 MHz, 25 °C): δ 7.48 (t, J = 7.6 Hz, 4H, para-CH), 7.28 

(d, J = 7.6 Hz, 8H, meta-CH), 7.08 (s, 4H, NCH), 2.54 (sept., J = 7.0 Hz, 8H, 

CH(CH3)2), 1.27 (d, J = 7.0 Hz, 24H, CH(CH3)2), 1.18 (d, J = 7.0 Hz, 24H, 

CH(CH3)2) ppm.  

ü 13C{1H} NMR (CD2Cl2, 150.73 MHz, 25 °C): δ 146.2 (ortho-C), 135.3 (ipso-C), 

130.9 (para-C), 124.7 (meta-C), 123.3 (NCH), 29.2 (CH(CH3)2), 25.4 (CH(CH3)2), 

24.2 (CH(CH3)2) ppm.  

ü Anal. Calcd for C54H72Cu2HgN4S2: C, 55.48; H, 6.21; N, 4.79; S, 5.49. Found: C, 

56.74; H, 6.38; N, 4.78; S, 5.40. 
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5.4 Conclusions 

The strategy outlined above for the synthesis of NHC-stabilized Cu-ESiMe3 and 

the demonstrated reactivity in the formation of the copper-mercury sulfide cluster 

28 suggest a powerful route into a variety of ternary complexes. In this approach a 

thermally stable silylated chalcogenolate precursor of copper has allowed terminal 

coordination of two copper-sulfide units onto Hg(II) centre yielding the cluster 28, 

stable in both solution and the solid state. This suggests that complexes 25-27 may 

prove to be even superior synthons for the formation of stabilized heterometallic 

complexes compared to their phosphine analogues, including for the formation of 

the photovoltaic nanomaterials CuInS2 and related systems. We are actively 

developing these opportunities. 
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Chapter 6 

 

Stable –ESiMe3 Complexes of Cu(I) and Ag(I) (E = S, Se): 

New Synthons for Ternary Nanocluster Assembly 

 

 

 

6.1. Introduction 

To date the exploration of binary, late d-block metal-chalcogenide nanoclusters has been 

much more extensive1 than that of ternary (MM´E) (E = S, Se, Te) systems. This may be 

attributed, in part, to a lack of suitable “binary” reagents that can be employed to yield 

ternary chalcogenide clusters in a controlled manner. A general molecular synthetic route 

to access ternary nanoclusters is desirable since the incorporation of different metals in 

ternary clusters can markedly affect, for example, the photophysical properties,2 mirroring 

the tailoring of optical and electronic properties in extended solid materials.3 In this regard, 

metal-chalcogenolate complexes of the d-block containing trimethylsilyl moieties (M-

ESiMe3; E = S, Se, Te), continue to draw considerable attention4 due to their optimized 

reactivity which can be used for the controlled assembly of ternary cluster and nanocluster 

complexes.5 This is achieved via the selective cleavage of the E-Si bond when the “binary” 

silyl reagent, M-ESiMe3 is reacted with a second metal salt, Mˊ-X, to yield M-E-Mˊ units 

along with XSiMe3 and form, ultimately, a ternary polynuclear complex. This strategy has 

been demonstrated with the formation of phosphine stabilized ternary clusters from the 

reaction between [(R3P)nCu-ESiMe3] (E = S, Se) with In, Ga, Ag and Hg salts.6  

Not only do the steric and electronic properties of the ancillary phosphine play a role in 

the final size and shape of ternary metal chalcogenide nanocluster cores but they are key 
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components in the formation of the metal chalcogenolate precursors as well.1a Despite their 

utility, the coordination complexes of Cu and, especially, Ag are thermally sensitive even 

when isolated from solvent. Although enhanced thermal stability can be achieved with 

larger substituents about the silicon centre, this ultimately prohibits selective-Si bond 

cleavage with other metal salts. As part of the continued interest in developing the 

chemistry of metal chalcogenolate precursors,7 we communicated recently the use of an 

alternate ancillary ligand such as the N-heterocyclic carbene IPr (IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazolin-2-ylidene) to increase the thermal stability of Cu-ESiMe3, at 

the same time promoting an oriented coordination on the copper centre with the preparation 

of [(IPr)Cu-ESiMe3] (Chapter 5). We also demonstrated that the strong bonding of IPr with 

Cu(I) enhances the kinetic stability first formed [{(IPr)CuS2}Hg].8 

In this vein access to a range of [(NHC)M-ESiMe3] (NHC = N-heterocyclic carbene; M 

= Cu, Ag; E = S, Se) is of fundamental importance for the formation of new ternary metal 

chalcogenide nanocluster architectures. For a comparison with the recently reported 

[(IPr)Cu-ESiMe3]8 and to evaluate the influence of metal or ancillary ligand change on the 

structural features and thermal stability, here we report the synthesis, crystal structures and 

spectroscopic characterization of the new silver(I)- and copper(I)-

(trimethylsilyl)chalcogenolates stabilized with IPr and (iPr2-bimy) respectively: [(IPr)Ag-

ESiMe3] (E = S, 29; E = Se, 30) and [(iPr2-bimy)Cu-ESiMe3] (E = S, 32; E = Se, 33). We 

also describe details of the reactivity of 29 and 32 via the reaction with mercuric(II) acetate 

and the formation of the ternary mixed-metal clusters [{(IPr)AgS}2Hg], 31 and [{(iPr-

bimy)6Cu10S8Hg3] 34. 

 

6.2 Results and Discussion 

The facile synthetic route to 29 and 30 involves dissolving [(IPr)AgOAc] with one 

equivalent of bis(trimethylsilyl)chalcogenide in tetrahydrofuran at low temperature (-70 

°C) (Scheme 6.1). We have already shown that the large N-heterocyclic carbene ligand is 

critical for the stabilisation of [(IPr)Cu-ESiMe3], as it is essential to occupy/block the 
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coordination sites around the metal centre and to force terminal coordination of the formed 

silylchalcogenolate, thus avoiding the generation of polynuclear copper-chalcogenide 

complexes. Unlike the phosphine ligated metal silylchalcogenolates where an excess 

amount of phosphine is required to force terminal coordination of the chalcogenolate 

ligand, applying a large volume NHC such as the ligand IPr ensures such a terminal 

coordination on the metal centre. Thus when a solution of the N-heterocyclic carbene silver 

acetate adduct [(IPr)AgOAc] is cooled to -70 °C and one equivalent of 

bis(trimethylsilyl)chalcogenide is added, [(IPr)Ag-ESiMe3] forms selectively in good 

yields. Under these conditions, there is selective displacement of one of the two E–SiMe3 

bonds to yield 29 (S) and 30 (Se). Solutions are warmed to -25 °C and kept at that 

temperature for 10-12 hours, followed by layering with cold pentane to crystallize the 

coordination complexes.  
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Scheme 6.1. Synthesis of (a) [(IPr)Ag-ESiMe3] (E = S, 29; E = Se, 30); (b) [{(IPr)Ag-
E}2Hg] 31.    
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Complexes 29 and 30 crystallize as colourless blocks with relatively high melting points 

(29, 175-179; 30, 170-175 °C). The high thermal stability of 29 and 30 contrasts with those 

for [(R3P)nAg-ESiMe3] (T < 10 °C) and arises from the use of the ancillary ligand IPr. Such 

an improvement in the thermal stability, which also has already been shown for [(IPr)Cu-

ESiMe3], facilitates their crystal growth, purification and their “bottleability” for use in 

subsequent cluster forming reaction steps.  

Complete structural information was obtained for 29 and 30 from single-crystal X-ray 

crystallographic analyses (Table 6.1). The molecular structures of [(IPr)Ag-SSiMe3] 29 

and [(IPr)Ag-SeSiMe3] 30 are illustrated in Figures 6.1 and 6.2, respectively. The 

complexes 29 and 30 are the first examples of structurally characterized silver-

chalcogenolates containing the -ESiMe3 moiety.  

 

 

 
 
 
Figure 6.1. The molecular structure of [(IPr)Ag-SSiMe3], 29 (40% probability; 
hydrogen atoms are omitted); Selected bond lengths (Å) and angles (°): C1-Ag1 
2.089(6), Ag1-S1 2.341(2), S1-Si1 2.093(3), C1-Ag1-S1 175.2(2), Ag1-S1-Si1 
101.6(1). 
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Figure 6.2. The molecular structure of [IPrAg-SeSiMe3], 30 (40% probability; 
hydrogen atoms are omitted); Selected bond lengths (Å) and angles (°): C1-Ag1 
2.093(3), Ag1-Se1 2.4334(9), Se1-Si1 2.238(2), C1-Ag1-Se1 175.18(9), Ag1-Se1-
Si1 98.53(9). 
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Table 6.1. Crystallographic data and parameters for compounds 29, 30, 31, 32, 33 and 
34.[a] 

 

 
 
 
 
 
 
 

 29 30 31 32 33 34 

Formula C30H45AgN2SSi 
∙1THF 

C30H45AgN2SeSi 
∙1THF 

C54H72Ag2HgN4S2 

∙4THF 
C32H54Cu2N4S2  
∙1THF 

C32H54Cu2N4Se2 
∙2THF 

C78H108Cu10Hg3N12S8 

∙5.49THF 

formula weight 673.80 720.70 1546.02 814.27 980.18 3103.44 

crystal system triclinic triclinic triclinic monoclinic monoclinic monoclinic 

space group P1  P1  P1  C2/c P21/c P21/n 

a [Å] 10.196(2) 10.309(3) 14.614(3) 10.379(3) 20.371(5) 17.820(4) 

b [Å] 12.625(3) 12.604(5) 16.118(3) 16.442(4) 21.812(5) 34.856(4) 

c [Å] 16.038(5) 16.151(5) 16.572(3) 24.602(7) 21.819(6) 21.289(4) 

α [°] 67.516(13) 68.375(15) 88.030(8) 90 90 90 

β [°] 79.534(12) 78.886(13) 66.251(8) 94.930(13) 101.334(10) 100.093(10) 

γ [°] 71.104(9) 71.154(11) 87.115(9) 90 90 90 

V [Å3] 1800.8(9) 1839.9(10) 3567.8(11) 4182.7(19) 9506(4) 13018(4) 

Z 2 2 2 4 8 4 

ρcal [g cm-3] 1.243 1.301 1.439 1.293 1.370 1.583 

M (MoKα) [mm-1] 0.677 1.595 2.795 1.206 2.512 5.295 

F(000) 712 748 1580 1728 4064 6151 

temperature [K] 110 110 110 110 110 110 

θmin, θmax [°] 2.64, 30.00 2.60,  34.22 2.95, 28.17 2.48, 34.85 2.51, 29.25 2.61, 28.66 

total reflns 20047 25554 31783 69222 209634 561862 

unique reflns 5584 5942 21890 9133 29090 63135 

R(int) 0.0507 0.0377 0.0562 0.0422 0.0306 0.1237 

R1 0.0610 0.0333 0.0534 0.0277 0.0494 0.0686 

wR2 [I ≥ 2σ (I)] 0.1740 0.1028 0.1399 0.0904 0.1433 0.1879 

R1 (all data) 0.0735 0.0382 0.0967 0.0422 0.1237 0.1875 

wR2 (all data) 0.1945 0.1180 0.1954 0.1205 0.1713 0.2464 

GOF 1.141 1.125 1.075 1.175 1.033 1.038 
[a]R1 = ∑(|Fo| - |Fc|)/∑Fo, wR2 = [∑( w(Fo2– Fc2)2)/∑(wFo2)]1/2, GOF = [∑(w(Fo2– Fc2)2)/(Nobservns - Nparams)]1/2 
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Compounds 29 and 30 crystallize in space group P1 . Selected bond angles and 

distances, as well as those for the related [(IPr)Cu-ESiMe3] for comparison are summarized 

in Table 6.2. 29 and 30 display a slightly less distorted linear coordination geometry (C-

Ag-E ≈ 175°) compared to their copper analogues (C-Cu-E ≈ 171°).8 Expectedly, 29 and 

30 display longer metal-chalcogen and metal-carbon bonds versus [(IPr)Cu-ESiMe3]. 

These longer metal-chalcogen and metal-carbon distances are accompanied by a larger 

torsion angle between the pendent trimethylsilyl group and the plane defined by the 

imidazolin-2-ylidene ring of the carbene ligand. The M-E-Si angles in 29 and 30 are 

slightly larger than those for [(IPr)Cu-SSiMe3]8 and [(IPr)Cu-SeSiMe3].8 The silver-

chalcogen and chalcogen-silicon bond lengths display the expected increase from sulfur to 

selenium.  

Table 6.2. Selected bond lengths (Å), bond angles (°) and torsion angle (°) between the 
plane defined by the central ring of the IPr ligand and the E-Si vector of 29, 30 and the 
isostructural copper complexes.8 

 C-M-E (°) M-C (Å) M-E (Å) C3N2∙∙∙E-Si (°) M-E-Si (°) E-Si (Å) 

[(IPr)Ag-SSiMe3] 29 175.2(2) 2.089(6) 2.431(2) 15.3(3) 104.65(5) 2.093(3) 

[(IPr)Ag-SeSiMe3] 30 175.18(9) 2.093(3) 2.4334(9) 2.70(2) 100.42(2) 2.238(2) 

[(IPr)Cu-SSiMe3] 171.6(1) 2.133(1) 2.133(1) 85.1(5) 101.6(1) 2.105(2) 

[(IPr)Cu-SeSiMe3] 170.68(5) 1.884(1) 2.2431(7) 85.2(3) 98.53(4) 2.2502(7) 

 
 

Although 29 and 30 are unstable in solution above 0 °C, they remain stable in solvent 

for extended periods at lower temperatures. Monitoring the reactions for the formation of 

29 and 30 via 1H NMR spectroscopy at low temperatures indicates the quantitative 

replacement of the acetate group with -ESiMe3 to form [(IPr)Ag-ESiMe3] and 

(AcO)SiMe3. In addition to a set of resonances assigned to one molecule of (AcO)SiMe3 

and the coordinated IPr ligand, a high field signal is observed at -0.13 and -0.02 ppm from 

the coordinated -SSiMe3 and –SeSiMe3, respectively, which satisfactorily integrates as 

nine hydrogen atoms versus IPr. The chemical shifts of –ESiMe3 are at slightly lower field 

compared to those reported for their copper analogous (δ [IPrCuSSiMe3], -0.17; 

[IPrCuSeSiMe3], -0.04 ppm) and at considerably higher field compared to those reported 

in tetrahedral [L3Ag-ESiMe3] (L = R3P, δ 0.10-0.34 ppm). 13C{1H} NMR can also be used 
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confirm coordination of -ESiMe3 ligands, with a peak observed at 7.0 and 7.6 ppm for -

ESiMe3 in 29 and 30, respectively. 

The pendent –SSiMe3 in [(IPr)Cu-SSiMe3] have been shown to react with Hg(OAc)2 to 

yield the heterometallic complex [{(IPr)CuS}2Hg], which contains two (IPr)Cu-S- 

fragments bonded to a central Hg(II).8 This builds upon the reaction of [(Pr3P)3Cu-SSiMe3] 

with Hg(OAc)2 which has been shown to lead to the ternary cluster [Hg15Cu20S25(PPr3)18] 

via activation of S-Si bonds and the ligand stabilized assembly of the forming Cu-S-Hg 

units.6a  

The known reactivity of silver salts toward -ESiMe3 reagents in the assembly of Ag2S 

megaclusters9 makes Ag-ESiMe3 extremely attractive targets for the assembly of 

polynuclear Ag-E-M. Efforts to use [(L)nAgSSiMe3] (L= tertiary phosphine) for reactions 

with Hg(II) metal salts for ternary Ag-S-Hg cluster formation have proven more difficult 

than those for Cu vis à vis formation of monosdisperse clusters. However, the more stable 

chalcogenolates 29 offer an entry point for the formation of the first mercury-silver-sulfide 

ternary cluster. When 29 is treated with 0.5 equivalents of Hg(OAc)2 at low temperatures 

the trimetallic complex [{(IPr)AgS}2Hg] 31 forms (Scheme 6.1b). This is achieved via the 

controlled cleavage of the S-Si and the formation of mercury-sulfur bonds via the 

generation of (AcO)SiMe3. Layering reaction solutions with pentane at -25 °C leads to the 

formation of colourless, crystal blocks suitable for single-crystal X-ray analysis after 4-5 

days. The structure of 31 in the crystal consists of two independent [{(IPr)AgS}2Hg] 

molecules in the asymmetric unit (Figure 6.3) and each reside about a crystallographic 

inversion center. Data in the text refer to independent molecule 1. Molecules of 31 show 

near-linear S-Hg-S arrangements with Hg-S distances of 2.326(2) Å. The Ag-S-Hg angle 

(91.46(8)°) is significantly smaller than ∠Hg-S-Si in 29 (104.65(5)°) resulting in a short 

Ag∙∙∙Hg distance (3.3211(8) Å). While such an acute ∠M-S-M´ (and Hg∙∙∙Cu = 3.044(1) 

Å) was observed in [{(IPr)CuS}2Hg], calculations at the DFT level did not suggest any 

significant Hg∙∙∙Cu interactions.8 The structural arrangement emphasizes the description of 

the (IPr)Ag-S- as an “argentathiolate” moiety, two of which bond to Hg(II) to yield the 

cluster 31.  
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Figure 6.3. Molecular structure of [{(IPr)AgS}2Hg] 31 in the crystal (40% 
probability; hydrogen atoms omitted). Selected bond lengths (Å) and angles (°): C-
Ag 2.088(6), Ag-S 2.326(2), S-Hg 2.313(2), Hg-Ag 3.3211(8), C-Ag-S 175.9(2)-, 
Ag-S-Hg 91.46(8). 

 

The demonstrated, straightforward preparative chemistry for the formation of [(IPr)M-

ESiMe3] suggested that other NHC ligated M-ESiMe3 could also be targeted, which would 

provide flexibility in the assembly of different ternary frameworks (vide infra). In analogy 

with the work developed for PR3 ligands on metal-chalcogenide frameworks,1 this would 

open an interesting opportunity to begin the development of NHC/cluster relationships. In 

this vein the smaller NHC iPr2-bimy (iPr2-bimy = 1,3-diisopropylbenzimidazolin-2-

ylidene) was selected. The %Vbur at 2.00 Å for iPr2-bimy = 27.9, versus 44.5 for the larger 

IPr.10 The approach for the synthesis of [(iPr2-bimy)Cu-ESiMe3)] complexes 32 and 33 

parallels the procedure developed for the formation of the silver complexes 29 and 30 and 

reported [(IPr)Cu-ESiMe3]. Thus [(iPr2-bimy)Cu-OAc] was reacted with E(SiMe3)2 at -70 

°C (Scheme 6.2a) and complexes 32 and 33 crystallize as colorless block and needle 

crystals, respectively. Complex 32 shows relatively high thermal stability with the melting 

point of 91-93 °C, while 33, unexpectedly, is much more thermally sensitive, decomposing 

at temperatures above -25°C in the solid state. Indeed due to this sensitivity, complex 33 

can ultimately only be isolated as a pure product a few single crystals at a time, although 

monitoring reaction solutions via NMR spectroscopy indicate selective formation of 33.  
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Scheme 6.2. Synthesis of (a) [(iPr2-bimy)Cu-ESiMe3] (E = S, 32; E = Se, 33); (b) [{(iPr2-
bimy)6Cu10S8Hg3] 34.    

 

 

Complexes 32 and 33 were satisfactorily solved and refined in the space groups C2/c 

and P21/c, respectively (Figures 6.4 and 6.5). Crystals of 33 contain two virtually identical 

but independent molecules in the asymmetric unit; details in the text refer to molecule 1.  

Both 32 and 33 exist as [(iPr2-bimy)2Cu2(μ-ESiMe3)2] dimers in the solid state, with a 

hinged butterfly shaped E2Cu2 central ring (hinge angle: E = S 32,  119°; E = Se 33, 138°). 

Obviously the smaller size of the ancillary carbene (iPr2-bimy) compared to IPr provides 

access to the additional coordination spaces around the Cu metal and enables such a 

dimerization of two Cu-ESiMe3. All copper centers in 32 and 33 assume distorted, trigonal 

planar coordination geometry at the wingtip positions of the butterfly structure, ligated by 

one NHC and two μ2-ESiMe3 moieties. 
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Figure 6.4. The molecular structure of [(iPr2-bimy)Cu-SSiMe3], 32 (40% 
probability; hydrogen atoms omitted); Selected bond lengths (Å) and angles (°): C1-
Cu1 1.918(1), Cu1-S1 2.3105(9), S1-Si1 2.1133(7), C1-Cu1-S1 138.04(4), Cu1-S1-
Si1 109.04(2). 

 

 
Figure 6.5. The molecular structure of [(iPr2-bimy)Cu-SeSiMe3], 33 (40% 
probability; hydrogen atoms omitted); Selected bond lengths (Å) and angles (°): C-
Cu 1.916(4)-1.924(4), Cu-Se 2.3853(7)- 2.5149(8), Se-Si1 2.257(1)-2.259(2), C-
Cu-Se 115.3(1)-140.3(1), Se-Cu-Se 104.23(2)-104.44(2), Cu-Se-Cu 63.00(2)-
65.82(2), Cu-Se-Si 96.79(4)-104.96(4). 



 149 

In 32 the dimeric molecule resides about a two-fold axis. Interestingly both –SiMe3 

groups in 32 are found on the same side (cis) of the hinged central ring and oriented towards 

the wingtip positions. In this molecule the Cu-S bond lengths range from 2.3105(9) to 

2.3408(7) Å, the Cu-C bonds are 1.918(1) Å and the Cu∙∙∙Cu separation (2.7047(8) Å) is 

slightly shorter than the sum of the van der Waals radii for 2 x Cu(I) (2.80 Å). In the dimeric 

molecules of 33, the –SiMe3 moieties adopt a trans orientation. The Cu-Se-Cu angles of 

33 are smaller (63.00(2)°) compared to the related angles in 32 (71.19(2)°). On the other 

hand the Se-Cu-Se angle in 33 (103.86(2)°) is considerably larger than the related angle in 

32 (89.01(2)°). Consequently molecules of 33 show shorter Cu∙∙∙Cu separation (2.6125(9) 

Å) than is observed in 32. 

1H and 13C{1H} NMR spectra of 32 were obtained at low temperature via dissolving 

crystalline samples in CDCl3. Due to the lower stability of 33 in solution, spectral analysis 

was completed by monitoring reaction solutions. A clear, colorless reaction solution of 

[(iPr2-bimy)CuOAc] in deuterated chloroform was cooled to -40 °C and treated with 1 

equivalent of Se(SiMe3)2. The 1H and 13C{1H} NMR spectra of the reaction solution 

display, in addition to the peaks of ligated carbene, those arising from the formed 

(AcO)SiMe3 and the appearance of an additional signal in the high-field region assigned to 

the -SeSiMe3. There is an evident downfield shift observed in the 1H NMR spectra for the 

SiMe3 signals on going from S (0.25 ppm) to Se (0.45 ppm) (Figure 6.6). These chemical 

shifts are themselves well downfield from those of [(IPr)Cu-ESiMe3] (δ = -0.17 S; -0.04, 

Se)8 and this may suggest that the bridging interaction of the E-SiMe3 is retained in 

solution. Monitoring the 1H NMR spectra of 33 over a period of one hour at -35 °C revealed 

that the intensity of the peaks corresponding to 33 decreases accompanied via the growth 

of a new set of resonances for a iPr2-bimy containing species (Figure 6.7) together with an 

overall darkening of the color of the reaction solution to dark brown. 
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Figure 6.6. 1H NMR of [(iPr2-bimy)Cu-SeSiMe3], 33 (CDCl3, -35 °C, 399.76 MHz), ~20-
30 min after the reaction. 

 

 

 

Figure 6.7. 1H NMR of [(iPr2-bimy)Cu-SeSiMe3], 33 (CDCl3, -35 °C, 399.76 MHz), ~ 60-
80 min after the reaction. 
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The reactivity of the E-Si bond and the effect of the smaller NHC ligand in [(iPr2-

bimy)Cu-SSiMe3] are both demonstrated with the formation of the nanocluster [(iPr2-

bimy)6Cu10S8Hg3] 34, when a solution of 32 is treated with 0.5 equivalents of Hg(OAc)2 

(Scheme 6.2b). Storage of the reaction solution at -25 °C leads to the selective formation 

of yellow crystals of 34. X-ray analysis indicates that 34 is composed of 10 copper and 3 

mercury atoms and 8 sulfide bridging ligands, and this core is stabilized with six surface 
iPr2-bimy. This framework can be contrasted with that of [{(IPr)CuS}2Hg], which forms 

with the larger NHC under similar reaction conditions.8 In cluster 34 there are four, two-

coordinate near-linear Cu(I) in 34 bonded to two adjacent bridging sulfide atoms, one in 

the center (∠S-Cu-S = 176.32°) and three on the edges of the cluster (∠S-Cu-S = 

175.08(9)-177.14(9)°; Figure 6.8). The other six Cu(I) assume distorted trigonal planar 

geometry, bonded to two μ3-bridging sulfide ligands and each terminally bonded to a iPr2-

bimy. There is little variation observed in the Cu-C bond lengths (1.910(1)-1.959(9) Å) 

which are themselves similar to those in the precursor 32. The three Hg(II) are each bonded 

to two sulfide ligands, leading to a distorted linear S-Hg-S arrangement (∠S-Hg-S = 

172.42(8)-173.29(7)°). The Hg-S bond lengths range from 2.322(2) to 2.336(3) Å. Six 

sulfide ligands adopt μ3 face-capping coordination modes with one Hg and two Cu atoms. 

The other two sulfide ligands are μ4-bonded to the central Cu and three outer Cu. The 

closest Cu∙∙∙Cu and Cu∙∙∙Hg contacts are 2.762(1) and 2.971(1) Å, respectively, consistent 

with the d10 electron configurations on the metal.11 Structurally, cluster 34 can be viewed 

as being intermediate in size between the trinuclear [{(IPr)CuS}2Hg] and the phosphine 

ligated [Hg15Cu20S25(PPr3)18]6a although, clearly, the varying Cu:Hg ratio prevents a more 

in depth comparison. Each of these represents a rare example of a Cu(I)/Hg(II)-sulfide 

cluster. 

 



 152 

 

 
Figure 6.8. Molecular structure of [(iPr2-bimy)6Cu10S8Hg3] 34 in the crystal (a) 
Thermal ellipsoid diagram (40 % probability; hydrogen atoms omitted), (b) Space-
filling diagram of the (iPr2-bimy) surface ligands together with ball-and-stick 
diagram of the Cu10S8Hg3 core: Cu=orange, S=yellow, Hg=grey, C=black, H=white. 
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Crystals of [(iPr2-bimy)6Cu10S8Hg3] 34 display a broad emission at ~800 nm (Figure 

6.9); this can be contrasted with the recent reports by Eichhӧfer and co-workers on the 

luminescent properties of similarly sized [Cu12S6(L∩L)] clusters (L∩L = bidentate 

phosphine ligand), with strong, sharp emissions being observed ~ 700 nm.12 Crystals of 34 

are stable under an inert atmosphere at room temperature; however, in solution the clusters 

decompose quickly, as evidenced by the formation of a black-colored suspension in the 

reaction solution. Although crystals of 34 are unstable in solution, 1H and 13C{1H} NMR 

spectra can be obtained by dissolving the crystals in cold CDCl3 (-30 °C; NMR spectra of 

34 display only one set of resonances for the ligated carbenes.  

 

 

 

Figure 6.9. Photoluminescence emission spectra for 34 as dried crystalline powder 
measured at ambient temperature. 
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6.3 Experimental Section 

All syntheses were carried out under an atmosphere of high-purity dried nitrogen using 

standard double-manifold Schlenk line techniques and nitrogen-filled glove boxes unless 

otherwise stated. Solvents were dried and collected using an MBraun MB-SP Series solvent 

purification system with tandem activated alumina (tetrahydrofuran) and an activated 

alumina/copper redox catalyst (pentane). Chlorinated solvents (chloroform-d, 

dichloromethane-d2) were dried and distilled over P2O5.  

Other chemicals were used as received from commercial sources (Alfa Aesar and 

Aldrich). [(IPr)AgOAc],13 (iPr2-bimy).HI14 and E(SiMe3)2 (E = S, Se)5d, 15  were 

synthesized according to literature procedures.  

NMR spectra were recorded on Varian Mercury 400, Inova 400 and Inova 600 NMR 

spectrometers. 1H and 13C{1H} chemical shifts are referenced to SiMe4, using solvent peaks 

as a secondary reference.  

Elemental analysis was performed by Laboratoire d′Analyze Élementaire de 

l′Université de Montréal, Montréal, Canada. Samples were dried for ~twelve hours prior 

to send for analysis. Experimentally obtained values of elemental analysis and NMR 

spectra suggests some residual lattice solvent remained for 32 (~0.75 THF molecule per 

molecular formula).   

Single-crystal X-ray diffraction measurements were completed on a Bruker APEX-II 

CCD  diffractometer equipped with graphite-monochromated Mo Kα (λ = 0.71073 Å) 

radiation. Single crystals of the complexes were carefully selected, immersed in paraffin 

oil and mounted on MiteGen micromounts. The structures were solved using direct 

methods and refined by the full-matrix least-squares procedure of SHELXTL.16 All non-

hydrogen atoms, with the exception of disordered carbon centers, were refined with 

anisotropic thermal parameters. For 31, the TWIN command in SHELXTL was used to 

refine the structure. In 34 some of the disordered THF solvents in the crystal packing were 

removed by the SQUEEZE program. Solid state PL spectra were obtained at room 

temperature using the experimental setup shown in Figure 6.10. An excitation beam from 
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laser diode (US-Lasers, Inc.) with wavelength 405 ± 10 nm and power output of 120 mW 

was filtered using a low pass (405 nm) filter. The emitted fluorescence was filtered using 

a long pass filter and analyzed using a HRS-BD1 Mightex Spectrometer equipped with 

CCD multichannel detector with entrance slit size 10 µm and wavelength range 300-1050 

nm. Calibration and data processing were performed with custom-made code using Matlab 

(version 2014) software. 

To prepare samples for solid state PL measurements, a small amount of solid material 

was suspended in 1-2 ml of pentane. One drop of such a suspension was placed on a cleaned 

Si wafer and allowed to evaporate; procedure was repeated until desired density of 

coverage was achieved, then the substrate with a thin film of a sample was thoroughly 

dried, finally under vacuum. 

 

 

 

 

Figure 6.10. Schematic of the experimental setup used for PL measurements in solid state. 
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6.3.1 Synthesis of [(IPr)Ag-SSiMe3] 29 

38 μL of S(SiMe3)2 (0.18 mmol) was added to the cold (-70 °C) solution of one 

equivalent of [(IPr)AgOAc] (100 mg, 0.18 mmol) in 10 mL tetrahydrofuran, followed by 

storing the solution at -25 °C overnight. The reaction was layered with 30 mL of pentane 

at this temperature. Colorless, block-like single crystals formed after 3-4 days. The crystals 

were washed with 3×10 mL cold pentane (-70°C) and dried under dynamic vacuum (75 % 

yield); m.p. 175-179 °C.  

Performing the reaction in CDCl3 at -40 °C and maintaining the solution at -25 °C 

confirmed the concomitant formation of [(IPr)Ag-SSiMe3] and the side product 

(AcO)SiMe3 via 1H NMR spectroscopy.  

ü 1H NMR for 29 (CDCl3, 599.36 MHz, 25 °C): δ 7.46 (t, J = 7.6 Hz, 2H, para-CH), 

7.28 (d, J = 7.6 Hz, 4H, meta-CH), 7.18 (s, 2H, NCH), 2.56 (sept., J = 7.0 Hz, 4H, 

CH(CH3)2), 1.29 (d, J = 7.0 Hz, 12H, CH(CH3)2), 1.20 (d, J = 7.0 Hz, 12H, 

CH(CH3)2), -0.13 (s, 9H, -Si(CH3)3) ppm.  

ü 13C{1H} NMR (CDCl3, 100.53 MHz, -30 °C): 145.3 (ortho-C), 134.5 (ipso-C), 130.3 

(para-C), 124.0 (meta-C), 123.1 (NCH), 28.5 (CH(CH3)2), 24.9 (CH(CH3)2), 23.9 

(CH(CH3)2), 7.0 (-Si(CH3)3) ppm.  

ü Anal. Calcd for C30H45AgN2SSi: C, 59.88; H, 7.45; N, 4.66; S, 5.33. Found: C, 60.02; 

H, 7.56; N, 4.63; S, 4.32. 

 

6.3.2 Synthesis of [(IPr)AgSeSiMe3] 30  

35 μL of Se(SiMe3)2 (0.14 mmol) was reacted with one equivalent of [(IPr)AgOAc] (78 

mg, 0.14 mmol)  in 10 mL tetrahydrofuran as described for the preparation of 29. 

Colourless block single crystals suitable for X-ray diffraction were obtained after five to 

six days by layering the mother liquor with 30 mL of pentane at -25 °C (55 % yield); m.p. 

170-175 °C. 
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Monitoring this reaction via 1H NMR spectroscopy in CDCl3 showed the formation of 

30 and trimethylsilylacetate.  

ü 1H NMR (CDCl3, 399.76 MHz, -30 °C): δ 7.47 (t, J = 7.8 Hz, 2H, para-CH), 7.28 

(d, J = 7.8 Hz, 4H, meta-CH), 7.21 (s, 2H, NCH), 2.51 (sept., J = 7.0 Hz, 4H, 

CH(CH3)2), 1.30 (d, J = 7.0 Hz, 12H, CH(CH3)2), 1.20 (d, J = 7.0 Hz, 12H, 

CH(CH3)2), -0.02 (s, 9H, -Si(CH3)3) ppm.  

ü 13C{1H} NMR (CDCl3, 100.53 MHz, -30 °C): 145.3 (ortho-C), 134.5 (ipso-C), 130.3 

(para-C), 124.0 (meta-C), 123.1 (NCH), 28.5 (CH(CH3)2), 25.0 (CH(CH3)2), 23.8 

(CH(CH3)2), 7.6 (-Si(CH3)3) ppm.  

ü Anal. Calcd for C30H45AgN2SeSi: C, 55.55; H, 6.99; N, 4.32. Found: C, 55.59; H, 

7.10; N, 4.25. 

 

6.3.3 Synthesis of [{(IPr)AgS}2Hg] 31  

53 μL of S(SiMe3)2 (0.251 mmol) was added to the cold (-70 °C) solution of one 

equivalent of [(IPr)AgOAc] (140 mg, 0.251 mmol) in 10 mL tetrahydrofuran, followed by 

storage at -25 °C overnight. The reaction solution was cooled down to -70 °C again to mix 

with 5 mL solution of 125 mmol Hg(OAc)2 (40 mg) at this temperature. After warming 

and keeping the solution to -25 °C for 6 hrs, the solvent was layered with cold pentane (-

70 °C). Colourless block single crystals suitable for X-ray diffraction were obtained after 

five to six days (~30 % yield); m.p. 190 -195 °C (decom.).  

ü 1H NMR (CDCl3, 399.76 MHz, -30 °C): δ 7.44 (t, J = 7.8 Hz, 4H, para-CH), 7.23 

(d, J = 7.8 Hz, 8H, meta-CH), 7.14 (s, 4H, NCH), 2.45 (sept., J = 7.0 Hz, 8H, 

CH(CH3)2), 1.24 (d, J = 7.0 Hz, 24H, CH(CH3)2), 1.14 (d, J = 7.0 Hz, 24H, 

CH(CH3)2) ppm.  

ü 13C{1H} NMR (CDCl3, 100.53 MHz, -30 °C): δ 145.2 (ortho-C), 134.4 (ipso-C), 

130.4 (para-C), 124.0 (meta-C), 122.9 (NCH), 28.5 (CH(CH3)2), 25.2 (CH(CH3)2), 

23.7 (CH(CH3)2) ppm.  

ü Anal. Calcd for C30H45AgN2SeSi: C, 51.57; H, 5.77; N, 4.45; S, 5.10. Found: C, 

51.77; H, 5.89; N, 4.45; S, 5.05. 
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6.3.4 Synthesis of [(iPr2-bimy)CuOAc]  

A 100-mL Schlenk flask was charged with copper(I) acetate (0.67 g, 5.49 mmol) and 
iPr2-bimy. THF (25 mL) was added via syringe. The resulting cloudy yellow solution was 

stirred for 12 hours, and then filtered through Celite. The clear, gold-colored filtrate was 

dried in vacuo affording [(iPr2-bimy)CuOAc] as an off-white powder, 1.62 g (90.8 %); m.p. 

145-148 °C.  

ü 1H NMR (CDCl3, 399.76 MHz, 25 °C): δ 7.55 (m, 2H), 7.33 (m, 2H), 5.09 (sept., J 

= 7.0 Hz, 2H, CH(CH3)2), 2.15 (br, 3H, CH3C(O)2) 1.77 (d, J = 7.0 Hz, 12H, 

CH(CH3)2) ppm.  

ü 13C{1H} NMR (CD2Cl2, 100.53 MHz, 25 °C): 133.2, 123.3,112.0 (Ar-C), 52.6 

(CH(CH3)2), 22.9 (CH(CH3)2) ppm.  

ü Anal. Calcd for C15H21CuN2O2: C, 55.45; H, 6.52; N, 8.62. Found: C, 55.25; H, 6.56; 

N, 8.56. 

 

6.3.5 Synthesis of [(iPr2-bimy)CuSSiMe3] 32  

83 μL of S(SiMe3)2 (0.33 mmol) was added to a cold (-70 °C) solution of [(iPr2-

bimy)CuOAc] (108 mg, 0.33 mmol) in 10 mL tetrahydrofuran, followed by storing the 

solution at -25 °C overnight. The reaction was layered with 30 mL of pentane at low 

temperature. Three to four days later colorless block-like single crystals were obtained. 

The crystals were washed with 3×10 mL cold pentane (-70°C) and dried under dynamic 

vacuum for further analysis (45 % yield); m.p. 91-93 °C.  

ü 1H NMR (CD2Cl2, 399.76 MHz, -60 °C): δ 7.58 (m, 2H), 7.32 (m, 2H), 5.08 (sept., 

J = 7.0 Hz, 2H, CH(CH3)2), 1.69 (d, J = 7.0 Hz, 12H, CH(CH3)2), 0.25 (s, 9H, -

Si(CH3)3) ppm.  

ü 13C{1H} NMR (CD2Cl2, 100.53 MHz, -60 °C): 132.7, 122.9,112.2 (Ar-C), 52.7 

(CH(CH3)2), 22.5 (CH(CH3)2), 6.9 (-Si(CH3)3) ppm.  

ü Anal. Calcd for C16H27CuN2SSi∙0.75THF: C, 53.67; H, 7.82; N, 6.59; S, 7.54. Found: 

C, 53.15; H, 8.06; N, 6.93; S, 7.38. 
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6.3.6 Synthesis of [(iPr2-bimy)CuSeSiMe3] 33  

74 μL of Se(SiMe3)2 (0.296 mmol) was added to the cold (-70 °C) solution of one 

equivalent of [(iPr2-bimy)CuOAc] (96 mg, 0.296 mmol) in 10 mL tetrahydrofuran, 

followed by storing the solution at -40 °C overnight. The reaction was layered with 30 mL 

of pentane at low temperature. Three to four days later colourless needle-like single crystals 

formed. The crystals were washed with 3×10 mL cold pentane (-70°C) and dried under 

dynamic vacuum for further analysis (~ 10 % yield). 

ü 1H NMR (CDCl3, 399.76 MHz, -35 °C): δ 7.57 (m, 2H), 7.33 (m, 2H), 5.14 (sept., 

J = 7.0 Hz, 2H, CH(CH3)2), 1.72 (d, J = 7.0 Hz, 12H, CH(CH3)2), 0.45 (s, 9H, -

Si(CH3)3) ppm;  

ü 13C{1H} NMR (CDCl3, 100.53 MHz, -35 °C): 132.6, 123.1,112.2 (Ar-C), 52.6 

(CH(CH3)2), 22.7 (CH(CH3)2), 7.6 (-Si(CH3)3) ppm.  

 

6.3.7 Synthesis of [(iPr2-bimy)6Cu10S8Hg3] 34 

A solution of [(iPr2-bimy)Cu-SSiMe3]  (0.37 mmol) in 10 mL THF, prepared as 

described above and cooled to -70 °C, was added to a  5 mL solution of 0.18 mmol of 

Hg(OAc)2 (57 mg) in THF at this temperature. The yellow solution was warmed to -25 °C. 

and maintained at this temperature Yellow, block-like single crystals suitable for X-ray 

diffraction were obtained after six days (50 % yield); m.p. (decomp.) ~100 °C.  

ü 1H NMR (CDCl3, 399.76 MHz, -30 °C): δ 7.78 (m, 2H), 7.52 (m, 2H), 5.33 (sept., J 

= 7.0 Hz, 2H, CH(CH3)2), 1.74 (d, J = 7.0 Hz, 12H, CH(CH3)2) ppm.  

ü 13C{1H} NMR (CDCl3, 100.53 MHz, -30 °C): 129.2, 125.6,114.8 (Ar-C), 52.1 

(CH(CH3)2), 21.0 (CH(CH3)2) ppm. 

ü  Anal. Calcd for C78H108Cu10Hg3S8N12: C, 34.60; H, 4.02; N, 6.21; S, 9.47. Found: 

C, 35.07; H, 4.29; N, 5.89; S, 9.54. 
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6.4 Conclusion 

Exploiting the stabilizing effect of ligated N-heterocyclic carbenes to metal-

chalcogenolate M-ESiMe3 moieties, here we have isolated [(IPr)Ag-ESiMe3] and [(iPr2-

bimy)Cu-ESiMe3] (E = S, Se) complexes. The reaction of [(IPr)Ag-SSiMe3] with 

mercuric(II) acetate afforded the heterometallic complex [{(IPr)AgS}2Hg], representing 

the first example of a mixed silver-mercury-sulfide cluster complex. The smaller NHC iPr2-

bimy provides decent stability for –Cu-SSiMe3, although [(iPr2-bimy)Cu-SeSiMe3] was 

dramatically less thermally stable. Using [(iPr2-bimy)Cu-SSiMe3] as a precursor for ternary 

cluster formation led to the high nuclearity  [(iPr2-bimy)6Cu10S8Hg3] demonstrating the 

dramatic effect of changing surface ligands in this system. The strategy outlined above for 

the synthesis of NHC stabilized metal chalcogenolate complexes offers a powerful new 

route into a variety of binary and ternary metal-chalcogen clusters. 
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Chapter 7 

 

Functional -ESiMe3 Containing Reagents: From Organo-

polychalcogenolates to NHC Ligated M-E-SiMe3 

 

 

 

7.1 Conclusion and Future Work 

The research described in this thesis focused around two main aspects of chalcogen 

chemistry. First, the preparation of a new series of polychalcogenolate complexes and their 

potential in the synthesis of polychalcogenoesters was developed (Chapter 2). Furthermore, 

their coordination behavior was explored in different systems (Chapter 3 and 4). In the 

second area, a new methodology to prepare thermally stable “metallachalcogenolate” 

precursors via the ligation of ancillary N-heterocyclic carbene ligands was probed. 

Also developed was the behavior of these complexes in reactions with a second metal salt 

as a route to ternary MM´E clusters.   

 

7.1.1 Polychalcogenolates 

In Chapter 2 a straightforward synthesis of a novel series of di-, tri-, and tetra-

chalcogenotrimethylsilanes (Ar(CH2ESiMe3)n, E = S, Se, n = 2 , 3 and 4) was described. 

These complexes are prepared by the reaction of lithium/sodium 

(trimethylsilyl)chalcogenolate Li/Na[ESiMe3] with the corresponding polyorganobromide. 



 164 

As was already highlighted, these complexes are the first examples of molecules containing 

such a large number of reactive –ESiMe3 groups onto an organic spacer.  

These reagents represent a new class of reactive poly-functionalized precursors for the 

facile preparation of poly chalcogenoesters; the latter have attracted considerable attention 

due to in part the importance of these systems in organic synthesis. In this context the 

reaction between these poly chalcogenolate precursors and ferrocenyl acid chloride led to 

the formation of a new series of polyferrocenylseleno- and thioester assemblies. This 

methodology can be applied in the synthesis of other polychalcogenoesters via reactions 

with various acyl chlorides. 

It has been demonstrated previously that silylated chalcogen reagents of the type 

RESiMe3 (R = an organic group, E = S, Se) are a convenient source of organo-chalcogenide 

(RE-) in metal chalcogen bond formation reactions.1 As part of the continued interest in 

developing this methodology in the synthesis of polymetallic chalcogenolates via 

organochalcogenotrimethylsilane reagents, the coordination chemistry of Ar(CH2ESiMe3)n 

in two different systems was developed. In the first system, which was discussed in Chapter 

3, the reaction of [(dppp)PdCl2], (1,3-bis(diphenylphosphino)propane)palladium(II), with 

Ar(CH2ESiMe3)n (E = S, Se) when n = 2 (ortho) or 4 (1,2,4,5) provided a single- or double- 

butterfly shaped Pd2E2 cluster on the aromatic spacer, respectively. In the second system 

(Chapter 4) the silylated reagents Ar(CH2ESiMe3)n (n = 2 (para), 3 (1,3,5)) were used to 

form a series of multinuclear carbene-copper chalcogenolates complexes, Ar(CH2ECuIPr)n 

via reaction with [(IPr)CuOAc]. These results represent a new route to prepare suitable 

polydentate chalcogen based spacers in the synthesis of organic-inorganic frameworks. 

Future work could involve further expansion of this methodology by using various carbene 

metal salts and exploring their structural features. 

 

 7.1.2 [(NHC)M-ESiMe3] 

The molecular precursor approach to ternary nanocluster MEMˊ (M = coinage metal, E 

= S, Se, Te; Mˊ = second metal) was investigated and is described in Chapter 5 and 6. Prior 
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work in this area centred on precursors that are stabilized via the coordination of tertiary 

phosphines (trialkyl-, dialkylaryl- or alkyldiarylphosphine) to copper(I)- and silver(I)-

trimethylsilylchalcogenolates. While these sources of “metallachalcogenolate”, ME- 

resulted in the formation of several interesting ternary M-E-M´ clusters, their low melting 

points and thermal instability render them relatively difficult to handle. In this context 

using the alternate ancillary ligand N-heterocyclic carbene (NHC), the stability of M-

ESiMe3 was increased at the same time promoting an oriented coordination on the metal 

centre. 

In Chapter 5, the preparation of a series of thermally stable NHC ligated copper 

chalcogenolate complexes of the general formula [(IPr)Cu-ESiMe3] (IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazolin-2-ylidene; E = S, Se, Te) was described. These complexes 

can be prepared selectively in high yield and are useful precursors for ternary M-E-M´.  

The reaction of [(IPr)Cu-SSiMe3] with mercuric(II) acetate affords the heterometallic 

complex [{(IPr)CuS}2Hg] containing two (IPr)Cu-S- fragments bonded to a central Hg(II).  

In Chapter 6 it was confirmed that the synthesis of the isostructure silver complexes, 

[(IPr)Ag-ESiMe3] (E = S, Se) and their reactivity toward metal salts was presented. Similar 

to the copper analogues, the reaction of [(IPr)Ag-SSiMe3] with mercuric(II) acetate 

afforded the heterometallic complex [{(IPr)AgS}2Hg], representing the first example of a 

mixed silver-mercury-sulfide cluster complex. Furthermore, the influence of the ancillary 

ligand on the structural features and thermal stability of –CuESiMe3 was evaluated. The 

smaller NHC iPr2-bimy provides decent stability for –CuSSiMe3, although [(iPr2-bimy)Cu-

SeSiMe3] was dramatically less thermally stable. Using [(iPr2-bimy)Cu-SSiMe3] as a 

precursor for ternary cluster led to the high nuclearity  [(iPr2-bimy)6Cu10S8Hg3] 

demonstrating the dramatic effect of changing surface ligands in this system. 

With the ability to enhance thermal stability via (NHC)M-ESiMe3 future work should 

involve further expansion of this methodology to probe the general applicability of various 

type of N-heterocyclic carbenes; furthermore, a development of this ligand class for other 

d-block metal-ESiMe3 beyond Group 11 warrants investigation (Figure 7.1). The use of a 

series of carbene ligands with different structural/chemical features may give a trend 

between the size of the NHC as the ancillary ligand and the stability of M-ESiMe3 precursor 
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together with the nuclearity (size/shape) of the formed ternary cluster using such reagents. 

Indeed, such NHC libraries should also be developed for the formation of binary metal-

chalcogenide nanocluster frameworks for which PR3 ligation has been well developed but 

whose materials chemistry has been limited by the facile ligand dissociation of such species 

when redissolved in common solvents. The simple approach to metal chalcogen cluster 

complexes involves the self-assembly of metal and chalcogen in the presence of stabilizing 

ancillary ligands. Chalcogenolate anions RE- can also be used in conjunction with 

chalcogenide to produce mixed chalcogenolate/chalcogenide clusters together with surface 

NHC ligation. 
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Figure 7.1. Various type of NHC-MX for future work 
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Appendix 2 Crystallographic Tables 

 

Table A.1.  Summary of Crystal Data and Details of the Structure Determination for 1-4 
 

 1 2 3 4 
Formula C18H34S2Si2 C18H34Se2Si2 C21H42S3Si3 C21H42Se3Si3 
formula Weight 370.75 464.55 475.00 615.70 
crystal System Triclinic Triclinic Triclinic Triclinic 
space group Pī Pī Pī Pī 
a (Å) 6.4020(5) 6.2310(3) 10.0634(1) 10.125(2) 
b (Å) 7.3238(4) 7.5548(4) 11.5851(2) 11.630(2) 
c (Å) 11.9751(9) 12.1830(7) 13.0520(2) 13.257(3) 
α (º) 103.313(4) 103.265(2) 86.4372(9) 87.81(3) 
β (º) 97.665(3) 97.939(3) 68.2215(9) 67.71(3) 
γ (º) 92.821(5) 93.901(3) 79.5821(9) 82.00(3) 
V (Å3) 539.64(7) 549.88(5) 1389.75(4) 1430.2(6) 
Z 1 1 2 2 
ρcal (g cm-3) 1.141 1.403 1.135 1.430 
μ (Mo Kα) (mm-1) 0.354 3.468 0.402 3.990 
F(000) 202 238 516 624 
temperature (K) 150 150 150 150 
θmin, θmax (º) 3.0, 27.8 2.8, 27.7 1.7, 39.8 2.2, 27.6 
total reflns 4614 4460 90834 11696 
unique reflns 2492 2510 16840 6548 
R(int) 0.025 0.024 0.071 0.034 
R1 0.0405,  0.0397,  0.0543,  0.0496,  
wR2 [I ≥ 2σ (I)] 0.0932 0.1021 0.1269 0.1198 
R1 (all data) 0.0551 0.0470 0.1550 0.0816 
wR2 (all data) 0.1007 0.1051 0.1736 0.1360 
GOF 1.046 1.173 0.992 1.042 
min peak  -0.298 -0.596 -0.626 -0.687 
max peak 0.284 0.546 1.012 1.494 
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Table A.2.  Atomic Coordinates for 1 

 
Atom x y z Uiso/equiv 
S1 0.27134(9) 0.59048(7) 0.22156(4) 0.0366(2) 
Si1 0.31362(8) 0.30456(7) 0.13632(4) 0.0258(2) 
C1 0.4760(3) 0.8167(2) 0.42992(15) 0.0273(5) 
C2 0.6315(3) 0.9462(3) 0.41463(15) 0.0280(5) 
C3 0.6589(3) 1.1298(3) 0.48691(15) 0.0287(6) 
C4 0.4569(3) 0.6160(3) 0.35784(16) 0.0344(6) 
C5 0.7634(4) 0.8939(3) 0.31760(18) 0.0419(7) 
C6 0.8346(4) 1.2655(3) 0.47374(18) 0.0403(7) 
C7 0.5919(3) 0.2831(3) 0.1081(2) 0.0449(7) 
C8 0.2454(4) 0.1449(3) 0.22831(19) 0.0417(7) 
C9 0.1311(3) 0.2542(3) -0.00374(16) 0.0336(6) 

 

 

Table A.3.  Atomic Coordinates for 2 

 
Atom x y z Uiso/equiv 
Se1 0.22561(7) 0.40241(5) 0.28535(4) 0.0351(1) 
Si1 0.16747(16) 0.69606(13) 0.36564(9) 0.0234(3) 
C1 0.0134(6) 0.1775(5) 0.0688(3) 0.0234(10) 
C2 -0.1407(6) 0.0420(5) 0.0807(3) 0.0248(10) 
C3 0.1580(6) 0.1341(5) -0.0104(3) 0.0246(10) 
C4 0.0223(7) 0.3704(5) 0.1390(3) 0.0298(11) 
C5 -0.2845(7) 0.0827(6) 0.1721(4) 0.0385(12) 
C6 0.3330(7) 0.2777(6) -0.0201(4) 0.0346(12) 
C7 -0.1224(7) 0.7075(7) 0.3836(5) 0.0458(16) 
C8 0.2441(8) 0.8482(6) 0.2736(4) 0.0409(16) 
C9 0.3429(7) 0.7585(6) 0.5080(3) 0.0343(12) 
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Table A.4.  Atomic Coordinates for 3 

            
Atom x y z Uiso/equiv 
S1         0.08346(5)    0.29167(4)    0.10327(4)     0.0344(1) 
S2         0.26831(6)   -0.21428(4)    0.26784(4)     0.0372(1) 
S3         0.52153(5)   -0.13240(5)   -0.29411(4)     0.0377(1) 
Si1       -0.12673(5)    0.39440(4)    0.18402(4)     0.0301(1) 
Si2        0.30151(6)   -0.38914(4)    0.32751(4)     0.0313(1) 
Si3        0.71311(5)   -0.10880(4)   -0.43218(4)     0.0287(1) 
C1        0.15418(17)   0.06851(14)   0.01865(13)     0.0239(4) 
C2        0.12889(17)  -0.02242(14)   0.09619(12)     0.0238(4) 
C3        0.23272(18)  -0.12507(14)   0.07912(12)     0.0240(4) 
C4        0.36661(17)  -0.13308(14)  -0.00997(13)     0.0243(4) 
C5        0.39272(17)  -0.04070(14)  -0.08577(13)     0.0244(4) 
C6 0.28541(18)   0.05946(14) -0.07286(13)    0.0254(4) 
C7 0.03961(19)   0.17640(15)   0.03560(15)     0.0288(5) 
C8 -0.00911(19) -0.00732(16)   0.19831(14) 0.0313(5) 
C9 0.20057(19) -0.22706(14)   0.15696(13)     0.0277(4) 
C10     0.4825(2)  -0.24054(16)  -0.02434(16)     0.0340(5) 
C11       0.53493(18)  -0.05038(15)  -0.18221(13)     0.0281(4) 
C12         0.3122(2)   0.15609(17)  -0.15786(16)     0.0365(5) 
C13        -0.2368(2)     0.3101(2)   0.30067(19)     0.0489(7) 
C14        -0.2206(2)     0.4333(2)   0.08538(19)    0.0496(7) 
C15        -0.0899(2)   0.52719(19)     0.2347(2)     0.0469(7) 
C16         0.1361(3)    -0.4151(2)     0.4443(2)     0.0578(8) 
C17         0.4539(3)    -0.3930(2)     0.3769(2)     0.0539(8) 
C18         0.3460(3)  -0.49945(19)    0.2176(2)     0.0523(8) 
C19         0.8729(2)    -0.1330(2)    -0.3899(2)     0.0518(8) 
C20         0.7294(3)    -0.2195(2)  -0.53558(18)    0.0474(7) 
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Table A.5.  Atomic Coordinates for 4 

 
Atom x y z Uiso/equiv 
Se1 0.10389(5) 0.80145(4) 0.09815(4) 0.0463(2) 
Se2 0.24296(6) 0.29030(4) 0.28154(4) 0.0469(2) 
Se3 0.51429(5) 0.35162(5) -0.29522(4) 0.0482(2) 
Si1 -0.12132(14) 0.89818(12) 0.18823(11) 0.0438(4) 
Si2 0.30470(17) 0.10102(13) 0.31461(13) 0.0549(5) 
Si3 0.71684(14) 0.38453(12) -0.44052(9) 0.0408(4) 
C1 0.1594(4) 0.5674(4) 0.0164(3) 0.0333(12) 
C2 0.1275(4) 0.4797(4) 0.0955(3) 0.0349(12) 
C3 0.2265(5) 0.3783(4) 0.0797(3) 0.0334(12) 
C4 0.3609(4) 0.3679(4) -0.0071(3) 0.0335(12) 
C5 0.3919(4) 0.4572(4) -0.0832(3) 0.0338(14) 
C6 0.2905(5) 0.5547(4) -0.0734(3) 0.0350(12) 
C7 0.0500(5) 0.6737(4) 0.0311(4) 0.0388(12) 
C8 -0.0104(5) 0.4971(4) 0.1960(4) 0.0429(14) 
C9 0.1845(5) 0.2774(4) 0.1561(3) 0.0391(12) 
C10 0.4710(5) 0.2632(4) -0.0167(4) 0.0417(14) 
C11 0.5341(5) 0.4443(4) -0.1795(3) 0.0367(12) 
C12 0.3238(5) 0.6477(4) -0.1608(4) 0.0481(17) 
C13 -0.2143(6) 0.8196(6) 0.3147(5) 0.069(2) 
C14 -0.2269(6) 0.9063(5) 0.0998(5) 0.060(2) 
C15 -0.0929(6) 1.0451(5) 0.2189(5) 0.0657(19) 
C16 0.1484(9) 0.0489(7) 0.4239(6) 0.100(3) 
C17 0.3544(8) 0.0068(5) 0.1937(6) 0.081(3) 
C18 0.4567(7) 0.1020(6) 0.3607(6) 0.084(3) 
C19 0.8753(6) 0.3597(6) -0.4002(5) 0.065(2) 
C20 0.7323(7) 0.2786(5) -0.5473(4) 0.0620(19) 
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Table A.6.  Summary of Crystal Data and Details of the Structure Determination for 6-8 
and 11 

 

 6 7 8 11 
Formula C22H46Se4Si4 C34H34Fe2O2S2 C34H34Fe2O2Se2 C54H46Fe4O4S4 
formula Weight 738.79 650.43 744.23 1110.55 
crystal System Monoclinic Triclinic Monoclinic Triclinic 
space group P21/c Pī P21/c Pī 
a (Å) 11.5701(11) 8.0896(16) 5.748(2) 5.7476(5) 
b (Å) 6.5046(5) 10.354(2) 23.046(10) 13.3324(12) 
c (Å) 21.8713(18) 18.010(4) 21.718(8) 14.9342(13) 
α (º) 90 94.803(15) 90 91.675(4) 
β (º) 95.733(5) 100.219(10) 95.791(10) 100.183(4) 
γ (º) 90 98.517(14) 90 93.298(4) 
V (Å3) 1637.8(2) 1458.8(5) 2862.3(19) 1123.60(17) 
Z 2 2 4 1 
ρcal (g cm-3) 1.498 1.481 1.727 1.641 
μ (Mo Kα) (mm-1) 4.636 1.168 3.588 1.501 
F(000) 740 676 1496 570 
temperature (K) 150 110 110 110 
θmin, θmax (º) 1.8, 25.0 1.2,  28.0 2.8, 26.4 1.4, 27.5 
total reflns 47682 20483 47265 21808 
unique reflns 2880 20483 5860 5171 
R(int) 0.252 0.000 0.094 0.061 
R1 0.0438,  0.0525,  0.0415,  0.0639 
wR2 [I ≥ 2σ (I)] 0.0714 0.0952 0.0838 0.1683 
R1 (all data) 0.1195 0.1081 0.0754 0.0904 
wR2 (all data) 0.0856 0.1138 0.0955 0.1935 
GOF 0.913 1.008 1.016 1.079 
min peak  -0.601 -0.534 -0.562 -0.699 
max peak 0.134 0.529 0.855 2.064 
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Table A.7.  Atomic Coordinates for 6 

 
Atom x y z Uiso/equiv 
Se1 0.27701(5) 0.16959(11) 0.09063(3) 0.0268(2) 
Se2 0.69898(5) 0.17510(11) 0.13549(3) 0.0285(2) 
Si1 0.28769(15) 0.0032(3) 0.18316(8) 0.0268(6) 
Si2 0.85035(16) 0.3468(3) 0.09917(8) 0.0301(6) 
C1 0.4568(5) 0.4337(8) 0.0545(3) 0.0181(19) 
C2 0.5425(5) 0.3186(9) 0.0297(2) 0.0199(17) 
C3 0.5834(5) 0.3870(8) -0.0242(3) 0.021(2) 
C4 0.4045(5) 0.3692(9) 0.1115(2) 0.025(2) 
C5 0.5924(5) 0.1267(8) 0.0600(2) 0.023(2) 
C6 0.2615(5) 0.1855(10) 0.2454(2) 0.034(2) 
C7 0.1767(5) -0.2016(10) 0.1728(3) 0.038(2) 
C8 0.4336(5) -0.1099(9) 0.2002(3) 0.037(3) 
C9 0.9016(6) 0.2099(10) 0.0322(3) 0.051(3) 
C10 0.8142(6) 0.6173(9) 0.0784(3) 0.043(3) 
C11 0.9635(5) 0.3375(11) 0.1660(3) 0.045(3) 

 

 
Table A.8.  Atomic Coordinates for 7 

 
Atom x y z Uiso/equiv 
Fe1 0.32966(4) 1.16884(3) 0.40694(2) 0.0263(1) 
Fe2 0.13427(4) 0.39597(3) -0.30844(2) 0.0238(1) 
S1 0.42005(7) 1.19027(6) 0.20055(3) 0.0285(2) 
S2 0.09861(7) 0.68102(6) -0.16795(3) 0.0369(2) 
O1 0.66470(18) 1.10242(15) 0.29116(9) 0.0330(6) 
O2 -0.19877(18) 0.52450(15) -0.19748(8) 0.0319(5) 
C1 0.5164(3) 1.2441(2) 0.35384(12) 0.0223(7) 
C2 0.5867(3) 1.2300(2) 0.43029(12) 0.0294(8) 
C3 0.5096(3) 1.3062(2) 0.47808(13) 0.0342(8) 
C4 0.3907(3) 1.3683(2) 0.43221(13) 0.0322(8) 
C5 0.3947(3) 1.3312(2) 0.35528(12) 0.0262(7) 
C6 0.0901(3) 1.0823(2) 0.35204(16) 0.0414(9) 
C7 0.0940(3) 1.1107(3) 0.43022(17) 0.0509(11) 
C8 0.2131(4) 1.0446(3) 0.47087(16) 0.0486(10) 
C9 0.2848(3) 0.9730(2) 0.41775(15) 0.0389(9) 
C10 0.2088(3) 0.9962(2) 0.34507(14) 0.0352(8) 
C11 0.5534(3) 1.1701(2) 0.28723(12) 0.0253(7) 
C12 0.5035(3) 1.0925(2) 0.13151(12) 0.0280(8) 
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C13 0.3634(2) 1.0018(2) 0.07649(11) 0.0213(7) 
C14 0.2833(3) 1.0479(2) 0.01066(12) 0.0227(7) 
C15 0.1650(3) 0.9614(2) -0.04389(12) 0.0238(7) 
C16 0.1273(2) 0.8295(2) -0.03219(12) 0.0223(7) 
C17 0.2060(3) 0.7831(2) 0.03359(12) 0.0236(7) 
C18 0.3198(2) 0.8702(2) 0.09023(12) 0.0218(7) 
C19 0.3236(3) 1.1911(2) -0.00209(13) 0.0327(8) 
C20 0.0822(3) 1.0112(2) -0.11567(12) 0.0332(8) 
C21 0.1722(3) 0.6385(2) 0.04391(14) 0.0388(9) 
C22 0.3919(3) 0.8236(2) 0.16409(12) 0.0324(8) 
C23 -0.0028(3) 0.7356(2) -0.09114(12) 0.0303(8) 
C24 -0.0709(3) 0.5610(2) -0.22134(12) 0.0237(7) 
C25 -0.0413(2) 0.5124(2) -0.29613(11) 0.0221(7) 
C26 0.0794(3) 0.5727(2) -0.33742(12) 0.0251(7) 
C27 0.0727(3) 0.4872(2) -0.40366(12) 0.0302(8) 
C28 -0.0515(3) 0.3742(2) -0.40395(13) 0.0335(8) 
C29 -0.1226(3) 0.3896(2) -0.33796(12) 0.0276(7) 
C30 0.3671(3) 0.4270(2) -0.23766(14) 0.0346(9) 
C31 0.3706(3) 0.3490(3) -0.30464(16) 0.0501(11) 
C32 0.2507(4) 0.2349(3) -0.31137(17) 0.0590(11) 
C33 0.1714(3) 0.2417(3) -0.24864(17) 0.0516(10) 
C34 0.2423(3) 0.3596(2) -0.20282(13) 0.0364(9) 

 

 
Table A.9.  Atomic Coordinates for 8 

 
Atom x y z Uiso/equiv 
Se1 0.82756(8) 0.19636(2) 0.51000(2) 0.0275(2) 
Se2 0.92639(8) -0.07043(2) 0.27105(2) 0.0322(2) 
Fe1 0.92518(10) 0.29967(3) 0.66125(3) 0.0216(2) 
Fe2 0.72101(11) -0.10606(3) 0.09390(3) 0.0245(2) 
O1 1.2946(5) 0.22086(14) 0.54973(14) 0.0344(11) 
O2 0.5079(5) -0.13086(14) 0.25188(15) 0.0334(11) 
C1 1.0522(7) 0.22341(19) 0.6311(2) 0.0253(12) 
C2 1.2128(8) 0.24817(19) 0.6786(2) 0.0281(16) 
C3 1.0956(8) 0.25366(19) 0.7327(2) 0.0287(16) 
C4 0.8665(8) 0.23223(19) 0.7198(2) 0.0285(16) 
C5 0.8350(7) 0.21366(18) 0.6576(2) 0.0241(12) 
C6 0.8910(9) 0.35473(19) 0.5876(2) 0.0338(17) 
C7 1.0321(9) 0.38115(19) 0.6373(2) 0.0346(17) 
C8 0.8957(8) 0.38467(19) 0.6888(2) 0.0341(17) 
C9 0.6737(8) 0.36073(19) 0.6704(2) 0.0305(17) 
C10 0.6692(8) 0.3418(2) 0.6079(2) 0.0340(17) 
C11 1.1029(8) 0.21554(18) 0.5672(2) 0.0247(12) 
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C12 0.9911(8) 0.1779(2) 0.4367(2) 0.0296(17) 
C13 0.9307(7) 0.11829(18) 0.41239(18) 0.0217(12) 
C14 1.0728(7) 0.07075(19) 0.43122(19) 0.0228(14) 
C15 1.0207(7) 0.01605(19) 0.40738(19) 0.0247(14) 
C16 0.8207(7) 0.00746(19) 0.36598(19) 0.0234(12) 
C17 0.6787(7) 0.05478(19) 0.34612(18) 0.0234(14) 
C18 0.7295(7) 0.11026(18) 0.37022(19) 0.0229(12) 
C19 1.2823(7) 0.0780(2) 0.4795(2) 0.0293(14) 
C20 1.1881(8) -0.0340(2) 0.4251(2) 0.0327(17) 
C21 0.4682(7) 0.0456(2) 0.2985(2) 0.0294(14) 
C22 0.5702(8) 0.1605(2) 0.3515(2) 0.0356(17) 
C23 0.7589(8) -0.05315(19) 0.3430(2) 0.0300(17) 
C24 0.6917(8) -0.12276(18) 0.2311(2) 0.0248(12) 
C25 0.7605(7) -0.14977(18) 0.17485(19) 0.0214(12) 
C26 0.6038(8) -0.18054(17) 0.1313(2) 0.0244(14) 
C27 0.7245(8) -0.19389(19) 0.0795(2) 0.0304(16) 
C28 0.9562(8) -0.17238(18) 0.0910(2) 0.0265(14) 
C29 0.9807(7) -0.14488(18) 0.1494(2) 0.0246(12) 
C30 0.5900(10) -0.0260(2) 0.1117(2) 0.0430(19) 
C31 0.4390(9) -0.0559(2) 0.0682(3) 0.0476(19) 
C32 0.5592(9) -0.0687(2) 0.0167(2) 0.0401(17) 
C33 0.7841(9) -0.0470(2) 0.0282(2) 0.0363(17) 
C34 0.8067(9) -0.0204(2) 0.0871(2) 0.0374(17) 

 

Table A.10.  Atomic Coordinates for 11 

 
Atom x y z Uiso/equiv 
Fe1      0.07481(11)   0.12314(5)   0.30834(4)    0.0182(2) 
Fe2      0.50350(12)   0.73964(5)   0.07092(4)    0.0230(2) 
S1       0.49528(19)   0.20572(8)   0.55144(8)    0.0199(3) 
S2        0.6216(2)   0.49545(8)   0.24823(7)    0.0221(3) 
O1         0.0607(6)    0.2625(2)    0.5355(2)   0.0270(10) 
O2         0.9671(6)    0.6246(3)    0.2240(2)   0.0375(12) 
C1         0.0952(8)    0.1171(3)    0.4459(3)   0.0188(12) 
C2        -0.1456(8)    0.1038(3)    0.4012(3)   0.0206(12) 
C3        -0.1678(8)    0.0177(3)    0.3413(3)   0.0228(12) 
C4         0.0559(9)   -0.0236(3)    0.3477(3)   0.0231(14) 
C5         0.2216(8)    0.0381(3)    0.4119(3)   0.0197(12) 
C6       -0.0124(10)    0.2505(4)    0.2384(4)   0.0335(17) 
C7        -0.0489(9)    0.1643(4)    0.1793(3)   0.0321(16) 
C8        0.1680(10)    0.1197(4)    0.1825(3)   0.0319(16) 
C9         0.3407(9)    0.1776(4)    0.2448(4)   0.0341(17) 
C10       0.2276(10)    0.2583(4)    0.2800(4)   0.0342(17) 
C11        0.1870(8)    0.2012(3)    0.5117(3)   0.0194(12) 
C12        0.5277(8)    0.3248(3)    0.6146(3)   0.0202(12) 
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C13        0.5083(8)    0.4159(3)    0.5551(3)   0.0178(12) 
C14        0.6448(8)    0.4248(3)    0.4878(3)   0.0186(12) 
C15        0.6421(8)    0.5075(3)    0.4323(3)   0.0182(12) 
C16        0.8007(8)    0.5108(3)    0.3625(3)   0.0201(12) 
C17        0.7744(8)    0.5857(3)    0.1910(3)   0.0234(14) 
C18        0.6477(8)    0.6063(3)    0.1003(3)   0.0229(14) 
C19        0.3983(9)    0.5899(3)    0.0645(3)   0.0230(14) 
C20        0.3578(9)    0.6284(3)   -0.0240(3)   0.0266(14) 
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Table A.11.  Summary of Crystal Data for [15]X2 

 
Formula C66H64BrCl13P4Pd2S2 
Formula Weight (g/mol) 1798.75 
Crystal Dimensions (mm ) 0.13 × 0.10 × 0.04 
Crystal Color and Habit colourless 
Crystal System monoclinic 
Space Group P 21/n 
Temperature, K 150(2) 
a, Å 17.4473(8) 
b, Å 23.7638(11) 
c, Å 18.3345(9) 
α,° 90 
β,° 103.015(2) 
γ,° 90 
V, Å3 7406.5(6) 
Min and Max 2θ for cell determination, ° 4.50, 49.5 
Z 4 
F(000) 3600 
ρ (g/cm) 1.613 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 1.676 
Diffractometer Type CCD area detector 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 52.84 
Measured fraction of data 0.998 
Number of reflections measured 154031 
Unique reflections measured 15167 
Rmerge 0.1083 
Number of reflections included in refinement 15167 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.1204P)2] where 

P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 806 
R1 0.0538 
wR2 0.1194 
R1 (all data) 0.1167 
wR2 (all data) 0.1493 
GOF 1.029 
Maximum shift/error 0.002 
Min & Max peak heights on final ∆F Map (e-/Å) -1.082, 1.754 
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Table A12. Atomic Coordinates for [15]X2 

 
Atom x y z Uiso/equiv 
Pd1 0.18982(2) 0.17553(2) 0.44472(2) 0.0191(1) 
Pd2 0.29838(3) 0.17642(2) 0.32294(2) 0.0197(1) 
S1 0.27827(9) 0.24257(6) 0.41462(9) 0.0205(5) 
S2 0.27510(9) 0.10831(7) 0.41069(9) 0.0247(5) 
P1 0.10633(9) 0.24481(7) 0.46722(9) 0.0216(5) 
P2 0.10632(9) 0.10618(7) 0.46776(9) 0.0220(5) 
P3 0.32139(9) 0.10665(7) 0.24443(9) 0.0225(5) 
P4 0.32388(9) 0.24707(7) 0.24653(9) 0.0212(5) 
C1 0.3772(3) 0.2368(3) 0.4781(4) 0.028(2) 
C2 0.3746(4) 0.1111(3) 0.4741(4) 0.036(3) 
C3 0.3817(4) 0.2013(3) 0.5475(4) 0.032(2) 
C4 0.3805(4) 0.1421(3) 0.5460(4) 0.031(2) 
C5 0.3880(4) 0.1126(4) 0.6126(4) 0.045(3) 
C6 0.3974(4) 0.1402(4) 0.6803(5) 0.051(3) 
C7 0.3995(4) 0.1972(4) 0.6824(4) 0.052(3) 
C8 0.3905(4) 0.2292(4) 0.6169(4) 0.042(3) 
C9 0.0008(4) 0.2291(3) 0.4421(4) 0.029(2) 
C10 -0.0222(4) 0.1755(3) 0.4787(4) 0.033(2) 
C11 0.0011(4) 0.1213(3) 0.4429(4) 0.030(2) 
C12 0.3966(4) 0.1235(3) 0.1930(4) 0.028(2) 
C13 0.3779(4) 0.1766(3) 0.1446(3) 0.0292(19) 
C14 0.3960(4) 0.2307(3) 0.1920(4) 0.026(2) 
C15 0.1282(4) 0.2649(3) 0.5651(3) 0.0244(19) 
C16 0.2009(6) 0.2567(5) 0.6086(5) 0.085(4) 
C17 0.2216(7) 0.2747(6) 0.6825(5) 0.119(6) 
C18 0.1673(6) 0.3004(4) 0.7136(5) 0.057(3) 
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Table A13. Summary of Crystal Data for [16]X2 

 
Formula C68H66Cl20P4Pd2Se2 
Formula Weight (g/mol) 2086.80 
Crystal Dimensions (mm ) 0.37 × 0.25 × 0.24 
Crystal Color and Habit yellow block 
Crystal System monoclinic 
Space Group P 21/c 
Temperature, K 150(2) 
a, Å 18.668(4) 
b, Å 17.724(4) 
c, Å 24.914(5) 
α,° 90 
β,° 93.11(3) 
γ,° 90 
V, Å3 8231(3) 
Number of reflections to determine final unit cell 9917 
Min and Max 2θ for cell determination, ° 4.58, 54.62 
Z 4 
F(000) 4136 
ρ (g/cm) 1.684 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 2.088 
Diffractometer Type CCD area detector 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 54.976 
Measured fraction of data 0.999 
Number of reflections measured 35017 
Unique reflections measured 18760 
Rmerge 0.0404 
Number of reflections included in refinement 18760 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.1204P)2] where 

P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 920 
R1 0.0585 
wR2 0.1523 
R1 (all data) 0.0934 
wR2 (all data) 0.1869 
GOF 1.040 
Maximum shift/error 0.001 
Min & Max peak heights on final ∆F Map (e-/Å) -1.573, 2.619 
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Table A.14.  Atomic Coordinates for [16]X2 

 

Atom x y z Uiso/equiv 
Pd1 0.29782(2) 0.60402(2) 0.28507(2) 0.02323(12) 
Pd2 0.14158(2) 0.51561(2) 0.27777(2) 0.02414(12) 
Se1 0.17822(3) 0.64278(3) 0.31231(2) 0.02597(14) 
Se2 0.23350(3) 0.53620(3) 0.21083(2) 0.02607(14) 
P1 0.34817(7) 0.65851(8) 0.36206(5) 0.0266(3) 
P2 0.40609(7) 0.55917(8) 0.25823(5) 0.0262(3) 
P3 0.11463(7) 0.39929(8) 0.24196(5) 0.0261(3) 
P4 0.05947(7) 0.50457(8) 0.34257(5) 0.0261(3) 
C1 0.1282(3) 0.7049(3) 0.2537(2) 0.0321(12) 
C1S 0.3431(4) 0.5698(4) 0.0021(3) 0.0605(19) 
C2 0.1740(3) 0.6088(3) 0.1654(2) 0.0329(12) 
C2S -0.2414(5) 0.6005(4) 0.3036(3) 0.067(2) 
C3 0.1761(3) 0.7351(3) 0.2125(2) 0.0319(12) 
C3S 0.1386(4) -0.0328(4) 0.3787(3) 0.0553(18) 
C4 0.1984(3) 0.6887(3) 0.1707(2) 0.0305(12) 
C4S 0.0028(4) 0.1831(4) 0.4173(3) 0.061(2) 
C5 0.2415(3) 0.7191(3) 0.1325(2) 0.0363(13) 
C5S 0.6325(3) 0.7629(4) 0.0113(3) 0.0494(16) 
C6 0.2621(3) 0.7935(4) 0.1345(2) 0.0455(15) 
C6S 0.5655(3) 0.4350(3) 0.4352(2) 0.0385(13) 
C7 0.2397(3) 0.8396(4) 0.1753(3) 0.0434(15) 
C8 0.1981(3) 0.8097(3) 0.2142(2) 0.0377(13) 
C9 0.4310(3) 0.6151(3) 0.3902(2) 0.0296(11) 
C10 0.4892(3) 0.6075(3) 0.3495(2) 0.0311(12) 
C11 0.4755(3) 0.5415(3) 0.3112(2) 0.0305(11) 
C12 0.0199(3) 0.3746(3) 0.2433(2) 0.0314(12) 
C13 -0.0068(3) 0.3723(3) 0.3005(2) 0.0323(12) 
C14 -0.0218(3) 0.4511(3) 0.3231(2) 0.0333(12) 
C15 0.3711(3) 0.7575(3) 0.3524(2) 0.0327(12) 
C16 0.3453(4) 0.7955(4) 0.3079(3) 0.0527(17) 
C17 0.3634(5) 0.8712(4) 0.3017(4) 0.078(3) 
C18 0.4059(5) 0.9091(5) 0.3402(4) 0.071(2) 
C19 0.4306(4) 0.8707(4) 0.3840(3) 0.0540(18) 
C20 0.4146(3) 0.7951(4) 0.3909(2) 0.0432(14) 
C21 0.2901(3) 0.6576(3) 0.4186(2) 0.0310(12) 
C22 0.2605(3) 0.7238(4) 0.4388(2) 0.0399(14) 
C23 0.2179(3) 0.7204(4) 0.4824(2) 0.0463(16) 
C24 0.2054(3) 0.6523(4) 0.5068(2) 0.0471(17) 
C25 0.2337(3) 0.5860(4) 0.4870(2) 0.0452(15) 
C26 0.2759(3) 0.5886(4) 0.4427(2) 0.0370(13) 
C27 0.4471(3) 0.6277(3) 0.2145(2) 0.0292(11) 
C28 0.4134(3) 0.6927(4) 0.1995(2) 0.0448(15) 
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C29 0.4459(3) 0.7460(4) 0.1686(3) 0.0536(18) 
C30 0.5138(3) 0.7337(4) 0.1513(2) 0.0434(15) 
C31 0.5480(4) 0.6680(4) 0.1654(3) 0.0576(19) 
C32 0.5163(3) 0.6151(4) 0.1967(3) 0.0527(18) 
C33 0.4039(3) 0.4703(3) 0.2207(2) 0.0285(11) 
C34 0.3925(3) 0.4708(3) 0.1648(2) 0.0364(13) 
C35 0.3896(3) 0.4036(4) 0.1371(2) 0.0408(14) 
C36 0.3975(3) 0.3364(4) 0.1639(2) 0.0430(14) 
C37 0.4063(3) 0.3348(3) 0.2193(2) 0.0433(14) 
C38 0.4091(3) 0.4022(3) 0.2479(2) 0.0394(14) 
C39 0.1332(3) 0.3924(3) 0.1708(2) 0.0297(11) 
C40 0.0933(3) 0.4342(3) 0.1331(2) 0.0331(12) 
C41 0.1073(3) 0.4309(3) 0.0793(2) 0.0375(13) 
C42 0.1624(3) 0.3862(3) 0.0631(2) 0.0398(14) 
C43 0.2041(3) 0.3443(3) 0.1003(2) 0.0390(14) 
C44 0.1897(3) 0.3476(3) 0.1542(2) 0.0326(12) 
C45 0.1640(3) 0.3217(3) 0.2753(2) 0.0278(11) 
C46 0.1334(3) 0.2508(3) 0.2814(2) 0.0310(12) 
C47 0.1721(3) 0.1938(3) 0.3069(2) 0.0382(13) 
C48 0.2424(3) 0.2069(3) 0.3262(2) 0.0370(13) 
C49 0.2728(3) 0.2771(3) 0.3204(2) 0.0377(13) 
C50 0.2341(3) 0.3342(3) 0.2950(2) 0.0325(12) 
C51 0.0253(3) 0.5942(3) 0.3661(2) 0.0286(11) 
C52 -0.0318(3) 0.6301(3) 0.3382(2) 0.0372(13) 
C53 -0.0555(3) 0.6982(4) 0.3559(3) 0.0450(15) 
C54 -0.0239(3) 0.7326(3) 0.4006(3) 0.0442(15) 
C55 0.0335(3) 0.6995(3) 0.4278(2) 0.0398(14) 
C56 0.0575(3) 0.6293(3) 0.4108(2) 0.0332(12) 
C57 0.0983(3) 0.4571(3) 0.4021(2) 0.0286(11) 
C58 0.0583(3) 0.4458(3) 0.4477(2) 0.0368(13) 
C59 0.0897(3) 0.4094(4) 0.4921(2) 0.0430(15) 
C60 0.1595(3) 0.3844(3) 0.4919(2) 0.0429(14) 
C61 0.1992(3) 0.3959(3) 0.4480(2) 0.0403(14) 
C62 0.1687(3) 0.4323(3) 0.4035(2) 0.0334(12) 
Cl01 0.61403(7) 0.59265(7) 0.60234(5) 0.0288(3) 
Cl1 0.26777(14) 0.54248(18) 0.03562(10) 0.1073(10) 
Cl02 -0.01520(7) 0.57171(8) 0.20141(5) 0.0311(3) 
Cl2 0.39354(17) 0.49036(14) -0.01182(10) 0.0995(9) 
Cl3 0.39207(12) 0.63504(14) 0.04118(9) 0.0818(7) 
Cl4 -0.2128(4) 0.5581(4) 0.3663(4) 0.0612(16) 
Cl5 -0.2694(6) 0.5336(5) 0.2566(3) 0.138(5) 
Cl6 -0.3060(4) 0.6650(4) 0.3125(3) 0.093(2) 
Cl7 0.0979(4) -0.0569(8) 0.4377(3) 0.182(5) 
Cl8 0.1597(5) -0.1116(4) 0.3514(3) 0.132(3) 
Cl9 0.2163(5) 0.0215(4) 0.3963(3) 0.124(4) 
Cl4A -0.2187(8) 0.5741(9) 0.3694(5) 0.172(6) 
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Cl5A -0.2230(4) 0.5272(5) 0.2628(3) 0.097(3) 
Cl6A -0.3307(4) 0.6269(6) 0.2974(5) 0.171(6) 
Cl7A 0.1029(4) -0.0023(3) 0.4362(2) 0.0827(19) 
Cl8A 0.1149(4) -0.1321(3) 0.3765(3) 0.108(2) 
Cl9A 0.2272(4) -0.0282(9) 0.3714(4) 0.223(8) 
Cl10 -0.03218(18) 0.12585(14) 0.46868(11) 0.1070(9) 
Cl11 0.08848(10) 0.21710(15) 0.43472(9) 0.0807(7) 
Cl12 -0.05688(10) 0.25779(14) 0.40772(8) 0.0741(6) 
Cl13 0.55615(9) 0.70597(12) 0.00333(9) 0.0710(6) 
Cl14 0.65218(12) 0.80763(11) -0.04891(7) 0.0654(5) 
Cl15 0.70685(9) 0.70700(11) 0.03350(7) 0.0596(5) 
Cl16 0.61528(9) 0.44852(10) 0.37719(6) 0.0494(4) 
Cl17 0.58843(8) 0.50534(9) 0.48287(7) 0.0470(4) 
Cl18 0.58257(9) 0.34465(9) 0.46185(6) 0.0466(4) 
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Table A.15.  Summary of Crystal Data for [17]X4 

 

Formula C124H120Br3Cl19P8Pd4S4 
Formula Weight (g/mol) 3325.07 
Crystal Dimensions (mm ) 0.193? × 0.184 × 0.094 
Crystal Color and Habit colourless prism 
Crystal System orthorhombic 
Space Group P b c a 
Temperature, K 110 
a, Å 17.875(7) 
b, Å  26.862(10) 
c, Å  26.933(11) 
α,° 90 
β,° 90 
γ,° 90 
V, Å3 12932(8) 
Number of reflections to determine final unit cell 9738 
Min and Max 2θ for cell determination, ° 5.3, 49.92 
Z 4 
F(000) 6640 
ρ (g/cm) 1.708 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 2.080 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 50.204 
Measured fraction of data 0.979 
Number of reflections measured 213930 
Unique reflections measured 11459 
Rmerge 0.0698 
Number of reflections included in refinement 11459 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.1046P)2+122.

3666P] where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 793 
R1 0.0670 
wR2 0.1846 
R1 (all data) 0.0952 
wR2 (all data) 0.2191 
GOF 1.119 
Maximum shift/error 0.010 
Min & Max peak heights on final ∆F Map (e-/Å) -1.631, 1.890 
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Table A16.  Atomic Coordinates for [17]X4 

 
Atom x y z Uiso/equiv 
Pd1 0.11183(3) 0.10066(2) 0.08786(2) 0.02764(19) 
Pd2 -0.04304(3) 0.14635(2) 0.12441(2) 0.02616(18) 
S1 0.01652(11) 0.14444(8) 0.04505(8) 0.0288(5) 
S2 0.01438(11) 0.06704(8) 0.13640(7) 0.0273(4) 
P1 0.20410(12) 0.13987(9) 0.04304(10) 0.0361(5) 
P2 0.20027(12) 0.06064(8) 0.13493(9) 0.0312(5) 
P3 -0.09727(12) 0.14238(8) 0.20093(8) 0.0285(5) 
P4 -0.09913(12) 0.22087(8) 0.10603(9) 0.0300(5) 
C1 -0.0238(4) 0.0497(3) 0.0082(3) 0.0283(18) 
C2 -0.0227(4) 0.0148(3) 0.0474(3) 0.0273(17) 
C3 0.0010(4) -0.0336(3) 0.0385(3) 0.0285(18) 
C4 -0.0503(4) 0.1012(3) 0.0143(3) 0.0307(18) 
C5 -0.0499(5) 0.0293(3) 0.0985(3) 0.0320(19) 
C6 0.2890(5) 0.1547(4) 0.0758(4) 0.046(2) 
C7 0.3277(5) 0.1129(4) 0.1034(4) 0.048(3) 
C8 0.2851(5) 0.0955(4) 0.1485(4) 0.041(2) 
C9 -0.1917(5) 0.1677(3) 0.2047(3) 0.0295(18) 
C10 -0.1972(5) 0.2228(3) 0.1879(3) 0.0336(19) 
C11 -0.1932(5) 0.2283(3) 0.1314(3) 0.034(2) 
C12 0.2309(5) 0.1035(4) -0.0125(4) 0.044(6) 
C13 0.1752(4) 0.0864(4) -0.0443(4) 0.048(4) 
C14 0.1940(5) 0.0576(4) -0.0853(4) 0.066(5) 
C15 0.2684(6) 0.0457(4) -0.0945(4) 0.066(6) 
C16 0.3241(5) 0.0628(5) -0.0627(4) 0.059(5) 
C17 0.3053(5) 0.0916(5) -0.0218(4) 0.055(5) 
C12A 0.2364(15) 0.1019(8) -0.0032(10) 0.029(10) 
C13A 0.1941(12) 0.0604(9) -0.0160(10) 0.045(8) 
C14A 0.2185(15) 0.0288(8) -0.0534(10) 0.066(11) 
C15A 0.2852(18) 0.0386(11) -0.0781(10) 0.046(11) 
C16A 0.3275(15) 0.0800(12) -0.0653(12) 0.14(4) 
C17A 0.3031(15) 0.1117(9) -0.0279(12) 0.039(10) 
C18 0.1752(5) 0.2000(4) 0.0191(4) 0.039(2) 
C19 0.1726(5) 0.2102(4) -0.0311(4) 0.046(2) 
C20 0.1511(5) 0.2574(4) -0.0468(4) 0.047(2) 
C21 0.1326(5) 0.2938(4) -0.0136(5) 0.050(3) 
C22 0.1341(5) 0.2834(4) 0.0369(4) 0.046(2) 
C23 0.1553(5) 0.2371(3) 0.0531(4) 0.040(2) 
C24 0.2317(5) 0.0047(3) 0.1031(4) 0.037(2) 
C25 0.1956(5) -0.0100(5) 0.0590(5) 0.072(4) 
C26 0.2235(7) -0.0482(5) 0.0313(6) 0.080(5) 
C27 0.2860(6) -0.0742(4) 0.0484(5) 0.053(3) 
C28 0.3219(7) -0.0600(4) 0.0882(4) 0.060(3) 
C29 0.2949(6) -0.0195(4) 0.1170(4) 0.055(3) 
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C30 0.1703(5) 0.0421(4) 0.1967(3) 0.038(2) 
C31 0.1520(5) -0.0069(4) 0.2081(4) 0.044(2) 
C32 0.1310(6) -0.0182(5) 0.2567(5) 0.063(3) 
C33 0.1287(6) 0.0183(6) 0.2932(4) 0.064(4) 
C34 0.1454(6) 0.0661(6) 0.2811(4) 0.062(3) 
C35 0.1654(6) 0.0783(4) 0.2335(4) 0.048(2) 
C36 -0.1076(5) 0.0796(3) 0.2250(3) 0.0316(19) 
C37 -0.1613(5) 0.0480(3) 0.2042(3) 0.0321(19) 
C38 -0.1686(6) -0.0002(3) 0.2205(3) 0.039(2) 
C39 -0.1217(6) -0.0183(4) 0.2575(4) 0.044(2) 
C40 -0.0686(6) 0.0119(4) 0.2779(4) 0.049(3) 
C41 -0.0592(5) 0.0613(4) 0.2617(3) 0.040(2) 
C42 -0.0408(5) 0.1745(3) 0.2465(3) 0.037(2) 
C43 -0.0733(6) 0.1972(4) 0.2881(4) 0.047(2) 
C44 -0.0261(8) 0.2220(4) 0.3214(4) 0.061(3) 
C45 0.0495(7) 0.2244(5) 0.3141(5) 0.064(3) 
C46 0.0809(7) 0.2014(4) 0.2748(4) 0.057(3) 
C47 0.0357(6) 0.1780(4) 0.2395(4) 0.046(2) 
C48 -0.1129(5) 0.2293(3) 0.0402(3) 0.035(2) 
C49 -0.1682(5) 0.2011(3) 0.0155(4) 0.037(2) 
C50 -0.1751(5) 0.2042(4) -0.0345(4) 0.041(2) 
C51 -0.1262(6) 0.2324(4) -0.0632(4) 0.051(3) 
C52 -0.0710(6) 0.2594(4) -0.0396(4) 0.045(2) 
C53 -0.0639(5) 0.2579(4) 0.0118(4) 0.040(2) 
C54 -0.0479(5) 0.2753(3) 0.1274(4) 0.036(2) 
C55 -0.0752(6) 0.3237(4) 0.1223(5) 0.062(3) 
C56 -0.0354(7) 0.3631(4) 0.1412(6) 0.074(4) 
C57 0.0301(7) 0.3564(4) 0.1634(5) 0.063(3) 
C58 0.0594(6) 0.3096(4) 0.1687(5) 0.059(3) 
C59 0.0220(5) 0.2685(4) 0.1501(4) 0.041(2) 
C1S 0.0523(6) 0.4249(4) -0.0663(5) 0.056(3) 
Cl1 0.03593(15) 0.37783(11) -0.11058(11) 0.0556(7) 
Cl2 0.01698(18) 0.40498(14) -0.00712(12) 0.0720(9) 
Cl3 0.0087(2) 0.48040(13) -0.08390(16) 0.0803(10) 
C2S -0.5261(7) 0.3615(6) 0.1545(5) 0.076(5) 
Cl6 -0.6086(3) 0.3821(2) 0.1264(2) 0.0886(16) 
C2SA -0.436(2) 0.3657(16) 0.1602(18) 0.085(15) 
Cl6A -0.3549(10) 0.3900(7) 0.1341(7) 0.117(5) 
Cl4 -0.4844(3) 0.41106(17) 0.18517(17) 0.1003(13) 
Cl5 -0.4699(3) 0.33697(14) 0.10815(15) 0.0872(11) 
C3S -0.2429(7) 0.3358(8) 0.2538(6) 0.062(10) 
Cl7 -0.2683(4) 0.3779(2) 0.2995(4) 0.0722(19) 
Cl8 -0.2993(6) 0.3418(3) 0.2018(5) 0.113(4) 
Cl9 -0.1477(4) 0.3418(3) 0.2402(3) 0.073(2) 
C3SA -0.2141(10) 0.3314(12) 0.2828(7) 0.116(16) 
Cl7A -0.2351(8) 0.3652(4) 0.3360(4) 0.124(4) 
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Cl8A -0.2675(9) 0.3513(4) 0.2329(6) 0.120(4) 
Cl9A -0.1183(6) 0.3285(4) 0.2709(6) 0.124(4) 
Br2 0.2258(4) 0.2251(2) 0.18249(19) 0.0512(13) 
Cl10 0.2149(11) 0.2130(6) 0.1844(7) 0.064(5) 
Br1 -0.25216(6) 0.09950(4) 0.09088(4) 0.0466(3) 
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Table A.17.  Summary of Crystal Data for 18 

 

Formula C73H96Cu2N4S2 
Formula Weight (g/mol) 1220.73 
Crystal Dimensions (mm ) 0.323 × 0.207 × 0.119 
Crystal Color and Habit colourless block 
Crystal System monoclinic 
Space Group P 21/c 
Temperature, K 293 
a, Å 12.333(3) 
b, Å 18.948(4) 
c, Å 15.858(3) 
α,° 90 
β,° 112.28(3) 
γ,° 90 
V, Å3 3429.1(14) 
Number of reflections to determine final unit cell 9778 
Min and Max 2θ for cell determination, ° 5.6, 60.74 
Z 2 
F(000) 1304 
ρ (g/cm) 1.182 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 0.723 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 61.144 
Measured fraction of data 0.999 
Number of reflections measured 65891 
Unique reflections measured 10494 
Rmerge 0.0440 
Number of reflections included in refinement 10494 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.1045P)2+1.6037

P] where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 361 
R1 0.0538 
wR2 0.1546 
R1 (all data) 0.0882 
wR2 (all data) 0.1883 
GOF 1.093 
Maximum shift/error 0.001 
Min & Max peak heights on final ∆F Map (e-/Å) -0.756, 1.223 
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Table A.18.  Atomic Coordinates for 18 
 

Atom x y z Uiso/equiv 
Cu1 -0.27787(3) 0.63920(2) 0.66278(2) 0.02316(10) 
S1 -0.26073(6) 0.58564(3) 0.78573(4) 0.02849(15) 
N1 -0.20171(17) 0.73880(10) 0.55671(13) 0.0216(4) 
N2 -0.37794(18) 0.70533(10) 0.48137(13) 0.0226(4) 
C1 -0.0605(2) 0.51889(13) 0.90927(16) 0.0268(5) 
C2 -0.0813(2) 0.45314(13) 0.94028(17) 0.0295(5) 
C3 0.0186(2) 0.56639(14) 0.96898(17) 0.0296(5) 
C4 -0.1737(3) 0.40464(17) 0.8771(2) 0.0466(8) 
C5 -0.1213(2) 0.53812(15) 0.81004(17) 0.0323(6) 
C6 0.0361(3) 0.63904(15) 0.9362(2) 0.0437(8) 
C7 -0.2861(2) 0.69444(12) 0.56107(15) 0.0208(4) 
C8 -0.2409(2) 0.77707(13) 0.47567(16) 0.0273(5) 
C9 -0.3509(2) 0.75597(13) 0.42918(16) 0.0274(5) 
C10 -0.0860(2) 0.74241(13) 0.62755(16) 0.0256(5) 
C11 -0.0627(3) 0.79321(16) 0.69597(19) 0.0347(6) 
C12 0.0490(3) 0.7930(2) 0.7643(2) 0.0476(8) 
C13 0.1329(3) 0.7455(2) 0.7637(2) 0.0507(9) 
C14 0.1079(3) 0.69574(19) 0.6954(2) 0.0436(7) 
C15 -0.0032(2) 0.69314(15) 0.62519(18) 0.0309(5) 
C16 -0.4877(2) 0.66885(13) 0.45651(16) 0.0256(5) 
C17 -0.5098(2) 0.61186(14) 0.39591(16) 0.0286(5) 
C18 -0.6174(3) 0.57716(15) 0.37285(19) 0.0366(6) 
C19 -0.6968(3) 0.59891(18) 0.4091(2) 0.0455(8) 
C20 -0.6725(3) 0.65403(19) 0.4688(2) 0.0456(7) 
C21 -0.5665(2) 0.69044(16) 0.49532(19) 0.0338(6) 
C22 -0.1112(4) 0.9193(2) 0.7181(4) 0.0742(13) 
C23 -0.1560(3) 0.84356(17) 0.6993(2) 0.0420(7) 
C24 -0.2023(4) 0.8191(2) 0.7714(3) 0.0592(10) 
C25 0.0601(3) 0.63441(18) 0.5084(2) 0.0475(8) 
C26 -0.0309(3) 0.63658(14) 0.5524(2) 0.0338(6) 
C27 -0.0414(3) 0.56408(17) 0.5918(2) 0.0476(8) 
C28 -0.4737(4) 0.5647(2) 0.2598(2) 0.0550(9) 
C29 -0.4202(3) 0.58556(15) 0.3600(2) 0.0375(6) 
C30 -0.3553(4) 0.5234(2) 0.4167(3) 0.0743(13) 
C31 -0.6204(5) 0.8130(2) 0.5191(3) 0.0907(18) 
C32 -0.5419(3) 0.75141(17) 0.5622(2) 0.0411(7) 
C33 -0.5506(5) 0.7306(3) 0.6504(3) 0.0864(16) 
C1S 0.4121(12) 0.6021(7) 0.8162(9) 0.106(4) 
C2S 0.4216(6) 0.5554(3) 0.8930(4) 0.066(2) 
C3S 0.3148(5) 0.5407(4) 0.8998(4) 0.089(3) 
C4S 0.3115(5) 0.5014(4) 0.9728(5) 0.082(3) 
C5S 0.4150(6) 0.4768(4) 1.0389(4) 0.092(3) 
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C6S 0.5218(5) 0.4915(5) 1.0322(5) 0.108(4) 
C7S 0.5251(5) 0.5308(4) 0.9592(5) 0.070(2) 
 
 
Table A.19.  Summary of Crystal Data for 19 

 
Formula C72H94Cu2N4Se2 
Formula Weight (g/mol) 1300.51 
Crystal Dimensions (mm ) 0.283 × 0.061 × 0.028 
Crystal Color and Habit colourless plate 
Crystal System monoclinic 
Space Group P 21/c 
Temperature, K 110 
a, Å 12.294(6) 
b, Å 19.047(9) 
c, Å 15.877(7) 
α,° 90 
β,° 111.530(12) 
γ,° 90 
V, Å3 3459(3) 
Number of reflections to determine final unit cell 9974 
Min and Max 2θ for cell determination, ° 5.08, 47.28 
Z 2 
F(000) 1360 
ρ (g/cm) 1.249 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 1.708 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 47.848 
Measured fraction of data 0.849 
Number of reflections measured 53528 
Unique reflections measured 5315 
Rmerge 0.1236 
Number of reflections included in refinement 5315 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.1141P)2] where 

P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 356 
R1 0.0509 
wR2 0.1433 
R1 (all data) 0.0973 
wR2 (all data) 0.1916 
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GOF 1.076 
Maximum shift/error 0.001 
Min & Max peak heights on final ∆F Map (e-/Å) -0.944, 0.817 

 

Table A.20.  Atomic Coordinates for 19 

 
Atom x y z Uiso/equiv 
Se1 -0.27315(5) 1.08583(3) 0.28900(4) 0.0378(2) 
Cu1 -0.28425(6) 1.14092(4) 0.16135(5) 0.0331(3) 
N1 -0.2020(4) 1.2389(2) 0.0566(3) 0.0318(12) 
N2 -0.3784(4) 1.2072(3) -0.0182(3) 0.0342(13) 
C1 -0.0602(5) 1.0184(3) 0.4100(4) 0.0360(15) 
C2 -0.0810(6) 0.9533(3) 0.4425(4) 0.0401(16) 
C3 0.0188(6) 1.0648(3) 0.4683(5) 0.0401(16) 
C4 -0.1222(5) 1.0361(4) 0.3118(4) 0.0432(17) 
C5 -0.1747(6) 0.9048(4) 0.3799(5) 0.054(2) 
C6 0.0366(6) 1.1362(4) 0.4330(5) 0.058(2) 
C7 -0.2891(5) 1.1953(3) 0.0610(4) 0.0309(14) 
C8 -0.2397(6) 1.2768(3) -0.0234(4) 0.0399(16) 
C9 -0.3506(5) 1.2570(3) -0.0707(4) 0.0381(16) 
C10 -0.0867(5) 1.2419(3) 0.1271(4) 0.0349(15) 
C11 -0.0634(5) 1.2925(4) 0.1938(4) 0.0414(17) 
C12 0.0482(6) 1.2926(4) 0.2608(5) 0.060(2) 
C13 0.1328(6) 1.2441(5) 0.2597(6) 0.064(2) 
C14 0.1076(6) 1.1941(4) 0.1941(5) 0.055(2) 
C15 -0.0043(5) 1.1908(4) 0.1234(4) 0.0416(17) 
C16 -0.4892(5) 1.1709(3) -0.0442(4) 0.0376(16) 
C17 -0.5690(5) 1.1938(4) -0.0058(5) 0.0497(19) 
C18 -0.6752(6) 1.1578(4) -0.0348(6) 0.067(2) 
C19 -0.6993(6) 1.1033(4) -0.0943(6) 0.062(2) 
C20 -0.6163(6) 1.0802(4) -0.1272(5) 0.0484(19) 
C21 -0.5089(6) 1.1138(3) -0.1035(4) 0.0400(17) 
C22 -0.2005(7) 1.3204(5) 0.2723(6) 0.070(2) 
C23 -0.1557(6) 1.3428(4) 0.1987(5) 0.053(2) 
C24 -0.1113(8) 1.4188(4) 0.2131(7) 0.083(3) 
C25 -0.0451(7) 1.0631(4) 0.0918(6) 0.062(2) 
C26 -0.0331(6) 1.1345(4) 0.0521(5) 0.0497(19) 
C27 0.0558(7) 1.1327(4) 0.0043(6) 0.065(2) 
C28 -0.5637(9) 1.2331(6) 0.1492(7) 0.110(4) 
C29 -0.5460(6) 1.2530(4) 0.0609(6) 0.063(2) 
C30 -0.6115(10) 1.3171(6) 0.0162(8) 0.122(4) 
C31 -0.3598(8) 1.0215(5) -0.0805(7) 0.087(3) 
C32 -0.4171(6) 1.0855(4) -0.1363(5) 0.0509(19) 
C33 -0.4643(8) 1.0670(5) -0.2361(6) 0.082(3) 
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C1S 0.5319(11) 1.0401(9) 0.4466(11) 0.102(7) 
C2S 0.5243(9) 1.0059(9) 0.5215(10) 0.146(10) 
C3S 0.4154(12) 0.9908(7) 0.5251(8) 0.076(5) 
C4S 0.3142(9) 1.0101(7) 0.4538(10) 0.092(6) 
C5S 0.3218(12) 1.0444(8) 0.3788(9) 0.138(9) 
C6S 0.4307(15) 1.0594(7) 0.3752(9) 0.137(9) 
 
 
Table A.21.  Summary of Crystal Data for 20 

 
Formula C67H86Cl2Cu2FeN4S2 
Formula Weight (g/mol) 1265.34 
Crystal Dimensions (mm ) 0.232 × 0.121 × 0.109 
Crystal Color and Habit yellow block 
Crystal System monoclinic 
Space Group P 21/c 
Temperature, K 110 
a, Å 20.836(8) 
b, Å  9.596(4) 
c, Å  16.941(5) 
α,° 90 
β,° 101.905(8) 
γ,° 90 
V, Å3 3314(2) 
Number of reflections to determine final unit cell 9929 
Min and Max 2θ for cell determination, ° 5.48, 58.0 
Z 2 
F(000) 1332 
ρ (g/cm) 1.268 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 1.036 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 48.5 
Measured fraction of data 0.994 
Number of reflections measured 47566 
Unique reflections measured 5323 
Rmerge 0.0483 
Number of reflections included in refinement 5323 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.1217P)2+8.86

08P] where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 361 
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R1 0.0680 
wR2 0.2016 
R1 (all data) 0.0818 
wR2 (all data) 0.2128 
GOF 1.142 
Maximum shift/error 0.001 
Min & Max peak heights on final ∆F Map (e-/Å) -1.235, 1.856 

  
 
Table A.22.  Atomic Coordinates for 20 
  

Atom x y z Uiso/equiv 
Cu1 0.74550(3) 0.21916(6) 0.54419(3) 0.0237(2) 
Fe1 0.5000 0.5000 0.5000 0.0311(3) 
S1 0.73456(6) 0.44035(14) 0.53554(8) 0.0291(3) 
N1 0.76706(18) -0.0636(4) 0.6140(2) 0.0190(8) 
N2 0.74318(18) -0.0661(4) 0.4843(2) 0.0197(9) 
C1 0.6481(3) 0.4711(6) 0.4810(3) 0.0362(13) 
C2 0.5997(3) 0.4722(6) 0.5348(3) 0.0312(12) 
C3 0.5661(3) 0.3552(6) 0.5585(3) 0.0338(13) 
C4 0.5254(3) 0.4036(7) 0.6094(3) 0.0373(14) 
C5 0.5337(3) 0.5462(7) 0.6193(3) 0.0399(15) 
C6 0.5799(2) 0.5935(7) 0.5741(3) 0.0348(13) 
C7 0.7539(2) 0.0233(5) 0.5485(3) 0.0183(10) 
C8 0.7639(2) -0.2016(5) 0.5900(3) 0.0243(11) 
C9 0.7495(2) -0.2029(5) 0.5097(3) 0.0232(11) 
C10 0.7829(2) -0.0145(5) 0.6959(3) 0.0216(10) 
C11 0.7341(2) -0.0145(5) 0.7416(3) 0.0242(11) 
C12 0.7514(3) 0.0335(6) 0.8203(3) 0.0331(13) 
C13 0.8135(3) 0.0806(7) 0.8515(3) 0.0390(14) 
C14 0.8609(3) 0.0799(6) 0.8053(3) 0.0358(13) 
C15 0.8473(2) 0.0309(6) 0.7266(3) 0.0281(11) 
C16 0.7302(2) -0.0186(5) 0.4015(3) 0.0221(10) 
C17 0.6667(3) 0.0295(6) 0.3664(3) 0.0291(12) 
C18 0.6565(3) 0.0736(6) 0.2869(3) 0.0373(14) 
C19 0.7060(3) 0.0695(7) 0.2441(3) 0.0439(15) 
C20 0.7671(3) 0.0217(6) 0.2788(3) 0.0379(14) 
C21 0.7813(3) -0.0238(5) 0.3596(3) 0.0265(11) 
C22 0.6201(3) 0.0656(8) 0.6943(6) 0.083(3) 
C23 0.6647(2) -0.0617(6) 0.7063(3) 0.0297(12) 
C24 0.6400(3) -0.1685(7) 0.7584(4) 0.0488(17) 
C25 0.9175(4) 0.1798(9) 0.6566(5) 0.073(2) 
C26 0.8995(3) 0.0306(7) 0.6765(3) 0.0396(14) 
C27 0.9595(4) -0.0514(12) 0.7175(5) 0.081(3) 
C28 0.5565(3) 0.1294(8) 0.3765(5) 0.0561(18) 
C29 0.6116(3) 0.0318(6) 0.4127(3) 0.0347(13) 
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C30 0.5816(3) -0.1113(8) 0.4138(5) 0.0550(18) 
C31 0.8941(3) 0.0559(7) 0.4222(4) 0.0500(16) 
C32 0.8493(2) -0.0687(6) 0.3975(3) 0.0289(12) 
C33 0.8787(3) -0.1715(8) 0.3450(5) 0.0564(19) 
C1S 0.9218(8) -0.0796(19) 1.0423(11) 0.072(4) 
Cl1S 0.9445(4) -0.2036(8) 1.0809(5) 0.0741(19) 
Cl2S 0.9411(5) 0.0793(12) 1.0472(6) 0.109(3) 
C2S 0.9218(8) -0.0796(19) 1.0423(11) 0.072(4) 
Cl3S 0.9784(6) 0.0270(14) 1.0232(8) 0.085(3) 
Cl4S 0.9062(10) -0.070(2) 1.1252(13) 0.143(6) 

 
 
Table A.23.  Summary of Crystal Data for 21 
 

Formula C71H101Cu2FeN4Se2 
Formula Weight (g/mol) 1351.40 
Crystal Dimensions (mm ) 0.136 × 0.121 × 0.023 
Crystal Color and Habit yellow plate 
Crystal System monoclinic 
Space Group P 21/c 
Temperature, K 110 
a, Å 20.825(9) 
b, Å  9.791(4) 
c, Å  17.063(5) 
α,° 90 
β,° 102.294(8) 
γ,° 90 
V, Å3 3399(2) 
Number of reflections to determine final unit cell 9417 
Min and Max 2θ for cell determination, ° 5.42, 60.18 
Z 2 
F(000) 1414 
ρ (g/cm) 1.320 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 1.943 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 48.498 
Measured fraction of data 0.999 
Number of reflections measured 75915 
Unique reflections measured 5473 
Rmerge 0.0591 
Number of reflections included in refinement 5473 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
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Weighting Scheme w=1/[sigma2(Fo2)+(0.0895P)2+3.93
08P] where P=(Fo2+2Fc2)/3 

Number of parameters in least-squares 352 
R1 0.0549 
wR2 0.1589 
R1 (all data) 0.0669 
wR2 (all data) 0.1728 
GOF 1.366 
Maximum shift/error 0.001 
Min & Max peak heights on final ∆F Map (e-/Å) -1.383, 1.613 

 
 
Table A.24.  Atomic Coordinates for 21  
  

Atom x y z Uiso/equiv 
Se1 0.24089(2) 0.05890(5) 0.53843(3) 0.0212(2) 
Cu1 0.24701(3) 0.28808(6) 0.54377(3) 0.0184(2) 
Fe1 0.0000 0.0000 0.5000 0.0190(3) 
N1 0.2665(2) 0.5661(4) 0.6111(2) 0.0184(9) 
N2 0.2420(2) 0.5673(4) 0.4833(2) 0.0164(9) 
C1 0.1484(3) 0.0295(6) 0.4803(3) 0.0252(11) 
C2 0.1002(2) 0.0255(5) 0.5341(3) 0.0217(11) 
C3 0.0671(3) 0.1392(6) 0.5589(3) 0.0241(11) 
C4 0.0259(3) 0.0908(6) 0.6100(3) 0.0271(12) 
C5 0.0343(3) -0.0526(6) 0.6178(3) 0.0279(12) 
C6 0.0803(3) -0.0948(6) 0.5721(3) 0.0265(12) 
C7 0.2532(2) 0.4817(5) 0.5472(3) 0.0159(10) 
C8 0.2642(3) 0.7014(5) 0.5876(3) 0.0244(12) 
C9 0.2488(3) 0.7024(5) 0.5078(3) 0.0238(12) 
C10 0.2849(2) 0.5187(5) 0.6933(3) 0.0190(11) 
C11 0.2361(3) 0.5168(5) 0.7393(3) 0.0219(11) 
C12 0.2554(3) 0.4708(6) 0.8177(3) 0.0297(13) 
C13 0.3178(3) 0.4252(6) 0.8487(3) 0.0346(14) 
C14 0.3653(3) 0.4268(6) 0.8014(3) 0.0324(14) 
C15 0.3487(3) 0.4745(5) 0.7223(3) 0.0242(11) 
C16 0.2273(2) 0.5198(5) 0.4007(3) 0.0182(10) 
C17 0.1641(3) 0.4738(5) 0.3675(3) 0.0215(11) 
C18 0.1518(3) 0.4287(6) 0.2879(3) 0.0309(13) 
C19 0.2008(3) 0.4306(6) 0.2448(3) 0.0347(14) 
C20 0.2626(3) 0.4774(6) 0.2788(3) 0.0320(13) 
C21 0.2782(3) 0.5234(6) 0.3583(3) 0.0244(12) 
C22 0.1206(3) 0.4347(8) 0.6965(6) 0.068(3) 
C23 0.1660(3) 0.5604(6) 0.7050(3) 0.0281(13) 
C24 0.1422(3) 0.6685(6) 0.7558(4) 0.0411(16) 
C25 0.4215(4) 0.3318(8) 0.6552(5) 0.056(2) 
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C26 0.4006(3) 0.4772(7) 0.6718(3) 0.0332(14) 
C27 0.4600(4) 0.5607(10) 0.7110(5) 0.072(3) 
C28 0.0537(3) 0.3737(6) 0.3821(4) 0.0377(14) 
C29 0.1091(3) 0.4765(6) 0.4139(3) 0.0257(12) 
C30 0.0796(3) 0.6182(7) 0.4115(4) 0.0465(16) 
C31 0.3914(3) 0.4432(7) 0.4182(4) 0.0480(17) 
C32 0.3474(3) 0.5686(6) 0.3957(3) 0.0302(13) 
C33 0.3755(3) 0.6659(7) 0.3421(5) 0.0518(19) 
C1S 0.5432(15) 0.294(3) 0.9458(18) 0.138(10) 
C2S 0.5713(8) 0.4088(18) 0.9381(10) 0.151(6) 
C3S 0.5238(6) 0.5230(13) 0.9738(7) 0.110(4) 
C2S' 0.5713(8) 0.4088(18) 0.9381(10) 0.151(6) 
C3S' 0.5238(6) 0.5230(13) 0.9738(7) 0.110(4) 

 
 
Table A.25.  Summary of Crystal Data for 24 

 
Formula C130H178Cu4N8O3Se4 
Formula Weight (g/mol) 2470.79 
Crystal Dimensions (mm ) 0.274 × 0.156 × 0.103 
Crystal Color and Habit yellow block 
Crystal System triclinic 
Space Group P -1 
Temperature, K 110 
a, Å 13.006(4) 
b, Å  14.080(5) 
c, Å  19.173(7) 
α,° 71.160(15) 
β,° 89.187(15) 
γ,° 65.456(10) 
V, Å3 2993.2(17) 
Number of reflections to determine final unit cell 9895 
Min and Max 2θ for cell determination, ° 4.7, 63.22 
Z 1 
F(000) 1290 
ρ (g/cm) 1.371 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 1.972 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 63.76 
Measured fraction of data 0.991 
Number of reflections measured 71877 
Unique reflections measured 20161 
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Rmerge 0.0440 
Number of reflections included in refinement 20161 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.0881P)2+0.01

67P] where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 821 
R1 0.0459 
wR2 0.1284 
R1 (all data) 0.0843 
wR2 (all data) 0.1610 
GOF 1.121 
Maximum shift/error 0.003 
Min & Max peak heights on final ∆F Map (e-/Å) -1.614, 0.927 

 

Table A.26.  Atomic Coordinates for 24 

 
Atom x y z Uiso/equiv 
Cu1 0.95357(3) 0.31371(3) 0.70478(2) 0.02466(8) 
Cu2 0.76716(3) 0.48049(3) 0.71900(2) 0.02841(9) 
Se1 0.96153(2) 0.47151(2) 0.72280(2) 0.02449(7) 
Se2 0.78065(2) 0.38824(2) 0.62369(2) 0.02649(7) 
N1 1.0565(2) 0.06724(19) 0.74562(13) 0.0294(5) 
N2 1.1372(2) 0.1141(2) 0.81680(14) 0.0297(5) 
N3 0.5371(2) 0.6560(2) 0.70782(15) 0.0303(5) 
N4 0.6021(2) 0.5628(2) 0.82277(14) 0.0284(5) 
C1 0.9602(2) 0.5394(2) 0.55890(15) 0.0252(5) 
C2 0.8920(2) 0.5104(2) 0.52166(15) 0.0235(5) 
C3 0.9343(2) 0.4718(2) 0.46348(14) 0.0245(5) 
C4 0.9213(3) 0.5850(2) 0.61997(16) 0.0315(6) 
C5 0.7770(2) 0.5200(2) 0.54008(17) 0.0311(6) 
C6 1.0521(3) 0.1589(2) 0.75814(15) 0.0274(6) 
C7 1.1420(3) -0.0309(2) 0.79407(17) 0.0356(7) 
C8 1.1929(3) -0.0015(2) 0.83903(17) 0.0359(7) 
C9 1.0102(5) 0.0757(5) 0.68091(18) 0.0310(16) 
C10 1.0603(3) 0.0921(4) 0.6162(2) 0.0254(11) 
C11 1.0045(3) 0.1067(4) 0.54967(18) 0.0323(13) 
C12 0.8985(4) 0.1048(4) 0.5478(2) 0.0332(13) 
C13 0.8484(4) 0.0884(4) 0.6124(3) 0.0340(14) 
C14 0.9043(5) 0.0738(5) 0.6790(2) 0.0386(18) 
C21 1.1657(8) 0.2095(7) 0.5739(4) 0.0340(16) 
C22 1.1743(8) 0.0948(7) 0.6171(5) 0.0301(16) 
C23 1.2618(8) 0.0066(7) 0.5885(5) 0.0386(17) 
C24 0.7281(9) 0.1313(10) 0.7492(7) 0.083(4) 



 202 

C25 0.8507(7) 0.0442(7) 0.7552(5) 0.0384(18) 
C26 0.8675(9) -0.0715(7) 0.7815(5) 0.056(2) 
C9A 0.9845(5) 0.0741(6) 0.6816(2) 0.0196(14) 
C10A 1.0328(4) 0.0765(5) 0.6163(3) 0.0302(17) 
C11A 0.9739(4) 0.0801(4) 0.5548(2) 0.0299(14) 
C12A 0.8665(4) 0.0814(5) 0.5587(2) 0.0339(16) 
C13A 0.8182(4) 0.0790(5) 0.6240(3) 0.0350(18) 
C14A 0.8771(5) 0.0753(6) 0.6854(2) 0.0284(15) 
C21A 1.1364(9) 0.1920(8) 0.5645(6) 0.041(2) 
C22A 1.1501(9) 0.0735(8) 0.6104(5) 0.034(2) 
C23A 1.2306(8) -0.0106(7) 0.5778(5) 0.0392(19) 
C24A 0.6925(10) 0.1613(10) 0.7298(7) 0.066(3) 
C25A 0.8163(8) 0.0777(8) 0.7514(6) 0.041(2) 
C26A 0.8091(11) -0.0350(10) 0.7932(7) 0.080(3) 
C15 1.1637(3) 0.1800(2) 0.85049(18) 0.0319(6) 
C16 1.2322(3) 0.2316(3) 0.81625(18) 0.0354(7) 
C17 1.2543(3) 0.2960(3) 0.8498(2) 0.0444(8) 
C18 1.2100(4) 0.3080(4) 0.9145(3) 0.0560(11) 
C19 1.1443(4) 0.2547(4) 0.9476(3) 0.0535(10) 
C20 1.1196(3) 0.1894(3) 0.9157(2) 0.0395(7) 
C27 1.3784(8) 0.1141(7) 0.7573(5) 0.045(2) 
C27A 1.4101(13) 0.1250(14) 0.7673(10) 0.088(6) 
C28 1.2786(3) 0.2199(3) 0.7456(2) 0.0470(9) 
C29 1.2927(4) 0.3206(4) 0.6960(3) 0.0682(14) 
C30 0.9219(3) 0.2035(4) 0.9121(2) 0.0525(10) 
C31 1.0448(3) 0.1321(3) 0.9504(2) 0.0461(8) 
C32 1.0504(4) 0.1041(4) 1.0336(2) 0.0590(11) 
C33 0.6325(2) 0.5692(2) 0.75346(16) 0.0270(6) 
C34 0.4503(3) 0.7001(3) 0.7477(2) 0.0367(7) 
C35 0.4917(3) 0.6409(3) 0.8196(2) 0.0379(7) 
C36 0.5278(3) 0.7035(2) 0.62793(18) 0.0336(7) 
C37 0.5739(3) 0.7809(2) 0.5991(2) 0.0366(7) 
C38 0.5599(3) 0.8278(3) 0.5219(2) 0.0443(8) 
C39 0.5040(3) 0.8003(3) 0.4764(2) 0.0451(9) 
C40 0.4598(3) 0.7248(3) 0.5065(2) 0.0440(8) 
C41 0.4706(3) 0.6741(3) 0.58346(19) 0.0382(7) 
C42 0.6741(7) 0.4748(6) 0.8963(3) 0.0146(13) 
C43 0.7585(7) 0.4885(5) 0.9298(3) 0.0233(15) 
C44 0.8110(6) 0.4189(5) 1.0019(3) 0.0277(15) 
C45 0.7790(6) 0.3356(6) 1.0405(3) 0.0356(19) 
C46 0.6946(7) 0.3220(6) 1.0070(4) 0.0268(15) 
C47 0.6421(6) 0.3915(6) 0.9349(4) 0.0166(14) 
C42A 0.6649(8) 0.5028(7) 0.8877(4) 0.031(2) 
C43A 0.7545(7) 0.5193(6) 0.9115(3) 0.0245(16) 
C44A 0.8185(6) 0.4518(6) 0.9811(3) 0.0378(19) 
C45A 0.7929(7) 0.3676(6) 1.0268(3) 0.041(2) 
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C46A 0.7033(8) 0.3510(7) 1.0030(4) 0.044(2) 
C47A 0.6393(7) 0.4186(7) 0.9334(5) 0.040(3) 
C48 0.5477(4) 0.8954(3) 0.6810(3) 0.0626(12) 
C49 0.6335(3) 0.8116(3) 0.6496(2) 0.0464(9) 
C50 0.7123(3) 0.8615(3) 0.6112(3) 0.0496(9) 
C51 0.2932(7) 0.6436(7) 0.6013(5) 0.0389(16) 
C52 0.4259(10) 0.5822(9) 0.6087(5) 0.0301(19) 
C53 0.4598(5) 0.4947(5) 0.5743(4) 0.0381(14) 
C54 0.7066(13) 0.6960(10) 0.8913(6) 0.040(2) 
C55 0.7930(8) 0.5826(8) 0.8870(4) 0.0283(16) 
C56 0.9119(7) 0.5610(7) 0.9139(5) 0.0387(16) 
C57 0.4681(4) 0.3644(5) 0.9582(3) 0.0719(14) 
C58 0.5484(3) 0.3811(3) 0.9024(2) 0.0456(8) 
C59 0.6012(16) 0.2640(14) 0.8870(11) 0.078(5) 
C51A 0.3108(8) 0.6266(8) 0.5675(5) 0.049(2) 
C52A 0.4078(10) 0.6068(9) 0.6239(6) 0.0290(19) 
C53A 0.4870(7) 0.4845(6) 0.6565(5) 0.0510(19) 
C54A 0.6964(13) 0.7233(11) 0.8649(6) 0.043(2) 
C55A 0.7798(10) 0.6130(8) 0.8596(5) 0.037(2) 
C56A 0.9023(8) 0.5970(8) 0.8782(5) 0.0442(19) 
C57A 0.4681(4) 0.3644(5) 0.9582(3) 0.0719(14) 
C58A 0.5484(3) 0.3811(3) 0.9024(2) 0.0456(8) 
C59A 0.5998(13) 0.3017(13) 0.8652(8) 0.063(4) 
O1S 0.1766(2) 0.7497(2) 0.7473(2) 0.0605(8) 
C1S 0.0669(6) 0.7761(5) 0.7012(4) 0.0376(14) 
C2S 0.0244(6) 0.7066(6) 0.7581(5) 0.0474(18) 
C3S 0.1310(6) 0.5981(6) 0.7930(4) 0.0422(16) 
C4S 0.2274(7) 0.6317(6) 0.7827(4) 0.0343(14) 
C1SA 0.1232(7) 0.7939(7) 0.6805(4) 0.0455(16) 
C2SA 0.0699(7) 0.7222(6) 0.6716(4) 0.0456(16) 
C3SA 0.1485(6) 0.6075(6) 0.7277(4) 0.0447(16) 
C4SA 0.1772(9) 0.6418(8) 0.7882(6) 0.052(2) 
O2S 1.4178(6) -0.0545(6) 0.9644(4) 0.0768(19) 
C5S 1.4132(15) -0.0058(15) 1.0203(10) 0.093(5) 
C8S 1.5265(10) -0.0793(10) 0.9500(7) 0.079(3) 
C7S 1.561(2) 0.005(2) 0.9606(14) 0.131(8) 
C6S 1.4913(13) 0.0401(12) 1.0113(9) 0.100(4) 
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Table A.27.  Summary of Crystal Data for 25 

 
Formula C34H53CuN2OSSi 
Formula Weight (g/mol) 629.47 
Crystal Dimensions (mm ) 0.312 × 0.237 × 0.067 
Crystal Color and Habit colourless plate 
Crystal System monoclinic 
Space Group C 2/c 
Temperature, K 110 
a, Å 28.986(15) 
b, Å  12.887(7) 
c, Å  19.067(9) 
α,° 90 
β,° 92.619(12) 
γ,° 90 
V, Å3 7115(6) 
Number of reflections to determine final unit cell 9992 
Min and Max 2θ for cell determination, ° 5.02, 54.92 
Z 8 
F(000) 2704 
ρ (g/cm) 1.175 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 0.733 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 56.83 
Measured fraction of data 1.000 
Number of reflections measured 60384 
Unique reflections measured 8905 
Rmerge 0.0771 
Number of reflections included in refinement 8905 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.1000P)2] 

where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 348 
R1 0.0573 
wR2 0.1633 
R1 (all data) 0.1080 
wR2 (all data) 0.2016 
GOF 1.195 
Maximum shift/error 0.000 
Min & Max peak heights on final ∆F Map (e-/Å) -0.733, 0.943 
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Table A.28.  Atomic Coordinates for 25 

 
Atom x y z Uiso/equiv 
Cu1 0.13409(2) 0.89331(3) 0.23739(2) 0.02657(15) 
S1 0.13757(3) 0.92716(8) 0.34702(5) 0.0312(2) 
Si1 0.18433(4) 0.81752(8) 0.39088(5) 0.0310(3) 
N1 0.10298(9) 0.9416(2) 0.09415(14) 0.0239(6) 
N2 0.15833(10) 0.8321(2) 0.09454(14) 0.0253(6) 
C1 0.13103(12) 0.8846(3) 0.13860(17) 0.0245(7) 
C2 0.11281(12) 0.9259(3) 0.02480(17) 0.0277(8) 
C3 0.14785(13) 0.8568(3) 0.02453(18) 0.0288(8) 
C4 0.06468(12) 1.0014(3) 0.11782(17) 0.0261(7) 
C5 0.07237(13) 1.1024(3) 0.14264(19) 0.0317(8) 
C6 0.03410(14) 1.1572(4) 0.1635(2) 0.0432(10) 
C7 -0.00970(15) 1.1137(4) 0.1602(2) 0.0469(11) 
C8 -0.01592(13) 1.0126(4) 0.13604(19) 0.0387(10) 
C9 0.02111(12) 0.9546(3) 0.11484(18) 0.0308(8) 
C10 0.19345(12) 0.7591(3) 0.11752(17) 0.0263(7) 
C11 0.17975(13) 0.6589(3) 0.13624(18) 0.0319(8) 
C12 0.21517(15) 0.5902(3) 0.1570(2) 0.0375(9) 
C13 0.26055(15) 0.6182(3) 0.1590(2) 0.0394(10) 
C14 0.27300(13) 0.7180(3) 0.14054(18) 0.0342(9) 
C15 0.23943(13) 0.7915(3) 0.11942(17) 0.0287(8) 
C16 0.13221(17) 1.1956(5) 0.2194(2) 0.0594(14) 
C17 0.11977(13) 1.1523(3) 0.14632(19) 0.0325(8) 
C18 0.12270(16) 1.2362(4) 0.0919(3) 0.0580(13) 
C19 -0.02555(14) 0.8315(4) 0.0368(2) 0.0447(10) 
C20 0.01422(13) 0.8421(3) 0.0914(2) 0.0346(9) 
C21 0.00614(19) 0.7722(4) 0.1544(3) 0.0668(15) 
C22 0.1224(2) 0.5261(4) 0.0907(3) 0.0720(16) 
C23 0.12975(15) 0.6247(3) 0.1348(2) 0.0386(9) 
C24 0.11367(19) 0.6079(5) 0.2085(3) 0.0654(15) 
C25 0.28989(15) 0.9055(3) 0.0483(2) 0.0423(10) 
C26 0.25357(13) 0.9013(3) 0.10265(19) 0.0311(8) 
C27 0.26957(18) 0.9600(4) 0.1695(2) 0.0508(12) 
C28 0.23217(14) 0.7843(3) 0.3327(2) 0.0421(10) 
C29 0.20992(17) 0.8781(4) 0.4728(2) 0.0483(11) 
C30 0.15415(17) 0.6937(3) 0.4118(2) 0.0462(11) 
O1S 0.0539(5) 1.3530(10) 0.4354(6) 0.280(5) 
C1S 0.0855(4) 1.3448(10) 0.3772(6) 0.175(5) 
C2S 0.0834(4) 1.4169(9) 0.3459(7) 0.071(3) 
C3S 0.0525(7) 1.4790(16) 0.3713(11) 0.149(8) 
C4S 0.0165(7) 1.4271(15) 0.4147(10) 0.108(6) 
C2SA 0.0484(4) 1.3832(9) 0.3078(6) 0.075(3) 
C3SA 0.0179(7) 1.4497(14) 0.3274(9) 0.124(6) 
C4SA 0.0257(16) 1.451(3) 0.4060(16) 0.28(3) 
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Table A.29.  Summary of Crystal Data for 26 

 
Formula C34H53CuN2OSeSi 
Formula Weight (g/mol) 676.37 
Crystal Dimensions (mm ) 0.554 × 0.545 × 0.274 
Crystal Color and Habit colourless block 
Crystal System monoclinic 
Space Group C 2/c 
Temperature, K 110 
a, Å 29.597(6) 
b, Å  12.842(3) 
c, Å  19.184(4) 
α,° 90 
β,° 93.196(5) 
γ,° 90 
V, Å3 7280(3) 
Number of reflections to determine final unit cell 9824 
Min and Max 2θ for cell determination, ° 4.94, 72.42 
Z 8 
F(000) 2848 
ρ (g/cm) 1.234 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 1.659 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 72.744 
Measured fraction of data 0.999 
Number of reflections measured 150833 
Unique reflections measured 17704 
Rmerge 0.0414 
Number of reflections included in refinement 17704 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.0729P)2+2.52

63P] where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 367 
R1 0.0365 
wR2 0.1025 
R1 (all data) 0.0625 
wR2 (all data) 0.1284 
GOF 1.081 
Maximum shift/error 0.006 
Min & Max peak heights on final ∆F Map (e-/Å) -0.955, 0.868 
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Table A.30.  Atomic Coordinates for 26 

 
Atom x y z Uiso/equiv 
Cu1 0.63374(2) 0.39498(2) 0.73481(2) 0.02243(5) 
Se1 0.63523(2) 0.43562(2) 0.84863(2) 0.02755(5) 
Si1 0.68600(2) 0.31872(3) 0.89197(2) 0.02638(8) 
N1 0.60409(4) 0.44128(9) 0.59249(6) 0.0214(2) 
N2 0.65864(4) 0.33196(9) 0.59324(5) 0.0215(2) 
C1 0.63179(4) 0.38436(11) 0.63673(6) 0.0213(2) 
C2 0.61354(5) 0.42564(12) 0.52333(7) 0.0246(2) 
C3 0.64806(5) 0.35644(12) 0.52371(6) 0.0249(2) 
C4 0.56672(4) 0.50141(12) 0.61597(7) 0.0245(2) 
C5 0.57480(5) 0.60253(14) 0.64110(8) 0.0297(3) 
C6 0.53755(6) 0.65791(17) 0.66296(9) 0.0398(4) 
C7 0.49475(6) 0.6141(2) 0.66013(10) 0.0457(5) 
C8 0.48799(5) 0.51342(18) 0.63614(9) 0.0391(4) 
C9 0.52405(5) 0.45398(14) 0.61350(7) 0.0292(3) 
C10 0.69305(5) 0.25878(11) 0.61715(7) 0.0227(2) 
C11 0.73828(5) 0.29073(12) 0.61940(7) 0.0241(2) 
C12 0.77092(5) 0.21767(13) 0.64161(8) 0.0303(3) 
C13 0.75879(6) 0.11831(14) 0.66119(9) 0.0352(3) 
C14 0.71384(6) 0.08950(13) 0.65888(9) 0.0343(3) 
C15 0.67962(5) 0.15869(12) 0.63656(7) 0.0277(3) 
C16 0.62362(8) 0.7302(2) 0.58398(12) 0.0524(5) 
C17 0.62118(5) 0.65238(14) 0.64326(9) 0.0321(3) 
C18 0.63384(8) 0.7036(2) 0.71351(11) 0.0507(5) 
C19 0.51015(9) 0.2738(2) 0.65488(13) 0.0620(7) 
C20 0.51668(5) 0.34186(15) 0.59112(9) 0.0333(3) 
C21 0.47674(6) 0.33014(18) 0.53785(10) 0.0428(4) 
C22 0.76757(9) 0.46017(17) 0.66771(10) 0.0458(5) 
C23 0.75208(5) 0.40055(12) 0.60115(8) 0.0265(3) 
C24 0.78832(7) 0.40179(15) 0.54760(9) 0.0367(3) 
C25 0.61506(9) 0.1096(2) 0.70848(13) 0.0573(6) 
C26 0.63074(6) 0.12438(14) 0.63454(9) 0.0351(3) 
C27 0.62346(10) 0.0238(2) 0.59262(17) 0.0649(7) 
C28 0.71263(8) 0.37880(16) 0.97326(10) 0.0443(5) 
C29 0.65770(8) 0.19322(15) 0.91203(10) 0.0424(4) 
C30 0.73178(6) 0.28948(16) 0.83173(10) 0.0381(4) 
O1S 0.4418(3) 0.8406(7) 0.5627(4) 0.137(3) 
C1S 0.4073(4) 0.8268(8) 0.6072(6) 0.122(3) 
C2S 0.4126(4) 0.9208(8) 0.6469(6) 0.104(3) 
C3S 0.4480(4) 0.9864(10) 0.6282(7) 0.148(4) 
C4S 0.4766(4) 0.9146(9) 0.5802(7) 0.127(4) 
O1SA 0.4531(3) 0.8838(7) 0.7018(5) 0.145(3) 
C1SA 0.4203(5) 0.8695(14) 0.6464(7) 0.149(5) 
C2SA 0.4459(9) 0.907(3) 0.5882(13) 0.36(2) 
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C3SA 0.4881(5) 0.9665(15) 0.6052(8) 0.168(6) 
C4SA 0.4880(5) 0.9511(12) 0.6803(7) 0.172(6) 
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Table A.31.  Summary of Crystal Data for 27 

 
Formula C30H45CuN2SiTe 
Formula Weight (g/mol) 652.91 
Crystal Dimensions (mm ) 0.284 × 0.145 × 0.126 
Crystal Color and Habit colourless block 
Crystal System monoclinic 
Space Group P 21/n 
Temperature, K 110 
a, Å 9.789(3) 
b, Å 21.443(11) 
c, Å 15.580(6) 
α,° 90 
β,° 100.673(19) 
γ,° 90 
V, Å3 3214(2) 
Number of reflections to determine final unit cell 9369 
Min and Max 2θ for cell determination, ° 5.66, 72.0 
Z 4 
F(000) 1336 
ρ (g/cm) 1.349 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 1.626 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 65.0 
Measured fraction of data 1.000 
Number of reflections measured 109050 
Unique reflections measured 11631 
Rmerge 0.0305 
Number of reflections included in refinement 11631 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.0554P)2] where 

P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 320 
R1 0.0249 
wR2 0.0836 
R1 (all data) 0.0328 
wR2 (all data) 0.0984 
GOF 1.313 
Maximum shift/error 0.004 
Min & Max peak heights on final ∆F Map (e-/Å) -0.934, 1.210 
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Table A.32.  Atomic Coordinates for 27 

 
Atom x y z Uiso/equiv 
Cu1 0.35716(2) 0.69762(2) 0.26320(2) 0.01672(5) 
Te1 0.29670(2) 0.71037(2) 0.40616(2) 0.02428(4) 
Si3 0.23954(4) 0.59843(2) 0.42179(3) 0.02041(9) 
N1 0.48086(11) 0.73624(6) 0.11515(8) 0.0153(2) 
N2 0.40852(12) 0.64234(6) 0.09784(8) 0.0154(2) 
C1 0.41565(13) 0.69118(7) 0.15373(9) 0.0149(2) 
C2 0.51497(15) 0.71608(7) 0.03762(10) 0.0192(3) 
C3 0.46944(14) 0.65672(7) 0.02653(10) 0.0196(3) 
C4 0.50859(14) 0.79710(6) 0.15334(10) 0.0155(2) 
C5 0.63408(14) 0.80670(7) 0.21128(10) 0.0181(3) 
C6 0.65531(16) 0.86512(8) 0.24995(10) 0.0226(3) 
C7 0.55559(17) 0.91172(8) 0.23201(11) 0.0246(3) 
C8 0.43327(16) 0.90088(7) 0.17359(11) 0.0232(3) 
C9 0.40674(13) 0.84323(7) 0.13251(10) 0.0185(3) 
C10 0.35203(14) 0.58239(7) 0.11379(9) 0.0165(2) 
C11 0.44572(14) 0.53445(7) 0.14388(9) 0.0182(3) 
C12 0.38997(16) 0.47605(7) 0.15870(10) 0.0224(3) 
C13 0.24696(17) 0.46718(8) 0.14449(11) 0.0254(3) 
C14 0.15706(16) 0.51606(8) 0.11554(11) 0.0237(3) 
C15 0.20612(14) 0.57486(7) 0.09925(9) 0.0185(3) 
C16 0.7541(2) 0.73370(13) 0.32706(15) 0.0475(6) 
C17 0.74307(15) 0.75534(8) 0.23304(11) 0.0247(3) 
C18 0.8800(3) 0.77246(16) 0.2075(3) 0.0352(6) 
C18A 0.8876(6) 0.7860(4) 0.2373(7) 0.043(2) 
C19 0.15025(17) 0.82954(13) 0.11963(15) 0.0445(6) 
C20 0.27074(15) 0.83177(8) 0.06973(11) 0.0233(3) 
C21 0.24316(19) 0.88066(9) -0.00221(11) 0.0312(4) 
C22 0.66462(18) 0.53595(12) 0.25857(12) 0.0378(5) 
C23 0.60257(14) 0.54444(7) 0.16163(10) 0.0209(3) 
C24 0.67290(17) 0.50099(9) 0.10513(11) 0.0262(3) 
C25 -0.03868(19) 0.62126(11) 0.08428(15) 0.0392(5) 
C26 0.10903(14) 0.62855(7) 0.06498(10) 0.0215(3) 
C27 0.09805(19) 0.63540(10) -0.03370(13) 0.0345(4) 
C28 0.36763(18) 0.54654(9) 0.38125(13) 0.0308(4) 
C29 0.2397(3) 0.58140(10) 0.53934(13) 0.0443(5) 
C30 0.06269(18) 0.57993(10) 0.35735(16) 0.0414(5) 
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Table A.33.  Summary of Crystal Data for 28 

 
Formula C29H40Cl4CuHg0.50N2S 
Formula Weight (g/mol) 754.32 
Crystal Dimensions (mm ) 0.325 × 0.205 × 0.108 
Crystal Color and Habit colourless block 
Crystal System monoclinic 
Space Group P 21/n 
Temperature, K 110 
a, Å 13.026(3) 
b, Å  16.803(3) 
c, Å  16.264(4) 
α,° 90 
β,° 106.93(3) 
γ,° 90 
V, Å3 3405.6(14) 
Number of reflections to determine final unit cell 9963 
Min and Max 2θ for cell determination, ° 5.32, 59.16 
Z 4 
F(000) 1524 
ρ (g/cm) 1.471 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 3.279 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 48.494 
Measured fraction of data 0.997 
Number of reflections measured 18008 
Unique reflections measured 5492 
Rmerge 0.0380 
Number of reflections included in refinement 5492 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.0890P)2+15.0

081P] where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 362 
R1 0.0518 
wR2 0.1454 
R1 (all data) 0.0658 
wR2 (all data) 0.1676 
GOF 1.216 
Maximum shift/error 0.001 
Min & Max peak heights on final ∆F Map (e-/Å) -1.642, 3.273 
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Table A.34.  Atomic Coordinates for 28 

 
Atom x y z Uiso/equiv 
Hg1 0.5000 0.5000 0.5000 0.02055(18) 
Cu1 0.37028(8) 0.44746(5) 0.32074(6) 0.0238(3) 
S1 0.41883(16) 0.56265(11) 0.37105(13) 0.0266(5) 
N1 0.2278(6) 0.3107(4) 0.2630(4) 0.0306(16) 
N2 0.3783(6) 0.2963(5) 0.2348(5) 0.043(2) 
C1 0.3234(7) 0.3470(5) 0.2714(5) 0.0295(19) 
C2 0.2215(9) 0.2383(6) 0.2207(7) 0.046(2) 
C3 0.3182(9) 0.2293(6) 0.2043(7) 0.053(3) 
C4 0.1447(6) 0.3393(5) 0.2976(5) 0.0274(18) 
C5 0.0665(7) 0.3878(6) 0.2447(6) 0.040(2) 
C6 -0.0143(9) 0.4108(7) 0.2781(9) 0.061(3) 
C7 -0.0181(8) 0.3890(8) 0.3575(10) 0.067(4) 
C8 0.0623(9) 0.3396(7) 0.4094(8) 0.056(3) 
C9 0.1471(7) 0.3139(5) 0.3802(6) 0.038(2) 
C10 0.4901(8) 0.3093(6) 0.2319(7) 0.044(2) 
C11 0.5006(9) 0.3503(7) 0.1619(8) 0.054(3) 
C12 0.6076(9) 0.3640(9) 0.1596(9) 0.071(4) 
C13 0.6912(10) 0.3363(9) 0.2237(10) 0.077(4) 
C14 0.6768(10) 0.2959(9) 0.2918(10) 0.081(5) 
C15 0.5716(9) 0.2788(8) 0.2992(8) 0.062(3) 
C16 0.1169(13) 0.5023(7) 0.1650(11) 0.078(4) 
C17 0.0740(10) 0.4151(7) 0.1575(8) 0.063(3) 
C18 -0.0337(11) 0.4088(9) 0.0893(9) 0.085(4) 
C19 0.2911(13) 0.2996(9) 0.5213(9) 0.090(4) 
C20 0.2359(9) 0.2624(6) 0.4343(7) 0.051(3) 
C21 0.1987(12) 0.1777(8) 0.4405(11) 0.089(4) 
C22 0.3935(14) 0.4714(10) 0.0926(11) 0.089(5) 
C23 0.4065(9) 0.3801(7) 0.0894(7) 0.055(3) 
C24 0.4138(11) 0.3540(10) 0.0013(8) 0.080(4) 
C26 0.5567(10) 0.2355(8) 0.3745(8) 0.066(3) 
C25 0.633(2) 0.2803(13) 0.4567(16) 0.068(8) 
C27 0.600(3) 0.1548(16) 0.361(2) 0.088(10) 
C25A 0.552(2) 0.2788(17) 0.4540(19) 0.073(8) 
C27A 0.623(3) 0.160(2) 0.408(2) 0.080(11) 
Cl1S 0.7690(3) 0.4713(3) 0.4543(2) 0.0823(11) 
C1S 0.8282(8) 0.4595(6) 0.5638(7) 0.049(3) 
Cl2S 0.9476(2) 0.40317(18) 0.5888(2) 0.0600(8) 
C2S 0.6283(9) 0.5919(8) 0.2732(8) 0.061(3) 
Cl3S 0.5694(2) 0.6804(2) 0.2264(2) 0.0650(8) 
Cl4S 0.7576(4) 0.5775(3) 0.2694(4) 0.0892(16) 
Cl5S 0.6738(17) 0.5334(13) 0.2312(14) 0.087(5) 
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Table A.35.  Summary of Crystal Data for 29 

 
Formula C34H53AgN2OSSi 
Formula Weight (g/mol) 673.80 
Crystal Dimensions (mm ) 0.260 × 0.118 × 0.084 
Crystal Color and Habit colourless plate 
Crystal System triclinic 
Space Group P -1 
Temperature, K 110 
a, Å 10.196(2) 
b, Å  12.625(3) 
c, Å  16.038(5) 
α,° 67.516(13) 
β,° 79.534(12) 
γ,° 71.104(9) 
V, Å3 1800.8(9) 
Number of reflections to determine final unit cell 7964 
Min and Max 2θ for cell determination, ° 5.28, 60.0 
Z 2 
F(000) 712 
ρ (g/cm) 1.243 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 0.677 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 48.296 
Measured fraction of data 0.968 
Number of reflections measured 20047 
Unique reflections measured 5584 
Rmerge 0.0395 
Number of reflections included in refinement 5584 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.1093P)2+6.46

11P] where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 361 
R1 0.0610 
wR2 0.1740 
R1 (all data) 0.0735 
wR2 (all data) 0.1945 
GOF 1.141 
Maximum shift/error 0.000 
Min & Max peak heights on final ∆F Map (e-/Å) -0.983, 3.817 
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Table A.36.  Atomic Coordinates for 29 

 
Atom x y z Uiso/equiv 
Ag1 0.50887(4) 0.33595(4) 0.26100(3) 0.0265(2) 
S1 0.27225(17) 0.34982(16) 0.27133(11) 0.0330(4) 
Si1 0.1892(2) 0.4529(2) 0.35426(14) 0.0404(5) 
N1 0.8123(5) 0.2117(5) 0.3125(3) 0.0244(11) 
N2 0.8043(5) 0.3773(4) 0.2033(3) 0.0223(11) 
C1 0.7230(6) 0.3080(5) 0.2569(4) 0.0218(13) 
C2 0.9474(7) 0.2226(6) 0.2932(5) 0.0311(15) 
C3 0.9432(6) 0.3249(6) 0.2248(4) 0.0298(15) 
C4 0.7690(6) 0.1137(6) 0.3814(4) 0.0288(14) 
C5 0.7382(7) 0.0315(6) 0.3548(5) 0.0350(16) 
C6 0.6946(8) -0.0618(7) 0.4229(5) 0.0451(19) 
C7 0.6838(8) -0.0709(8) 0.5128(6) 0.051(2) 
C8 0.7144(8) 0.0109(7) 0.5363(5) 0.047(2) 
C9 0.7585(7) 0.1064(6) 0.4712(4) 0.0341(16) 
C10 0.7528(6) 0.4882(6) 0.1307(4) 0.0248(13) 
C11 0.7584(6) 0.4846(6) 0.0435(4) 0.0273(14) 
C12 0.7064(7) 0.5919(6) -0.0239(5) 0.0344(16) 
C13 0.6498(7) 0.6972(7) -0.0069(5) 0.0389(17) 
C14 0.6457(7) 0.6984(6) 0.0799(5) 0.0338(16) 
C15 0.6984(6) 0.5933(6) 0.1503(4) 0.0278(14) 
C16 0.6165(9) 0.0428(8) 0.2261(7) 0.056(2) 
C17 0.7536(8) 0.0372(6) 0.2569(5) 0.0397(17) 
C18 0.8724(8) -0.0679(7) 0.2435(6) 0.0453(19) 
C19 0.6622(9) 0.2562(10) 0.5506(8) 0.070(3) 
C20 0.7907(7) 0.1956(7) 0.4996(5) 0.0386(17) 
C21 0.9090(8) 0.1367(8) 0.5615(6) 0.054(2) 
C22 0.6998(9) 0.3356(9) 0.0010(7) 0.059(2) 
C23 0.8160(7) 0.3696(6) 0.0247(5) 0.0327(15) 
C24 0.9343(8) 0.3764(7) -0.0505(5) 0.0425(18) 
C25 0.5429(9) 0.6163(10) 0.2864(7) 0.065(3) 
C26 0.6934(7) 0.5953(7) 0.2449(5) 0.0353(16) 
C27 0.7523(9) 0.6904(8) 0.2459(6) 0.053(2) 
C28 0.2994(8) 0.4131(8) 0.4486(5) 0.0459(19) 
C29 0.1579(10) 0.6168(8) 0.2896(7) 0.066(3) 
C30 0.0198(9) 0.4207(12) 0.4076(7) 0.080(4) 
O1S 0.3872(7) -0.0221(6) 0.1117(5) 0.0663(17) 
C1S 0.2715(11) 0.0124(10) 0.1690(7) 0.073(3) 
C2S 0.1523(10) 0.0854(9) 0.1109(7) 0.062(2) 
C3S 0.1850(11) 0.0300(12) 0.0388(8) 0.084(3) 
C4S 0.3325(10) -0.0482(9) 0.0496(8) 0.065(3) 
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Table A.37.  Summary of Crystal Data for 30 

 
Formula C34H53AgN2OSeSi 
Formula Weight (g/mol) 720.70 
Crystal Dimensions (mm ) 0.406 × 0.210 × 0.170 
Crystal Color and Habit colourless block 
Crystal System triclinic 
Space Group P -1 
Temperature, K 110 
a, Å 10.309(3) 
b, Å  12.604(5) 
c, Å  16.151(5) 
α,° 68.375(15) 
β,° 78.886(13) 
γ,° 71.154(11) 
V, Å3 1839.9(10) 
Number of reflections to determine final unit cell 9690 
Min and Max 2θ for cell determination, ° 5.2, 68.44 
Z 2 
F(000) 748 
ρ (g/cm) 1.301 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 1.595 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 48.498 
Measured fraction of data 0.998 
Number of reflections measured 25554 
Unique reflections measured 5942 
Rmerge 0.0189 
Number of reflections included in refinement 5942 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.0732P)2+2.91

45P] where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 372 
R1 0.0333 
wR2 0.1028 
R1 (all data) 0.0382 
wR2 (all data) 0.1180 
GOF 1.125 
Maximum shift/error 0.001 
Min & Max peak heights on final ∆F Map (e-/Å) -0.596, 1.614 
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Table A.38.  Atomic Coordinates for 30 
 
Atom x y z Uiso/equiv 
Ag1 0.51958(2) 0.32595(2) 0.26077(2) 0.01890(12) 
Se1 0.27861(4) 0.33348(3) 0.26961(2) 0.02471(13) 
Si1 0.19142(11) 0.44954(11) 0.35499(8) 0.0339(3) 
N1 0.8197(3) 0.2099(3) 0.31037(19) 0.0191(6) 
N2 0.8091(3) 0.3739(3) 0.20363(19) 0.0177(6) 
C1 0.7305(3) 0.3039(3) 0.2573(2) 0.0169(7) 
C2 0.9514(4) 0.2221(3) 0.2903(3) 0.0240(8) 
C3 0.9456(4) 0.3251(3) 0.2233(3) 0.0236(8) 
C4 0.7773(4) 0.1112(3) 0.3783(2) 0.0248(8) 
C5 0.7617(4) 0.1058(4) 0.4676(3) 0.0312(9) 
C6 0.7166(5) 0.0118(4) 0.5309(3) 0.0449(12) 
C7 0.6874(5) -0.0703(4) 0.5063(3) 0.0498(13) 
C8 0.7042(5) -0.0633(4) 0.4181(3) 0.0437(11) 
C9 0.7506(4) 0.0285(3) 0.3506(3) 0.0313(9) 
C10 0.7556(3) 0.4837(3) 0.1343(2) 0.0204(7) 
C11 0.7010(4) 0.5873(3) 0.1565(3) 0.0264(8) 
C12 0.6460(4) 0.6918(4) 0.0888(3) 0.0345(10) 
C13 0.6470(4) 0.6915(4) 0.0038(3) 0.0390(11) 
C14 0.7026(4) 0.5876(4) -0.0166(3) 0.0348(10) 
C15 0.7586(4) 0.4806(4) 0.0483(3) 0.0261(8) 
C16 0.6604(6) 0.2616(7) 0.5421(6) 0.081(2) 
C17 0.7909(4) 0.1976(4) 0.4959(3) 0.0367(10) 
C18 0.9035(6) 0.1405(5) 0.5595(4) 0.0589(15) 
C19 0.6409(5) 0.0360(4) 0.2213(4) 0.0489(13) 
C20 0.7723(5) 0.0314(4) 0.2544(3) 0.0353(10) 
C21 0.8906(5) -0.0750(4) 0.2427(3) 0.0425(11) 
C22 0.5523(6) 0.6053(6) 0.2956(4) 0.0586(15) 
C23 0.6984(4) 0.5884(4) 0.2505(3) 0.0320(9) 
C24 0.7592(6) 0.6834(5) 0.2513(4) 0.0492(12) 
C25 0.7025(6) 0.3336(5) 0.0014(4) 0.0551(14) 
C26 0.8159(4) 0.3676(4) 0.0255(3) 0.0304(9) 
C27 0.9325(5) 0.3781(5) -0.0497(3) 0.0412(11) 
C28 0.0203(5) 0.4249(7) 0.4060(4) 0.0695(17) 
C29 0.2987(5) 0.4120(4) 0.4477(3) 0.0389(10) 
C30 0.1690(6) 0.6094(5) 0.2892(4) 0.0614(14) 
O1S 0.3952(6) -0.0210(5) 0.1155(4) 0.0962(15) 
C2S 0.1612(6) 0.0899(5) 0.1124(4) 0.0645(15) 
C1S 0.2849(8) 0.0212(8) 0.1755(5) 0.090(2) 
C3S 0.1971(8) 0.0311(8) 0.0454(6) 0.094(2) 
C4S 0.3326(8) -0.0497(7) 0.0589(6) 0.088(2) 
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Table A.39.  Summary of Crystal Data for 31 

 

Formula C70H104Ag2HgN4O4S2 
Formula Weight (g/mol) 1546.02 
Crystal Dimensions (mm ) 0.313 × 0.254 × 0.226 
Crystal Color and Habit colourless blcok 
Crystal System triclinic 
Space Group P -1 
Temperature, K 110 
a, Å 14.614(3) 
b, Å  16.118(3) 
c, Å  16.572(3) 
α,° 88.030(8) 
β,° 66.251(8) 
γ,° 87.115(9) 
V, Å3 3567.8(11) 
Number of reflections to determine final unit cell 9911 
Min and Max 2θ for cell determination, ° 5.9, 56.34 
Z 2 
F(000) 1580 
ρ (g/cm) 1.439 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 2.795 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi scans 
Max 2θ for data collection, ° 56.648 
Measured fraction of data 1.000 
Number of reflections measured 31783 
Unique reflections measured 31783 
Rmerge ? 
Number of reflections included in refinement 31783 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.1116P)2] 

where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 776 
R1 0.0534 
wR2 0.1399 
R1 (all data) 0.0967 
wR2 (all data) 0.1954 
GOF 1.075 
Maximum shift/error 0.001 
Min & Max peak heights on final ∆F Map (e-/Å) -2.435, 2.385 
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Table A.40.  Atomic Coordinates for 31 

 
Atom x y z Uiso/equiv 
Hg1 0.5000 0.5000 0.5000 0.02154(11) 
Ag1 0.64107(4) 0.33048(3) 0.49483(4) 0.01993(14) 
S1 0.53816(16) 0.42163(13) 0.60269(13) 0.0289(5) 
N1 0.7332(5) 0.2456(4) 0.3137(4) 0.0197(13) 
N2 0.8254(5) 0.2157(4) 0.3859(4) 0.0186(13) 
C1 0.7388(5) 0.2560(4) 0.3929(5) 0.0183(15) 
C2 0.8160(6) 0.1995(5) 0.2572(5) 0.0232(17) 
C3 0.8740(6) 0.1801(5) 0.3027(5) 0.0239(17) 
C4 0.6594(6) 0.2897(4) 0.2890(5) 0.0200(16) 
C5 0.6802(6) 0.3710(4) 0.2576(5) 0.0194(16) 
C6 0.6077(6) 0.4140(5) 0.2377(5) 0.0254(17) 
C7 0.5208(7) 0.3784(5) 0.2465(6) 0.0285(19) 
C8 0.5043(6) 0.2976(5) 0.2760(5) 0.0256(18) 
C9 0.5742(6) 0.2505(5) 0.2975(5) 0.0213(16) 
C10 0.8642(6) 0.2129(5) 0.4530(5) 0.0204(16) 
C11 0.9102(6) 0.2831(5) 0.4641(5) 0.0219(16) 
C12 0.9471(6) 0.2771(5) 0.5291(6) 0.0295(19) 
C13 0.9380(7) 0.2061(5) 0.5807(6) 0.0311(19) 
C14 0.8913(6) 0.1386(5) 0.5686(5) 0.0283(18) 
C15 0.8538(6) 0.1404(5) 0.5038(5) 0.0223(16) 
C16 0.7552(6) 0.4831(5) 0.3080(6) 0.0270(18) 
C17 0.7759(6) 0.4116(5) 0.2458(5) 0.0244(17) 
C18 0.8324(7) 0.4402(6) 0.1518(6) 0.035(2) 
C19 0.4963(7) 0.1138(5) 0.2905(7) 0.036(2) 
C20 0.5549(6) 0.1615(5) 0.3319(6) 0.0271(18) 
C21 0.5027(7) 0.1597(5) 0.4341(6) 0.034(2) 
C22 0.8953(9) 0.4401(5) 0.4620(7) 0.049(3) 
C23 0.9233(6) 0.3606(5) 0.4068(6) 0.0279(18) 
C24 1.0290(8) 0.3648(7) 0.3378(8) 0.066(4) 
C25 0.7052(8) 0.0499(7) 0.5719(7) 0.051(3) 
C26 0.8032(7) 0.0651(5) 0.4899(5) 0.0283(19) 
C27 0.8740(7) -0.0120(5) 0.4688(6) 0.036(2) 
Hg2 1.0000 1.0000 0.0000 0.02834(13) 
Ag2 0.86228(4) 0.83338(3) 0.01190(4) 0.02109(14) 
S2 0.97704(19) 0.91351(14) -0.09820(14) 0.0367(6) 
N3 0.7697(4) 0.7498(4) 0.1941(4) 0.0178(13) 
N4 0.6774(5) 0.7253(4) 0.1264(4) 0.0192(13) 
C28 0.7621(6) 0.7632(4) 0.1158(5) 0.0191(15) 
C29 0.6908(6) 0.7056(4) 0.2519(5) 0.0193(16) 
C30 0.6326(6) 0.6900(5) 0.2098(5) 0.0212(16) 
C31 0.8456(6) 0.7880(5) 0.2131(5) 0.0193(16) 
C32 0.9345(6) 0.7430(5) 0.2001(5) 0.0199(16) 
C33 1.0103(6) 0.7846(5) 0.2109(5) 0.0249(18) 
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C34 0.9956(6) 0.8682(5) 0.2360(5) 0.0273(19) 
C35 0.9053(6) 0.9095(5) 0.2506(5) 0.0242(17) 
C36 0.8282(6) 0.8709(5) 0.2408(5) 0.0202(16) 
C37 0.6363(6) 0.7260(5) 0.0604(5) 0.0210(16) 
C38 0.6610(6) 0.6600(5) 0.0013(5) 0.0229(16) 
C39 0.6196(6) 0.6601(5) -0.0605(6) 0.0300(19) 
C40 0.5542(6) 0.7266(5) -0.0630(6) 0.0297(19) 
C41 0.5318(6) 0.7915(5) -0.0047(6) 0.0277(18) 
C42 0.5721(6) 0.7931(5) 0.0589(5) 0.0252(17) 
C43 1.0054(7) 0.5988(5) 0.2190(6) 0.035(2) 
C44 0.9497(6) 0.6514(5) 0.1726(5) 0.0239(17) 
C45 1.0043(7) 0.6439(6) 0.0722(5) 0.033(2) 
C46 0.7416(7) 0.9908(5) 0.1944(6) 0.033(2) 
C47 0.7286(6) 0.9171(5) 0.2589(5) 0.0254(18) 
C48 0.6784(8) 0.9449(6) 0.3533(6) 0.044(3) 
C49 0.7004(9) 0.5051(6) -0.0051(7) 0.046(3) 
C50 0.7353(7) 0.5909(5) 0.0020(6) 0.034(2) 
C51 0.8381(8) 0.6046(7) -0.0720(8) 0.055(3) 
C52 0.4392(9) 0.8790(9) 0.1781(10) 0.089(5) 
C53 0.5474(7) 0.8670(5) 0.1214(6) 0.0310(19) 
C54 0.5850(11) 0.9476(6) 0.0687(8) 0.062(3) 
O1 0.6510(6) 0.4926(4) -0.1982(5) 0.0436(17) 
C1S 0.7304(9) 0.4666(7) -0.2796(8) 0.064(4) 
C2S 0.7383(9) 0.3748(8) -0.2701(9) 0.067(4) 
C3S 0.6340(9) 0.3519(7) -0.2172(8) 0.054(3) 
C4S 0.5856(8) 0.4273(7) -0.1700(8) 0.047(3) 
O2 0.8772(6) -0.0493(5) 0.6992(5) 0.055(2) 
C5S 0.8594(9) -0.1304(7) 0.6819(8) 0.059(3) 
C6S 0.764(2) -0.152(2) 0.738(3) 0.102(14) 
C6SA 0.8027(15) -0.1697(12) 0.7666(14) 0.032(4) 
C7S 0.7332(10) -0.0953(8) 0.8157(8) 0.082(5) 
C8S 0.8051(8) -0.0266(6) 0.7839(7) 0.048(3) 
O3 1.2610(5) 0.8035(5) 0.0871(5) 0.0509(19) 
C9S 1.2779(7) 0.7296(6) 0.0382(7) 0.039(2) 
C10S 1.2757(9) 0.7511(7) -0.0490(7) 0.049(3) 
C11S 1.2159(10) 0.8287(10) -0.0316(10) 0.048(4) 
C17S 1.280(2) 0.8419(16) -0.0526(18) 0.024(6) 
C12S 1.2411(9) 0.8690(7) 0.0374(7) 0.049(3) 
O4 0.2179(8) 0.2632(6) 0.4641(6) 0.081(3) 
C13S 0.1965(9) 0.2625(6) 0.5602(6) 0.043(2) 
C14S 0.2496(7) 0.3222(6) 0.5754(5) 0.037(2) 
C15S 0.2981(8) 0.3697(6) 0.5003(7) 0.045(3) 
C16S 0.2486(7) 0.3535(6) 0.4404(6) 0.037(2) 
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Table A.41.  Summary of Crystal Data for 32 

 

Formula C18H31CuN2O0.50SSi 
Formula Weight (g/mol) 407.14 
Crystal Dimensions (mm ) 0.371 × 0.268 × 0.170 
Crystal Color and Habit colourless block 
Crystal System monoclinic 
Space Group C 2/c 
Temperature, K 110 
a, Å 10.379(3) 
b, Å  16.442(4) 
c, Å  24.602(7) 
α,° 90 
β,° 94.930(13) 
γ,° 90 
V, Å3 4182.7(19) 
Number of reflections to determine final unit cell 9061 
Min and Max 2θ for cell determination, ° 4.96, 69.7 
Z 8 
F(000) 1728 
ρ (g/cm) 1.293 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 1.206 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 69.76 
Measured fraction of data 1.000 
Number of reflections measured 69222 
Unique reflections measured 9133 
Rmerge 0.0344 
Number of reflections included in refinement 9133 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.0760P)2] 

where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 242 
R1 0.0277 
wR2 0.0904 
R1 (all data) 0.0422 
wR2 (all data) 0.1205 
GOF 1.175 
Maximum shift/error 0.001 
Min & Max peak heights on final ∆F Map (e-/Å) -1.366, 0.931 
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Table A.42.  Atomic Coordinates for 32 

 
Atom x y z Uiso/equiv 
Cu1 0.10771(2) 0.25809(2) 0.28518(2) 0.01559(5) 
S1 0.09167(3) 0.19980(2) 0.19941(2) 0.01554(6) 
Si1 0.20916(4) 0.26551(2) 0.14879(2) 0.01984(8) 
N1 0.26991(10) 0.39750(6) 0.32542(4) 0.01729(18) 
N2 0.30568(10) 0.29024(5) 0.37575(4) 0.01507(17) 
C1 0.23226(11) 0.31854(6) 0.33099(5) 0.01615(19) 
C2 0.36560(11) 0.41916(6) 0.36603(5) 0.01671(19) 
C3 0.38717(11) 0.35023(6) 0.39874(5) 0.01527(19) 
C4 0.47864(12) 0.34913(7) 0.44374(5) 0.0186(2) 
C5 0.54907(14) 0.42006(8) 0.45447(6) 0.0241(2) 
C6 0.52794(14) 0.48924(8) 0.42175(6) 0.0260(3) 
C7 0.43678(13) 0.49047(7) 0.37709(5) 0.0222(2) 
C8 0.31258(18) 0.48192(9) 0.24536(6) 0.0349(3) 
C9 0.21233(14) 0.45150(7) 0.28216(6) 0.0257(3) 
C10 0.13868(16) 0.52066(9) 0.30665(8) 0.0376(4) 
C11 0.29328(14) 0.14140(7) 0.35992(6) 0.0246(2) 
C12 0.29227(12) 0.21012(7) 0.40144(5) 0.0186(2) 
C13 0.17249(15) 0.20910(8) 0.43292(6) 0.0265(3) 
C14 0.37499(14) 0.27277(10) 0.18449(7) 0.0314(3) 
C15 0.14114(16) 0.36891(9) 0.13144(6) 0.0306(3) 
C16 0.21788(17) 0.20940(10) 0.08260(6) 0.0333(3) 
O1S 0.4218(4) 0.0893(2) 0.50009(17) 0.0791(12) 
C1S 0.3656(4) 0.0253(3) 0.5222(3) 0.0715(17) 
C2S 0.4621(13) -0.0440(5) 0.5282(5) 0.055(2) 
C3S 0.5748(4) -0.0153(3) 0.50378(19) 0.0478(9) 
C4S 0.5404(10) 0.0672(5) 0.4801(4) 0.0532(19) 
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Table A.43.  Summary of Crystal Data for 33 

 
Formula C80H140Cu4N8O4Se4Si4 
Formula Weight (g/mol) 1960.35 
Crystal Dimensions (mm ) 0.600 × 0.032 × 0.032 
Crystal Color and Habit colourless needle 
Crystal System monoclinic 
Space Group P 21/c 
Temperature, K 110 
a, Å 20.371(5) 
b, Å  21.812(5) 
c, Å  21.819(6) 
α,° 90 
β,° 101.334(10) 
γ,° 90 
V, Å3 9506(4) 
Number of reflections to determine final unit cell 9676 
Min and Max 2θ for cell determination, ° 5.02, 58.5 
Z 4 
F(000) 4064 
ρ (g/cm) 1.370 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 2.512 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 61.118 
Measured fraction of data 1.000 
Number of reflections measured 209634 
Unique reflections measured 29090 
Rmerge 0.1031 
Number of reflections included in refinement 29090 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.0930P)2] 

where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 958 
R1 0.0494 
wR2 0.1237 
R1 (all data) 0.1149 
wR2 (all data) 0.1713 
GOF 1.033 
Maximum shift/error 0.002 
Min & Max peak heights on final ∆F Map (e-/Å) -1.391, 1.541 
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Table A44. Atomic Coordinates for 33 

 
Atom x y z Uiso/equiv 
Cu1 0.60677(2) 0.55441(2) 0.23058(2) 0.02043(11) 
Cu2 0.48228(2) 0.55682(2) 0.24439(2) 0.02007(11) 
Se1 0.51842(2) 0.60357(2) 0.15099(2) 0.02053(9) 
Se2 0.57349(2) 0.57591(2) 0.32906(2) 0.02395(10) 
Si1 0.52706(7) 0.70098(6) 0.18659(6) 0.0284(3) 
Si2 0.57503(7) 0.48399(7) 0.37702(6) 0.0342(3) 
N1 0.67884(17) 0.47396(15) 0.15742(16) 0.0217(7) 
N2 0.74740(16) 0.52138(14) 0.23038(15) 0.0185(7) 
N3 0.37734(17) 0.47101(15) 0.18572(15) 0.0206(7) 
N4 0.33948(17) 0.53576(15) 0.24509(16) 0.0214(7) 
C1 0.6812(2) 0.51283(18) 0.20673(18) 0.0193(8) 
C2 0.7430(2) 0.45838(18) 0.14893(19) 0.0224(8) 
C3 0.7872(2) 0.48876(18) 0.19630(19) 0.0204(8) 
C4 0.8563(2) 0.4830(2) 0.2015(2) 0.0280(9) 
C5 0.8787(2) 0.4455(2) 0.1593(2) 0.0321(10) 
C6 0.8342(3) 0.4148(2) 0.1124(2) 0.0329(11) 
C7 0.7666(2) 0.42046(19) 0.1059(2) 0.0275(9) 
C8 0.6052(2) 0.4727(2) 0.0521(2) 0.0322(10) 
C9 0.6145(2) 0.45141(19) 0.12013(19) 0.0246(9) 
C10 0.6085(3) 0.3823(2) 0.1273(2) 0.0342(11) 
C11 0.8111(3) 0.6141(2) 0.2709(2) 0.0379(12) 
C12 0.7715(2) 0.5595(2) 0.2863(2) 0.0262(9) 
C13 0.8094(3) 0.5208(3) 0.3398(2) 0.0401(12) 
C14 0.3967(2) 0.51714(18) 0.22745(18) 0.0205(8) 
C15 0.3085(2) 0.46144(19) 0.1757(2) 0.0254(9) 
C16 0.2838(2) 0.50275(19) 0.21392(19) 0.0219(8) 
C17 0.2160(2) 0.5060(2) 0.2157(2) 0.0275(9) 
C18 0.1742(2) 0.4669(2) 0.1761(2) 0.0312(10) 
C19 0.1988(2) 0.4255(2) 0.1372(2) 0.0344(11) 
C20 0.2663(2) 0.4220(2) 0.1361(2) 0.0304(10) 
C21 0.4147(3) 0.4487(2) 0.0873(2) 0.0341(11) 
C22 0.4265(2) 0.43721(19) 0.1572(2) 0.0254(9) 
C23 0.4257(3) 0.3692(2) 0.1742(2) 0.0357(11) 
C24 0.2980(2) 0.6400(2) 0.2593(2) 0.0344(11) 
C25 0.3392(2) 0.5860(2) 0.2901(2) 0.0272(9) 
C26 0.3175(2) 0.5651(2) 0.3493(2) 0.0343(11) 
C27 0.5113(4) 0.7560(2) 0.1197(3) 0.0578(17) 
C28 0.4644(3) 0.7177(3) 0.2347(3) 0.0576(17) 
C29 0.6115(3) 0.7157(3) 0.2343(4) 0.067(2) 
C30 0.4958(3) 0.4749(3) 0.4070(3) 0.0562(17) 
C31 0.6477(3) 0.4793(4) 0.4424(3) 0.073(2) 
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C32 0.5788(4) 0.4203(3) 0.3217(3) 0.067(2) 
Cu3 0.04234(2) 0.76534(2) 0.44752(2) 0.01989(11) 
Cu4 -0.08845(3) 0.77168(2) 0.44051(2) 0.02332(12) 
Se3 -0.02677(2) 0.85151(2) 0.39353(2) 0.02115(9) 
Se4 -0.02942(2) 0.67780(2) 0.42712(2) 0.02251(10) 
Si3 -0.03347(7) 0.81806(6) 0.29486(6) 0.0308(3) 
Si4 -0.01254(7) 0.63678(5) 0.52416(6) 0.0271(3) 
N5 0.14786(17) 0.83394(16) 0.53195(16) 0.0223(7) 
N6 0.19008(17) 0.76531(15) 0.47937(16) 0.0207(7) 
N7 -0.16220(17) 0.83114(16) 0.52750(16) 0.0234(7) 
N8 -0.2278(2) 0.77347(19) 0.4618(2) 0.0370(10) 
C33 0.1310(2) 0.78664(18) 0.49126(18) 0.0197(8) 
C34 0.2164(2) 0.84387(19) 0.54538(19) 0.0218(8) 
C35 0.2568(2) 0.8867(2) 0.5820(2) 0.0288(10) 
C36 0.3252(2) 0.8827(2) 0.5838(2) 0.0300(10) 
C37 0.3521(2) 0.8384(2) 0.5507(2) 0.0282(10) 
C38 0.3126(2) 0.7956(2) 0.5134(2) 0.0243(9) 
C39 0.2437(2) 0.79898(18) 0.51132(18) 0.0192(8) 
C40 0.0944(3) 0.9351(2) 0.5356(3) 0.0408(13) 
C41 0.0971(2) 0.8686(2) 0.5578(2) 0.0329(11) 
C42 0.1083(3) 0.8611(3) 0.6284(2) 0.0417(13) 
C43 0.2204(2) 0.7323(2) 0.3802(2) 0.0335(11) 
C44 0.1933(2) 0.71318(19) 0.4370(2) 0.0247(9) 
C45 0.2299(3) 0.6588(2) 0.4710(3) 0.0395(12) 
C46 -0.1637(2) 0.79164(19) 0.4794(2) 0.0266(9) 
C47 -0.2262(2) 0.83832(19) 0.5406(2) 0.0233(9) 
C48 -0.2681(2) 0.8016(2) 0.4984(2) 0.0299(10) 
C49 -0.3361(2) 0.7977(3) 0.4984(2) 0.0390(12) 
C50 -0.3607(2) 0.8321(3) 0.5415(2) 0.0379(12) 
C51 -0.3187(2) 0.8692(2) 0.5837(2) 0.0336(11) 
C52 -0.2512(2) 0.8736(2) 0.5836(2) 0.0300(10) 
C53 -0.1046(3) 0.9302(3) 0.5456(3) 0.0584(18) 
C54 -0.1011(2) 0.8618(2) 0.5593(2) 0.0362(12) 
C55 -0.0860(3) 0.8461(3) 0.6288(3) 0.0577(17) 
C56 -0.2322(4) 0.7508(4) 0.3492(3) 0.0273(16) 
C57 -0.2618(5) 0.7382(4) 0.4058(4) 0.0257(18) 
C58 -0.2537(7) 0.6713(5) 0.4253(5) 0.042(3) 
C56A -0.2785(7) 0.7421(6) 0.3640(7) 0.040(3) 
C57A -0.2385(7) 0.7161(7) 0.4204(6) 0.026(3) 
C58A -0.2675(9) 0.6616(8) 0.4472(8) 0.035(3) 
C59 -0.0910(5) 0.7546(4) 0.2696(4) 0.045(2) 
C59A -0.1240(13) 0.7735(12) 0.2770(14) 0.065(7) 
C60 -0.0532(3) 0.8840(2) 0.2397(2) 0.0401(12) 
C61 0.0511(4) 0.7879(3) 0.2845(3) 0.067(2) 
C62 0.0568(3) 0.5793(3) 0.5333(3) 0.0505(15) 
C63 -0.0908(3) 0.5979(3) 0.5364(3) 0.0491(15) 
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C64 0.0102(3) 0.6969(3) 0.5857(2) 0.0493(15) 
O1S 0.39801(18) 0.69295(17) 0.44083(18) 0.0424(9) 
C1S 0.4293(3) 0.7149(2) 0.3937(3) 0.0431(13) 
C2S 0.5016(3) 0.7229(3) 0.4241(3) 0.0511(15) 
C3S 0.5135(3) 0.6688(3) 0.4677(3) 0.0451(14) 
C4S 0.4432(3) 0.6516(2) 0.4786(2) 0.0395(12) 
O2S 1.13928(19) 0.58009(18) 0.3230(2) 0.0486(10) 
C5S 1.0853(3) 0.6189(2) 0.2991(2) 0.0393(12) 
C6S 1.0244(3) 0.5783(3) 0.2860(3) 0.0455(13) 
C7S 1.0385(3) 0.5345(2) 0.3418(2) 0.0388(12) 
C8S 1.1150(3) 0.5320(3) 0.3564(3) 0.0457(13) 
O3S 0.6985(4) 0.3039(3) 0.2746(3) 0.118(2) 
C9S 0.7536(5) 0.3438(5) 0.2641(5) 0.102(3) 
C10S 0.8117(7) 0.3270(6) 0.3061(7) 0.156(5) 
C11S 0.7863(6) 0.2948(6) 0.3588(6) 0.127(4) 
C12S 0.7188(5) 0.2883(5) 0.3418(5) 0.100(3) 
O4S -0.2968(11) 0.6672(10) 0.5772(10) 0.175(7) 
O4SA -0.2444(12) 0.6140(11) 0.6061(11) 0.197(8) 
C13S -0.3224(7) 0.6093(6) 0.5959(6) 0.147(5) 
C14S -0.3279(6) 0.6205(5) 0.6626(5) 0.126(4) 
C15S -0.2682(5) 0.6561(5) 0.6887(5) 0.112(3) 
C16S -0.2391(8) 0.6843(8) 0.6299(8) 0.183(6) 
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Table A.45.  Summary of Crystal Data for 34 

 

Formula C99.97H151.94Cu10Hg3N12O5.49S8 
Formula Weight (g/mol) 3103.44 
Crystal Dimensions (mm ) 0.260 × 0.163 × 0.126 
Crystal Color and Habit yellow block 
Crystal System monoclinic 
Space Group P 21/n 
Temperature, K 110 
a, Å 17.820(4) 
b, Å  34.856(4) 
c, Å  21.289(4) 
α,° 90 
β,° 100.093(10) 
γ,° 90 
V, Å3 13018(4) 
Number of reflections to determine final unit cell 9478 
Min and Max 2θ for cell determination, ° 5.22, 57.32 
Z 4 
F(000) 6151 
ρ (g/cm) 1.583 
λ, Å, (MoKα) 0.71073 
µ, (cm-1) 5.295 
Diffractometer Type Bruker Kappa Axis Apex2 
Scan Type(s) phi and omega scans 
Max 2θ for data collection, ° 72.908 
Measured fraction of data 1.000 
Number of reflections measured 561862 
Unique reflections measured 63135 
Rmerge 0.1237 
Number of reflections included in refinement 63135 
Cut off Threshold Expression I > 2sigma(I) 
Structure refined using full matrix least-squares using F2 
Weighting Scheme w=1/[sigma2(Fo2)+(0.1202P)2] 

where P=(Fo2+2Fc2)/3 
Number of parameters in least-squares 1308 
R1 0.0686 
wR2 0.1875 
R1 (all data) 0.1879 
wR2 (all data) 0.2464 
GOF 1.038 
Maximum shift/error 0.004 
Min & Max peak heights on final ∆F Map (e-/Å) -3.139, 1.685 
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Table A.46.  Atomic Coordinates for 34 
 

Atom x y z Uiso/equiv 
Hg1 0.61876(2) 0.79120(2) 0.37337(2) 0.03301(6) 
Hg2 0.80039(2) 0.80968(2) 0.59330(2) 0.04747(8) 
Hg3 0.85009(2) 0.88704(2) 0.39687(2) 0.03743(7) 
Cu0 0.74666(4) 0.83068(2) 0.45691(4) 0.03440(17) 
Cu1 0.71018(4) 0.85206(2) 0.31073(4) 0.03528(17) 
Cu2 0.65335(5) 0.76627(3) 0.51895(4) 0.0435(2) 
Cu3 0.90320(5) 0.86747(3) 0.53661(4) 0.0454(2) 
Cu4 0.64311(5) 0.90764(2) 0.38938(4) 0.03643(18) 
Cu5 0.80891(5) 0.78570(2) 0.32950(4) 0.03682(18) 
Cu6 0.58183(5) 0.83758(3) 0.51806(4) 0.03768(18) 
Cu7 0.77801(5) 0.73055(3) 0.48374(4) 0.0424(2) 
Cu8 0.75315(5) 0.90858(3) 0.55241(5) 0.0463(2) 
Cu9 0.94006(5) 0.80242(3) 0.47061(4) 0.03895(19) 
S1 0.67688(10) 0.79414(5) 0.28369(8) 0.0369(4) 
S2 0.74354(10) 0.91089(5) 0.32979(9) 0.0400(4) 
S3 0.75376(13) 0.74685(7) 0.58321(10) 0.0537(5) 
S4 0.54990(10) 0.78327(5) 0.45614(9) 0.0410(4) 
S5 0.81919(10) 0.78427(5) 0.43623(8) 0.0373(4) 
S6 0.67061(10) 0.87444(5) 0.48088(8) 0.0380(4) 
S7 0.96534(10) 0.86775(6) 0.45809(9) 0.0421(4) 
S8 0.84667(12) 0.87168(7) 0.61738(10) 0.0565(5) 
N1 0.4947(3) 0.91858(18) 0.3063(3) 0.0398(13) 
N2 0.5536(3) 0.97284(16) 0.3236(3) 0.0406(13) 
N3 0.8703(3) 0.74599(18) 0.2270(3) 0.0421(14) 
N4 0.9040(3) 0.80544(19) 0.2333(3) 0.0409(13) 
N5 0.5630(3) 0.84307(18) 0.6527(3) 0.0405(13) 
N6 0.4684(3) 0.86939(17) 0.5916(3) 0.0393(13) 
N7 0.7142(4) 0.66353(18) 0.4086(3) 0.0445(14) 
N8 0.8305(4) 0.65385(18) 0.4555(3) 0.0512(16) 
N9 0.8169(4) 0.9854(2) 0.5508(4) 0.0562(19) 
N10 0.7274(3) 0.9863(2) 0.6074(3) 0.0501(16) 
N11 1.0888(3) 0.76354(17) 0.4732(3) 0.0374(12) 
N12 1.0444(3) 0.75309(16) 0.5604(3) 0.0336(11) 
C1 0.5579(4) 0.9358(2) 0.3411(3) 0.0365(14) 
C2 0.4504(4) 0.9449(2) 0.2668(3) 0.0448(17) 
C3 0.4900(5) 0.9798(2) 0.2784(4) 0.0526(19) 
C4 0.4614(6) 1.0130(3) 0.2449(5) 0.068(3) 
C5 0.3951(7) 1.0092(4) 0.2017(6) 0.086(3) 
C6 0.3575(7) 0.9749(4) 0.1911(5) 0.087(4) 
C7 0.3848(5) 0.9411(3) 0.2244(4) 0.063(2) 
C8 0.4859(4) 0.8564(2) 0.2513(4) 0.0486(18) 
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C9 0.4811(4) 0.8771(2) 0.3127(4) 0.0437(16) 
C10 0.4045(5) 0.8701(3) 0.3334(5) 0.064(2) 
C11 0.6645(5) 1.0084(2) 0.3017(5) 0.057(2) 
C12 0.6070(5) 1.0038(2) 0.3481(5) 0.055(2) 
C13 0.6441(6) 0.9982(3) 0.4159(5) 0.066(3) 
C14 0.8680(4) 0.7779(2) 0.2620(4) 0.0426(16) 
C15 0.9043(4) 0.7535(2) 0.1744(4) 0.0459(17) 
C16 0.9269(4) 0.7909(2) 0.1786(4) 0.0441(17) 
C17 0.9626(4) 0.8081(3) 0.1320(4) 0.0499(19) 
C18 0.9742(5) 0.7844(3) 0.0813(4) 0.057(2) 
C19 0.9499(6) 0.7465(3) 0.0767(4) 0.063(2) 
C20 0.9152(5) 0.7300(2) 0.1229(4) 0.054(2) 
C21 0.7539(6) 0.7053(2) 0.1972(5) 0.059(2) 
C22 0.8375(5) 0.7081(2) 0.2381(4) 0.0482(19) 
C23 0.8388(5) 0.6996(2) 0.3077(4) 0.053(2) 
C24 0.8691(5) 0.8728(3) 0.2145(4) 0.056(2) 
C25 0.9151(5) 0.8441(2) 0.2589(4) 0.0502(19) 
C26 1.0004(5) 0.8546(3) 0.2761(5) 0.073(3) 
C27 0.5346(4) 0.8497(2) 0.5905(3) 0.0372(14) 
C28 0.5155(4) 0.8577(2) 0.6933(3) 0.0401(15) 
C29 0.4559(4) 0.8739(2) 0.6527(4) 0.0412(16) 
C30 0.3951(5) 0.8925(2) 0.6766(4) 0.0484(18) 
C31 0.4025(5) 0.8926(2) 0.7432(4) 0.051(2) 
C32 0.4645(5) 0.8761(2) 0.7833(4) 0.0486(19) 
C33 0.5233(5) 0.8580(2) 0.7594(4) 0.0507(19) 
C34 0.6134(6) 0.7819(3) 0.6992(5) 0.077(3) 
C35 0.6327(5) 0.8205(3) 0.6729(4) 0.054(2) 
C36 0.6930(5) 0.8416(3) 0.7184(5) 0.076(3) 
C37 0.3736(7) 0.8508(3) 0.4992(5) 0.087(4) 
C38 0.4143(5) 0.8825(3) 0.5326(5) 0.063(2) 
C39 0.4564(8) 0.9141(3) 0.4995(6) 0.072(4) 
C38' 0.4143(5) 0.8825(3) 0.5326(5) 0.063(2) 
C39' 0.3971(18) 0.9154(9) 0.5170(16) 0.020(8) 
C40 0.7722(4) 0.6791(2) 0.4482(4) 0.0434(16) 
C41 0.7343(5) 0.6265(2) 0.3894(4) 0.0468(18) 
C42 0.8075(5) 0.6209(2) 0.4185(4) 0.052(2) 
C43 0.8490(5) 0.5874(2) 0.4088(4) 0.0513(19) 
C44 0.8089(6) 0.5608(3) 0.3692(4) 0.062(2) 
C45 0.7360(6) 0.5661(3) 0.3394(4) 0.061(2) 
C46 0.6946(5) 0.5988(2) 0.3480(4) 0.055(2) 
C47 0.6140(5) 0.6875(2) 0.3213(4) 0.053(2) 
C48 0.6380(4) 0.6815(2) 0.3923(4) 0.0426(16) 
C49 0.5793(5) 0.6604(3) 0.4230(5) 0.074(3) 
C50 0.9687(7) 0.6644(4) 0.4712(6) 0.096(4) 
C51 0.9024(5) 0.6596(3) 0.5021(4) 0.065(3) 
C52 0.9092(8) 0.6291(3) 0.5522(5) 0.090(4) 
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C53 0.7621(4) 0.9628(2) 0.5704(4) 0.0501(19) 
C54 0.8188(4) 1.0224(2) 0.5757(4) 0.051(2) 
C55 0.7604(4) 1.0232(2) 0.6119(4) 0.0481(18) 
C56 0.7465(5) 1.0557(2) 0.6457(4) 0.056(2) 
C57 0.7918(5) 1.0873(3) 0.6412(5) 0.064(2) 
C58 0.8487(5) 1.0869(3) 0.6053(5) 0.062(2) 
C59 0.8644(5) 1.0540(3) 0.5726(6) 0.072(3) 
C60 0.8614(6) 0.9930(3) 0.4464(5) 0.073(2) 
C61 0.8681(5) 0.9691(3) 0.5098(5) 0.0614(19) 
C62 0.9503(5) 0.9669(3) 0.5491(6) 0.072(2) 
C63 0.5895(7) 0.9807(5) 0.5844(7) 0.115(4) 
C64 0.6633(6) 0.9755(3) 0.6385(6) 0.074(3) 
C65 0.6560(9) 0.9363(4) 0.6548(8) 0.086(4) 
C64' 0.6633(6) 0.9755(3) 0.6385(6) 0.074(3) 
C65' 0.724(2) 0.9552(10) 0.7047(17) 0.066(11) 
C66 1.0276(4) 0.77136(19) 0.5034(3) 0.0346(13) 
C67 1.1430(4) 0.7421(2) 0.5121(3) 0.0379(14) 
C68 1.1152(4) 0.73540(19) 0.5677(3) 0.0367(14) 
C69 1.1570(4) 0.7147(2) 0.6172(4) 0.0457(17) 
C70 1.2266(5) 0.7006(2) 0.6095(4) 0.0518(19) 
C71 1.2543(5) 0.7073(3) 0.5542(4) 0.056(2) 
C72 1.2124(4) 0.7278(2) 0.5038(3) 0.0427(16) 
C73 1.0871(6) 0.7499(3) 0.3618(4) 0.061(2) 
C74 1.0920(5) 0.7785(3) 0.4102(4) 0.053(2) 
C75 1.1571(5) 0.8064(2) 0.4131(4) 0.053(2) 
C76 0.9819(5) 0.7199(3) 0.6418(4) 0.056(2) 
C77 0.9936(4) 0.7573(2) 0.6078(3) 0.0423(16) 
C78 1.0215(5) 0.7901(3) 0.6556(4) 0.058(2) 
O1S 0.2183(4) 0.91543(19) 0.6032(4) 0.0746(19) 
C1S 0.1770(6) 0.9122(3) 0.6548(5) 0.073(3) 
C2S 0.1170(5) 0.8836(3) 0.6355(6) 0.082(3) 
C3S 0.1398(5) 0.8621(3) 0.5811(4) 0.061(2) 
C4S 0.2086(7) 0.8808(4) 0.5688(6) 0.104(4) 
O2S 1.2890(5) 0.7317(3) 0.3623(4) 0.101(3) 
C5S 1.3578(8) 0.7116(5) 0.3748(7) 0.139(5) 
C6S 1.3947(8) 0.7188(4) 0.3177(7) 0.141(5) 
C7S 1.3527(8) 0.7518(4) 0.2825(6) 0.118(4) 
C8S 1.2968(9) 0.7620(4) 0.3218(8) 0.132(6) 
O3S 0.8700(5) 0.4664(2) 0.3569(4) 0.099(2) 
C9S 0.9082(7) 0.4338(3) 0.3377(6) 0.089(3) 
C10S 0.8744(7) 0.3994(3) 0.3644(6) 0.100(4) 
C11S 0.8026(7) 0.4132(4) 0.3847(9) 0.133(4) 
C12S 0.8004(8) 0.4528(4) 0.3700(9) 0.130(4) 
O4S 1.0062(11) 0.5471(4) 0.4921(9) 0.110(3) 
C13S 1.0453(15) 0.5284(6) 0.4483(12) 0.110(3) 
C14S 1.0638(15) 0.4906(7) 0.4772(14) 0.110(4) 
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C15S 1.0058(16) 0.4832(6) 0.5190(14) 0.110(3) 
C16S 0.9674(15) 0.5192(6) 0.5207(14) 0.110(3) 
O5S 0.2511(9) 0.8714(5) 0.2050(8) 0.208(5) 
C17S 0.1879(12) 0.8895(5) 0.1665(11) 0.198(6) 
C18S 0.1629(13) 0.8564(6) 0.1228(9) 0.205(6) 
C19S 0.1670(11) 0.8254(5) 0.1708(11) 0.187(6) 
C20S 0.2468(10) 0.8316(5) 0.2005(11) 0.183(5) 
O6S 1.0041(11) 0.9120(6) 0.8150(13) 0.281(6) 
C21S 0.9515(17) 0.9238(9) 0.8538(10) 0.281(6) 
C22S 0.8815(12) 0.9257(9) 0.8041(15) 0.282(6) 
C23S 0.9111(17) 0.9452(8) 0.7506(13) 0.282(6) 
C24S 0.9801(17) 0.9216(9) 0.7509(12) 0.281(6) 
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Appendix 3 77Se{1H} NMR Spectra of 2, 4, 6, 8, 10, 12 
 

 
Figure A3.1. 77Se{1H} NMR spectrum of 2 (CDCl3, 23 °C, 76.24 MHz). 

 

 

 
Figure A3.2. 77Se{1H} NMR spectrum of 4 (CDCl3, 23 °C, 76.24 MHz). 

 
 



 232 

 
Figure A3.3. 77Se{1H} NMR spectrum of 6 (CDCl3, 23 °C, 76.23 MHz). 

 

 

 

 
Figure A3.4. 77Se{1H} NMR spectrum of 8 (CDCl3, 23 °C, 76.29 MHz). 
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Figure A3.5. 77Se{1H} NMR spectrum of 10 (CDCl3, 23 °C, 76.29 MHz). 

 

 

 
 

Figure A3.6. 77Se{1H} NMR spectrum of 12 (CDCl3, 23 °C, 76.29 MHz). 
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