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ABSTRACT 

 

ORGANOMETALLIC HOST MATERIALS BASED ON  

ANTIMONY(III, V) AND BISMUTH(III, V) COMPOUNDS 

 

Laszlo Visontai                                                                   Advisors: 

University of Guelph, 2017                                               Kathryn Preuss & Dmitriy Soldatov 

 

 Host molecules based on triarylantimony(III, V) and triarylbismuth (III, V) species were 

synthesized and characterized. Investigations into the clathratogenic properties of these species 

were conducted through TGA screening experiments which were supplemented with 
1
H NMR 

and both single crystal and powder X-ray diffraction methods. The crystal structures of many of 

the newly discovered inclusion and guest-free phases are presented and analyzed. 

 Tri(α-naphthyl)antimony (SbNap3) is able to enclathrate at least three guest molecules 

(benzene, THF, and DMF) and will oxidize in ethylbenzene and p-xylene to form inclusion 

crystals of its oxide, (SbNap3O)2. SbNap3X2 were not found to form inclusion compounds. 

Trimesitylantimony di(pseudo)halides (SbMes3X2) enclathrate a wide variety of guest solvents 

including aromatic compounds, aliphatic hydrocarbons as well as some polar solvents. 

SbMes3X2 demonstrate high selectivity when crystallized from mixtures of benzene, toluene and 

xylenes. Bismuth analogues of the aforementioned species performed similarly to their antimony 

counterparts with respect to their clathratogenic properties. Bismuth(V) species, however, 

suffered from a lack of chemical stability, which prevented detailed studies on these compounds. 

This thesis represents the first comprehensive study of host materials based on either antimony or 

bismuth compounds. 
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List of Numbered Inclusion Structures 

# Host H/G Ratio Guest Space group 

1 SbNap3 1:1 Benzene P-1 

2 SbNap3 1:1 THF P-1 

3 SbNap3 1:1 DMF P31c 

4 (SbNap3O)2 1:1 p-Xylene P21/c 

5 (SbNap3O)2 1:1 Ethylbenzene P21/c 

6 SbMes3Cl2 2:1 Benzene P-1 

7 SbMes3Cl2/Br2 2:1 Toluene P-1  

8 SbMes3Cl2/Br2 2:1 o-Xylene P-1  

9 SbMes3Br2 2:1 Anisole P-1  

10 SbMes3Cl2/Br2 1:2 p-Xylene P-1 

11 SbMes3Cl2/Br2 2:3 m-Xylene P21/c  

12 SbMes3Br2 1:1 Mesitylene P21/n 

13 SbMes3(NCS)2 1:1 Toluene P-1 

14 SbMes3(NCS)2 1:1 m-Xylene P-1  

15 SbMes3(NCS)2 1:2 o-Xylene C2/c 

16 SbMes3(NCS)2 1:2 m-Xylene C2/c  

17 SbMes3(NCS)2 1:1 Ethanol P21/c  

18 SbMes3(NCS)2 1:1 Diethyl ether P21/c 

19 SbMes3(NCS)2 1:2 Mesitylene P21/c  

20 SbMes3(NCS)2 2:1 p-Xylene P21/n  

21 SbMes3(NCS)2 2:1 Acetonitrile C2/c  

22 SbMes3(NCS)2 1:1 Cumene P-1  

23 SbMes3(NCS)2 4:1 n-Hexane P-1  

24 SbMes3(NCS)(OH) 1:1 DMF P21/c  

25 SbMes3(OH)2 2:7 Pyrrole P3c1 

26 BiMes3(NCS)2 1:2 o-Xylene C2/c 

27 BiMes3(NCS)2 1:1 m-Xylene P-1 

28 BiMes3(NCS)2 1:1 Toluene P21/a 

29 BiMes3(NCS)2 1:1 p-Xylene P21/c 
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1. Introduction 
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1.1 Foreword 

The studies conducted in this thesis were devoted to the synthesis, design and 

characterization of supramolecular host materials based on organoantimony and organobismuth 

compounds. The ultimate goal of this project is to create porous clathrate sorbent materials 

which could be produced and used on an industrial scale. 

This thesis is composed of seven chapters. Chapter 1 is an introduction and literature 

review of several relevant topics including supramolecular chemistry, triarylpnictogen chemistry 

and proposed industrial applications. Chapter 2 describes the three main analytical techniques 

used (SCXRD, PXRD, TGA) as well as any experimental procedures which are not specific to 

one compound. Chapters 3 and 4 cover results pertaining to tri(α-naphthyl)stibines and 

trimesitylstibines, respectively. Chapter 5 is a short look into the bismuth analogues of some of 

the species described in Chapters 3 and 4. Related work which does not fit into Chapters 3-5 is 

placed in Chapter 6. Finally, Chapter 7 describes possible future work should this project be 

continued. Compound data sheets and crystallographic data are presented in appendices A and B, 

respectively. 

1.2 Supramolecular chemistry 

In simple terms, supramolecular chemistry can be defined as the chemistry of weak 

interactions. These interactions include van der Waals forces (<5 kJ/mol), hydrogen bonding (4-

120 kJ/mol), π-π interactions (<80 kJ/mol) and halogen bonding (10-150 kJ/mol). Interactions of 

this type are termed ‘non-covalent’, and are of lower energy than covalent bonds. Despite being 

weak, non-covalent interactions play an important role in biological systems, catalyst design, and 

nanotechnology.  
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The idea of intermolecular forces was first proposed by Johannes van der Waals in his 

1873 doctoral thesis.
1
 In the derivation of his equation of state, he postulated the existence of 

molecules (which were disputed at the time) and an attractive force which existed between them. 

This work, which was praised by James Maxwell, led van der Waals to prominence in the fields 

of thermodynamics and molecular physics, and eventually his name became synonymous with 

intermolecular forces.
2
 Emil Fischer later followed with his own work on enzymes in 1894, 

proposing the ‘lock and key’ principle which laid the groundwork for the fundamental concepts 

of molecular recognition and host-guest chemistry.
3
 These concepts were later used to better 

understand protein structure and folding and eventually led to other significant scientific 

discoveries, including the elucidation of the double helix structure of DNA. 

Growth of the field of supramolecular chemistry was further accelerated by the discovery 

of X-ray diffraction techniques. Herbert M. Powell gained notoriety in the mid-20
th

 century for 

his crystallographic work on inclusion compounds. His early work consisted of crystal structure 

determinations of a 3:1 inclusion of hydroquinone with SO2, as well as a 1:2 inclusion of 

Ni(NH3)2Ni(CN)4 with  benzene.
4
 He rationalized the formation of these inclusion compounds 

through the spatial complementarity of the host and guest rather than through making or breaking 

chemical bonds. Powell later coined the term ‘clathrate’ to describe “a structural combination of 

two substances which remain associated not through strong attraction between them but because 

strong mutual binding of the molecules of one sort only makes possible the firm enclosure of the 

other”.
5
 

The synthesis of crown ethers, which are donut-shaped supramolecular hosts that bind to 

alkali metal ions, was first described by Charles Pedersen in 1967.
6
 Crown ethers are important 

complexing agents whose selectivity can be tuned by varying their structure. They are often used 
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as phase-transfer catalysts in organic synthesis. Donald Cram
7
 and Jean-Marie Lehn

8
 expanded 

on Pedersen’s crown ethers by developing other macrocyclic compounds called spherands and 

cryptands. Lehn proposed the term ‘supramolecular chemistry’ in 1978, defining it as “the 

chemistry of molecular assemblies and of the intermolecular bond”.
9
 The Nobel Prize in 

Chemistry was awarded to Pedersen, Cram and Lehn in 1987 for their combined efforts in host-

guest chemistry. 

1.2.1 Intermolecular forces 

The formation of supramolecular assemblies (i.e., inclusion compounds) by molecular 

species described in this thesis is primarily governed by van der Waals forces, with smaller 

contributions from π-interactions and hydrogen bonding in specific cases. These intermolecular 

forces are discussed in greater detail in the following section. 

 The term ‘van der Waals force’ is attributed to several types of attractive and repulsive 

intermolecular forces which are non-covalent and non-ionic in nature. The three main 

components in order of descending strength are: 

1. Keesom interactions which are electrostatic interactions between two permanent dipoles 

2. Interactions between a permanent dipole and an induced dipole referred to as the Debye 

force 

3. Interactions between instantaneous dipole moments caused by polarization of electron 

clouds of neighbouring atoms known as London dispersion forces 

Keesom interactions are the strongest and occur between charges, dipoles and 

quadrupoles. They are also the most temperature dependent of the three interactions. The Debye 

force refers to interactions between polar and non-polar molecules, where induction takes place 
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on the latter. One such example is the mixing of HCl with argon. Electrons on the Ar atom are 

either attracted to the H atom or repelled by the Cl atom, resulting in an induced dipole on Ar. 

London dispersion forces occur between all atoms and are therefore the most common van der 

Waals force. Their contribution is enhanced in systems with large atoms, particularly in the solid 

and liquid state.  

Hydrogen bonds are one of the most utilized intermolecular in the design of 

supramolecular materials due to their strength, customizability, and directionality. H-bonds form 

when hydrogen atoms attached to an electronegative atom (X1) or electron withdrawing group 

interact with an electronegative atom (X2) on an adjacent molecule. The X1-H group is referred 

to as the hydrogen bond donor and X2 is the hydrogen bond acceptor. The strength of a hydrogen 

bond is determined by the nature of the donor and acceptor. Common examples of hydrogen 

bonding exist in carboxylic acid dimers (Figure 1.1) and in the crystal structure of ice.  

 

Figure 1.1: Hydrogen bonding in a benzoic acid dimer. Reproduced from CIF (CSD Refcode: 

BENZAC01).
10

 

 π-Interactions occur between π-electron clouds of aromatic and other delocalized 

systems. π-Stacking of aromatic groups is the most common type of π-interaction and is most 

famously exemplified in benzene dimers. There are three conformations for π-stacking 
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interactions (Figure 1.2): sandwich, parallel displaced, and T-shaped. High-level calculations on 

these systems suggest that T-shaped and parallel displaced interactions are the most energetically 

efficient and are essentially isoenergetic.
11

 The sandwich configuration, which maximizes π-

orbital overlap, is the least favourable and represents a saddle point. The relative scarcity of the 

sandwich configuration in crystal structures supports the overall findings from these calculations. 

However, the sandwich configuration can be made stable by stacking an electron-rich aromatic 

with an electron-deficient aromatic in alternating fashion.
12

 

 

Figure 1.2: The three pi-stacking configurations: sandwich (left), parallel displaced (middle) 

and T-shaped (right). 

1.2.2 Inclusion compounds 

Inclusion compounds, or clathrates, are defined as complexes in which a guest species 

occupies cavity spaces formed by a host. Clathrates can be divided into two groups: molecular 

clathrates and cage clathrates. In molecular clathrates, the host molecules have cavities built into 

their molecular structure, e.g., cyclodextrins. In cage clathrates, the host molecules do not 

possess cavities themselves but the crystal framework they form does. All of the triarylpnictogen 

host materials presented in this thesis form cage clathrates. 

 Inclusion compounds can be further classified by the topology of their cavity space, of 

which there exist three major types: layer-type (open in two dimensions), channel-type (open in 
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one dimension), and cage-type (enclosed in all directions).
13

 These are often referred to as 

intercalates, tabulates and cryptates, respectively. Other descriptive terms may be used to 

illustrate the spatial relationship between the host and guest, such as capsular, nesting, perching, 

sandwich, or wrapping.
13

 

Inclusion is a thermodynamically driven process, where the free energy may be given as 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 

Because forming a more ordered molecular structure results in a decrease in entropy, the process 

must have ΔH < 0 in order to achieve ΔG < 0. Therefore, inclusion must be enthalpy driven. 

Furthermore, the formation of an inclusion compound between a host (H) in its non-porous α-

phase and guest (G) can be described by the following equation 

𝐻𝛼 + 𝐺 ⇌ [H • G]𝛽 

Here the host is exposed to a guest in either the liquid or gaseous phase and the system 

rearranges into the host-guest complex (H•G) or β-phase. Decomposition of the β-phase can 

occur in three ways
14

 (Figure 1.3): 

1. The guest is lost and the host reverts back to the α-phase. It is also possible for the host to 

recrystallize into a different α-phase (meaning there exists α1, α2 … etc.).  

2. Only partial guest loss occurs and the system recrystallizes into a new inclusion 

compound with a different H/G ratio, which is termed a γ-phase. 

3. The guest is lost but the host retains its porous β framework, resulting in a β0-phase 

which behaves like a zeolite. 
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Evidently, decomposition pathway 3 is preferred when designing materials to be used in 

industrial-scale separations. Ideally, the host retains its β structure so that guest molecules can 

move in and out of the structure without necessitating a phase change in the host material. This 

allows for a continuous separation process which in industry is much preferred over batch 

crystallization.  

 

Figure 1.3: Formation and decomposition of inclusion compounds. Adapted from Nassimbeni.
14

 

 The most common clathrate compounds on Earth are clathrate hydrates.
15

 The term 

clathrate hydrate is used to describe crystalline inclusion compounds of hydrophobic molecules 

(usually aliphatic hydrocarbons) imprisoned by polyhedra of hydrogen bonded water molecules. 

They are arguably the first documented supramolecular compound, first reported by Humphrey 
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Davy in 1811.
16

 Methane clathrates are the most common clathrate hydrates; they are ice-like in 

appearance and commonly deposited in subduction zones along oceanic plates and in permafrost 

regions in the Arctic. These clathrate hydrates pose many problems to industry and marine life, 

including drilling and construction hazards, marine geohazards, and pipeline blockages.
17

 

However, the estimated reservoir of methane hydrates is 2-10 times larger than known reserves 

of conventional natural gas, meaning that these hydrates may represent a potential source of 

energy in the future once their extraction becomes economically viable.
18

  

1.2.3 Complementarity and pre-organization 

Complementarity was a term used by Cram to describe the unity between the host and 

guest, which drives the formation of clathrates.
19

 This means that the host’s structure must 

possess cavities of ideal size, shape, polarity, etc. which mutually complement the guest, and 

vice versa. Complementarity is related to the idea of close packing, as complementary species 

will form more efficiently packed crystal structures than non-complementary species. Packing 

efficiency can be quantified by a packing coefficient, which is the fraction of volume occupied 

by molecules in the crystal. Structures where packing is based on van der Waals interactions 

typically have packing coefficients between 0.65 and 0.77
20

, with a minimum of 0.6
21

. The 

packing coefficient of a compound may be increased by incorporating an appropriate guest into 

its crystal structure. 

A host is termed ‘pre-organized’ if incorporation of a guest does not facilitate significant 

change in the conformation or arrangement of the host molecule. This has significant 

implications on whether an inclusion compound can form, as any energy-intensive structural 

changes may render the resulting inclusion compound thermodynamically unfavourable. Pre-

organization can be achieved by making hosts which are rigid, i.e., having as little 



10 

 

conformational freedom as possible, and by incorporating appropriately sized cavities for 

binding to a particular guest. An example of a pre-organized host is the spherand in Figure 1.4, 

which constantly maintains its convergent arrangement.
22

 An example of a flexible host is 18-

crown-6, which must undergo a change in conformation in order to bind K
+
.
23,24

 

 

Figure 1.4: Examples of a pre-organized spherand host (top) and a flexible host, 18-crown-6 

(bottom), which requires a conformational change when binding to guests. 

1.2.4 Non-self-complementary molecules 

Molecules possessing irregular geometries which prevent them from efficiently packing 

in the solid state may be termed ‘non-self-complementary’ (Figure 1.5). Such molecules are ideal 

candidates for host materials as they readily incorporate guest species whenever a more efficient 

crystal structure is possible. This process is driven by the formation of a structure which exhibits 

higher packing efficiency and better geometry of intermolecular interactions. 
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Figure 1.5: The three molecular host geometries explored in this thesis: humming top (left), 

wheel-and-axle (middle), and trefoil (right). 

Many examples of non-self-complementary molecules are based on the wheel-and-axle 

family of host geometries.
25

 This family is characterized by a combination of platforms often 

composed of bulky aromatic groups and spacers which are typically elongated linear moieties. 

Wheel-and-axle molecules exhibit key structural features including increased conformational 

rigidity and some symmetry. Such a design reduces the number of degrees of freedom in these 

molecules, thereby preventing their close packing and increasing the cavity space in the crystal. 

 

Figure 1.6: Examples of humming top hosts (left to right): a modified metal DBM, a Werner 

complex, and a generic triarylpnictogen di(pseudo)halide. 

The humming top is the simplest representative of the wheel-and-axle family. It can be 

described as a flat platform penetrated axially by a rod (Figure 1.6). This shape is exhibited by 

octahedral MA4X2 Werner complexes, a class of powerful host materials developed in the late 
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1950s and 1960s.
26

 Other notable humming top hosts include modified metal 

dibenzoylmethanates
27–29

, dimeric metal carboxylate-bridged complexes
30–32

 and many metal 

porphyrin complexes
33,34

. One would expect that other molecules bearing the humming top 

geometry, such as trigonal bipyramidal triarylpnictogen (V) compounds, would also act as 

potentially useful host materials. 

The classical wheel-and-axle molecules themselves, i.e., two platforms connected by a 

bridging spacer, are well-known host species. Many examples of wheel-and-axle hosts exist in 

literature with most platforms consisting of bulky aromatic groups. Spacers in these molecules, 

however, can vary greatly in design and examples are illustrated in Figure 1.7.  Toda and Akagi 

reported in 1968 a series of tetraphenyldiols which form clathrates with common organic 

compounds: ketones, esters, ethers, amines, etc.
35

 Although the diol form (R = OH) of these 

hosts could form hydrogen bonds, it was determined that the hydrogenated form (R = H) 

possessed clathratogenic properties as well, confirming that the wheel-and-axle geometry was 

the decisive factor. Another series of host compounds based on condensed polythiophene spacers 

was reported by Kobayashi and colleagues.
36

 These compounds are able to form extensive 

hydrogen bonded networks and were shown to enclathrate a wide range of guests. The H/G ratio 

of these clathrates was dependent on the number of thiophene rings in the spacer (odd or even). It 

should also be noted that spacers may connect platforms via intermolecular contacts. An example 

of this would be the dimer of 4-tritylbenzoic acid, which consistently forms in the solid state and 

behaves as a versatile host.
37

 Wheel-and-axle hosts in this thesis were created via oxidation of a 

triarylpnictogen to a bridged dimeric oxide species, where a Pn2O2 ring acts as the spacer. 
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Figure 1.7: Examples of wheel-and-axle host molecules which utilize different kinds of spacers: 

Toda’s host molecules (top-left) where 0 > n > 2 and R = H or OH, one of Kobayashi’s 

polythiophene hosts (top-right), the 4-tritylbenzoic acid dimer (bottom-left) and a generic 

triarylpnictogen oxide dimer (bottom-right). 

 The third molecular geometry discussed in this thesis is the trefoil, i.e., three planar 

fragments attached to a central point (Figure 1.8). Trefoil hosts often possess threefold 

symmetry. Notable examples of trefoil hosts are triarylmethanes, triarylsilanes, as well as their   

–methanol and –silanol analogues. Guests incorporated in these structures include water
38

, 

alcohols
39

, amines
39

, bipyridines
40,41

, and crown ethers
42

. Pn(III) precursors (PnAr3) prepared in 

this thesis also have a trefoil shape and were anticipated to behave similarly. 

 

Figure 1.8: Examples of trefoil-shaped compounds: triphenylmethane (left) and a 

triarylpnictogen (right). 
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1.2.5 Selectivity 

Selectivity refers to a host’s ability to discriminate different guests based on 

complementarity of the host-guest interaction. There are two types of selectivity: thermodynamic 

and kinetic.
43

 A 1:1 host/guest system will be used to explain these terms, based on the equation 

𝐻 + 𝐺 ⇌ [H • G] 

Host-guest interactions are driven by thermodynamics, with the corresponding equilibrium 

constant often referred to as the binding constant (K). The relationship between a binding 

constant and a given supramolecular complex is directly tied to the free energy of the process. 

Thermodynamic selectivity can therefore be represented by the ratio of binding constants for two 

different guests. This type of selectivity can be enhanced through rational design of host species. 

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾    𝑎𝑛𝑑    𝐾 =
[𝐻 • 𝐺]

[𝐻][𝐺]
 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐾𝐺1
𝐾𝐺2

 

Kinetic selectivity is observed in some pressure swing adsorption (PSA) processes.
44

 In 

PSA, a high-pressure gas mixture is fed into a chamber packed with a sorbent material which 

adsorbs one or more components of the mixture, producing a purified stream of gas at the outlet. 

The system is then either purged or evacuated at low pressure in order to recover the sorbate, and 

the process is repeated until the desired separation is achieved. Though many PSA systems 

separate gas mixtures by equilibrium (thermodynamic) separation, kinetic separation may be 

achieved by differences in the diffusion rates of the component gases in and out of the sorbent 

material. 
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1.3 Werner complexes 

Schaeffer and coworkers reported in 1957 a series of octahedral MA4X2 Werner 

complexes which demonstrated promising clathratogenic properties.
26

 The researchers achieved 

high selectivity in separation of xylenes, cymenes, and methylnaphthalenes through simple 

crystallization experiments. The complexes were composed of a transition metal centre (M), four 

amino ligands which were often substituted pyridines (A), and anionic ligands (X). The most 

prominent complex, Ni(4-MePy)4(NCS)2, was selective toward para isomers of disubstituted 

benzenes (Figure 1.9). Later work done by Kemula and Sybilska showed that the complexes 

could be employed as stationary phases for liquid chromatographic separations.
45

 This was 

followed by Allison and Barrer’s work on GC separations using β0-phases of M(4-

MePy)4(NCS)2 complexes.
46

  

 

Figure 1.9: Line drawing of Ni(4-MePy)4(NCS)2 (left) and a structure projection of 

[CuPy4(NO3)2]•2(benzene) along the c-axis (reproduced with permission from Soldatov et al 
47

). 

Schaeffer’s seminal work with Ni(4-MePy)4(NCS)2 included promising results for 

selectivity experiments involving the separation of disubstituted benzenes, benzene homologues, 

p-xylene from mixtures of xylenes as well as from gasoline mixtures, and various polycyclic 

aromatics.
26

 Clathration with these guests could simply be achieved by contacting the feed 

mixture with the solid host compound for five minutes, in most cases.  



16 

 

Mainstream success of Werner complexes as host materials was hindered by their 

stability, or lack thereof. Complexes would degrade over time, typically through the loss 

(leaching) of amine ligands. This presented two problems: (1) contamination of the feed mixture 

with free amine and (2) the deterioration of the stationary phase. Efforts were made to remedy 

the second problem by introducing the free amine-based ligand and aqueous potassium 

thiocyanate to the mobile phase.
45

 This helped stabilize the stationary phase but contamination 

remained an issue. Similarly, when employed as GC stationary phases the complexes would lose 

amine ligands to the gaseous phase.
46

 As a result, Werner complexes were never used 

commercially and researchers have since attempted to replicate their success using more stable 

host compounds.
48

 

1.3.1 Selectivity of α-arylalkylamine Werner complexes 

Another series of Werner complexes of the formula Ni(α-arylalkylamine)4(NCS)2 were 

studied extensively by Hanotier and de Radzitzky (Figure 1.10).
49

 These complexes were highly 

customizable. The length the R alkyl group could be varied in order to control the size of the host 

and electronic properties could be modified via substitution on the aromatic ring. This 

customizability allowed for in-depth studies of the factors affecting the selectivity of Werner 

complexes. α-Arylalkylamine complexes could not enclathrate all guest molecules, as was the 

case for Ni(4-MePy)4(NCS)2. In fact, the criteria for inclusion were: (1) the host had to possess 

an aromatic ring on each amine ligand and (2) guests had to have at least one aromatic ring. 

Experiments with aliphatic hydrocarbon guests and α-cyclohexylalkylamine hosts were therefore 

unsuccessful. 
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Figure 1.10: Line drawing of a generic Ni(α-phenylalkylamine)4(NCS)2 complex and the amine 

ligands used in complexes A and B for selectivity experiments. 

Initial selectivity experiments of monosubstituted benzenes (C6H5R) using complex A 

yielded the following results for various R groups 

t-Bu > CH3 > iPr > H > Br > OCH3 > COOC2H5 > NO2 > C2H5 > CF3 

It was concluded that this complex favoured benzenes with electron-donating R groups over 

electron-withdrawing groups, with anisole and ethylbenzene as notable exceptions likely due to 

steric reasons. This trend in selectivity was completely reversed when electron donating 

substituents were introduced on the aromatic ring (complex B), demonstrating a strong 

correlation between selectivity and the electronic properties of both host and guest. Hanotier and 

de Radzitzky proposed a charge transfer mechanism between host and guest species, but their 

hypothesis was never confirmed.
49

 

 Selectivity was also found to be dependent on steric effects, particularly for cases in 

which the host and/or the guest are of greater size and complexity. For example, mesitylene 

(1,3,5-trimethylbenzene) was never included by any complex. However, its positional isomers, 

1,2,3-trimethylbenzene and 1,2,4-trimethylbenzene, were included with selectivity always in 
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favour of the former. Steric effects were the only way to explain why the more compact 1,2,3 

and 1,2,4 isomers were included whereas mesitylene was not.  

Table 1.1: Effect of the size of substituents X1 and X2 in the selectivity of inclusion of 

dialkylbenzenes (X1‒C6H4‒X2) by Ni(NCS)2(C6H5‒CHR‒NH2)4. Adapted from Hanotier and de 

Radzitzky.
49

 

Amine Included species 

R X1 

X2 

CH3 

CH3 

CH3 

C2H5 

C2H5 

C2H5 

CH3 

i-C3H7 

C2H5 

i-C3H7 

i-C3H7 

i-C3H7 

C2H5  p m > o o o o a 

C3H7 p m m o > m o > m a 

C5H11 m o o o o a 

C6H13 m m m o o o 
o,m,p

 
= ortho, meta, para 

a = no or insignificant inclusion 

 

For dialkylbenzenes larger than xylenes, a similar trend in selectivity was observed (Table 

1.1). Essentially, for any given host molecule the largest guest isomer that can fit inside the host 

lattice while minimizing steric repulsion will be included preferentially over the other isomers. 

This means that selectivity will tend toward the more compact ortho isomer as the guest size 

increases, until inclusion is no longer possible. Most notable is the α-phenylheptylamine 

complex, which was the only host species that could include diisopropylbenzenes.  

1.4 Triarylpnictogen chemistry 

Organopnictogen chemistry has seen significant growth over the past few decades as a 

result of advancements in X-ray diffraction techniques. In this period, many triarylpnictogens 

(PnAr3) and triarylpnictogen di(pseudo)halides (PnAr3X2) were synthesized and characterized. 

PnAr3 such as PPh3 and SbPh3 are commonly used as bulky ligands in coordination chemistry 

and in organic synthesis. SbPh3 can be employed as a reducing agent, notably in the synthesis of 

thiazyl radicals.
50

 PnAr3X2 compounds are also used as synthetic reagents. PPh3Cl2 is a 
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chlorinating agent, and BiPh3Cl2 and BiPh5 can be used in the arylation of arenes and 1,3-

dicarbonyl compounds.
51,52

 

1.4.1 Pn: pnictogen centre 

There are four elements which can act as a centre for triarylpnictogen(III) and (V) 

species: phosphorus, arsenic, antimony and bismuth. One of the goals of this project is to 

determine what, if any, trends or differences in physical and chemical properties existed when 

switching Pn centres. Clathratogenic properties were not expected to vary greatly between Pn 

centres as the geometry of the molecule should be preserved regardless of which element is used. 

However, the difference in covalent radii (P = 1.07 Å and Bi = 1.48 Å) could result in minor 

changes in molecular structure and/or crystal packing.   

Sb and Bi were chosen as initial candidates primarily due to their inertness and low 

toxicity. Phosphorous compounds of this type are known to have ionic structures
53

 in the solid 

state, and may be reactive such as in the case of PPh3Cl2. AsAr3X2 are often air and moisture 

sensitive.
54

 Starting materials for these elements, PCl3 and AsCl3, are both volatile and extremely 

toxic liquids, making them difficult to handle safely.
55,56

 

Sb and Bi are the heaviest naturally occurring elements in group 15 of the periodic table. 

They both exist as silvery metals in their pure elemental forms and typically form compounds in 

either the +3 or +5 oxidation states. Sb is more stable in the +5 state whereas Bi is most stable in 

the +3 state. The relative stability of Bi species is discussed in further detail in Chapter 5. 

Sb is most commonly found in nature as the sulfide mineral stibnite, Sb2S3. Production of 

Sb reached 150,000 tons in 2015, with China accounting for over 75% of global production.
57

 

The primary industrial applications of Sb are as flame retardants (as Sb2O3), n-dopants in 
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semiconductors and in alloys which are used to make bullets, lead shot, pewter and lead-free 

solder. Elemental Sb is non-toxic, but its compounds have varying toxicity. Sb compounds are 

known to be toxic to plants and bacteria, where Sb(III) species are generally more toxic than 

Sb(V) species.
58,59

 SbH3 (stibine) and Sb2S3 (stibnite) are common examples of toxic Sb 

compounds. 

Bi is a brittle metal that is often found with an iridescent oxide coating. Practically 

speaking it is the heaviest element to have a stable isotope (bismuth-209), which decays with a 

half-life that is several billion times the estimated age of the universe.
60

 Global production of Bi 

was estimated at 13,000 tons in 2015, or approximately one tenth that of Sb.
61

 Bi serves niche 

applications in medicine such as Pepto-Bismol and as a non-toxic substitute for lead in alloys.   

1.4.2 Ar: aryl group 

The Ar group is arguably the most important structural parameter in the design of 

triarylpnictogen host materials. It has a significant effect on the solubility and molecular 

geometry of these materials, of which the latter dictates clathratogenic properties. Ideally, Ar is a 

large aromatic group such as a polysubstituted phenyl group or a polycyclic aromatic, e.g., 

naphthalenes, anthracenes, and phenanthrenes. Large Ar groups serve two functions: (1) to form 

sterically crowded structures, which enhance the rigidity of these molecular species and (2) to 

decrease solubility. The use of heterocyclic Ar groups, and/or introducing fluorinated 

substituents (e.g., CF3) may also be employed in order to decrease solubility.   

Several Ar groups were tested over the course of this study including phenyl (Ph), α-

naphthyl (Nap), mesityl (Mes), 2,4,6-triisopropylphenyl (TIPP), and p-N,N-dimethylanilinyl 

(DMA). Difficulties in synthesis and air sensitivity of Pn(DMA)3X2 prevented extensive studies 
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using this Ar group and therefore no DMA species are presented in this thesis. Attempts to 

synthesize TIPP species resulted in an unintended product which is described in Chapter 6. 

Phenyl compounds were primarily used as references and for establishing trends, particularly in 

solubility and thermal stability. The majority of this thesis is comprised of studies on tri(α-

naphthyl)- and trimesityl- species. 

1.4.3 X: axial group 

 Axial substituents can vary in size from the smallest (fluoride) to very large (carboxylates 

and other organic groups). These groups act as spacers between equatorial planes formed by 

PnAr3 moieties in Pn(V) species. Therefore, long X groups such as isothiocyanates and large 

carboxylates are ideal in the design of wheel-and-axle and humming top hosts. 

 Three main X groups are investigated in this thesis: halides, isothiocyanates and 

benzoates. Each X group has its own advantages and disadvantages. Halides are chemically 

robust and easy to synthesize but are the smallest of the possible X groups. Isothiocyanates 

possess long linear structures but their synthesis can be inefficient and they are the most reactive 

of the three. Benzoates are large and substantially decrease solubility, but can be difficult to 

prepare depending on which PnAr3 is used. 

1.4.4 Synthesis of triarylpnictogens 

Conventional synthesis of PnAr3X2 consists of two main steps (Scheme 1.1).
62

 In the first 

step, a pnictogen trichloride is treated with three equivalents of the corresponding aryl Grignard 

or aryllithium reagent to afford a triarylpnictogen(III) species. Subsequent oxidation of this 

species with a (pseudo)halide such as elemental bromine or thiocyanogen yields a 



22 

 

triarylpnictogen(V) di(pseudo)halide. Alternatively, a metathesis reaction of PnAr3Cl2 or 

PnAr3Br2 with the appropriate alkali or silver salt can also yield the desired Pn(V) species. 

 

Scheme 1.1: Generic synthetic pathway for PnAr3X2. 

The first step, the nucleophilic attack of ArLi or ArMgBr on PnCl3, is carried out in 

ethereal solvents such as diethyl ether or THF. The aryllithium route was used in the synthesis of 

tri(α-naphthyl)- species, but all attempts to synthesize phenyl derivatives (e.g., mesityl) using 

this method failed. The Grignard route proved effective in the synthesis of phenyl derivatives 

and was the preferred method thereafter.  It is important that at least 3 equivalents of aryl 

Grignard or aryllithium are used in this step in order to minimize the amount of possible by-

products. PnAr3 can react with excess PnCl3 in solution to form monochloro- and dichloro- 

species (Scheme 1.2). For this reason, 3.3 equivalents of ArMgBr or ArLi are typically used to 

ensure that the reaction is driven to completion. Excess ArMgBr and ArLi are hydrolyzed later in 

the workup. 

 

Scheme 1.2: Possible side reaction of the aryllithium/aryl Grignard step. 

The second step is an oxidation of PnAr3 by a (pseudo)halogen (Scheme 1.3). This can be 

done with the X2 species itself or through an equivalent reagent. Reactions with elemental 

bromine and thiocyanogen are the preferred means of synthesizing dibromo- and 
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diisothiocyanato- species, respectively.
63

 Copper(II) chloride was used as a substitute for 

chlorine gas in chlorination reactions for practical and safety reasons.
64

 Dicarboxylates can be 

synthesized through a reaction of PnAr3, the corresponding carboxylic acid and hydrogen 

peroxide in a 1:2:1 molar ratio.
64

 This same reaction, without any carboxylic acid, generates the 

corresponding oxide or, in special cases, a dihydroxide.
65,66

 

 

Scheme 1.3: Synthetic pathways toward Pn(V) species. 

1.4.5 Triarylpnictogens as host materials 

Triarylpnictogens are enticing candidates for host materials as they can adopt all three 

aforementioned non-self-complementary geometries. PnAr3 are structurally similar to 

triarylmethanes and other trefoil hosts, with a lone pair replacing the non-aromatic substituent. 
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PnAr3X2 adopt trigonal bipyramidal structures whose overall shape resembles that of other 

humming top hosts. Lastly, dimeric oxides of the formula (PnAr3O)2 and other similar bridged 

species possess a wheel-and-axle structure. One would expect that clathratogenic properties of a 

given triarylpnictogen could be altered simply by changing its molecular geometry. 

Customization of these materials can therefore be achieved through small chemical 

modifications, making triarylpnictogens a highly versatile class of host molecules. 

 Although no investigations into potential host properties of triarylpnictogens have been 

conducted, there exist several reported inclusion structures of PnAr3 and PnAr3X2 (Table 1.2). 

These structures contributed to the rational design of species presented in this thesis. SbPh3Cl2 is 

the simplest PnAr3X2 with reported inclusion structures. The rest of the reported structures 

possess either (1) a substituted Ph group or polycyclic Ar, (2) carboxylate X groups (many of 

which are substituted benzoates) or (3) other organic X groups (e.g., PnAr5).  

Table 1.2: Selected PnAr3 and PnAr3X2 inclusion structures from literature. 

Compound Guest(s) Ref. 

AsPh5 Cyclohexane 
67

 

BiPh3R2* DMF 
68

 

Bi(9-anthryl)3F2 CHCl3 
69

 

Bi(C6F5)3 1,4-Dioxane 
70

 

PPh5 Benzene 

THF 

71
 

72
 

Sb(DMA)3F2 Benzene 
64

 

SbPh3Cl2 S4N4 

SbCl3 

73
 

74
 

*R = 3,5-difluorobenzoate 

Interestingly, many triarylpnictogen dicarboxylates pack in a similar fashion to metal 

dibenzoylmethanates, another series of humming top molecules.
28

 Metal DBMs consist of a 

metal centre, two dibenzoylmethanate ligands which form the equatorial plane and two axial 

ligands which are typically substituted pyridines. Coordination of each axial ligand forms four 
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pockets on each side between the ligand and equatorial plane. Some pockets are occupied by 

fragments of other host molecules, while others are left available for guest species. Often two 

pockets are left for guests, resulting in a 1:2 host-guest complex.
28

 In the case of one of the 

triphenylantimony dicarboxylates, two SbPh3(RCOO)2 molecules form a single ‘host molecule’ 

and benzene molecules occupy two guest pockets on opposite corners (Figure 1.11).
75

 Thus, it is 

possible for a PnAr3X2 to achieve a humming top geometry in two ways: (1) the molecule itself 

is a humming top or (2) two molecules can combine to form a humming top through crystal 

packing. 

 

 

Figure 1.11: Ni(4-ViPy)2(DBM)2 and its 1:2 inclusion compound with CH2Cl2 (top) and a 

triarylstibine dicarboxylate and its 1:1 inclusion compound with benzene (bottom). 
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1.5 Potential applications in the petrochemical industry 

BTX hydrocarbons are important organic building blocks for synthetic polymers, 

fragrances and pharmaceuticals (Table 1.3).
76

 Most BTX production occurs in petrochemical 

refineries, where it is recovered from catalytic reforming and steam cracking processes. These 

processes convert low-octane naphtha into high-octane products for use in premium gasoline 

mixtures.  

Table 1.3: Physical data and major industrial products of BTX. 

 Benzene Toluene o-Xylene m-Xylene p-Xylene 

Structure 

     
b.p. (°C) 80.1 110.6 144.4 139.1 138.3 

m.p. (°C) 5.5 -95.0 -25.2 -47.9 13.4 

      

Products Styrene 

Polystyrene 

Nylon 6 

Polycarbonate 

Phenolic resins 

Toluene 

diisocyanate 

Polyurethane 

Phthalic 

anhydride 

Isophthalic acid Terephthalic acid 

Polyesters 

 

In a catalytic reformer, naphtha flows through several reactors fitted with beds of 

platinum or rhenium catalyst at temperatures of ~500 °C and pressures between 5 and 45 atm. 

The four main catalyzed reactions are: 

1. Dehydrogenation of napthenes into aromatics 

2. Isomerization of n-paraffins to isoparaffins 

3. Dehydrocyclization of paraffins to aromatics 

4. Hydrocracking of larger paraffins into smaller paraffins 
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The end product of catalytic reforming is typically rich in toluene and xylenes. 

 Steam cracking is a process where saturated hydrocarbons are broken down to smaller 

unsaturated hydrocarbons. The feedstock is diluted with steam and heated briefly in a furnace at 

high temperature (~850 °C). The major products of steam cracking are olefins (ethylene and 

propylene) and other small hydrocarbons, though higher temperatures favour the production of 

benzene alongside ethylene. The resulting pyrolysis gasoline mixture is therefore benzene-rich 

and can be mixed in with other hydrocarbons as a gasoline additive or separated by distillation. 

 

Figure 1.12: Schematic diagram of an aromatics complex. Adapted from Kulprathipanja.
77

 

 While methods differ depending on location and desired product, the separation of BTX 

from pyrolysis gas and reformate mixtures occurs in several stages in what is termed an 

‘aromatics complex’ (Figure 1.12). First, the aromatic and aliphatic fractions are separated. This 

is typically achieved though solvent-based methods such as liquid-liquid extraction and 



28 

 

extractive distillation. Aromatic homologues can be separated by fractional distillation in 

ascending order of their boiling points: benzene, toluene and then mixed xylenes. Most of the 

pure benzene product is converted to ethylbenzene, which is dehydrogenated to styrene and 

subsequently polymerized to polystyrene.
78

 The toluene fraction is either sold or rerouted into a 

transalkylation (Tatoray) unit which converts it into benzene and mixed xylenes.
78

  

 Separation of mixed xylenes requires extra steps since they cannot be fully separated by 

fractional distillation due to their similar boiling points. p-Xylene can be fractionally crystallized 

from the other two isomers because of its high melting point. However, this process is made 

inefficient as eutectic mixtures can form between the three isomers.
79

 o-Xylene can be 

fractionally distilled from the lower-boiling xylenes to recover a >98.5% pure product.
77

 From 

the remaining fraction, 99.9% pure p-xylene can be recovered using size-selective zeolites, such 

as those used in Universal Oil Products’ Parex process.
77

 The Parex raffinate stream is reacted 

with hydrogen over a zeolite catalyst in an Isomar unit to convert low-value m-xylene to more 

valuable p-xylene. The p-xylene is recycled and then recovered by the Parex unit.
77

 

 Chemical separations account for 10-15% of global energy consumption.
80

 The energy 

consumed by distillation columns used in BTX separation is 50 GW, or enough to power 40 

million homes. This energy cost will only increase as the demand for BTX products continues to 

grow at roughly 3 to 4% per year.
76

 Benzene production was estimated at 46 million tons in 

2015
81

, while p-xylene production was estimated to be 37 million tons in 2014
82

. Development 

of sorbent- and membrane-based separation methods could drastically reduce the energy cost of 

the production of these important petrochemicals. It was for this reason that BTX separation was 

listed as one of seven “chemical separations to change the world” in 2016.
83
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1.6 Research Objectives 

 Host materials derived from main group elements have played an important part in 

industrial-scale applications of chemical separation, catalysis and gas storage. The most notable 

examples are zeolites and some metal-organic frameworks. Although these materials have had 

success in industry, many chemical separations still rely on older, energetically demanding, 

methods such as fractional distillation. New host materials with tunable selectivity and high 

stability under working conditions may help replace many current industrial technologies with 

cleaner, safer, and more sustainable alternatives. This project attempts to introduce a new class 

of host materials by applying previously established principles of supramolecular chemistry to 

the design of organometallic hosts with elements never used before in this category of materials. 

 The general goal of this project was the synthesis of new triarylpnictogen host species, in 

particular triarylstibines and triarylbismuthines, and assessment of their clathratogenic properties 

using thermal analysis and X-ray diffraction. The main focus was placed on aromatic guest 

molecules, namely BTX hydrocarbons, but some investigations were expanded to include a 

wider variety of guests. Specific objectives of the project can be summarized as follows:   

1. Determine the effect of varying structural parameters (Pn, Ar, X) on physical and chemical 

properties of produced materials including  

a. Clathratogenic properties: clathration ability, inclusion capacity and guest 

selectivity of new hosts   

b. Physical and chemical stability: ambient and thermal stability of host materials and 

their inclusion compounds 
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c. Leaching stability: loss of host materials due to solubility in the desired guest 

solvents 

d. Structural properties: molecular and crystal structure of guest-free and inclusion 

phases, including analysis of the molecular symmetry, modes of packing, and 

intermolecular contacts 

e. Synthetic efficiency: cost of the products taking into account the price of starting 

materials, reaction yields, number of steps, and purification 

2. Develop reliable experimental procedures for the synthesis and characterization of 

triarylpnictogens and their inclusion compounds. 

3. Evaluate compounds as potential host materials using methods available and use this 

information to rationalize the design of future materials. 

Prior to this study, no investigations on the clathratogenic properties of triarylpnictogen 

species had been conducted, despite the fact that some of the species prepared in this study have 

been reported in the literature. This thesis presents the first account of intentionally made host 

molecules based on either antimony or bismuth and evaluation of their potential for separations 

and other applications in industry. 
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2.1 Single crystal X-ray diffraction 

In single crystal X-ray diffraction (SCXRD), a focused monochromatic X-ray beam is 

directed at a crystal mounted on a goniometer. Electrons from atoms within the crystal become 

secondary X-ray sources when struck by the incident beam in a process called elastic scattering. 

The crystal, which is essentially an infinite periodic array of atoms, scatters an array of 

secondary X-rays that interfere constructively only in specific directions that satisfy the Bragg 

Law  

λ = 2d sin 𝜃 

where λ is the wavelength, d is the interplanar spacing and θ is the scattering angle. This 

scattered radiation reaches a detector, producing reflections as bright spots in a diffraction 

pattern. By rotating the crystal and collecting many diffraction images, the electron density 

distribution across the crystal can be mapped out via Fourier transformations and the crystal 

structure can be modeled using computational methods coupled with available chemical data. 

Due to the periodic nature of crystals, only one repeating unit representing the whole crystal 

needs to be reported to describe the whole structure. This unit is called the unit cell. The 

symmetry of the unit cell (and so of the whole crystal) is described by one of seven crystal 

systems and 230 space groups.
1
 

 SCXRD is the primary method employed in this study for identifying and characterizing 

host materials and their inclusion compounds. This technique provides valuable structural 

information regarding crystal composition, molecular packing, and intermolecular contacts. 

Many of the host species and their corresponding inclusion compounds discussed in this thesis 
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were studied by SCXRD. Crystal structures were supplemented with PXRD, TGA, and 
1
H NMR 

whenever possible. 

A Rigaku Oxford Diffraction SuperNova single crystal diffractometer was used in this 

work. The system is equipped with molybdenum and copper X-ray radiation sources, a four-

circle kappa goniometer and an Atlas CCD detector. Also equipped is a CryoJet low temperature 

device, which allows for the study of crystal structures down to 90 K. 

2.2 Powder X-ray diffraction 

Powder X-ray diffraction (PXRD) operates on the same theoretical basis as SCXRD. The 

main difference is that PXRD samples, which are typically finely ground powders, are isotropic, 

meaning that, under ideal conditions, every crystal orientation is represented equally in the 

sample. Thus, a statistically significant number of crystal planes will be in the correct orientation 

to diffract the primary beam at particular diffraction angles. Each phase in the sample is 

represented by its own powder pattern corresponding to its crystal structure (if the phase is 

crystalline) down to a detection limit of about 5% by mass. PXRD is used for phase 

identification, determining crystallinity, determining unit cell parameters, monitoring phase 

transitions and to a lesser extent crystal structure refinement and determination. 

 A PANalytical Empyrean Series 2 powder X-ray diffractometer was used in this work. It 

is capable of measurements on several sample types, including flat and capillary samples, and 

can accomodate variable temperature PXRD experiments. 
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2.3 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a technique where the mass of a substance is 

recorded as a function of temperature. The instrument consists of a programmable furnace and a 

precision balance onto which samples are loaded using pans. The sample chamber is typically 

purged with an inert gas in order to prevent oxidation of the sample and to remove volatile 

products in the course of an experiment. TGA can be used as a characterization method, a tool to 

study degradation mechanisms and reaction kinetics, and for quantitative analysis of samples. 

TGA was used in this study primarily for screening inclusion compounds and quantitative 

determination of inclusion stoichiometry, determining solubility and analyzing the thermal 

stability of both host and inclusion compounds.  

A Q5000-IR TGA analyzer from TA instruments was used in all measurements. It is 

equipped with an infrared furnace (temperatures up to 1200 °C), a thermostatted microbalance 

and a 25 sample autosampler. The system can also be connected to an FT-IR instrument for 

TGA-FTIR experiments. 

2.4 Experimental 

2.4.1 General synthesis 

All reactions were performed under ambient conditions unless stated otherwise. Dried 

and degassed solvents, stored in a solvent keg filled off-site by Caledon Labs, was dispensed 

using a Solvent Purification System (LC Technology Solutions Inc.) loaded with molecular 

sieves (3 Å). All reagents were purchased from commercial sources (Aldrich, STREM, Acros 

Organics) and were used as received. Melting points were measured in glass capillary tubes on a 
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Mel-Temp visual melting point apparatus. IR samples were prepared as either KBr pressed 

pellets or thin films deposited on salt plates and collected on a Nicolet 510-FTIR spectrometer at 

ambient temperature. All NMR spectra were collected on a Bruker 400 Avance spectrometer at 

ambient temperature. 
1
H NMR shifts are reported in ppm relative to tetramethylsilane and the 

solvent (CDCl3 = 7.24 ppm).
 
Elemental analyses were performed by MHW Laboratories, 

Phoenix, AZ, United States. 

2.4.2 Crystallization 

 In general, crystallizations were carried out by evaporation of a solution of 10 – 30 mg of 

solid compound in the desired solvent in 4 dram vials. The rate of evaporation was controlled by 

either loosening or tightening the cap on the vial such that crystallization would occur over a 

minimum 2 of days. For high-boiling solvents, the vials were simply uncapped until enough 

crystals had formed. In cases where solubility was low (e.g., with ethanol and acetonitrile), the 

mixture was heated on a hot plate until it completely dissolved. Once enough crystals were 

observed, the vials were capped with some mother liquor remaining so as to prevent desolvation 

of the crystals during storage. This proved difficult with some volatile solvents where solubility 

is high (e.g., with DCM and benzene). In these cases, the solvent was allowed to evaporate as 

necessary and the vial was capped as soon as possible. Analyses of these crystals had to be 

performed immediately in order to obtain the most accurate results. 

2.4.3 Single crystal X-ray diffraction 

All measurements were conducted on a SuperNova single crystal diffractometer using a 

microfocus MoKα (λ = 0.71073 Å) radiation source. Data were collected at 294 K unless stated 

otherwise, using the ω-scan technique. The unit cell parameters were calculated and refined 
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using the entire data sets. Absorption corrections were applied with the multi-scan method. The 

unit cell refinement and data reduction were carried out with the CrysAlisPro
2
 software. SIR-92

3
 

and SHELXS
4
 were used for structure solution (direct methods), while SHELXL-2013

5
 

(packaged with Olex2
6
) was used for structure refinement (full-matrix least-squares on F

2
). Non-

hydrogen atoms were refined anisotropically while hydrogen atoms were added at calculated 

positions riding along their corresponding atoms and refined isotropically. Geometric 

calculations were performed using Cambridge Mercury
7
 software and molecular graphics were 

generated using Mercury and ORTEP-3
8
. 

2.4.4 Powder X-ray diffraction 

 PXRD samples were prepared by grinding 15-30 mg of solid with a mortar and pestle. 

Powders were loaded onto brass holders (0.15 x 14 x 10 mm) and flattened with a glass slide. 

Samples were run on a PANalytical Empyrean Series 2 powder X-ray diffractometer equipped 

with a PIXcel
1D

 linear detector, Ni Kβ filter, and Cu Kα radiation source. The instrument was set 

to a reflection (Bragg-Brentano) geometry in the flat stage mode. Diffraction patterns were 

collected in the 4 – 40° 2θ range with total experiment times ranging from 5 to 20 minutes. All 

PXRD experiments were conducted at room temperature (294 K). Data collection was controlled 

with the Data Collector
9
 software and powder diffractograms were inspected using HighScore 

Plus 4.1
10

. Calculated powder diffractograms for crystal structures were generated using 

Mercury.
7
 

2.4.5 Gas phase experiments 

 Samples of host compound were ground to a fine powder, placed on small Petri dishes 

and weighed. The powder was spread uniformly across the Petri dish in order to maximize 
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surface area. An uncapped 4 dram vial containing 10 mL of solvent was placed in a larger 1L jar. 

Petri dishes containing the sample were placed in the jar beside the solvent vial and the entire 

system was sealed. Samples were taken out at predetermined time intervals and immediately 

weighed and analyzed by PXRD. This process was repeated until the sample reached saturation, 

as indicated by gravimetric measurements and powder data. 

2.4.6 Thermal desolvation of inclusion compounds 

Samples of inclusion compounds were placed in a round bottom flask which was 

suspended 1 – 2 cm above a hot plate. A vacuum line was attached to the flask via glass adapter. 

The system was placed under vacuum and the temperature (monitored using a thermometer 

placed at the same height as the flask) was gradually increased over 5 minutes to the maximum 

temperature (100 – 110 °C). This temperature was kept for 5 – 10 minutes before allowing the 

flask to cool to room temperature. PXRD was used to ensure that none of the inclusion phase 

remained after desolvation. 

2.4.7 TGA solubility experiments 

 All solubility experiments were carried out at 294 K on a Q5000 TGA analyzer from TA 

Instruments. Saturated solutions were prepared by thoroughly shaking a suspension of the 

desired compound/solvent combination and allowing it to stand for at least one hour. A drop of 

the liquid phase was pipetted onto a 100 μL aluminum TGA pan, and the mass was immediately 

recorded using an analytical balance. This mass is referred to as mtotal (in mg) in the calculation 

below. The sample was then run on the TGA using a 5 °C/min ramp to 300 °C. In the resulting 

thermogram (Figure 2.1), the loss of the solvent is followed by the loss of the solute. The value 

for msolute (in mg) was taken as the mass remaining in the pan immediately after the loss of 
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solvent. Solubilities were then expressed as percent mass concentrations, according to the 

calculation below. 

% 𝑚𝑎𝑠𝑠 =
𝑚𝑠𝑜𝑙𝑢𝑡𝑒
𝑚𝑡𝑜𝑡𝑎𝑙

× 100 

 

Figure 2.1: Example TGA plot of a solubility experiment. 

2.4.8 TGA of inclusion compounds 

 1 to 6 milligrams of wet crystals were picked out and dried on filter paper. The crystals 

were then immediately loaded onto a 100 μL aluminum TGA pan and heated to 350 °C at a 

linear heating rate of 5 °C/min under a constant flow of dry nitrogen gas (25 mL/min). The 

resulting thermogram was compared to a reference guest-free sample of the host compound in 

order to assign mass losses to host and guest species. In cases where there was evidence for 

inclusion (Figure 2.2) the following calculation was used to determine the stoichiometry  
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𝐺

𝐻
 𝑅𝑎𝑡𝑖𝑜 =  

𝑚𝐺𝑀𝐻
(1 − 𝑚𝐺)𝑀𝐺

 

where mG is the percent mass composition of guest and MG and MH are the molar masses of the 

guest and host. The mass percentage of the host is represented by (1 – mG).  

 

 

Figure 2.2: Example TGA plots indicating no evidence for inclusion (top) and strong evidence 

for inclusion (bottom). These are referred to as ‘negative’ and ‘positive’ screening results, 

respectively. 
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Some inclusion crystals retained residual liquid phase even when they appeared dry. This 

was most common for high boiling point solvents and crystals with a high surface area to volume 

ratio (e.g., needles). This residual liquid phase was present in the TG curves as an immediate 

mass loss (a straight line) at the beginning of the experiment (Figure 2.3). It was therefore 

necessary to subtract out this mass in order to accurately calculate stoichiometry. Herein, this 

correction is termed a liquid phase correction (LPC) and is noted every time it is used. The 

corrected G/H ratio is calculated as 

𝐺

𝐻
𝑅𝑎𝑡𝑖𝑜 =  

𝑚𝐺𝑀𝐻
(1 − 𝑚𝐺 −𝑚𝐿)𝑀𝐺

 

where mL is the percent mass composition of the liquid phase. 

 

Figure 2.3: Example TGA plot where a liquid phase correction is used. 
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2.4.9 Selectivity experiments 

Prior to the experiment, guest-free phases of host compounds were prepared by either 

recrystallizing in n-hexane (SbMes3Cl2 and SbMes3Br2) or by heating the solid under vacuum 

(SbMes3(NCS)2). Approximately equal volumes of two or more BTX hydrocarbons were added 

to a vial and mixed thoroughly by shaking. A drop of the mixture was sent for 
1
H NMR analysis 

in order to determine the feed mixture composition. The rest of the solvent was used to dissolve 

10-20 mg of the host compound in a separate vial. Some of the mixtures had to be heated gently 

to dissolve. The vials were capped and inclusion crystals were grown by cooling the solution in 

either a freezer or refrigerator, depending on the freezing points of the solvents used. Inclusion 

crystals were taken out of the vial, dried on filter paper and analyzed by 
1
H NMR in order to 

determine the guest composition of the crystals. Compositions were calculated using the 

integration areas of aromatic and/or methyl protons on Bruker’s TopSpin software.
11

 

Combinations of 
1
H NMR signals were chosen such that overlap between signals was 

minimized. 
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3. Tri(α-naphthyl)antimony(III, V) 

species 
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3.1 Introduction 

 Tri(α-naphthyl)antimony (SbNap3) and its derivatives were tested for host properties in 

this project due to the bulkiness of the α-naphthyl group and relatively low cost of the bromo-

aryl precursor, 1-bromonaphthalene. SbNap3 and SbNap3X2 are significantly less soluble in 

organic solvents than their triphenyl- and trimesityl- counterparts. Only a handful of studies have 

been reported for SbNap3 and SbNap3X2, mostly detailing their syntheses.
1–3

 No crystal 

structures for this series of triarylstibines were reported prior to this study. This chapter covers 

the synthesis and characterization of SbNap3, SbNap3Br2, SbNap3(NCS)2 and (SbNap3O)2, as 

well as an investigation into the clathratogenic properties of these compounds. It should be noted 

that many of these species are chiral and crystallize as racemates. 

3.2 Tri(α-naphthyl)antimony 

SbNap3 is a propeller-shaped compound with C3 symmetry. Its synthesis was first 

reported in 1924 by Challenger et al.
2
 using the aryl Grignard route, followed by Talalaeva and 

Kocheshkov
4
 in 1946, who first reported its synthesis via the aryllithium route. Up until this 

study, SbNap3 was only used as a synthetic precursor for SbNap3X2 species. However, extensive 

screening of SbNap3 against a wide variety of guest solvents showed that it is able to enclathrate 

at least three of these solvents. In ethylbenzene and p-xylene, SbNap3 is oxidized by atmospheric 

oxygen, precipitating out of solution as inclusion crystals of (SbNap3O)2. This highly specific 

oxidation and the resulting clathrates are discussed in section 3.3. The success of SbNap3 as a 

host species was attributed to its trefoil molecular geometry, which spawned further 

investigations into the potential host properties of other SbAr3. 
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3.2.1 Synthesis 

 SbNap3 was prepared by reacting SbCl3 with 3.3 equivalents of 1-naphthyllithium in 

diethyl ether at -78 °C (Scheme 3.1). The aryllithium reagent was generated in situ via a lithium-

halogen exchange reaction between n-butyllithium and 1-bromonaphthalene. Typically, an 

aqueous workup of this kind of reaction would hydrolyze excess ArLi and separate the water 

soluble by-product (lithium chloride) and the ether-soluble SbAr3. However, unlike most SbAr3, 

SbNap3 is sparingly soluble in diethyl ether. Upon aqueous workup, most of the product was 

present as a white precipitate suspended in the aqueous and organic layers. In order to fully 

extract the product, the insoluble fraction and the ether layer were dealt with separately and the 

products from each were combined before the recrystallization step. The insoluble fraction was 

filtered, washed with water, and allowed to dry. The ether layer was washed with aqueous 

ammonium chloride solution, dried over MgSO4, and the solvent was removed under vacuum. 

Recrystallization of the combined fractions from hot acetonitrile yielded SbNap3 as colourless 

needles. 

 

Scheme 3.1: Synthesis of SbNap3 using the aryllithium route. 

44% 
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3.2.2 Screening 

 Initially, SbNap3 was crystallized from benzene and from toluene in order to collect what 

was thought would be a guest-free phase. Upon discovery of the benzene inclusion, more 

solvents were tested and eventually inclusions with THF and DMF were found. It was 

hypothesized that the trefoil shape of SbNap3 and other SbAr3 attributed for the observed host 

properties. Full investigations into the clathratogenic properties of SbNap3 along with SbPh3 and 

SbMes3 were conducted with 15 solvents (Table 3.1). Screening was done primarily by TGA and 

was supplemented with PXRD and SCXRD whenever there was evidence for inclusion. Most of 

the screening was performed by undergraduate student Sam Netzke in the summer of 2016.  

Table 3.1: Screening experiments of SbAr3 in 15 solvents. 

Solvent SbPh3 SbMes3 SbNap3 

Benzene    

Toluene    

o-Xylene    

m-Xylene    

p-Xylene   * 

Ethylbenzene   * 

Mesitylene    

Cumene    

Anisole    

Isoxazole    

THF    

Diethyl ether    

Dichloromethane    

Acetonitrile    

DMF - -  
 Inclusion complex observed (positive result) 

  No inclusion complex observed (negative result) 

-   Test not performed 

*  Oxidized to (SbNap3O)2 

 

 In total, three SbAr3 inclusion phases were found, all of them with SbNap3 as the host. 

All of the isolated inclusion crystals possessed 1:1 H/G ratios as determined by SCXRD, TGA 
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and PXRD. Some of the host/guest combinations resulted in viscous non-solid residues which 

were not further analyzed, for example SbPh3 in o-xylene. What was thought to be an inclusion 

of SbMes3 and o-xylene turned out to be guest-free SbMes3(OH)2 after SCXRD analysis. 

 Interestingly, neither SbPh3 nor SbMes3 formed an inclusion with any solvent. Both 

compounds adopt a trefoil molecular geometry and exhibit polymorphism, a phenomenon 

commonly ascribed to non-self-complementary molecules with a high affinity for inclusion.
5
 

One would expect that with increasing size of Ar in the order Ph → Mes → Nap the potential 

clathratogenic properties of SbAr3 would increase. However, there exist two important structural 

differences between SbAr3 and other trefoil hosts such as triphenylmethane: (1) Sb-C bonds are 

~40% longer than C-C bonds (2.1 Å vs. 1.5 Å), allowing for more space between Ar groups, and 

(2) C-Sb-C angles about a Sb(III) centre are more flexible than C-C-C angles about a sp
3
-

hybridized carbon. It is likely that aryl groups in smaller SbAr3 possess considerable rotational 

freedom, as evidenced by the fact that SbPh3 can crystallize in both asymmetric and symmetric 

configurations.
6,7

 Thus, SbAr3 are significantly less rigid than carbon and silicon-based trefoil 

hosts, meaning they are able to pack into a guest-free crystal structure of sufficiently low energy. 

This would explain why smaller SbAr3 tend not to incorporate guests into their structure.  

3.2.3 SCXRD of SbNap3 and its inclusions 

 Guest-free SbNap3 crystallizes in the orthorhombic Pna21 space group (Figure 3.1). 

Crystals of guest-free SbNap3 were grown from dichloromethane, though many other solvents 

can be used. The unit cell is relatively large compared to guest-free structures of other SbAr3 and 

possesses uncommon Z and Z′ values of 12 and 3 respectively. All SbNap3 molecules in the 

structure rest on general positions. The average Sb-C bond length is 2.16 Å and the average C-
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Sb-C angle is 97.9°, similar to other SbAr3. Though all α-naphthyl groups are oriented in the 

same direction around the Sb centre, the C-Sb-C angles vary by as much as 4°, resulting in a 

distorted 3-blade propeller conformation.  The three α-naphthyl groups are approximately 

orthogonal to one another as in the structure of SbPh3.
7
 

 

Figure 3.1: ORTEP representation of the asymmetric unit from the crystal structure of guest-free 

SbNap3. Thermal ellipsoids are shown at 50% probability. 

 

Figure 3.2: A box formed by two closely packed host molecules in SbNap3•(benzene) (left) and a 

dinuclear cavity from the same structure (right). 
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 Benzene and THF inclusions of SbNap3 (1 and 2 respectively) are isostructural, have 1:1 

H/G ratios and crystallize in P-1. SbNap3 molecules pack in a more complementary fashion in 1 

and 2 when compared to the guest-free structure. The host framework consists of approximately 

cubic boxes formed by two closely packed SbNap3 molecules (Figure 3.2). The two Sb centres 

occupy opposite corners of the box, while the six α-naphthyl groups enclose the box acting as the 

six faces. The dimensions of the box are roughly 5  5  5 Å, where the Sb···Sb distance is 7.4 

Å. Guest molecules are packed in dinuclear cavities (1 guest per pocket) as shown in Figure 3.2 

and are disordered over two positions, roughly 75/25 in 1 and 70/30 in 2.  

 The DMF inclusion (3) has a completely different structure with a trigonal unit cell and 

P31c space group. A threefold rotation axis penetrates each Sb centre such that only one α-

naphthyl group is crystallographically unique. Another threefold rotation axis intersects each 

guest molecule through the nitrogen and oxygen atoms.  Thus, three carbon atoms are equally 

disordered over three positions about the rotation axis. Guests in 3 are packed in trigonal 

prismatic cavities formed by nine neighbouring host molecules (Figure 3.4). The prism can be 

defined with a base equilateral triangle of sides 12.74 Å and height 9.81 Å. Trigonal prismatic 

cavities are generally uncommon, particularly in triarylpnictogen structures, but are observed in 

the structure of BiPh5Py•(Py)
8
 and some transition metal complex molecular clathrates.

9,10
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Figure 3.3: Crystal packing of SbNap3•(DMF) viewed down the c-axis. DMF is depicted in the 

space-filling style to improve visibility. 

 

Figure 3.4: Trigonal prismatic guest cavity in SbNap3•(DMF); some SbNap3 molecules and 

equivalent positions of disordered DMF are omitted for clarity. 



55 

 

3.3 Tri(α-naphthyl)antimony oxide 

 Triarylpnictogen oxides are a known class of compounds whose synthesis and 

characterization are well-documented in the literature.
11–14

 Westhoff et al. reported the syntheses 

of substituted triphenylstibine oxides which were prepared by oxidation of SbAr3 with hydrogen 

peroxide in acetone.
11

 These oxides all exist as dimers in the solid state, where two Sb centres 

are bridged by two O atoms in a four-membered ring structure.
12,14,15

 Dimeric oxides are thought 

to exist in equilibrium with the monomer, where the dimer is favoured in the solid state and the 

monomer is favoured in solution.
11

 

 No record of (SbNap3O)2 exists in the literature. This oxide had extremely limited 

solubility in all solvents tested at standard conditions. Attempts to dissolve this compound in 

boiling DMSO and DMF resulted in its decomposition. The lack of solubility of (SbNap3O)2 

coupled with its tendency to form inclusions with specific solvents made it an attractive material 

for the studies within this project. 

3.3.1 Synthesis 

 (SbNap3O)2 was prepared by oxidation of SbNap3 in two ways, the first being the 

conventional method using hydrogen peroxide. Initial attempts using the procedure described by 

Westhoff et al., where the reaction was carried out in ice-cold acetone, were unsuccessful.
11

 A 

procedure similar to the one used for synthesis of triarylstibine dicarboxylates, without any 

carboxylic acid, was used instead. Here, excess hydrogen peroxide was added to a solution of 

SbNap3 in diethyl ether at room temperature, and the solution was simply allowed to stand 

overnight to afford a white precipitate (Scheme 3.2). The resulting oxide was essentially 

insoluble in all solvents at room temperature, making it difficult to properly characterize. 
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Elemental analysis of the product confirmed the empirical formula of C30H21OSb. This oxide is 

referred to as ‘Oxide X’ herein.  

 

Scheme 3.2: Preparation of tri(α-naphthyl)antimony oxide using the hydrogen peroxide route. 

The structure of the resulting oxide is unknown. 

 The second method involved the oxidation of SbNap3 by atmospheric oxygen in either p-

xylene or ethylbenzene (Scheme 3.3). Inclusion crystals of the dimeric oxide can be grown by 

standing a solution of SbNap3 in either solvent in the presence of air. Slowing down the 

crystallization by either capping or covering the vial was necessary in order to obtain X-ray 

quality crystals. PXRD confirmed that the crystal structure obtained was representative of the 

bulk precipitate. Evaporation of the remaining solvent yielded guest-free SbNap3 as confirmed 

by PXRD. 

 

Scheme 3.3: Synthesis of (SbNap3O)2 using the clathration route. Ethylbenzene may also be used 

as a solvent. 

The reasons for this highly specific oxidation reaction are uncertain. The solubility of O2 

is relatively high in non-polar solvents, and is highest in aliphatic hydrocarbons.
16

 However, O2 

75% 
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solubility in benzene and toluene (molar solubilities 0.082% and 0.098% respectively) is likely 

not that different from solubility in p-xylene and ethylbenzene, for which no experimental 

measurements exist.
16

 Thus, it is unlikely that selectivity of this reaction can be attributed to the 

solubility of O2 in these solvents. It is believed that these dimeric oxide inclusion compounds are 

highly thermodynamically stable such that they represent an energy minimum in these systems. 

Host-guest complementarity coupled with the insolubility of the oxide likely play a significant 

role in stabilizing these inclusions. If true, this would represent the first inclusion-driven 

oxidation ever observed.  

3.3.2 Crystal structures 

 Crystal structures for both the p-xylene and ethylbenzene inclusions (4 and 5 

respectively) were determined. Both 4 and 5 have 1:1 H/G ratios, crystallize in the P21/c space 

group with Z′ = 0.5, and are isostructural. Both the host and guest lie on inversion centres such 

that only half of each molecule is crystallographically unique. A central Sb2O2 unit forms a 

distorted four-membered ring which bridges three α-naphthyl groups on each side of the host 

molecule (Figure 3.5). The O-Sb-O and Sb-O-Sb angles are 77° and 103° respectively, while the 

average Sb-O and Sb-Sb distances are 2.01 Å and 3.15 Å, almost identical to that of other 

oxides.
12,14,15

 The molecular geometry of (SbNap3O)2 can be described as a wheel-and-axle 

where the Sb2O2 ring acts as a spacer between the pair of bulky SbNap3 moieties. Guests are 

packed in parallelepipedic cavities arranged in a zig-zag fashion apparent when viewing along 

the c-axis (Figure 3.6). In 4, guests are disordered over two positions in a 60/40 ratio. 
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Figure 3.5: ORTEP representation of (SbNap3O)2 as found in (SbNap3O)2•(p-xylene). Thermal 

ellipsoids are shown at 50% probability. 

 

Figure 3.6: Crystal packing of (SbNap3O)2•(p-xylene) viewed down the c-axis (left) and a 

parallelepipedic cavity from the same structure (right); disorder of p-xylene is omitted for 

clarity. p-Xylene is depicted in the space-filling style to improve visibility. 
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3.3.3 PXRD experiments 

 Since no crystals of guest-free (SbNap3O)2 could be grown, attempts were made to 

elucidate the structure of Oxide X using PXRD. Crystals of (SbNap3O)2(p-xylene) can be 

desolvated by heating at 100°C under vacuum for 10 min, resulting in what is presumably a 

guest-free dimeric oxide. Powder patterns of Oxide X and this desolvated sample showed that 

they possessed completely different crystal structures (Figure 3.7). The structure of Oxide X 

therefore remains unknown. There are several possible structures for Oxide X: (1) a monomeric 

oxide which is stable in the solid state, (2) a polymorph of the dimeric oxide or (3) a polyoxide 

of the formula (SbNap3O)n. However, it should be noted that polyoxides of n > 2 have yet to be 

reported in literature, meaning structure (3) is unlikely. Monomeric oxides, although uncommon 

in the solid state, have been reported in several publications along with a crystal structure of 

SbMes3O.
17–19

 Structures (1) and (2) are therefore the most probable. 

 

Figure 3.7: Powder patterns for Oxide X, (SbNap3O)2(p-xylene) and the desolvated p-xylene 

inclusion. 
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Although the structure of Oxide X is unknown, attempts to obtain the p-xylene inclusion 

phase from the guest-free solid oxide, using Oxide X and using desolvated oxide, were carried 

out in order to determine whether either could behave as a clathrate sorbent material. Initially, 

~30 mg of oxide and 4 drops of p-xylene were ground with a mortar and pestle. No change in the 

powder patterns of either oxide (Oxide X or the desolvated p-xylene inclusion) was observed 

after 10 and 20 min of grinding. Exposing each oxide to p-xylene vapour over a period of 3 days 

also produced no changes in their respective powder patterns, and no significant mass increase 

was observed. As a result, it appears that tri(α-naphthyl)antimony oxide is unable to reversibly 

enclathrate guests.   

3.4 Tri(α-naphthyl)antimony di(pseudo)halides 

SbNap3Br2 and SbNap3(NCS)2 were the only SbNap3X2 species synthesized in this work. 

Both are known compounds with no crystal structures previously reported in the literature.
1,3

 

SbNap3(NCS)2 was reported in only one publication from Agnihotri et al. in 2002, where the 

product was misidentified as SbNap3(SCN)2.
1
 No evidence that SbNap3X2 form inclusion 

complexes with any solvent was obtained in this work. As a result, other SbNap3X2 such as 

SbNap3Cl2 were not prepared as they are expected to behave similarly to the dibromide and 

diisothiocyanate. 

SbNap3X2 can adopt two different conformations (Figure 3.8): a symmetric (propeller) 

conformation where all α-naphthyls oriented in the same direction, and an asymmetric 

conformation where one α-naphthyl is oriented in the opposite direction from the others. 

Mixtures of both conformations are also a possibility. In this study, SCXRD, PXRD and TGA 
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demonstrated that these species adopted asymmetric structures in the solid state and likely do not 

include simple aromatic guests.  

 

Figure 3.8: Symmetric (left) and asymmetric (right) conformations of SbNap3X2; X groups are 

omitted. 

3.4.1 Synthesis 

 SbNap3Br2 and SbNap3(NCS)2 were both synthesized according to general procedures 

(Scheme 3.4). Bromination of SbNap3 in diethyl ether yielded SbNap3Br2 as a white solid.  

Similarly, oxidation of SbNap3 in DCM at 0 °C with a freshly prepared solution of thiocyanogen 

yielded SbNap3(NCS)2 as a white solid.  

 

Scheme 3.4: Oxidation of SbNap3 to SbNap3Br2 and SbNap3(NCS)2.  

63% 

51% 
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3.4.2 Screening 

Both SbNap3X2 were crystallized from benzene and from toluene. X-Ray quality crystals 

were obtained from toluene for SbNap3Br2, and from benzene for SbNap3(NCS)2. SCXRD of the 

crystals showed that both were guest-free compounds. TGA of all products of crystallization 

attempts showed no evidence of inclusion as the resulting thermograms were identical to that of 

the bulk material. PXRD of both products confirmed that each crystal structure was 

representative of the corresponding bulk material. SbNap3X2 were not further screened due to 

their tendency to crystallize in an asymmetric conformation, which distorts their humming top 

geometry and likely decreases their hosting capability. Other humming top hosts, in particular 

SbMes3X2, were pursued instead (see Chapter 4). 

3.4.3 Crystal structures 

 Guest-free crystal structures were obtained for both SbNap3Br2 and SbNap3(NCS)2 

(Figure 3.9). Though not isostructural, both compounds crystallize in an asymmetric molecular 

conformation. The C-Sb-C angles in both compounds all differ from each other and significantly 

deviate from 120°, resulting in a distorted trigonal bipyramidal geometry. 

 SbNap3Br2 crystallizes in the monoclinic P21/c space group with one molecule per 

asymmetric unit. No disorder was found in the structure. There are no significant intermolecular 

contacts aside from weak T-shaped π-interactions between α-naphthyl rings of neighbouring 

molecules (Figure 3.10). The average Sb-Br length is 2.64 Å and the C-Sb-C angles in 

descending order are 131.83°, 116.59°, and 111.58°. 
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Figure 3.9: ORTEP representations of SbNap3Br2 (left) and SbNap3(NCS)2 (right) as found in 

their crystal structures; disorder of sulfur is omitted for clarity. Thermal ellipsoids are shown at 

50% probability. 

 

 

Figure 3.10: Illustration of weak T-shaped π-interactions in the crystal structure of SbNap3Br2. 

Close contacts are indicated by dotted blue lines. 
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 SbNap3(NCS)2 crystallizes in the P-1 space group with one molecule per asymmetric 

unit. As is the case with many diisothiocyanate compounds, one of the sulfur atoms on an 

isothiocyanate group is disordered over two positions. The C-Sb-C angles in SbNap3(NCS)2 in 

descending order are 126.68°, 119.70°, and 113.29°. 

3.5 TGA of SbNap3 and its inclusions 

 Thermogravimetric analyses of the five inclusion compounds described in this chapter 

confirmed the 1:1 stoichiometry in most cases (Table 3.2). The oxide inclusions are notable 

exceptions, as TGA curves for both p-xylene and ethylbenzene suggest G/H ratios roughly 20% 

higher than expected. Despite this, PXRD patterns for these crystals are consistent with patterns 

calculated from their corresponding crystal structures.  A possible explanation for this would be 

that guest loss occurred in conjunction with the loss of oxygen (as O2). Guest loss in all 

inclusions occurred as a single step. 

Table 3.2: TGA results for SbNap3 inclusions. 

Inclusion To G/H ratio 

SbNap3(benzene) 92 1.06(2) 

SbNap3(THF) 72 0.96(2) 

SbNap3(DMF) 98 1.04(3)* 

(SbNap3O)2(p-xylene) 165 1.20(3) 

(SbNap3O)2(ethylbenzene) 146 1.24(2) 
To = onset temperature of guest release (°C) 

*Liquid phase correction 
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3.6 Conclusions 

 SbNap3, SbNap3Br2, SbNap3(NCS)2 and (SbNap3O)2 were successfully synthesized. 

Crystal structures for all isolated inclusion and guest-free phases were obtained, except for the 

guest-free phase of (SbNap3O)2. Screening of several trefoil-shaped SbAr3 (SbPh3, SbMes3, and 

SbNap3) was conducted with 15 solvents. SbNap3 was found to enclathrate three guest solvents 

(benzene, THF, DMF) and oxidizes in p-xylene and ethylbenzene, precipitating out of solution as 

inclusion crystals of (SbNap3O)2. No evidence for inclusion was obtained for either SbPh3 or 

SbMes3 in any solvent. Tri(α-naphthyl)antimony oxide is an insoluble solid which may be 

reproducibly synthesized via the oxidation of SbNap3 using hydrogen peroxide, although the 

structure of the resulting oxide remains uncertain. SbNap3X2 did not exhibit any clathratogenic 

properties, likely due to the fact that they crystallize in an asymmetric conformation which 

distorts their humming top geometry.  
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3.7 Experimental section 

For general considerations, see section 2.4.1 

Tri(α-naphthyl)antimony (SbNap3) This compound was prepared using a modified procedure 

from the one used by Yamaguchi et al. for a similar compound.
20

 Under an argon atmosphere, n-

butyllithium (5.0 mL, 2.0 M in cyclohexane, 10.00 mmol) was added dropwise over 2 min to a 

solution of 1-bromonaphthalene (1.40 mL, 10.01 mmol) in dry diethyl ether (30 mL) at -78 °C. 

The mixture was stirred at -78 °C for 1 hr, then at -10 °C for 1 hr, after which the 

naphthyllithium species appeared as a white precipitate. Antimony(III) chloride (0.73 g, 3.18 

mmol) dissolved in dry ether (15 mL) was added dropwise over 5 min to the mixture at -78 °C 

and was stirred for 1 hr at this temperature, then allowed to warm slowly to room temperature 

over a duration of 2 hr. The reaction was quenched on ice water and both the water and ether 

layers were reserved. The off-white precipitate in the water fraction was collected by filtration 

and washed thoroughly with water. The ether layer was washed with water (5  30 mL), dried 

with MgSO4, and concentrated in vacuo, yielding an off-white residue. The solids were 

combined. Dissolution and precipitation from hot acetonitrile afforded the product as colourless 

needles (0.70 g, 1.4 mmol, 44%); mp = 225 – 227 °C (lit. 218 °C)
2
 ; IR (KBr, cm

-1
) 3040w, 

1500m, 1381w, 1329w, 1255m, 1209w, 1096w, 1020m, 858w, 793s, 771s, 731w, 643w, 519w, 

418w; 
1
H NMR (400 MHz, CDCl3) δ 8.22 (3H, d, J = 8.0 Hz, arom.), 7.87 (3H, d, J = 7.6 Hz, 

arom.), 7.83 (3H, d, J = 7.6 Hz, arom.), 7.46 (6H, m, arom.), 7.21 (6H, m, arom.). 

Tri(α-naphthyl)antimony dibromide (SbNap3Br2) A solution of bromine in diethyl ether (78 

mM) was added dropwise to a solution of tri(α-naphthyl)antimony (0.16 g, 0.32 mmol) in diethyl 

ether (45 mL) until the appearance of a slight yellow/orange colour (~5 mL of bromine solution). 
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The mixture was stirred at room temperature for 1 d, filtered, washed with ethanol (3  10 mL), 

and the product was obtained as a white solid (0.14 g, 0.21 mmol, 63%); mp = 247 – 249 °C (lit. 

229 °C (dec.))
2
; IR (KBr, cm

-1
) 3048w, 1619w, 1586w, 1554w, 1502s, 1429w, 1386m, 1362m, 

1335m, 1256m, 1216w, 1133w, 1023w, 976w, 947w, 907w, 854w, 787s, 767s, 734w, 645w, 

614w, 513w, 419m; 
1
H NMR (400 MHz, CDCl3) δ 8.38 (6H, m, arom.), 8.12 (3H, d, J = 8.0 Hz, 

arom.), 7.99 (3H, d, J = 8.0 Hz, arom.), 7.67 (3H, t, J = 8.0 Hz, arom.), 7.54 (3H, t, J = 8.0 Hz, 

arom.), 7.37 (3H, m, arom.). 

Tri(α-naphthyl)antimony diisothiocyanate (SbNap3(NCS)2) A solution of thiocyanogen was 

prepared from the dropwise addition over 2 hr of bromine (0.04 mL, 0.78 mmol) in DCM (5 mL) 

to a suspension of lead(II) thiocyanate (0.30 g, 0.91 mmol) in the same solvent (15 mL) at 0 

°C.
21

 Once the addition was complete, the mixture was stirred for another 30 min at 0 °C. This 

colourless suspension was filtered to remove inorganic salts, and the filtrate was added to a 

solution of tri(α-naphthyl)antimony (0.40 g, 0.80 mmol) in DCM (15 mL) at 0 °C.
22

 This mixture 

was stirred for 2 hr at 0 °C before warming up to room temperature. The solvent was removed 

under reduced pressure and the off-white solid product was washed with diethyl ether (4  15 

mL), yielding the product as an off-white solid (0.25 g, 0.40 mmol, 51%); mp = 237 – 240 °C 

(lit. 226 °C)
1
; IR (KBr, cm

-1
) 3053w, 2022s, 1618w, 1587w, 1559w, 1504m, 1386w, 1365w, 

1335m, 1258m, 1210w, 1145w, 1024w, 948w, 854w, 794s, 766s, 731w, 649w, 613w, 515w, 

475w; 
1
H NMR (400 MHz, CDCl3) δ 8.21 (3H, d, J = 8.4 Hz, arom.), 8.11 (3H, d, J = 8.0 Hz, 

arom.), 8.03 (3H, d, J = 8.4 Hz, arom.), 7.99 (3H, d, J= 8.4 Hz, arom.), 7.71 (3H, t, J = 8.0 Hz, 

arom.), 7.59 (3H, t, J = 8.0 Hz, arom.), 7.42 (3 H, t, J = 8.0 Hz, arom.). 
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Tri(α-naphthyl)antimony oxide (SbNap3O or “Oxide X”) Tri(α-naphthyl)antimony (0.50 g, 

0.99 mmol) was dissolved in diethyl ether (170 mL), followed by the addition of aqueous 

hydrogen peroxide solution (0.15 mL, 9.8 M, 1.48 mmol). The mixture was allowed to stand for 

1 d, after which the white precipitate was filtered and thoroughly washed with ether, yielding the 

product as a white solid (0.39 g, 0.74 mmol, 75%); mp = 227 – 233 °C (dec.); IR (KBr, cm
-1

) 

3049w, 1621w, 1587w, 1557w, 1503m, 1457w, 1385w, 1259w, 1165w, 1135w, 1022w, 796s, 

769s, 732w, 698w, 617w, 533w, 463w, 416w; Anal. Calcd for C30H21OSb: C, 69.39; H, 4.08. 

Found: C, 69.47; H, 4.23. 
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4. Trimesitylantimony(III, V) 

species 
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4.1 Introduction 

 Many examples of methyl-substituted triarylstibines and their corresponding Sb(V) 

species exist in the literature, including Sb(o-tolyl)3, Sb(m-tolyl)3, Sb(p-tolyl)3, Sb(3,5-

dimethylphenyl)3 and SbMes3.
1–5

 These SbAr3 are most commonly used as ligands to provide 

steric bulk in coordination complexes
2,3

 and are also used in organic synthesis
4
. Mesityl groups 

are ideal for the design of PnAr3X2 host materials due to their bulkiness and access via a 

relatively inexpensive starting material, 2-bromomesitylene. Substitution on the Ar group at both 

ortho positions with methyl groups effectively forces the structure of SbMes3X2 into a symmetric 

conformation due to steric repulsion. The mesityl groups in the equatorial positions greatly 

increase the conformational rigidity and help to achieve threefold rotation symmetry in the 

SbMes3X2 molecules, resulting in humming top hosts with interesting clathratogenic properties. 

Substitution of a methyl group at the para position is also expected to significantly enhance 

clathratogenic properties, by analogy with the M(4-MePy)4(NCS)2 Werner complexes.
6,7

 As is 

the case with tri(α-naphthyl)stibines, many of the species described in this chapter are chiral and 

crystallize as racemates. 

4.2 Trimesitylantimony 

The synthesis of SbMes3 via the aryl Grignard route was first reported in 1986.
1
 As 

discussed in Chapter 3, SbMes3 was not observed to enclathrate any solvent even though it 

possesses trefoil geometry and is more sterically crowded than SbPh3. As a result, SbMes3 was 

only used as a synthetic precursor to SbMes3X2 in this study. The only crystal structure of 

SbMes3 known prior to this thesis was reported by Ates et al. in 1992.
8
 A second polymorph of 

this compound was obtained and its structure is discussed in section 4.2.2. 
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4.2.1 Synthesis 

 Synthesis of SbMes3 was carried out by reacting SbCl3 with 3.3 equivalents of 

mesitylmagnesium bromide in THF (Scheme 4.1). The aryl Grignard species is generated in situ 

via a reaction between elemental magnesium and 2-bromomesitylene. THF is the preferred 

solvent for this reaction as it better stabilizes the aryl Grignard species and has a higher boiling 

point than ether, allowing for higher reflux temperatures.
9
 Unlike SbNap3, SbMes3 is soluble in 

both THF and diethyl ether, meaning that all of the product can be extracted by standard aqueous 

workup of the organic layer followed by evaporation of the solvent. Recrystallization of the 

resulting white residue in hot acetonitrile yields SbMes3 as colourless crystals. 

 

Scheme 4.1: Synthesis of SbMes3 using the aryl Grignard route.  

 The success of Grignard reactions is primarily dependent on the formation of the 

Grignard reagent itself, which is preceded by an induction step. This induction step is incredibly 

moisture sensitive and involves the activation of the magnesium metal via removal of the 

passivating MgO coating. Several methods have been developed in order to accelerate the 

induction step including the addition of an activating agent such as dibromoethane or iodine, 

sonication, the use of highly reactive magnesium known as Rieke magnesium and 

mechanochemical methods.
10

 Simply refluxing a mixture of magnesium, aryl bromide, and 

iodine proved unreliable, as reaction times could range from 2 to 4 hr and sometimes no reaction 

59% 
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would take place within 8 hr. Sonicating the mixture for 30 min prior to refluxing proved to be a 

more reliable method of initiating the induction step. The mesityl Grignard reagent was 

consistently prepared in less than 2 hr using this method. 

4.2.2 Crystal structure 

 PXRD of the crystalline SbMes3 product showed no similarities between the 

experimental powder pattern and the calculated pattern from the literature structure (both 

collected at room temperature), suggesting that the compound exhibits polymorphism.
8
 It was of 

interest to determine whether SbMes3 could crystallize in an asymmetric configuration, as is the 

case for BiMes3.
11

 X-Ray quality crystals of SbMes3 were grown from evaporation of an 

acetonitrile solution. 

 The newly discovered SbMes3 polymorph crystallizes in C2/c with one molecule per 

asymmetric unit. A two-fold rotation axis bisects a mesityl ring through the ipso and para 

carbons such that two opposing orientations of the molecule are superimposed on the same 

crystallographic site (Figure 4.1). The Sb atom is disordered over two equivalent positions 

separated by 2.4 Å. Mesityl groups are oriented in a symmetric, albeit trigonal planar, 

configuration about both Sb centres. Each mesityl group represents an average of two 

orientations, which is manifested in large elongated thermal ellipsoids of carbon atoms. 
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Figure 4.1: ORTEP representation of the C2/c polymorph of SbMes3 illustrating the disorder of 

Sb atoms (purple); occupancy of Sb atoms is indicated. Thermal ellipsoids are shown at 50% 

probability. 

4.3 Trimesitylantimony dihalides 

 SbMes3X2 (X = F, Cl, Br) are known compounds with no previously reported crystal 

structures.
1,12

 This section encompasses an investigation into the clathratogenic properties of 

SbMes3Cl2 and SbMes3Br2. SbMes3I2 was prepared but is air sensitive, as is the case with many 

other SbAr3I2.
13

 Although not as prolific as a host as SbMes3(NCS)2, SbMes3X2 halides are able 

to enclathrate most aromatic guests, as well as other small guest solvents such as diethyl ether 

and dichloromethane. Dihalides possess some key advantages over the diisothiocyanate, as they 

are easier to synthesize and are more chemically robust. Both SbMes3Cl2 and SbMes3Br2 are 

highly selective toward enclathration of benzene, a property which is discussed in further detail 

in section 4.5.3. 
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4.3.1 Synthesis 

 SbMes3Cl2 and SbMes3Br2 were prepared according to general oxidation procedures 

(Scheme 4.2). Chlorination of SbMes3 using two equivalents of CuCl2 in DCM yielded 

SbMes3Cl2 as colourless crystals. Similarly, bromination of SbMes3 with elemental bromine 

yielded SbMes3Br2 as a white solid. In both cases, the SbMes3X2 product enclathrated the solvent 

used in the reaction, so the products obtained were actually unsaturated inclusion phases. It was 

therefore necessary to either heat the product under vacuum or recrystallize it from hexanes in 

order to prepare guest-free phases of these compounds.  

 

Scheme 4.2: Oxidation of SbMes3 to SbMes3Cl2 and SbMes3Br2. 

4.3.2 Screening 

 SbMes3Br2 was initially crystallized in BTX solvents along with SbMes3(NCS)2. After 

the discovery of several BTX inclusions, the list of solvents (Table 4.1) was expanded to include 

larger aromatic guests (e.g., ethylbenzene and mesitylene) as well as aliphatic guests (e.g., 

cyclohexane and n-hexane). SbMes3Br2 enclathrates all of the tested solvents apart from n-

hexane and ethylbenzene. SbMes3Cl2 was later crystallized in BTX and n-hexane in order to 

determine whether a small change at the axial position would induce significant changes in the 

clathratogenic properties of SbMes3X2. It was found that the dichloride behaves identically to the 

53% 88% 
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dibromide, according to TGA screening experiments. In fact, all SbMes3Cl2 crystal structures 

(guest-free and inclusions) are isostructural to their SbMes3Br2 counterparts. 

Table 4.1: Screening experiments for SbMes3Cl2 and SbMes3Br2. 

Solvent SbMes3Cl2 SbMes3Br2 

Benzene   

Toluene   

o-Xylene   

m-Xylene   

p-Xylene   

n-Hexane   

Ethylbenzene -  

Cumene -  

Anisole -  

Mesitylene -  

Bromobenzene -  

Cyclohexane -  

Dichloromethane -  

Diethyl ether -  
 Inclusion complex observed (positive result) 

  No inclusion complex observed (negative result) 

-   Test not performed 

 

4.3.3 Crystal structures of SbMes3Cl2 and SbMes3Br2 and their inclusions 

 Crystal structures for both SbMes3Cl2 and SbMes3Br2 were studied for many of the 

solvents listed in Table 4.1. A total of 13 structures were solved, with two of them being guest-

free. All SbMes3Cl2 structures are isostructural to their SbMes3Br2 counterparts. Structures in 

this section all have two host molecules per asymmetric unit with no disorder present in any host 

molecule. Host molecules in these structures are arranged in what may be termed a ‘ladder’ 

packing motif, as illustrated in Figure 4.2. The term ‘ladder’ and newly coined terms ‘wide 

ladder’, ‘compact ladder’ and ‘broken ladder’ are frequently used in this thesis to describe crystal 

packing in SbMes3X2 inclusions, particularly for the dihalides. Ladder packing has been 
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previously described in transition metal complexes
14,15

, co-crystals
16,17

, carboxylic acid salts
18

 

and in some heterocyclic organic compounds
19

. 

 

Figure 4.2: Different types of ladder packing found in SbMes3X2 inclusion structures. Hosts are 

depicted as black crosses and guests are depicted as red circles. The exact positioning of guests 

in these structures can differ from that shown in this Figure. 

4.3.3.1 Guest-free structures 

 Guest-free structures for SbMes3Cl2 and SbMes3Br2 were obtained by crystallization 

from n-hexane solution (Figure 4.3). Both compounds crystallize in P-1. The average Sb-Br and 

Sb-Cl distances are 2.67 and 2.49 Å respectively, and C-Sb-C angles are approximately 120° in 

most cases, but can deviate by as much as 4°. The mean Sb-C distance in SbMes3X2 is 2.16 Å, 

slightly longer than that in SbNap3X2 (2.10 - 2.12 Å). Mesityl groups are oriented in a three-

blade propeller configuration about the Sb centre, forming 35° ± 5° torsion angles with respect to 

the equatorial plane. The molecular geometry of all SbMes3X2 (X = Cl, Br, NCS, OH) can be 

described as an ideal humming top. 
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Figure 4.3: ORTEP representation of SbMes3Cl2 (left) and SbMes3Br2 (right) as found in their 

crystal structures. Thermal ellipsoids are shown at 50% probability. 

4.3.3.2 2:1 Family of dihalide inclusions 

 The 2:1 family represents the largest set of isostructural clathrates found in this thesis. It 

encompasses six structures across four different guest molecules: benzene (6Cl), toluene (7Cl and 

7Br), o-xylene (8Cl and 8Br), and anisole (9Br). All of the structures in this family possess 2:1 H/G 

ratios and crystallize in the P-1 space group. There are 2 hosts and 1 guest per asymmetric unit, 

with all molecules residing on general positions. The structure for 2(SbMes3Br2)•(benzene) was 

not studied, but it is expected to be isostructural to 6Cl and therefore a member of this family. 

 Host molecules in this family are packed such that their axes appear to form a continuous 

line or ‘rail’ when viewed along the b-axis (Figure 4.4). Two rails combine to complete what 

may be described as a ‘ladder’ packing motif, where rails are connected by ‘steps’ formed by 

overlapping mesityl groups. Guest molecules occupy octahedral cavities between these steps at 
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one guest per cavity. Guests in the 2:1 family are disordered over two positions in the following 

ratios: 85/15 in 6Cl, 60/40 in 8Cl, 75/25 in 8Br, and 80/20 in 9Br. 

 

Figure 4.4: Ladder packing of 2(SbMes3Br2)•(anisole) viewed down the b-axis (left) and an 

octahedral cavity from the same structure (right); disorder of anisole omitted for clarity. 

4.3.3.3 Other structures 

 Both p-xylene inclusions (10Cl and 10Br) needed to be protected during XRD data 

collection due to their instability with respect to desolvation. The problem was addressed by 

placing plastic tubes (closed on one end), containing a droplet of solvent around the crystal, on 

the brass pin. A complete structure solution was obtained for the dichloride but crystals of the 

dibromide rapidly desolvated during data collection despite efforts to protect them. Nevertheless, 

both crystals were stable enough to obtain unit cell parameters and confirm that the inclusion 

complexes are isostructural. Both inclusions crystallize in P-1 with 1:2 H/G ratios.   

 The crystal structure of 10 exhibits ‘wide ladder’ packing, apparent when viewing along 

the a-axis (Figure 4.5). The packing is similar to that of the 2:1 family except that the rails of 

each ladder are spaced farther apart. This expansion of the crystal structure is a direct result of 
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the higher G/H ratio, as more space is required to accommodate more guest molecules per unit 

volume. In fact, this expansion causes guest cavities to become interconnected in two 

dimensions, forming zig-zag layers in the ab-plane between layers of host molecules. 10 

represents the only intercalate described in this thesis. 

 

Figure 4.5: Wide ladder packing of SbMes3Cl2•2(p-xylene) viewed down the b-axis (left) and a 

zig-zag layer from the same structure viewed down the a-axis (right). 

 Both m-xylene inclusions (11Cl and 11Br) crystallize in P21/c with 2:3 H/G ratios. 

Packing in 11 may be described as a broken ladder (Figure 4.6). This type of packing is similar 

to previous ladder structures, except guest channels replace every third piece of each rail. The 

guest channels propagate along the a-axis and are arranged in a zig-zag pattern coinciding with 

each ladder.  Adjacent channels are bridged by guest molecules at every other position, forming 

what may be termed ‘ladder channels’. The asymmetric unit consists of one host and two guests, 

one of which sits on an inversion centre at 0.5 occupancy. The other guest is disordered over two 

positions in roughly a 50/50 ratio. 
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Figure 4.6: Broken ladder packing of SbMes3Br2•(m-xylene) viewed down the a-axis (left), the 

same structure with host molecules removed (middle) and an illustration of the connectivity in 

each ladder channel (right); disorder of m-xylene is omitted for clarity. Individual channels are 

indicated by red circles and arrows, while the locations of bridging molecules are indicated by 

green circles and arrows.  

 

Figure 4.7: Compact ladder packing of SbMes3Br2•(mesitylene) viewed down the c-axis (left) 

and an elongated square bipyramidal cavity from the same structure (right). 
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The mesitylene clathrate of SbMes3Br2 (12) crystallizes in P21/n with a 1:1 H/G ratio. 

Here, host molecules pack to form a compact ladder structure, apparent when viewing down the 

c-axis (Figure 4.7). Guests occupy elongated square bipyramidal cavities formed outside of the 

ladder, with two guests per cavity. 12 represents the only structure in which hosts are stacked 

directly on top of each other through weak halogen-halogen contacts. Br···Br contacts between 

stacked host molecules are 3.6870(4) Å, just within the sum of their vdW radii (3.70 Å). 

4.3.3.4 Summary 

Structural parameters for crystal structures described in this section are summarized in 

Table 4.2. Inclusion structures for SbMes3X2 dihalides all pack in some variation of the ladder 

motif, i.e., where axes of host molecules align approximately parallel and appear stacked on top 

of each other. All inclusion structures in this section are cryptates, except for 10 and 11. 

Table 4.2: Summary of crystal structures for SbMes3Cl2 and SbMes3Br2. 

# X Guest 
Space 

group  

H/G 

ratio 
Guest environment G/cavity 

- Cl/Br Guest-free P-1 N/A N/A N/A 

6 Cl Benzene P-1 2:1 Octahedral cavities 1 

7 Cl/Br Toluene P-1 2:1 Octahedral cavities 1 

8 Cl/Br o-Xylene P-1 2:1 Octahedral cavities 1 

9 Br Anisole P-1 2:1 Octahedral cavities 1 

10 Cl/Br p-Xylene P-1 1:2 Zig-zag layers - 

11 Cl/Br m-Xylene P21/c  2:3 Interconnected channels - 

12 Br Mesitylene P21/n 1:1 Elongated square bipyramidal cavities 2 
Note 1: All SbMes3Cl2 structures are isostructural to their SbMes3Br2 counterparts 

Note 2: 6, 7, 8 and 9 are isostructural to one another 
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4.4 Trimesitylantimony diisothiocyanate 

 Isothiocyanate groups are excellent axial groups due to their long linear structure, and 

they were used extensively in Werner complexes for this reason. SbMes3(NCS)2 is even more 

prolific as a host than SbMes3X2 dihalides, as it enclathrated every solvent used in this work. 

These results were not unexpected, as SbMes3(NCS)2 is structurally very similar to the most 

prominent Werner complex, Ni(4-MePy)4(NCS)2. Replacing a halide with an isothiocyanate 

group was expected to accentuate the humming top geometry, thereby reducing the ability of the 

molecules to pack efficiently and increasing their tendency to enclathrate guests. 

4.4.1 Synthesis 

 SbMes3(NCS)2 was prepared via a reaction of SbMes3 with thiocyanogen in 

dichloromethane at 0 °C (Scheme 4.3). Unlike SbMes3X2 dihalides, this compound cannot be 

purified by recrystallization as it forms inclusion compounds with all solvents tested, including 

n-hexane. Heating a sample of SbMes3(NCS)2 under vacuum was therefore the only way to 

obtain a guest-free material. 

 

Scheme 4.3: Oxidation of SbMes3 to SbMes3(NCS)2.  

74% 
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4.4.2 Screening 

SbMes3(NCS)2 was screened against all of the solvents used for SbMes3Br2 as well as 

four additional solvents: ethanol, DMF, acetonitrile and nitromethane. The additional solvents 

were used to further test the compound’s clathratogenic properties. SbMes3(NCS)2 gave positive 

screening results for every solvent including those which resulted in a guest-free phase for 

SbMes3Br2, i.e., n-hexane and ethylbenzene. The crystals obtained from DMF were actually a 

1:1 inclusion of SbMes3(NCS)(OH) and DMF, which is discussed in further detail in section 

4.4.3.5.  

 Two inclusion structures with different G/H ratios were obtained for m-xylene, one 

grown by evaporation at room temperature (1:1) and the other grown by cooling in the freezer 

(2:1). This is consistent with Ibragimov’s postulation that lower crystallization temperature 

favours the formation of clathrates with greater G/H ratios.
20

 He also noted that inclusion 

topology changes with increasing temperature (and therefore decreasing G/H ratio) as intercalate 

→ tabulate → cryptate. It is highly likely that multiple structures could be obtained for more 

host/guest pairs, but this was not actively pursued for the present project. 

Table 4.3: Screening experiments for SbMes3(NCS)2. 

Solvent Result Solvent Result 

Benzene  Mesitylene  

Toluene  Bromobenzene  

o-Xylene  Cyclohexane  

m-Xylene  Dichloromethane  

p-Xylene  Diethyl ether  

n-Hexane  Ethanol  

Ethylbenzene  DMF * 

Cumene  Acetonitrile  

Anisole  Nitromethane  
 Inclusion complex observed (positive result) 

*Host species was SbMes3(NCS)(OH) 
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4.4.3 Crystal structures of SbMes3(NCS)2 inclusions 

 Most of the SbMes3(NCS)2 inclusion crystals were studied by SCXRD. This series is 

comprised of 12 structures, of which two are for the same solvent (m-xylene) and one is of the 

mixed hydroxide, SbMes3(NCS)(OH). Among this series are three isostructural pairs 

encompassing five different solvents. No guest-free structure could be obtained due to the 

compound’s tendency to enclathrate any solvent it comes in contact with. However, a powder 

pattern of a thermally desolvated sample was obtained. Many of the structures contain at least 

one sulfur atom disordered over two positions, as is typical of isothiocyanate groups. It should 

also be noted that isothiocyanate groups in these structures demonstrate significant tilting 

freedom, as Sb-N-C angles can vary between 152° and 178°. 

 

Figure 4.8: ORTEP representation of SbMes3(NCS)2 from the SbMes3(NCS)2•2(mesitylene) 

structure. Thermal ellipsoids are shown at 50% probability. 
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4.4.3.1 Toluene and m-xylene inclusions (P-1) 

 Toluene (13) and m-xylene (14, crystallized at room temperature using the general 

procedure) clathrates crystallize in P-1 with a 1:1 H/G ratio. Packing in these structures can be 

described as a compact ladder similar to that of 12 (Figure 4.9). Guest molecules in 13 and 14 are 

packed in tetrahedral cavities outside each ladder at 1 guest per cavity. Guests are disordered 

over two positions in both structures, 65/35 in 13 and 50/50 in 14. 

 

Figure 4.9: Compact ladder packing of SbMes3(NCS)2•(m-xylene) (left) and a tetrahedral cavity 

in the same structure (right); disorder of m-xylene and sulfur omitted for clarity. 

4.4.3.2 m-Xylene and o-xylene inclusions (C2/c) 

 Inclusions for o-xylene (15) and m-xylene (16, crystallized by cooling a solution of 20 

mg host in ~4 mL solvent at -16 °C) crystallize in C2/c with a 1:2 H/G ratio. Guest molecules in 

15 and 16 are packed in parallelepipedic cavities at 2 guests per cavity. All host molecules are 

aligned exactly parallel to one another and the same is true for the guests (Figure 4.10). A two-
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fold rotation axis penetrates the Sb centre and the para carbon of a mesityl group such that only 

half of each host molecule is crystallographically unique. Guests are disordered over two 

positions in both structures, 75/25 in 15 and 60/40 in 16. 

 

Figure 4.10: Crystal packing of SbMes3(NCS)2•2(o-xylene) viewed down the b-axis (left) and a 

parallelepipedic cavity from the same structure (right); disorder of o-xylene omitted for clarity. 

4.4.3.3 Diethyl ether and ethanol inclusions (P21/c) 

 Inclusions for ethanol and diethyl ether (17 and 18 respectively) crystallize in P21/c with 

a 1:1 H/G ratio. Guest molecules in 17 and 18 are packed in tetrahedral cavities with 1 guest per 

cavity. Hosts are arranged in a zig-zag pattern such that isothiocyanate groups appear to intersect 

when viewed along the c-axis (Figure 4.11). This pattern is slightly distorted in 18, as the 

structure needs to accommodate the larger ether molecule. Similar zig-zag patterns are observed 

in the crystal structures of several organic molecules.
21–23

 Guests in both 17 and 18 are 

disordered over two positions in an approximately 65/35 ratio. 
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Figure 4.11: Crystal packing of SbMes3(NCS)2•(EtOH) (left) and SbMes3(NCS)2•(Et2O) (right) 

viewed down the c-axis; disorder of guest molecules and sulfur omitted for clarity. 

4.4.3.4 Other structures 

 SbMes3(NCS)2 includes mesitylene (19) in a 1:2 H/G ratio, crystallizing in the P21/c 

space group. It forms a broken ladder structure similar to 11, apparent when viewed along the c-

axis (Figure 4.12). Guests in 19 occupy cavities both inside and outside the ladder. Cavities 

inside the ladder have a distorted octahedral geometry and accommodate two guests each. 

Outside the ladder are highly distorted square pyramidal cavities, formed by five neighbouring 

host molecules, which accommodate one guest each. 
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Figure 4.12: Broken ladder packing of SbMes3(NCS)2•2(mesitylene) viewed down the c-axis 

(top), an octahedral cavity (bottom left) and a distorted square pyramidal cavity (bottom right) 

from the same structure. 
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The p-xylene inclusion compound (20) crystallizes in the P21/n space group with a 2:1 

H/G ratio. Guests in 20 lie on inversion centres and occupy distorted octahedral cavities at 1 

guest per cavity. Packing in this structure is reminiscent of herringbone packing found in many 

conjugated π-systems (Figure 4.13).
24

 

 

Figure 4.13: Herringbone packing of 2(SbMes3(NCS)2)•(p-xylene) viewed down the a-axis; 

disorder of p-xylene and sulfur omitted for clarity. 

 Acetonitrile forms an inclusion compound (21) with a 2:1 H/G ratio, crystallizing in the 

C2/c space group. Guests occupy octahedral cavities, in which they form weak contacts with two 

sulfur atoms stemming from neighbouring host molecules. The C···S distance from the nitrile 

carbon is 3.461(2) Å, just within the sum of their vdW radii (3.50 Å).  

The structure for the cumene inclusion complex (22) is similar to that of 21. Here, guest 

molecules pack in alternating fashion in channels which propagate along the b-axis. The 

similarity in packing between 21 and 22 is evident when viewing both structures along the b-axis 

(Figure 4.14). These structures appear to be related by an expansion/contraction in the host 

framework, with 22 being the more open, porous structure and 21 being the more compact 

structure. Guest molecules in 22 are disordered over two positions in a 55/45 ratio. 
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Figure 4.14: Crystal packing of 2(SbMes3(NCS)2)•(acetonitrile) (left) and 

SbMes3(NCS)2•(cumene) (right) viewed down the b-axis; disorder of cumene is omitted for 

clarity. Acetonitrile is depicted in the space-filling style to improve visibility.  

 

 

Figure 4.15: Elongated cavity in 4(SbMes3(NCS)2)•(n-hexane); disorder of n-hexane is omitted 

for clarity. 
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The n-hexane inclusion structure (23) has a 1:4 G/H ratio, which is the lowest G/H ratio 

for any structure in this thesis. Each guest lies on an inversion centre and is disordered 60/40 

over two positions. Guest molecules occupy elongated cavities which suit the shape of n-hexane 

(Figure 4.15). The shape of the cavity space can be described as a highly distorted rectangular 

prism where each guest is surrounded by eight hosts. 

4.4.3.5 SbMes3(NCS)(OH)•DMF inclusion 

 Dissolution of SbMes3(NCS)2 in DMF resulted in the precipitation of colourless crystals 

after standing in air for about a week, with most of the solvent still present. Since SbMes3(NCS)2 

is highly soluble in DMF, it was expected that a new compound had formed during 

crystallization. SCXRD of the crystals, which had to be protected due to their instability with 

respect to solvent loss, revealed that the host had in fact reacted to form the mixed hydroxide, 

SbMes3(NCS)(OH). This new species had formed a 1:1 inclusion with DMF (24). This structure 

represents the first PnAr3(NCS)(OH) ever reported. 

 

Figure 4.16: Crystal packing of SbMes3(NCS)(OH)•(DMF) viewed down the a-axis (left) and a a 

view of the channel in the same structure; disorder of DMF and sulfur are omitted for clarity. 

Hydrogen bonds are shown in light blue. 
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 24 crystallizes in the P21/c space group with 2 hosts and 2 guests per asymmetric unit. 

Hydroxyl groups on each host molecule form a moderate hydrogen bond (O···O = 2.90 Å) with 

the carbonyl oxygens of DMF molecules. Guest molecules in the structure occupy channels 

aligned along the a-axis (Figure 4.16). Host molecules are oriented around these channels such 

that their hydroxyl groups point inward to form the hydrogen bonds. Half of the guests in 24 are 

disordered over two positions in a 60/40 ratio. 

Unfortunately, subsequent attempts to reproduce the synthesis of 24 failed. Simply 

dissolving SbMes3(NCS)2 in DMF again did not result in the precipitation of any crystals, even 

after standing in air for two weeks. The addition of water to the solution also had no effect. It 

therefore remains unknown as to what caused the formation of the mixed hydroxide.  

4.4.3.6 Summary 

Structural parameters for SbMes3(NCS)2 inclusions are summarized in Table 4.4.  

Table 4.4: Summary of crystal structures of SbMes3(NCS)2 inclusions. 

# Guest 
Space 

group  

H/G  

ratio 
Guest environment G/cavity 

13 Toluene P-1 1:1 Tetrahedral cavities 1 

14 m-Xylene P-1  1:1 Tetrahedral cavities 1 

15 o-Xylene C2/c 1:2 Parallelepipedic cavities 2 

16 m-Xylene* C2/c  1:2 Parallelepipedic cavities 2 

17 Ethanol P21/c  1:1 Octahedral cavities 1 

18 Diethyl ether P21/c 1:1 Octahedral cavities 1 

19 Mesitylene P21/c  1:2 Octahedral & square pyramidal cavities 2 & 1 

20 p-Xylene P21/n  2:1 Octahedral cavities 1 

21 Acetonitrile C2/c  2:1 Octahedral cavities 1 

22 Cumene P-1  1:1 Channels - 

23 n-Hexane P-1  4:1 Elongated cavities 1 

24 DMF† P21/c  1:1 Channels - 
Note: 13/14, 15/16 and 17/18 are isostructural pairs 

*Crystallized at -16 °C 

†Host species is SbMes3(NCS)(OH) 
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Inclusion structures for SbMes3(NCS)2 vary greatly in terms of both host and guest packing. 

Only three structures adopt the ladder packing motif (15, 16, and 19). All structures except 22 

and 24 are cryptates. 19 is unique in that it is the only structure presented in this thesis in which 

guests occupy two different types of cavities. 

4.5 Other experiments with SbMes3X2 (X = Cl, Br, NCS) 

4.5.1 TGA of SbMes3X2 inclusions 

 Thermogravimetric studies were conducted for all host/guest combinations as a screening 

method. The method also serves as a quantitative analytical tool for determining stoichiometry 

and analyzing thermal stability of SbMes3X2 inclusion compounds. TGA results were tabulated 

(Table 4.5) and compared with G/H ratios obtained from SCXRD. 
1
H NMR was used as an 

alternative characterization method in cases where crystal structures were absent. TGA results 

are given with their standard errors in the last significant figure in parentheses, estimated based 

on the shape of the corresponding TG curve. Guest loss occurs as a single step unless stated 

otherwise. 

Guest solvents are presented alongside their boiling points in Table 4.5. It is evident that 

the thermal stability of these clathrates does not correlate with the boiling point of the guest. It 

can therefore be concluded that host-guest complementarity plays a significant part in the 

formation and stability of these clathrates. Thermal dissociation of these clathrates most 

commonly occurs as a single step guest loss, followed by sublimation of the host. Many of the 

xylene clathrates, however, are exceptions as guest loss in these crystals can occur in multiple 

steps. In these cases, the guest onset temperature (To) listed in Table 4.5 represents the onset for 

the first mass loss. 
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Table 4.5: TGA, 
1
H NMR, and SCXRD results for SbMes3X2 inclusions. 

Solvent (b.p.) X To 

G/H ratio 
Notes 

TGA XRD NMR 

Benzene (80) Cl 147 0.55(9)  0.50 -  

Br 201 u - 0.50 Guest onset coincides with host sublimation 

NCS 97 1.03(3) - 1.88 LPC 

Toluene (111) Cl 103 0.53(2) 0.50 -  

Br 121 0.51(2) 0.50 -  

NCS 90 0.98(3) 1.00 -  

o-Xylene (144) Cl 131 0.53(4) 0.50 - LPC 

Br 128 0.55(6) 0.50 -  

NCS 129 2.04(4) 2.00 - 3 step mass loss 

m-Xylene (139) Cl 76 1.43(7) 1.50 -  

Br 87 1.52(4) 1.50 -  

NCS 66 0.96(8) 1.00 - 2 step mass loss 

NCS
* 

61 1.99(2) 2.00 - 3 step mass loss 

p-Xylene (138) Cl 37 1.79(3) 2.00 - 3 step mass loss 

Br 49 1.47(8) 2.00 - 2 step mass loss 

NCS u u 0.50 - Gradual mass loss 

n-Hexane (69) Cl N/A 0 0 -  

Br N/A 0 0 -  

NCS 180 0.24(1) 0.25 -  

Ethylbenzene (136) Br N/A 0 - 0  

NCS 68 1.03(7) - 3.33 LPC 

Cumene (152) Br u u - 0.73 Gradual mass loss 

NCS 99 0.95(7) 1.00 - LPC 

Anisole (154) Br 123 0.45(5) 0.50 - LPC 

NCS 68 1.83(5) - 2.00  

Mesitylene (165) Br 89 0.87(6) 1.00 -  

NCS 89 2.01(4) 2.00 -  

Bromobenzene 

(156) 

Br 134 0.55(2) - 0.52  

NCS 99 1.01(3) - 2.22 LPC 

Cyclohexane (81) Br 114 0.55(4) - 0.47  

NCS 112 1.12(5) - 0.99 2 step mass loss 

DCM (40) Br 156 0.69(3) - 0.63  

NCS 145 1.08(4) - 0.99  

Diethyl ether (35) Br 100 0.54(2) - 0.50  

NCS 75 1.02(3) 1.00 -  

Acetonitrile (82) NCS u u 0.50 - Thermosalient crystals 

DMF (153) NCS† 38 1.65(4) 1.00 - LPC, irreproducible product 

Ethanol (78) NCS u u 1.00 - Thermosalient crystals 

Nitromethane (101) NCS u u - 1.08 Thermosalient crystals 
To = onset temperature (°C), LPC = liquid phase correction, u = unable to interpret TG curve 

*Crystallized at -16 °C 

†Host species is SbMes3(NCS)(OH) 
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It should be noted that it is possible for guest loss to occur in conjunction with 

sublimation of the host, as is the case for the SbMes3Br2 benzene clathrate. In such cases, 
1
H 

NMR is necessary in order to determine the G/H ratio. NMR is an ineffective method, however, 

in cases where residual liquid phase is present (e.g., the SbMes3(NCS)2 ethylbenzene clathrate). 

NMR does not differentiate solvents which were present in the liquid phase from those included 

in the crystal structure, meaning G/H ratios predicted by this method will be overestimated. For 

these crystals, it is necessary to apply a liquid phase correction (LPC) to its TG curve in order to 

obtain accurate G/H ratios. It is for these reasons that both TGA and NMR were employed for 

the quantitative analysis of these inclusion compounds. 

G/H ratios determined by TGA generally agree with those derived from corresponding 

crystal structures. Notable exceptions are: (1) inclusions with extremely low onset points (e.g., 

both dihalide p-xylene inclusions) and (2) several SbMes3(NCS)2 inclusions with small non-

aromatic guests. In case 1 it is likely that some desolvation occurs in the time it takes to dry the 

crystals and load a TGA sample. Case 2 is related to unusual thermograms obtained for 

inclusions where mass loss of the guest occurs almost instantaneously in a step-wise fashion. An 

example of this phenomenon is illustrated in Figure 4.17.  

 The jagged shape of the TG curve suggests that crystals ‘jump’ or ‘pop’ on the TGA pan. 

The initial mass loss, which is normally attributed to the loss of the guest molecule, is much 

larger than what is predicted by the corresponding crystal structure. It is therefore likely that 

fragments of these crystals jump off the TGA pan as the temperature increases, resulting in 

greater than expected mass loss. This explanation was corroborated by visual observations of the 

crystals in a Mel-Temp apparatus, where this jumping was seen at temperatures consistent with 
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the corresponding TG curve. This phenomenon is known as thermosalient behaviour
25

, and was 

first reported in 1983 by Etter and Siedle
26

.  

 

Figure 4.17: TG curve of 2(SbMes3(NCS)2)•(acetonitrile) inclusion crystals which exhibit 

thermosalient behaviour. 

 Thermosalient crystals have been highlighted for their potential in the design of efficient 

actuators - devices which convert thermal or light energy into mechanical work.
27

 When heated, 

such crystals exhibit sharp phase transitions coupled with a substantial anisotropic change in 

their volume, resulting in a burst of kinetic energy observable at the macroscopic level. Such a 

process often results in irreversible changes to the crystal lattice which are not ideal for real 

applications. However, thermosalient behaviour that occurs in conjunction with guest loss could 

potentially be reversible if: (1) the guest could be reintroduced into the structure and (2) the 

newly formed inclusion compound possessed the same thermosalient properties as the original 

crystals. Hot-stage microscopy would be a useful tool to further study thermosalient 

SbMes3(NCS)2 inclusion crystals in future projects. 
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4.5.2 Other clathration experiments 

 Clathration may be achieved via crystallization from a particular solvent, but it can also 

be achieved through solid-solid and solid-gas interactions in grinding and sorption experiments. 

Grinding a mixture of SbMes3Br2 and naphthalene in a 1:1 molar ratio for 5 minutes yielded a 

powder pattern which was completely different from the two starting phases (Figure 4.18). This 

would suggest that an inclusion compound (or co-crystal) was formed between the two 

components. However, attempts to grow crystals of the inclusion from n-hexane solution were 

unsuccessful and the structure of this new phase has yet to be determined. No other solid guests 

were screened as this was outside of the scope of this project. This, however, could form the 

basis of a new project. 

 

Figure 4.18: Powder patterns of SbMes3Br2, naphthalene, and a ground mixture of both 

compounds. 

 Gas-phase experiments were conducted with SbMes3Br2 simply by exposing the solid to 

solvent vapour in a sealed vessel. Initial experiments showed that a sample (guest-free or 
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inclusion complex of a different guest) sitting in toluene vapour overnight yielded the 

2(SbMes3Br2)•(toluene) phase by PXRD analysis. A second experiment coupling PXRD with 

gravimetry showed that a finely ground 1-2 mm thick sample reaches saturation in 3 to 4 hours at 

the vapour pressure of toluene (2.8 kPa). In contrast, similar experiments with Werner complexes 

have demonstrated much faster uptake times (30 - 60 min) for xylenes.
28

  

 Guest exchange experiments using toluene vapour were performed on an unsaturated 

(~80%) diethyl ether inclusion phase obtained directly from synthesis (Figure 4.19). It should be 

noted that diethyl ether and toluene form inclusions with SbMes3Br2 with the same H/G ratio and 

are expected to have similar structures based on their similar powder patterns. There are two 

main pathways in which guest exchange can occur in clathrates: 

1. Desorption of the first guest (G1) is followed by a collapse of the host framework to its α-

phase, after which the second guest (G2) is enclathrated into its corresponding β-phase. In 

this pathway, one would expect superposition of the two inclusion phases in the 

corresponding powder pattern(s), i.e., the G2 inclusion phase grows while the G1 

inclusion phase dissipates. 

[𝐻 ∙ 𝐺1]𝛽
−𝐺1
→   𝐻𝛼  

+𝐺2
→   [𝐻 ∙ 𝐺2]𝛽 

2. The host retains its β-framework after desorption of G1, and then simply 

expands/contracts to accommodate G2. If this were the case, one would expect peaks in 

the powder pattern of the G1 inclusion phase to gradually shift toward the G2 inclusion 

phase without the formation/deformation of new peaks, i.e., an expansion or contraction 

of the crystal structure.  

[𝐻 ∙ 𝐺1]𝛽  
−𝐺1/+𝐺2
→      [𝐻 ∙ 𝐺2]𝛽 
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Figure 4.19: PXRD of a SbMes3Br2 unsaturated diethyl ether inclusion phase after various 

exposure times to toluene vapour. 

The powder patterns in Figure 4.19 suggest that guest exchange occurs through pathway 

1, as it is evident, particularly from the peaks in the 8-10° 2θ range, that both phases are simply 

superimposed on one another. This implies that a phase change is necessary in order to switch 

between guests. Guest exchange via pathway 2 would be ideal for the design of interesting 

zeolite-like materials for use in industrial applications. Nevertheless, this does not appear to be 

the case for SbMes3Br2. 

 PXRD/gravimetry experiments were also used to demonstrate the recyclability of the host 

compounds. A sample of SbMes3Br2 was subjected to three cycles of clathration/desorption of 

toluene without any noticeable degradation in the corresponding powder patterns. The sample, 

however, does turn a tannish colour after three heating cycles. It was also shown that suspending 

a host compound in the guest solvent overnight resulted in the corresponding inclusion phase 

grown from solution, and even formed X-ray quality crystals. 
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4.5.3 Selectivity experiments 

 SbMes3X2 were crystallized in several combinations of BTX hydrocarbons in order to 

determine if the host species could selectively enclathrate BTX guest solvents. These 

experiments were based on Schaeffer’s 1957 work, where the MA4X2 Werner complexes were 

stirred in mixtures of disubstituted aromatic isomers and later analyzed for the guest composition 

of the feed mixture, crystals and filtrate.
6
 Guest compositions in that study were quantified using 

ultraviolet absorption spectroscopy. After testing a wide variety of guest molecules, conclusions 

pertaining to the selectivity of each Werner complex were drawn. For example, Ni(4-

MePy)4(NCS)2 is generally more selective toward p-isomers over o- and m-isomers. The 

selectivity of Werner complexes has garnered considerable interest over the past 50 years and 

has been studied extensively by multiple authors.
28–34

 

Selectivity experiments described in this section were carried out according to the 

procedure described in Chapter 2. Instead of ultraviolet absorption spectroscopy,
 1

H NMR was 

used for quantitative analysis of feed mixtures and inclusion crystals. Unlike the Werner 

complexes used in Schaeffer’s work, SbMes3X2 are soluble in BTX so simply contacting the 

solid host with the feed mixture is impractical. The host compounds were instead dissolved in the 

feed mixture and crystallized by cooling. Some measurements were conducted as triplicates in 

order to confirm the reproducibility of the results. Percent compositions varied only within 2-3% 

between measurements for the same crystallization. Selectivity of these compounds was assumed 

to be transitive when establishing hierarchies, i.e., if A is selectively included over B and B over 

C, then A is included over C. This assumption is consistent with results thus far, although it is 

possible that exceptions could arise in future experiments. In the following tables, the ‘% Feed’ 
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column refers to the molar percent composition of the feed mixture in which each compound was 

dissolved whereas ‘% Crystals’ refers to the composition of the isolated inclusion crystals. 

 Selectivity experiments for SbMes3Br2 are presented in Table 4.6. This compound is 

highly selective toward benzene, as crystals isolated from mixtures containing that solvent were 

pure benzene clathrates. Crystallizing SbMes3Br2 in mixed xylenes showed a slight preference 

toward m-xylene, followed by o-xylene, then p-xylene. The result for the p-xylene/toluene 

mixture showed that xylenes were significantly favoured over toluene. Overall, the selectivity 

hierarchy of SbMes3Br2 can be described as 

Benzene >>> m-Xylene > o-Xylene > p-Xylene >>> Toluene 

Table 4.6: Results of selectivity experiments for SbMes3Br2. 

Solvents % Feed % Crystals 

Benzene 

Toluene 

50 

50 

100 

0 

Benzene 

p-Xylene 

58 

42 

100 

0 

Benzene 

m-Xylene 

56 

44 

100 

0 

p-Xylene 

m-Xylene 

o-Xylene 

37 

28 

35 

13 

58 

29 

m-Xylene 

o-Xylene 

51 

49 

58 

42 

Toluene 

p-Xylene 

52 

48 

9 

91 

 

 The same experiments were performed with SbMes3Cl2 in order to determine whether a 

small change in the X substituent would significantly alter the selectivity of the compound. 

SbMes3Cl2 inclusions are all isostructural to their SbMes3Br2 counterparts, so if selectivity was 
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solely dependent on crystal packing then one would expect no difference in the selectivities of 

the two compounds. This turned out to be the case, as SbMes3Cl2 performed nearly identically to 

SbMes3Br2 (Table 4.7). Not only was the order of selectivity maintained, but the magnitudes of 

separation were all similar as well. 

Table 4.7: Results of selectivity experiments for SbMes3Cl2. 

Solvents % Feed % Crystals 

Benzene 

Toluene 

50 

50 

100 

0 

Benzene 

m-Xylene 

58 

42 

100 

0 

p-Xylene 

m-Xylene 

o-Xylene 

29 

32 

39 

15 

51 

34 

Toluene 

p-Xylene 

58 

42 

9 

91 

 

Table 4.8: Results of selectivity experiments for SbMes3(NCS)2. 

Solvents % Feed % Crystals 

Benzene 

Toluene 

56 

44 

44 

56 

p-Xylene 

m-Xylene 

o-Xylene 

37 

30 

33 

14 

6 

80 

Benzene 

m-Xylene 

56 

44 

12 

88 

m-Xylene 

Toluene 

45 

55 

30 

70 

o-Xylene 

Toluene 

48 

52 

78 

22 

p-Xylene 

Toluene 

49 

51 

31 

69 
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Since no SbMes3(NCS)2 inclusion is isostructural to any SbMes3Br2 or SbMes3Cl2 

inclusion, this compound was expected to behave differently in terms of selectivity. This 

hypothesis was borne out in the results (Table 4.8). SbMes3(NCS)2 is most selective toward o-

xylene and least selective toward benzene. Selectivity of this species can be summarized as 

o-Xylene > Toluene > p-Xylene > m-Xylene > Benzene 

Table 4.9: Results of selectivity experiments for Ni(4-MePy)4(NCS)2 (reproduced with permission 

from Schaeffer et al 
6
). Compositions are reported as percent volume. 

Solvents % Feed % Crystals 

Benzene 

Toluene 

50.6 

49.4 

61.1 

38.9 

Benzene 

p-Xylene 

52.1 

47.9 

24.4 

75.6 

p-Xylene 

Toluene 

48.7 

51.3 

64.5 

35.5 

o-Xylene 

Toluene 

55.0 

45.0 

21.1 

78.9 

o-Xylene 

Benzene 

55.1 

44.9 

15.2 

84.8 

 

Schaeffer and colleagues performed analogous experiments with Ni(4-MePy)4(NCS)2, 

only without m-xylene (Table 4.9).
6
 As previously mentioned, the complex is known to 

selectively enclathrate p-isomers (p-xylene in this case) over o- and m-isomers as well as other 

homologues. The overall selectivity of Ni(4-MePy)4(NCS)2 toward BTX is 

p-Xylene > Benzene  > Toluene > o-Xylene 

Thus, the selectivity hierarchy of this complex is completely different from that of any 

SbMes3X2 so far. Schaeffer also reported selectivity experiments of several different MA4X2 

Werner complexes toward mixtures of xylenes and ethylbenzene and observed markedly 
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different selectivities simply by varying M, A, and X. For example, Mn(4-EtPy)4Cl2 was 

selective toward o-xylene, Ni(3-Et-4-MePy)4(NCS)2 to m-xylene and Ni(4-AcPy)4(NCS)2 to 

ethylbenzene. Based on Schaeffer’s work as well as the investigation conducted in this thesis, 

one would expect future PnAr3X2 hosts to behave in a similar fashion, i.e., selectivity could be 

customized through small variations in the molecular structure of the host. 

It is also worth comparing the degrees of separation of BTX between SbMes3X2 and 

other host species. Based on the data shown in the tables above, SbMes3X2 dihalides appear to 

have a stronger affinity toward benzene than Ni(4-MePy)4(NCS)2 has toward p-xylene. In fact, 

the data suggest that SbMes3X2 dihalides are ‘perfectly’ selective toward benzene (i.e., one 

species is exclusively enclathrated over the others). Comparable literature examples of hosts 

which exhibit perfect selectivity toward BTX are polycyclic organic molecules such as 9,9’-

bianthryl and 9,9’-spirobifluorene, which selectively enclathrate o-xylene and p-xylene 

respectively.
32

 Certain trefoil-shaped cyclophosphazene hosts can effectively discriminate p-

isomers of disubstituted benzenes.
35,36

 Similarly, the Werner complex Ni(4-PhPy)4(NCS)2 

demonstrates extremely high, though not perfect, selectivity toward o-xylene.
28

 Many of the 

studies on these literature examples were limited to mixtures of xylenes, however. 

Overall, the results of this study are highly promising. The fact that such high selectivity 

could be achieved using relatively small PnAr3X2 bodes well for the potential of these materials 

as industrial-scale host materials. Unfortunately, there appears to be no correlation between 

thermal stability or crystal structure and selectivity. Attempts were made to rationalize selectivity 

based on density, packing coefficients, Hirshfeld surface analysis, guest onset temperature and 

crystal packing but no trends could be elucidated. However, similar hosts (SbMes3Cl2 and 

SbMes3Br2) which form isostructural clathrates appear to have very similar selectivity.  
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4.6 Trimesitylantimony dihydroxide 

The existence of only two SbAr3(OH)2 are reported in literature, SbPh3(OH)2 and 

SbMes3(OH)2.
37,38

 SbMes3 is unique in that a reaction with hydrogen peroxide will yield the 

corresponding dihydroxide rather than the oxide. It is likely that SbMes3 is too sterically 

crowded to form a bridged dimeric oxide species such as (SbNap3O)2 (described in Chapter 3). 

Synthesis of SbPh3(OH)2 was reported using two completely different methods: (1) by reacting 

SbPh3 with phenyl benzenethiolsulfinate and (2) alkaline hydrolysis of SbPh3Br2.
37

  

 SbMes3(OH)2 possesses the humming top geometry coupled with the potential to form 

hydrogen bonds with guest molecules. It is for these reasons the compound was synthesized as 

part of the present study and its clathratogenic properties were investigated. The compound was 

shown to enclathrate at least three solvents which could act as hydrogen bond donors/acceptors. 

The guest-free structure of SbMes3(OH)2 was reported by Westhoff et al. in 1988.
38

 

4.6.1 Synthesis 

 Westhoff prepared SbMes3(OH)2 by stirring an ice-cold acetone solution of SbMes3 and 

hydrogen peroxide.
38

 The same product was prepared in this study using a slightly different 

method, by allowing a solution of SbMes3 and hydrogen peroxide in ether to stand for five days 

(Scheme 4.4). The product precipitates out of solution as colourless crystals whose powder 

pattern matches the reported guest-free structure. 
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Scheme 4.4: Synthesis of SbMes3(OH)2. 

4.6.2 Screening 

 SbMes3(OH)2 was crystallized from a completely different set of solvents than those used 

for other SbMes3X2. Cyclic guest molecules with hydrogen bond donor/acceptor sites were 

tested instead. The goal was to observe whether SbMes3(OH)2 could form inclusion compounds 

with interesting hydrogen bond networks such as those seen for other types of host materials, 

e.g., dipeptide frameworks.
39

 Six solvents were screened and three showed evidence of inclusion, 

all of which possessed five-membered rings (Table 4.10). Crystal structures were obtained for 

pyrrole and isoxazole, with the latter being an unexpected reaction product that is discussed in 

more detail in Chapter 6. 

Table 4.10: Screening experiments for SbMes3(OH)2. 

Solvent Result 

THF  

Isoxazole * 

Pyrrole  

2-Methoxypyrazine  

Cyclohexanone - 

Ethyl benzoate  

 Inclusion complex observed 

  No inclusion complex observed 

* Solvent forms an inclusion compound, but 

reacts with the host species over time 

- Crystallization resulted in a non-solid 

residue which could not be analyzed 

 

90% 
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4.6.3 TGA of SbMes3(OH)2  

 TGA was conducted for crystals obtained from 5 of the 6 solvents tested, as 

crystallization in cyclohexanone yielded a non-solid residue that was difficult to work with 

(Table 4.11). In the corresponding TG curves, sublimation of the host did not occur over a single 

step, rather it sublimed with an onset of roughly 150 °C with multiple mass losses thereafter. 

This made the thermograms for these crystals slightly more difficult to interpret. The G/H ratio 

obtained for pyrrole was considerably lower than the 7:2 ratio predicted by its crystal structure. 

Onset temperatures for the three inclusion compounds were all less than 85 °C, which was 

consistent with the low stabilities of the crystals from visual observations. 

Table 4.11: TGA of SbMes3(OH)2 inclusions. 

Solvent To G/H ratio 

THF 81 1.32(16) 

Isoxazole 60 0.69(6) 

Pyrrole 67 1.35(10)† 

2-Methoxypyrazine N/A 0 

Cyclohexanone* N/A N/A 

Ethyl benzoate N/A 0 
To = onset temperature of guest loss (°C) 

*Non-solid residue, not run on TGA 

†3.50 G/H ratio from SCXRD 

4.6.4 Crystal structure of 2(SbMes3(OH)2)•7(pyrrole) 

 The only SbMes3(OH)2 inclusion structure studied by SCXRD was one with pyrrole (25). 

The H/G ratio is 2:7 and it crystallizes in the trigonal P3c1 space group. Each host molecule 

resides on a threefold rotation axis such that only one mesityl group per host is 

crystallographically unique. Host molecules are flanked above and below their equatorial planes 

by pyrroles hydrogen bonded to hydroxyl groups (Figure 4.20). Each hydroxyl group forms 

hydrogen bonds to three pyrroles (a triplet), which are all related by symmetry about the 



109 

 

threefold rotation axis. These pyrroles are disordered over two positions such that they can either 

point up or down to two neighbouring SbMes3(OH)2 molecules. The remaining (singlet) pyrrole 

molecule is equally disordered about a threefold rotation axis. This pyrrole does not partake in 

any hydrogen bonding nor does it form any other significant intermolecular contacts. 

 

Figure 4.20: ORTEP representation of the host and guest molecules in 

2(SbMes3(OH)2)•7(pyrrole). Triplet pyrroles (all related by symmetry, above and below each 

host) form hydrogen bonds with the host molecule indicated by black dashed lines; disorder of 

these pyrroles is omitted for clarity. The species encircled in red is a singlet pyrrole disordered 

about a threefold rotation axis. Thermal ellipsoids are shown at 50% probability. 

 Hosts in 25 are arranged in a compact ladder structure (Figure 4.21). Guest molecules are 

seemingly packed in layers spanning the ab-plane. In fact, each ‘layer’ is actually a multi-level 

two-dimensional network of interconnected channels. Each network consists of three levels (top 

middle and bottom) whose connectivity can be described as a honeycomb where each node 

possesses threefold rotation symmetry. The top and bottom levels have nodes formed by pyrrole 

triplets while nodes in the middle level are composed of singlet pyrroles. These levels are 
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connected such that one must go through the middle to traverse from top to bottom and vice 

versa. These networks have a periodicity or ‘interlayer distance’ of 10.30 Å. 

 

Figure 4.21: Compact ladder packing of 2(SbMes3(OH)2)•7(pyrrole) viewed down the a-axis 

(left) and an illustration of the connectivity of each two-dimensional network of channels (right); 

disorder of pyrrole is omitted for clarity. Triangles represent nodes in the middle level, while 

circles represent nodes in the top level (dark blue) and bottom level (light blue). 

4.7 Trimesitylantimony benzoates 

 Several attempts to prepare SbMes3Bz2 were carried out, all resulting in either no reaction 

or a mixed benzoate species. This compound was expected to possess clathratogenic properties 

similar to other SbMes3X2 coupled with low solubility in organic solvents, as in the case of 

SbPh3Bz2. Thus, SbMes3Bz2 would have been an interesting material for the purposes of this 

project had it been successfully synthesized. Synthesis of several trimesitylstibine dicarboxylates 

via a reaction with SbMes3(OH)2 and the corresponding carboxylic acid have been reported but 

crystal structures of these species have yet to be determined.
40
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4.7.1 Synthesis 

Initial attempts to prepare SbMes3Bz2 were performed using the hydrogen peroxide route 

also used for SbPh3Bz2. A reaction of SbMes3 with benzoic acid and hydrogen peroxide in 

diethyl ether yielded a colourless crystalline product (Scheme 4.5). SCXRD of crystals directly 

from synthesis showed that the product was in fact a 2:1 co-crystal of SbMes3Bz(OH) and 

benzoic acid. These findings were consistent with the product’s IR spectrum, which showed a 

sharp OH stretch at 3645 cm
-1

. PXRD confirmed that the structure was representative of the bulk 

product.  

 

Scheme 4.5: Attempted synthesis of SbMes3Bz2 using the peroxide route. The product turned out 

to be a co-crystal with the formula SbMes3Bz(OH)•0.5(benzoic acid). 

 An alternative route involving a metathesis reaction of SbMes3Br2 was attempted in order 

to circumvent the use of hydrogen peroxide. The best result was obtained from a reaction of 

SbMes3Br2 with 2 eq. sodium benzoate in toluene (Scheme 4.6). This, however, resulted in 

another mixed benzoate species, probably of the formula SbMes3BzBr. 
1
H NMR of the product 

showed that only one benzoate was coordinated to the Sb centre. Refluxing the reaction mixture 

for 6 hr had no effect on the final product. X-ray quality crystals were never grown for this 

product and therefore no SCXRD could be conducted. 

74% 
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Scheme 4.6: Attempted synthesis of SbMes3Bz2 using the metathesis route. The resulting product 

is most likely SbMes3BzBr. 

 The fact that SbMes3 forms mixed benzoates rather than a dibenzoate is likely due to 

steric effects. Almost all triarylantimony dicarboxylates crystallize in a similar fashion to 

SbPh3Bz2, where both benzoates lie in the same plane with their carbonyl groups pointing in the 

same direction (Figure 4.22).
41

 The C-Sb-C angle bisected by the carbonyls is distorted to ~150°, 

with both of these phenyl groups oriented approximately orthogonal to the plane of the 

benzoates. It is unlikely that this structure could be accommodated if phenyls were replaced with 

mesityls, as the ortho-methyl groups would collide with one another or a benzoate. 

 

Figure 4.22: ORTEP representations of SbPh3Bz2 (left) and a hypothetical crystal structure of 

SbMes3Bz2 (right). SbPh3Bz2 structure reproduced from its CIF (CSD Refcode: BOYFIE).
41

 

69% 
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4.7.2 Crystal structure 

 Crystallization of SbMes3BzBr from benzene and toluene did not yield X-ray quality 

crystals, so its structure was not determined. On the other hand, SbMes3Bz(OH) yielded good 

quality crystals directly from synthesis. This structure turned out to be a 2:1 co-crystal of 

SbMes3Bz(OH) and benzoic acid, crystallizing in the P-1 space group. Benzoic acid forms a 

hydrogen bond with the benzoate carbonyl, which exhibits an O···O distance of 2.70 Å. The 

benzoate group on SbMes3Bz(OH) is disordered in a 90/10 ratio over two positions such that the 

carbonyls face almost exactly opposite each other. The hydroxyl group does not partake in 

hydrogen bonding or any other significant intermolecular contacts. 

 

Figure 4.23: ORTEP representation of the crystal structure of SbMes3Bz(OH)•0.5(benzoic acid); 

disorder of the benzoate group is omitted for clarity. Hydrogen bonding between the two species 

is indicated by a black dashed line. Thermal ellipsoids are shown at 50% probability. 
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4.8 Conclusion 

 SbMes3 and SbMes3X2 (X = Cl, Br, NCS, OH) were successfully synthesized according 

to both literature and newly developed procedures. This series of triarylstibines demonstrates 

remarkable clathratogenic properties with a wide array of guest molecules as a result of their 

rigid humming top geometry. All of the crystals grown were studied by TGA and many of the 

structures were obtained through SCXRD. SbMes3X2 dihalides enclathrated most of the guest 

solvents which were tested. SbMes3Cl2 and SbMes3Br2 form isostructural inclusions, all of which 

possess the ladder packing motif. SbMes3(NCS)2 enclathrated every solvent which was tested. 

Packing in the crystal structures for this species varies considerably between guests. It can also 

react to form a mixed hydroxide, which itself enclathrates DMF, though this species was never 

reproduced. SbMes3(OH)2 forms unique inclusion structures with five membered ring hydrogen 

bond acceptors. Although only one structure was obtained for the dihydroxide, it is evident that 

hydrogen bonding plays a significant role in stabilizing its inclusion compounds. Selectivity 

experiments using 
1
H NMR demonstrated that SbMes3X2 dihalides are highly selective toward 

benzene over other BTX hydrocarbons, while SbMes3(NCS)2 is most selective toward o-xylene. 
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4.9 Experimental Section 

For general considerations, see section 2.4.1 

Trimesitylantimony (SbMes3) Under an argon atmosphere, magnesium turnings (1.54 g, 63.3 

mmol), 2-bromomesitylene (9.5 mL, 61.7 mmol), dry THF (30 mL) and a small crystal of iodine 

were added to a flask. The mixture was sonicated for 30 min and then stirred at room 

temperature until the initial exothermic reaction subsided. After refluxing for 1.5 hr, the mixture 

was cooled to 0 °C, followed by the addition of antimony(III) chloride (4.24 g, 18.6 mmol) as a 

solution in dry THF (20 mL). The mixture was stirred 30 min at 0 °C before being refluxed for 

another 2 hr, and then stirred overnight at room temperature. The solvent was removed under 

reduced pressure. The resulting brown residue was extracted with diethyl ether (150 mL) and 

poured over ice water. The ether layer was washed with ammonium chloride solution (3  50 

mL), dried over MgSO4, and concentrated in vacuo to afford an off-white residue. Dissolution 

and precipitation from hot acetonitrile yielded the product as colourless crystals (5.26 g, 10.9 

mmol, 59%); mp = 136-140 °C (lit. 131 °C)
5
; IR (film, cm

-1
) 3015m, 2961s, 2919s, 2862m, 

2730w, 1598m, 1552w, 1461s, 1444s, 1403m, 1377m, 1288m, 1261w, 1026m, 1009w, 847s, 

792w, 739m, 706m, 579w, 546m; 
1
H NMR (400 MHz, CDCl3) δ 6.79 (6H, s, arom.), 2.25 (18H, 

s, o-CH3), 2.23 (9H, s, p-CH3). 

Trimesitylantimony dichloride (SbMes3Cl2) This compound was prepared using a modified 

procedure from Sharutin et al. for a similar compound.
42

 A solution of copper (II) chloride in 1:1 

acetone/ethanol (140 mM) was added dropwise to a solution of trimesitylantimony (0.33 g, 0.7 

mmol) in dichloromethane (10 mL) until the appearance of a green colour (~10 mL of CuCl2 

solution). The mixture was stirred 30 min at room temperature and filtered. The filtrate was 

allowed to evaporate and the resulting solid was washed with ethanol to afford the title 
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compound as colourless crystals (0.20 g, 0.37 mmol, 53%); mp = 181-183 °C; IR (KBr, cm
-1

) 

3016m, 2957m, 2925m, 1711m, 1596m, 1561m, 1448s, 1401m, 1384s, 1221w, 1027m, 1004m, 

850s, 737w, 698w, 544m; 
1
H NMR (400 MHz, CDCl3) δ 6.96 (6H, s, arom.), 2.62 (18H, s, o-

CH3), 2.28 (9H, s, p-CH3). 

Trimesitylantimony dibromide (SbMes3Br2) This compound was prepared using the same 

procedure as for tri(α-naphthyl)antimony dibromide. A reaction of trimesitylantimony (2.32 g, 

4.83 mmol) with bromine (0.25 mL, 4.85 mmol) yielded the title compound as a white solid 

(2.72 g, 4.26 mmol, 88%); mp = 218-221 °C; IR (film, cm
-1

) 3018m, 2958m, 2927m, 1596m, 

1561m, 1449s, 1402w, 1383m, 1290m, 1263m, 1027m, 850s, 739m, 703w, 585m, 541m; 
1
H 

NMR (400 MHz, CDCl3) δ 6.96 (6H, s, arom.), 2.68 (18H, s, o-CH3), 2.30 (9H, s, p-CH3). 

Trimesitylantimony diisothiocyanate (SbMes3(NCS)2) This compound was prepared using the 

same procedure as for tri(α-naphthyl)antimony diisothiocyanate. A reaction of 

trimesitylantimony (1.24 g, 2.58 mmol) with thiocyanogen (2.33 mmol) yielded the title 

compound as a white solid (1.03 g, 1.72 mmol, 74%); mp = 241-243 °C (lit. 240 °C)
5
; IR (film, 

cm
-1

) 3021m, 2959m, 2921m, 2034vs, 1597m, 1560m, 1451s, 1404w, 1384s, 1290m, 1264w, 

1026m, 928w, 851m, 791w, 769w, 737m, 703w, 638w, 585w, 543m; 
1
H NMR (400 MHz, 

CDCl3) δ 7.04 (6H, s, arom.), 2.53 (18H, s, o-CH3), 2.33 (9H, s, p-CH3). 

Trimesitylantimony dihydroxide (SbMes3(OH)2) This compound was prepared using a 

modified procedure from the one used by Westhoff et al.
38

 Trimesitylantimony (0.64 g, 1.34 

mmol) was dissolved in diethyl ether (10 mL), followed by the addition of aqueous hydrogen 

peroxide solution (0.15 mL, 9.79 M, 1.48 mmol). The mixture was allowed to stand for 5 d, after 

which it was filtered and the product was isolated as colourless crystals (0.62 g, 1.21 mmol, 

90%); mp = 205-212 °C; IR (film, cm
-1

) 3645s, 3018m, 2959m, 2923s, 1598m, 1557m, 1455s, 
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1382m, 1288m, 1265w, 1026m, 850s, 731m, 705m, 585m, 548m, 516m, 471s; 
1
H NMR (400 

MHz, CDCl3) δ 6.95 (6H, s, arom.), 2.55 (18H, s, o-CH3), 2.28 (9H, s, p-CH3). 

Trimesitylantimony benzoate hydroxide (SbMes3Bz(OH)) Trimesitylantimony (0.78 g, 1.64 

mmol) and benzoic acid (0.40 g, 3.30 mmol) were dissolved in diethyl ether (20 mL), followed 

by the addition of aqueous hydrogen peroxide solution (0.2 mL, 9.79 M, 1.95 mmol). The 

mixture was allowed to stand for 7 d, after which it was filtered and the product was isolated as 

colourless needles (0.88 g, 1.21 mmol, 74%); mp = 175-180 °C; IR (KBr, cm
-1

) 3636m, 3058w, 

3016w, 2958w, 2925m, 1716s, 1649s, 1612m, 1598s, 1571m, 1448m, 1381m, 1334s, 1310s, 

1292s, 1219m, 1171m, 1121m, 1068w, 1025m, 933w, 849m, 828w, 720s, 667m, 646m, 584w, 

557w, 537s, 492w, 437w; 
1
H NMR (400 MHz, CDCl3) δ  8.05-7.30 (7.5H, m, Bz + benzoic 

acid), 6.93 (6H, s, arom.),  2.55 (18H, s, o-CH3),  2.26 (9H, s, p-CH3). 

Trimesitylantimony benzoate bromide* (SbMes3BzBr) Trimesitylantimony dibromide (0.72 

g, 1.13 mmol) was dissolved in toluene (30 mL), followed by the addition of sodium benzoate 

(0.33 g, 2.32 mmol). The suspension was stirred at room temperature for 2 d, after which the 

solvent was removed under reduced pressure. The resulting white solid was extracted with DCM 

(40 mL) and washed thoroughly with water. The organic layer was separated and the solvent was 

removed to obtain the title compound as a white solid (0.53 g, 0.78 mmol, 69%); mp = 163-168 

°C; IR (KBr, cm
-1

) 3022w, 2962w, 2924w, 1717w, 1659m, 1638m, 1598m, 1577m, 1561m, 

1447w, 1407w, 1384w, 1339w, 1310m, 1290m, 1261m, 1172w, 1122w, 1069w, 1024m, 854w, 

803m, 718s, 668w, 646w, 585w, 537m, 467w, 441w; 
1
H NMR (400 MHz, CDCl3) δ 8.00 (2H, 

m, Bz), (3H, m, Bz), 6.94 (6H, s, arom.), 2.55 (18H, s, o-CH3), 2.27 (9H, s, p-CH3). 

*The identity of this compound is not known for certain, as there is neither a crystal structure nor elemental 

analysis for this product. The identity of SbMes3BzBr was assigned based on available characterization. 
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5. Triarylbismuth(III, V) species 
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5.1  Introduction 

Triarylbismuthine analogues of the Sb compounds prepared in Chapters 3 and 4 were 

synthesized in order to determine the effect of the pnictogen centre on the chemical, physical and 

clathratogenic properties of PnAr3X2. Bi is the heaviest stable group 15 element with a covalent 

radius about 10% longer than Sb. The main drawback when using Bi is its instability in the (V) 

state. All of the Bi(V) species prepared were air sensitive and most of them visibly decomposed 

after a week at standard conditions. Decomposition of Bi(V) species is accelerated in solution, 

meaning that reactions and crystallizations have to be carried out quickly in order to minimize 

the amounts of decomposition products. BiMes3(NCS)2 was the only Bi(V) species which was 

stable enough to obtain crystal structures of its inclusion compounds. Bi(III) species, however, 

are completely stable at ambient conditions. 

5.2 Tri(α-naphthyl)bismuthines 

BiNap3 and several of its derivatives were first reported in the early 20
th

 century
1,2

 and later 

studied for their antifungal properties in 2004 by Murafuji et al.
3
 In this thesis, BiNap3 and 

BiNap3Br2 were synthesized using the same procedures as used for the Sb analogues (Scheme 

5.1).  

 

Scheme 5.1: Synthesis of BiNap3 and BiNap3Br2.  

20% 54% 
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5.2.1 Tri(α-naphthyl)bismuth 

BiNap3 was crystallized in the same five solvents in which either an inclusion compound 

formed or oxidation occurred for its Sb analogue (Table 5.1). It was of interest to determine what 

effect, if any, changing the Pn centre had on the clathratogenic properties and oxidation of tri(α-

naphthyl)pnictogens. Evidence for inclusion was found for benzene, THF and DMF. TGA and 

1
H NMR of the benzene inclusion crystals indicated a 1:1 H/G ratio, as was the case for SbNap3 

(Table 5.2). However, the powder pattern of these crystals suggested a completely different 

crystal structure from its Sb analogue. No crystal structure was obtained for the benzene clathrate 

or any other BiNap3 inclusion due to their prohibitively small crystal size. Fast evaporation of a 

THF solution of BiNap3 yielded a THF clathrate with a roughly 3:2 H/G ratio. Oxidation of 

BiNap3 in THF is evident as the solution darkens and forms a small amount of precipitate after a 

few days. Lastly, TGA and 
1
H NMR indicate a 1:1 H/G ratio for the DMF inclusion, which is 

isostructural to the Sb analogue based on PXRD. 

Table 5.1: Screening experiments for BiNap3. 

Solvent Result 

Benzene  

THF * 

p-Xylene * 

Ethylbenzene * 

DMF  
 Inclusion complex observed 

  No inclusion complex observed 

*  Oxidation observed 

 

Crystallizations from the other two solvents, p-xylene and ethylbenzene, were carried out 

in order to determine whether oxidation of BiNap3 occurs, as in the case of SbNap3. No inclusion 

crystals of any kind could be isolated from these solvents. Both solutions turned dark green with 
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a small amount (<1% yield) of fine brownish green precipitate settled at the bottom. TGA of this 

precipitate showed no evidence of inclusion. Evaporation of the remaining solution yielded 

guest-free BiNap3 by PXRD analysis. It should also be noted that a similar precipitate is 

observed, also in a small yield, if BiNap3 is purposely oxidized by hydrogen peroxide in diethyl 

ether. So far, there is no evidence for the existence of (BiNap3O)2 or any other tri(α-

naphthyl)bismuth oxide. Other (BiAr3O)2 have been reported in the literature and they are known 

to readily oxidize alcohols to carbonyl compounds due to the instability of pentavalent 

bismuth.
4,5

 According to Matano et al., (BiAr3O)2 are most easily prepared via a reaction of 

BiAr3Cl2 and t-BuOK/H2O in DCM.
5
 

Table 5.2: TGA and 
1
H NMR results for BiNap3 inclusions. 

Solvent To 
G/H ratio 

TGA NMR 

Benzene 74 0.99(2) 0.95 

THF 52 0.63(6) 0.36 

p-Xylene - 0 - 

Ethylbenzene - 0 - 

DMF 90 1.09(3)* 0.99 
To = onset temperature of guest release (°C) 

*Liquid phase correction 

 

5.2.2 Tri(α-naphthyl)bismuth dibromide 

 Bromination of BiNap3 in diethyl ether yielded BiNap3Br2 as a yellow solid. This 

compound lasts up to a week under ambient conditions before it decomposes into an orange/grey 

solid. Challenger and Allpress suggest that the decomposition product is a mixture of 1-

bromonaphthalene, BiNap3, BiNapBr2 (orange solid), and BiOBr (insoluble solid which darkens 

on exposure to light).
2
 BiNap3Br2 was crystallized from benzene and from toluene, neither of 
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which resulted in inclusion. Crystals grown from benzene were analyzed by SCXRD, and it was 

found that BiNap3Br2 is isostructural with SbNap3Br2. BiNap3(NCS)2 is expected to be 

isostructural with SbNap3(NCS)2 by analogy, though BiNap3(NCS)2 was never prepared. 

5.3 Trimesitylbismuthines 

The synthesis of trimesitylbismuthines was first reported in the late 1930s and early 

1940s.
6,7

 A guest-free structure of BiMes3, reported in several different publications, was the 

only known crystal structure for this series of compounds prior to this thesis.
8–10

 BiMes3 and 

BiMes3X2 were synthesized in this study using the same procedures as for the Sb analogues 

(Scheme 5.2). Attempts were made to synthesize BiMes3Cl2 and BiMes3(OH)2, but no product 

could be isolated from either reaction. 

 

Scheme 5.2: Synthesis of BiMes3 and BiMes3X2. 

5.3.1 Trimesitylbismuth dibromide 

 Bromination of BiMes3 yielded BiMes3Br2 as a yellow solid. BiMes3Br2 was the least 

stable Bi(V) species prepared in this thesis, that decomposed in less than a day. However, 

70% 

50% 

85% 
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Gilman and Yablunky suggested that compound is stable when suspended in a solvent such as 

methanol.
7
 Similar to BiNap3Br2, the decomposition products are likely a combination of 2-

bromomesitylene, BiMes3, BiMesBr2, and BiOBr. Recrystallization of BiMes3(NCS)2 from 

acetone afforded yellow block crystals, one of which was quickly mounted on the X-ray 

diffractometer and set for data collection. Although a complete data set could not be collected in 

time, the crystal was confirmed to be isostructural to guest-free SbMes3Br2 based on the unit cell 

obtained.  

5.3.2 Trimesitylbismuth diisothiocyanate 

 Reacting BiMes3 with thiocyanogen yielded BiMes3(NCS)2 as a pale yellow solid. 

BiMes3(NCS)2 was the most stable Bi(V) species prepared in this thesis, that lasted between 1 – 

2 months at ambient conditions. Decomposition of this species was evident from a colour change 

from pale yellow to orange/brown. 

Table 5.3: Screening experiments for BiMes3(NCS)2. 

Solvent Result 

Benzene  

Toluene  

o-Xylene  

m-Xylene  

p-Xylene  
 Inclusion complex observed 

 

 BiMes3(NCS)2 was crystallized in BTX to determine whether its inclusions were 

structurally different from those of SbMes3(NCS)2. During evaporation it was noted that 

decomposition of the host was accelerated in solution. All crystallizations resulted in inclusion 

compounds, as expected (Table 5.3). Most of the material in the vials was an insoluble yellow 
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precipitate with a small amount of inclusion crystals scattered within. Crystals were picked out 

and studied by SCXRD for every solvent except benzene. Crystals of the benzene clathrate 

rapidly desolvated when taken out of the mother liquor, as was the case for the Sb analogue of 

this inclusion compound. 

5.3.2.1 TGA and 
1
H NMR 

 BiMes3(NCS)2 inclusions proved difficult to study by TGA, NMR and PXRD due the 

fact that the compound rapidly decomposed in solution. This problem could be circumvented by 

crystallizing by cooling rather than by evaporation at room temperature. Decomposition of 

BiMes3(NCS)2 was significantly slowed down when crystallizations were carried out in a freezer 

at -16 °C. This method could not be employed for p-xylene and benzene due to their higher 

freezing points. 

Table 5.4: Comparison of TGA and 
1
H NMR results for BiMes3(NCS)2 inclusions crystallized at  

-16 °C and SCXRD results for the same inclusions crystallized at room temperature. 

Solvent To G/H ratio 

TGA NMR XRD 

Toluene 52 1.89 2.92 1.00 

o-Xylene 91 * 2.14 2.00 

m-Xylene 58 1.97 2.48 1.00 
To = onset temperature of guest release (°C) 

*Guest loss coincides with host sublimation 

 

 As evident from the data in Table 5.4, lower crystallization temperatures generally 

resulted in clathrates with higher G/H ratios, as was observed for SbMes3(NCS)2 and m-xylene. 

Only the o-xylene crystals possessed a similar G/H ratio to its corresponding structure, based on 

NMR. It is not certain whether these crystals are of the same structure, however, as it is possible 
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for an inclusion compound to exhibit polymorphism.
11

 Overall, it is evident that characterization 

of BiMes3(NCS)2 inclusions at room temperature by methods other than SCXRD was unreliable. 

5.3.2.2 Crystal structures 

 Crystal structures of BiMes3(NCS)2 inclusions with toluene and xylenes were studied as 

summarized in Table 5.5. Both the o- and m-xylene compounds (26 and 27) are isostructural to 

their Sb analogues 14 and 15. The toluene inclusion (28) has the same H/G ratio as its Sb 

counterpart, but with a larger unit cell (Z = 8 instead of Z = 4) and a monoclinic P21/a space 

group. The p-xylene compound (29) has a 1:1 H/G ratio (compared to 2:1 for Sb) and crystallizes 

in P21/c. The compounds 28 and 29 are isomorphous. Half of the guests in each structure occupy 

narrow channels while the other half are packed in parallelepipedic cavities outside of these 

channels (Figure 5.1). In 28, the guests packed in cavities are disordered 60/40 over two 

positions. 

Table 5.5: Summary of crystal structures of BiMes3(NCS)2 inclusions. 

# Guest 
Space 

Group 

H/G 

ratio 
Guest environment G/cavity 

26 o-Xylene C2/c 1:2 Tetrahedral cavities 1 

27 m-Xylene P-1 1:1 Tetrahedral cavities 1 

28 Toluene P21/a 1:1 Parallelepipedic cavities & channels 1 

29 p-Xylene P21/c 1:1 Parallelepipedic cavities & channels 1 
Note: 26 and 27 are isostructural to their Sb analogues while 28 and 29 are isomorphous 
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Figure 5.1: Crystal packing of BiMes3(NCS)2•(toluene) viewed along the b-axis (top), a 

parallelepipedic cavity (bottom left) and a channel (bottom right) from the same structure. 

Disorder of toluene and sulfur is omitted for clarity. Similar packing is exhibited for the p-xylene 

inclusion. 

5.4 Thermal stability of BiAr3X2 vs. SbAr3X2 

It was noted during this study that the thermal stabilities of crystalline Bi(V) solids 

(which will simply be referred to as ‘thermal stability’ herein) are considerably lower than those 

of analogous Sb species discussed in Chapters 3 and 4. Melting points and sublimation onset 

temperatures from TGA for Bi(V) species can be up to 120 °C lower than for the Sb(V) 

analogues. The literature on this subject suggests that the thermal stability of BiAr3X2 halides is 

dependent on the axial substituent, decreasing in the order X = F > Cl > Br >> I.
12

 BiAr3I2 

spontaneously decompose to iododiphenylbismuthine and iodobenzene at room temperature.
12
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The opposite trend is observed in SbAr3X2, where thermal stability decreases in the order           

X = Br > Cl > F >> I, where SbAr3I2 behave similarly to BiAr3I2.
13

  

The comparison of the crystal structures was made in this work using two methods in 

order to rationalize the differences in the trends in thermal stability for triarylpnictogen dihalides. 

The comparison was limited to the number of crystal structures available, as only five series of 

compounds (three for Sb and two for Bi) had at least two dihalide crystal structures reported in 

the Cambridge Structural Database.  

In the first method, Hirshfeld surfaces mapped with the dnorm function were generated for 

each structure using CrystalExplorer software.
14

 Correlations between melting point and the 

percent contribution of certain contacts, as calculated from their corresponding fingerprint plots, 

were reported previously for series of organic compounds in two publications in 2011 and 

2012.
15,16

 A similar analysis of the available PnAr3X2 dihalide structures was conducted based on 

the percent contribution of H···H interactions to the Hirshfeld surface. H···H interactions were 

chosen as hydrogen atoms are generally situated on the periphery of most compounds, and have 

been touted as a universally applicable measure of crystal lattice energy.
16

 The results for the 

Hirshfeld surface analysis of SbPh3X2 and BiPh3X2 dihalides are shown in Figure 5.2. Although 

the analysis was limited in terms of sample size (BiPh3Cl2 could not be analyzed as its reported 

structure model is incomplete), it appears that melting point of SbPh3X2 negatively correlate with 

the percent contribution of H···H interactions while a positive correlation is observed for 

BiPh3X2. Since the two series correlate in opposite directions, a general correlation could not be 

established. Similar results were achieved using different intermolecular interactions such as 

H···C, H···X and H···All.  
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Figure 5.2: Correlations between the melting point of SbPh3X2 and BiPh3X2 (X = F, Cl, Br) and 

the percentage Hirshfeld surface area coverage of H···H interactions in their corresponding 

crystal structures. The reported structure of BiPh3Cl2 is incomplete and could not be analyzed; 

its predicted position in the figure is represented as a red circle.    

   A second method used in this study showed that there exists a strong correlation 

between the packing coefficient and the melting point in a given series of PnAr3X2. Packing 

coefficients were calculated with PLATON
17

 software (packaged with WinGX
18

) using a 

probing radius of 1.2 Å and default vdW radii. It should be noted that packing coefficients 

cannot be calculated for disordered or incomplete structures (e.g., structures missing hydrogen 

atoms), and accurate comparisons could only be made using room temperature structures. Table 

5.6 illustrates the positive correlation between packing coefficient and melting point, even in 

series which deviate from the general trends for Sb and Bi previously stated (i.e., in the 

tris(pentafluorophenyl)stibines).  
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Table 5.6: Correlations between the melting point and packing coefficient for SbAr3X2 and 

BiAr3X2. Melting points are reported as the beginning of the melting range. Green arrows 

indicate series in which properties increase with increasing size of X while red arrows indicate 

series in which properties decrease with increasing size of X. 

Compound m.p. (°C) Packing coefficient Ref. 

SbPh3F2 113 0.665 
19

 

SbPh3Cl2 143 0.677, 0.669‡ 
20,21

 

SbPh3Br2 222 0.675‡ 
20

 

Sb(C6F5)Cl2* 253 0.722 
22

 

Sb(C6F5)Br2* 206 0.717 
22

 

SbMes3Cl2 181 0.656 This work 

SbMes3Br2 219 0.661 This work 

BiPh3F2 158 0.692 
23

 

BiPh3Cl2 152 † 
24

 

BiPh3Br2 125 0.665 
25

 

Bi(p-tolyl)3Cl2 147 0.695 
26

 

Bi(p-tolyl)3Br2 122 0.671 
27

 
*Compounds which deviate from the general trend in thermal stability for SbAr3X2 

†Crystal structure model is incomplete (no hydrogen atoms) 

‡Compound exhibits polymorphism; only room temperature structures are reported 

 

 It should be noted that the correlation between melting point and packing coefficient is 

only valid within each series (i.e., for a given Pn and Ar). This means that the data from one 

series cannot be used to predict the melting point or packing coefficient of a species in another 

series. Since most series only possess two data points, the linearity of this correlation is 

uncertain. However, linear regression of the SbPh3X2 series results in an R
2
 value of 0.98 if the 

P212121 polymorph of SbPh3Cl2 (packing coefficient of 0.677) is excluded. 

Although it is unlikely that Bi(V) species would be used in industry ahead of their Sb(V) 

analogues, these findings suggest that BiAr3F2 are the most thermally stable and therefore the 

best potential candidates for BiAr3X2 dihalide host materials. Other possible candidates include 

acetates
28

, benzoates
29

 and other carboxylates
30

, which reportedly form the most thermally stable 

triphenylbismuthines.  



132 

 

5.5 Conclusion 

 Many of the Bi analogues of the species prepared in Chapters 4 and 5 were successfully 

synthesized. Characterization of Bi(V) species was severely hindered by the limited chemical 

and thermal stability of these compounds. There were no issues with regard to stability for Bi(III) 

species. BiNap3 behaves similarly to SbNap3 in terms of clathratogenic properties, though all 

attempts to create its oxide dimer (BiNap3O)2 using known methods, failed. Its DMF inclusion 

and corresponding dibromide (BiNap3Br2) were confirmed to be isostructural to their Sb 

analogues based on PXRD and SCXRD. Since both BiMes3X2 dihalides were either too unstable, 

or could not be prepared, only BiMes3(NCS)2 could be screened for its clathratogenic properties. 

Structures for toluene and xylenes were studied and two of these inclusions (toluene and p-

xylene) were structurally different from their Sb analogues. Due to their lack of stability, 

particularly for X = Br and NCS, it is unlikely that BiAr3X2 would play a significant role in 

future industrial applications. So far, there is no advantage gained from switching Pn centres 

from Sb to Bi.  
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5.6 Experimental section 

For general considerations, see section 2.4.1 

Tri(α-naphthyl)bismuth (BiNap3) This compound was prepared using the same procedure as 

for tri(α-naphthyl)antimony. A reaction of bismuth(III) chloride (1.15 g, 3.66 mmol) with 1-

naphthyllithium (12.15 mmol) yielded the title compound as off-white thin needles (0.43 g, 0.73 

mmol, 20%); mp = 242-244 °C (lit. 235 °C)
1
; IR (film, cm

-1
) 3049w, 1551w, 1498m, 1452w, 

1382m, 1328w, 1251m, 1212w, 1161w, 1132w, 1097w, 1020w, 981w, 945w, 855w, 791s, 770s, 

732m, 638w, 516w, 508w, 413m; 
1
H NMR (400 MHz, CDCl3) δ 8.08 (3H, d, J = 7.6 Hz, arom.), 

7.90 (3H, d, J = 7.6 Hz, arom.), 7.85 (6H, d, J = 7.6 Hz, arom.), 7.46 (6H, m, arom.), 7.24 (3H, t, 

J = 7.6 Hz, arom.). 

Tri(α-naphthyl)bismuth dibromide (BiNap3Br2) This compound was prepared using the same 

procedure as for tri(α-naphthyl)antimony dibromide. A reaction of  tri(α-naphthyl)bismuth (0.11 

g, 0.19 mmol) with excess bromine (0.03 mL, 0.58 mmol) yielded the title compound as a yellow 

solid (0.077 g, 0.10 mmol, 54%); mp = 131-133 °C; IR (film, cm
-1

) 3051w, 1620w, 1591w, 

1548m, 1496m, 1458w, 1428w, 1382m, 1360w, 1339w, 1255m, 1214w, 1200w, 1164w, 1144w, 

1126w, 1095w, 1054w, 1021w, 930m, 901w, 851w, 791s, 761s, 733m, 702w, 637m, 606w, 

519w, 413m; 
1
H NMR (400 MHz, CDCl3) δ 8.45 (3H, d, J = 8.0 Hz, arom.), 8.39 (3H, d, J = 8.0 

Hz, arom.), 8.11 (3H, d, J = 8.0 Hz, arom.), 8.03 (3H, d, J = 8.0 Hz, arom.), 7.72 (3H, t, J = 8.0 

Hz, arom.), 7.57 (3H, t, J = 8.0 Hz, arom.), 7.43 (3H, t, J = 8.0 Hz, arom.). 

Trimesitylbismuth (BiMes3) This compound was made using the same procedure as for 

trimesitylantimony. A reaction of bismuth(III) chloride (4.18 g, 13.24 mmol) with 

mesitylmagnesium bromide (44.8 mmol) yielded the title compound as pale yellow needles (5.28 
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g, 9.33 mmol, 70%); mp = 136-139 °C (lit. 136 °C)
31

; IR (film, cm
-1

) 3012m, 2962s, 2918s, 

2729m, 1718w, 1594w, 1556w, 1446s, 1402m, 1376m, 1288m, 1264m, 1024m, 1000m, 943w, 

846s, 794w, 772w, 739m, 701m, 577w, 542m, 436w; 
1
H NMR (400 MHz, CDCl3) δ 6.92 (6H, s, 

arom.), 2.26 (18H, s, o-CH3), 2.22 (9H, s, p-CH3). 

Trimesitylbismuth dibromide (BiMes3Br2) This compound was prepared using the same 

procedure as for trimesitylantimony dibromide. A reaction of trimesitylbismuth (0.45 g, 0.80 

mmol) with bromine (0.05 mL, 0.97 mmol) yielded the title compound as a yellow solid  (0.29 g, 

0.40 mmol, 50%); mp = 82-87 °C (lit. 91-93 °C)
7
; 

1
H NMR (400 MHz, CDCl3) δ 7.10 (6H, s, 

arom.), 2.74 (18H, s, o-CH3), 2.31 (9H, s, p-CH3). 

Trimesitylbismuth diisothiocyanate (BiMes3(NCS)2) This compound was prepared using the 

same procedure as for trimesitylantimony diisothiocyanate. A reaction of trimesitylbismuth (1.47 

g, 2.59 mmol) with thiocyanogen (2.13 mmol) yielded the title compound as a pale yellow solid 

(1.23 g, 1.81 mmol, 85%); mp = 96-98 °C; IR (film, cm
-1

) 3053w, 2986w, 2929w, 2030vs, 

1570w, 1455m, 1384m, 1292m, 1265m, 1176w, 1157w, 1095w, 1027w, 984m, 936w, 896w, 

854m, 737s, 704m, 580w, 538m; 
1
H NMR (400 MHz, CDCl3) δ 7.20 (6H, s, arom.), 2.58 (18H, 

s, o-CH3), 2.34 (9H, s, p-CH3). 
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6. Miscellaneous 
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6.1 Introduction 

This chapter deals with results which do not particularly pertain to tri(α-naphthyl)- or 

trimesityl- stibines or bismuthines. The first section is a quantitative TGA study on the solubility 

of PnAr3X2 in organic solvents. The second and third sections cover the syntheses and crystal 

structures of two unintentional products, Sb(TIPP)2Br3 and SbMes3(DCBO)(OH). 

6.2 Solubility of PnAr3X2 

This section covers an investigation into the solubility of PnAr3X2 where the main goal 

was to determine what effect each structural parameter (Pn, Ar, and X) has on the solubility of 

these species. Both PnAr3 and PnAr3X2 are typically soluble in aromatic solvents, DCM, 

chloroform, and DMF at standard conditions. PnAr3 are significantly more soluble in diethyl 

ether, THF and hexanes than the corresponding PnAr3X2. The solubility of both PnAr3 and 

PnAr3X2 is lowest in alcohols and water. 

Solubilities of PnAr3X2 in a wide range of solvents were determined as percent mass 

concentrations using TGA based on the procedure described in section 2.4.7. SbPh3Cl2 was used 

as a reference compound as it is commercially available, has the simplest structure, and has 

statistically significant solubility in all solvents used. Table 6.1 details the solubility of SbPh3Cl2 

in ten solvents, including all BTX solvents and some non-aromatic and polar solvents. 

Solubilities are expressed as an average of triplicate measurements alongside their standard 

deviations. The method was found to be largely reproducible with absolute standard deviations 

of less than 0.5%, where benzene and toluene are notable exceptions. 
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Table 6.1: Solubility of SbPh3Cl2 in ten solvents. 

Solvent 
% Mass  

Conc. 

Standard 

deviation 

Benzene 46.44 3.20 

Toluene 32.57 3.49 

o-Xylene 21.25 0.16 

m-Xylene 16.18 0.43 

p-Xylene 17.10 0.28 

Acetonitrile 9.95 0.41 

Nitromethane 7.33 0.28 

Methanol 0.94 0.03 

Ethanol 0.85 0.03 

Water 0.06 0.005 

 

The data in Table 6.2 show the effect of the axial substituent on the solubility of 

triphenylstibines in BTX hydrocarbons. The isothiocyanate group increases solubility 

substantially in all BTX solvents when compared to the dihalide species. In contrast, the 

dibenzoate species is sparingly soluble (<4%) in all BTX solvents. These results led to the 

conclusion that PnAr3X2 compounds with bulky organic groups as X, such as carboxylates, may 

be better suited for the purposes of this project due to their size and lack of solubility. Thus, the 

trend in solubility based on axial substituents is 

NCS  >  Cl  >  Br  >  Bz 

Table 6.2: Solubility of SbPh3X2 in BTX. 

Solvent 
X 

NCS Cl Br Bz 

Benzene 64.29 46.44 19.46 3.46 

Toluene 52.15 32.57 9.70 1.48 

o-Xylene 33.95 21.25 6.01 2.01 

m-Xylene 27.00 16.18 4.12 0.68 

p-Xylene 25.59 17.10 4.47 1.06 
Note: solubilities are reported as % mass concentrations 
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More experiments were carried out in benzene and toluene to determine the effect of 

aromatic substituent size on solubility of SbAr3Br2 (Table 6.3). Three different Ar groups were 

analyzed: phenyl, mesityl and α-naphthyl. As expected, solubility of SbAr3Br2 decreased 

dramatically with increasing size of the aromatic substituent. The trend in solubility is 

Phenyl > Mesityl > α-Naphthyl 

Table 6.3: Solubility of SbAr3Br2 in benzene and toluene. 

Ar 
Solvent 

Benzene Toluene 

Phenyl 19.46 9.70 

Mesityl 2.36 8.32 

α-Naphthyl 0.55 0.19 
Note: solubilities are reported as % mass 

concentrations 

 

Lastly, solubilities of Sb and Bi analogues were compared in benzene and toluene (Table 

6.4). Only two Bi(V) species were stable enough at standard conditions to be reliably studied by 

this method, so only two sets of analogues could be compared. No trend could be inferred from 

these two. For PnNap3Br2, Pn = Bi is more soluble in benzene and toluene when compared to Pn 

= Sb, whereas the opposite is true for PnMes3(NCS)2. However, partial dissociation of some of 

the compounds (particularly for Bi(V) species) during dissolution cannot be excluded. 

Table 6.4: Solubility of selected SbAr3X2 and BiAr3X2 in benzene and toluene. 

Compound 
Solvent 

Benzene Toluene 

SbNap3Br2 0.55 0.19 

BiNap3Br2 1.22 0.40 

SbMes3(NCS)2 8.45 11.30 

BiMes3(NCS)2 3.21 10.01 
Note: solubilities are reported as % mass concentrations 
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6.3 Bis(2,4,6-triisopropylphenyl)antimony tribromide 

 The series of tris(2,4,6-triisopropylphenyl)pnictogens (Pn(TIPP)3) and their crystal 

structures were reported by Sasaki et al. in 2002.
1
 This series, along with the tris(9-

anthryl)pnictogens
2
 and triacenaphthylpnictogens

3
, are among the most crowded 

triarylpnictogens known. Pn(TIPP)3 have the longest Pn-C bond length and largest C-Pn-C bond 

angles of any PnAr3 due to enhanced steric repulsion from the bulky isopropyl groups. This 

effect is especially pronounced in P(TIPP)3, which adopts an almost planar structure with C-P-C 

bond angles of approximately 112°.
1
  

 Sb(TIPP)3 and Sb(TIPP)3X2 were enticing candidates for this project due to their 

extremely crowded structure, and were expected to behave similarly to SbMes3X2 in this regard. 

The next logical step for this project was to determine what effect increasing the size of the 

substituents on the aromatic ring had on clathratogenic properties, crystal structure and 

solubility. This section covers the unsuccessful attempts to synthesize Sb(TIPP)3 and 

Sb(TIPP)3Br2. 

6.3.1 Synthesis 

 Sasaki et al. found that the reaction of PnCl3 with 2-4-6-triisopropylphenylmagnesium 

bromide only afforded the corresponding bridged Ar2Pn-PnAr2 species. They opted to use 2,4,6-

triisopropylphenylcopper(I) instead, as aryl copper(I) reagents tend to be more reactive as 

nucleophiles than as reducing agents.
1
 In the present study, an attempt to synthesize Sb(TIPP)3 

was carried out using Sasaki’s procedure, followed by bromination to afford Sb(TIPP)3Br2 

(Scheme 6.1). 



142 

 

 

Scheme 6.1: Proposed synthesis of Sb(TIPP)3Br2. 

 The organocopper reaction resulted in a small yield of a yellow solid residue. Attempts to 

crystallize the yellow residue from hot acetonitrile failed, so the crude product was used for the 

next reaction. Bromination of the residue in ether using excess bromine resulted in a fine yellow 

precipitate which melted sharply within 128-129 °C. 
1
H NMR indicated that the product was 

indeed a Sb(V) species, but was not able to confirm whether a mono-, di- or triarylstibine had 

formed. X-ray quality crystals were grown from benzene solution, and SCXRD analysis showed 

that the compound was in fact a tribromide of the formula Sb(TIPP)2Br3. PXRD confirmed that 

this structure was representative of the bulk product.  

 The most probable explanation for this unintended product is that an incomplete arylation 

occurred in the organocopper step, with only two equivalents of triisopropylphenylcopper(I) 

reacting with SbCl3 (Scheme 6.2). This would imply that the amount of Grignard reagent (which 

came from a commercial source) used in the reaction was significantly less than 3 equivalents, 

i.e., the reagent bottle was less concentrated than stated. This was further corroborated by the 

fact that the organocopper solution stayed green, indicating that some unreacted CuCl remained 

in the flask. The yellow residue obtained from the first reaction therefore must have been 

Sb(TIPP)2Cl. Reacting this compound with excess bromine would then yield the observed 

Sb(TIPP)2Br3 product. 
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Scheme 6.2: Likely synthetic pathway which led to the formation of Sb(TIPP)2Br3. 

6.3.2 Crystal structures of SbAr2Br3 

 The only other published structure for an SbAr2Br3 is SbPh2Br3.
4
 In that structure, the 

phenyl rings are oriented approximately parallel to one another, with a C-Sb-C angle of 153° 

(Figure 6.1). Thus, the molecular geometry is closer to that of a T-shape as opposed to the usual 

trigonal bipyramidal geometry adopted by PnAr3X2. The equatorial Sb-Br bond length is 2.48 Å, 

while the average axial bond length is slightly longer, 2.61 Å. 

 

Figure 6.1: ORTEP representations of SbPh2Br3 (left) and Sb(TIPP)2Br3 (right) as found in their 

crystal structures. Thermal ellipsoids are shown at 50% probability. The structure of SbPh2Br3 is 

reproduced from its CIF (CSD Refcode: DPSBTB). 

 

8% 43% 



144 

 

Sb(TIPP)2Br3 crystallizes in the monoclinic C2/c space group with half a molecule per 

asymmetric unit. A twofold rotation axis penetrates the molecule through the equatorial Sb-Br 

bond such that only half the molecule is crystallographically unique. The C-Sb-C angle is 145°, 

significantly lower than that for SbPh2Br3. Unlike in SbPh2Br3, the aromatic rings in 

Sb(TIPP)2Br3 cannot align themselves parallel to each other due to steric repulsion between the 

ortho-isopropyl groups (Figure 6.1). The Sb-Br bond lengths in Sb(TIPP)2Br3 are roughly the 

same as in SbPh2Br3, 2.49 Å at the equatorial position and 2.62 Å at the axial positions.  

6.4 SbMes3(DCBO)(OH) 

 Crystallization of SbMes3(OH)2 in isoxazole produced variable results. Initial 

crystallization over a period of ~1 day resulted in what was likely an inclusion compound, as 

corroborated by TGA and visual observations of the rapid desolvation of the crystals (see 

Chapter 4). A second crystallization was carried out over the course of several weeks in order to 

obtain X-ray quality crystals. Instead of isolating an inclusion compound, what precipitated out 

of solution was in fact a monohydroxide, with a 2,4-dicyano-1,3-butadiene-1-olate (DCBO) 

group acting as the other axial substituent.  

 

Scheme 6.3: Proposed synthesis of SbMes3(DCBO)(OH). 
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 Although the reaction mechanism here is uncertain, it is believed that SbMes3(OH)2 

catalyzed two ring opening reactions of isoxazole, resulting in the loss of 2 water molecules 

(Scheme 6.3). Isoxazoles that are unsubstituted at the 3-position are known to undergo ring-

opening reactions in the presence of a strong base.
5
 The ring-opening of isoxazole itself was first 

reported in 1903 by Rainer Ludwig Claisen.
6
  

6.4.1 Crystal structure 

 The crystal structure of SbMes3(DCBO)(OH) is the only structure in this thesis collected 

at low temperature (150 K). This compound crystallizes in P21/n with one molecule per 

asymmetric unit. The DCBO group is approximately planar, and forms several weak interactions 

between alkenyl hydrogens and nitrile groups at the 4-position of neighbouring molecules 

(Figure 6.2). Also, there are weak hydrogen bonds (O···N = 3.12 Å) between the hydroxyl group 

and nitrile group at the 2-position on adjacent molecules. Compared with other Sb-O bond 

lengths in the Cambridge Structural Database (CSD), the Sb-O bond with the DCBO group is the 

longest ever recorded, 2.2770(1) Å. In contrast, the other Sb-O bond length is 1.97 Å, while the 

mean and maximum lengths of Sb(V)-O bonds reported in the CSD are 1.98(7) Å and 2.20 Å, 

respectively. 
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Figure 6.2: ORTEP representation of SbMes3(DCBO)(OH) as found in its crystal structure (left) 

and an illustration of the close contacts within the same structure (right). Thermal ellipsoids are 

shown at 50% percent probability and close contacts are indicated by dashed lines. 

6.5 Conclusion 

The solubility of PnAr3X2 in organic solvents was determined using TGA. Trends in 

solubility demonstrating the effect of varying each structural parameter (Pn, Ar, and X) were 

elucidated. An attempt to synthesize Sb(TIPP)3Br2 resulted in the formation of an unintended 

product, Sb(TIPP)2Br3, as determined by SCXRD. This product likely arose from the 

bromination of Sb(TIPP)2Cl, which itself formed as a result of an incomplete arylation in the 

organocopper step. Crystallization of SbMes3(OH)2 in isoxazole over a period of two weeks 

resulted in a chemical reaction producing SbMes3(DCBO)(OH), for which the crystal structure 

was obtained. It is believed that this reaction involved the catalyzed ring-opening of two 

isoxazole molecules, although the exact mechanism is uncertain.  
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6.6 Experimental section 

For general considerations, see section 2.4.1 

Triphenylantimony dibromide (SbPh3Br2) This compound was prepared using the same 

procedure as for other brominations. A reaction of triphenylantimony (0.52 g, 1.48 mmol) with 

excess bromine (0.08 mL, 1.55 mmol) yielded the title compound as a white solid (0.23 g, 0.45 

mmol, 30%); m.p. = 222-224 °C (lit. 218 °C)
7
; IR (KBr, cm

-1
) 3071w, 1571w, 1474s, 1435s, 

1328m, 1300w, 1187w, 1092w, 1058w, 1017m, 994s, 905w, 728s, 682s, 456s; 
1
H NMR (400 

MHz, CDCl3) δ 8.15 (6H, m, arom.), 7.53 (9H, m, arom.). 

Triphenylantimony diisothiocyanate (SbPh3(NCS)2) This compound was prepared using the 

same procedure as for other thiocyanogenations. A reaction of triphenylantimony (0.36 g, 1.02 

mmol) with thiocyanogen (0.97 mmol) followed by recrystallization from hexanes yielded the 

title compound as colourless needles (0.15 g, 0.33 mmol, 32%); m.p. = 107-109 °C (lit. 111 °C)
8
; 

IR (KBr, cm
-1

) 3053w, 2962w, 2011vs, 1571w, 1561w, 1477m, 1434s, 1332w, 1302w, 1261w, 

1181w, 1160w, 1095w, 1063w, 1020w, 996m, 801w, 739s, 687s, 478w, 453m, 432w; 
1
H NMR 

(400 MHz, CDCl3) δ 8.06 (6H, m, arom.), 7.63 (9H, m, arom.). 

Triphenylantimony dibenzoate (SbPh3Bz2) This compound was prepared using the same 

procedure used by Sharutin et al. for a similar compound.
9
 Triphenylantimony (1.45 g, 4.11 

mmol) and benzoic acid (1.05 g, 8.63 mmol) were dissolved in diethyl ether (50 mL). Aqueous 

hydrogen peroxide (0.5 mL, 9.79 M, 4.89 mmol) was added to the mixture, which was allowed 

to stand for 3 d. The mixture was filtered and the product was obtained as colourless crystals 

(1.70 g, 2.87 mmol, 70%); m.p. = 177-183 °C (lit. 181 °C)
7
; IR (KBr, cm

-1
) 3053w, 1963w, 

1900w, 1817w, 1776w, 1607s, 1575s, 1532m, 1492w, 1479s, 1449s, 1434s, 1398m, 1342s, 

1302s, 1187m, 1174m, 1126m, 1071m, 1023m, 997m, 939w, 854m, 832m, 818m, 737s, 716s, 
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688s, 541m, 456s, 446s; 
1
H NMR (400 MHz, CDCl3) δ 8.10 (6H, m, Ph), 7.91 (4H, d, Bz), 7.46 

(9H, m, Bz), 7.42 (2H, d, Bz), 7.32 (4H, t, Bz). 

Bis(2,4,6-triisopropylphenyl)antimony chloride (Sb(TIPP)2Cl) This compound was prepared 

using the same procedure used by Sasaki et al. for Sb(TIPP)3.
1
 Copper(I) chloride (1.02 g, 10.28 

mmol) was added to a flask under argon atmosphere, followed by the addition of a THF solution 

of 2,4,6-triisopropylphenylmagnesium bromide (21 mL, 0.5 M, 10.5 mmol) at -78 °C. The 

mixture was stirred 1 hr at -78 °C and then 22 hr at room temperature. A solution of 

antimony(III) chloride (0.79 g, 3.48 mmol) in dry THF (20 mL) was added to the mixture at -78 

°C. The mixture was stirred 1 hr at -78 °C, 6 hr at room temperature and then refluxed for 18 hr. 

Hexanes (20 mL) were added and the mixture was filtered to remove inorganic salts. Removal of 

the solvent under reduced pressure yielded a yellow oil which was crystallized in acetonitrile. 

The resulting yellow solid residue was used without further purification (0.15 g, 0.27 mmol, 

8%); 
1
H NMR (400 MHz, CDCl3) δ 6.97 (4H, s, arom.), 3.33 (4H, sept, o-CH), 2.81 (2H, sept, p-

CH), 1.19 (12H, d, p-CH3), 1.04 (24H, d, o-CH3).  

Bis(2,4,6-triisopropylphenyl)antimony tribromide (Sb(TIPP)2Br3) This compound was 

prepared using the same procedure as for other brominations. A reaction of bis(2,4,6-

triisopropylphenyl)antimony chloride (0.15 g, 0.27 mmol) with excess bromine (0.02 mL, 0.39 

mmol) yielded the title compound as a yellow solid (0.09 g, 0.12 mmol, 43%); m.p. = 128-129 

°C; IR (KBr, cm
-1

) 3021w, 2961s, 2930m, 2865m, 1736w, 1611w, 1587w, 1562m, 1460s, 

1418m, 1383m, 1360m, 1345m, 1304m, 1259m, 1232w, 1159m, 1133w, 1101m, 1065w, 1049m, 

977s, 925w, 901w, 883m, 803w, 746w, 728w, 675w, 646w, 595w, 509w, 409s; 
1
H NMR (400 

MHz, CDCl3) δ 7.09 (4H, s, arom.), 3.96 (4H, br, o-CH), 2.89 (2H, sept, p-CH), 1.43 (24H, d, o-

CH3), 1.26 (12H, d, p-CH3).  
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Trimesitylantimony 2,4-dicyano-1,3-butadiene-1-olate hydroxide (SbMes3(DCBO)(OH)) 

This compound was only prepared once, so the reproducibility of its synthesis is uncertain. 

Trimesitylantimony dihydroxide (~20 mg) was dissolved in isoxazole (~4 mL) and the mixture 

was allowed to slowly evaporate in air at room temperature. After 2-3 weeks, colourless crystals 

of the title compound formed. The assignment of this molecule was based only on SCXRD 

analysis of one of these crystals, as no other characterization was performed.  
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7. Future Work 
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7.1 Introduction 

This thesis represents the first comprehensive study of the clathratogenic properties of 

triarylpnictogen(III, V) compounds. In this study, 20 different species were generated, of which 

8 are reported for the first time. Also presented are 45 crystal structures, including several series 

of inclusion structures for 6 different host species. Although many of the species presented in 

this thesis are potent host materials, solubility (particularly in aromatic and other organic 

solvents) remains an issue. Future work on this project should therefore look to substantially 

reduce solubility of these species in the desired solvent systems while maintaining desirable 

clathratogenic, chemical, and physical properties. This may be achieved through the rational 

design of future host molecules as discussed in the following sections.  

7.2 Future Pn centres 

Work done in this thesis primarily covered antimony-based compounds with a small 

investigation done on their bismuth-based analogues. The remaining pnictogens, arsenic and 

phosphorus, were avoided for the present study for several reasons including the toxicity of their 

starting materials as well as the potential toxicity and reactivity of their products. However, 

phosphorus and arsenic may still be used to establish trends across the Pn series. Out these two 

elements, phosphorus-based materials may be the most useful as its starting material (PCl3) is 

significantly cheaper than for the other three pnictogens. Arsenic-based materials, even if proven 

to be safe and effective, may suffer from poor marketability as arsenic and its compounds are 

notoriously toxic.  

Overall, it is recommended that studies of antimony-based compounds are continued, 

particularly for Pn(V) host materials. Due to issues with stability, it is unlikely that bismuth(V) 
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compounds will ever be used in an industrial setting. However, bismuth-based compounds may 

find industrial use if certain Pn(III) species are found to be promising host candidates. 

Phosphorus and arsenic compounds will likely be prepared primarily for research purposes, but 

this may change once new information becomes available.  

7.3 Future Ar groups 

 Evidence from this thesis suggests that changing the aromatic group would have the 

greatest effect on both solubility and potential host properties. It is important that the Ar group 

affixes the molecular geometry so that the species maintains structural rigidity. One could simply 

take successful species from this thesis and use them as templates for future host molecules 

(Figure 7.1). For example, 2,4,6-trisubstituted aryl groups with substituents larger than methyl 

(e.g., isopropyl, t-butyl, phenyl) would presumably behave similarly to SbMes3X2 in terms of 

clathratogenic properties, but would also decrease solubility. In fact, the structure of tris(2,4,6-

triphenylphenyl)bismuth was reported in 1995 by Li et al. as a THF clathrate.
1
 Species with large 

substituted α-acenaphthyl groups have also been reported as clathrates.
2
 Other possibilities for Ar 

groups include polycyclic and fluorinated aromatics as well as heterocycles. Some substituted 

tris(9-anthryl)- and tris(9-phenanthrenyl)pnictogens have been reported as chloroform
3
, 

dichloromethane
4
 and benzene

3
 clathrates. The synthesis and crystal structures of many 

heterocyclic PnAr3 and PnAr3X2 have also been reported in several publications.
5–9
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Figure 7.1: Possible Ar groups used in future species: 9-anthryl (left) and 2,4,6-

tris(trifluoromethyl)phenyl (right). 

7.4 Future X groups and other molecular geometries 

As previously discussed, elongation of the axial substituent generally enhances the 

clathratogenic properties of humming top hosts when compared to other X groups, e.g., in 

SbMes3(NCS)2 and Ni(4-MePy)4(NCS)2. Isothiocyanate groups have typically been employed as 

axial substituents for this reason. However, isothiocyanates are known to be chemically reactive 

(see section 4.4.3.5) and increase solubility (see section 6.2). The simplest solution would be to 

make substituted dibenzoates, which are extremely bulky and have low solubility in organic 

solvents. However, synthesis of triarylstibine dibenzoates can range from trivial (e.g., SbPh3Bz2) 

to very difficult (e.g., SbMes3Bz2). An alternative solution would be the introduction of axial aryl 

groups (Ar′) via a Grignard reaction with the corresponding dihalide species (Scheme 7.1). 

Schröder et al. found that these reactions proceed most easily with difluorides as compared to 

dibromides.
10
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Scheme 7.1: Example synthesis of a PnAr3Ar′2 from Schröder et al. 

 Of course, other molecular geometries for future host molecules could be pursued. An 

example would be the series of 9,10-distibatriptycenes, where two Sb atoms are bridged by three 

aromatic groups. Synthesis of these species was described by Uchiyama and Yamamoto in 2005 

(Scheme 7.2), who noted the compounds’ limited solubility in organic solvents.
11

 9,10-

Distibatriptycenes are windmill-shaped, a geometry which may be thought of as between a trefoil 

and a wheel-and-axle. The crystal structure of 2,3,6,7,14,15-hexamethyl-9,10-distibatriptycene 

was reported as 1:1 clathrate with hexafluorobenzene.
11

 A potential drawback of using these 

species would be their synthesis, as side reactions are common when using ortho-lithiobromoaryl 

species.
12

 

 

Scheme 7.2: Synthetic route to 9,10-distibatriptycene used by Uchiyama and Yamamoto. 
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7.5 Future experiments 

Most of the experiments with respect to the functionality of triarylpnictogen hosts 

materials were very simple and limited in their scope. This came as a result of limitations with 

respect to the compounds themselves (e.g., high solubility) or limitations with respect to the 

instrumentation available. It is therefore suggested that more sophisticated experiments on 

certain aspects such as selectivity, sorption and chromatography should be carried out for future 

materials.  

Several improvements can be made to the selectivity experiments presented in this thesis, 

which were carried out by crystallization in a refrigerator/freezer.  Ideally, host compounds 

would be suspended or stirred in the desired solvent mixture at room temperature to afford the 

resulting inclusion phase in a matter of minutes. In other words, a procedure similar to the one 

used by Schaeffer and colleagues would be employed.
13

 Of course, this would require that host 

compounds have extremely low solubility in the solvents tested. Such experiments would more 

accurately reflect the material’s selectivity under working conditions as it is unlikely that 

crystallization would be used in industrial separations. Since the crystal structure of an inclusion 

phase for any particular solvent is known to change with temperature, it may be of interest to 

perform selectivity experiments at a series of different temperatures. Changes in crystal structure 

at certain temperatures would imply that selectivity is also temperature-dependent, meaning it 

may be possible to alter the selectivity of a given host by heating or cooling the system. 

Gas sorption experiments may be performed on a modified TGA setup (using N2 gas to 

carry solvent vapour through the gas port) or with a gas sorption analyzer. Important information 

can be obtained from a series of sorption isotherms, such as sorption kinetics and the isosteric 
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heat of adsorption. This information can be used to evaluate the viability of future materials as 

sorbent materials for pressure swing adsorption processes. Sorption-based selectivity 

experiments, such as those proposed by Lusi and Barbour, may also be performed.
14

 

Chromatographic separations should be carried out once issues with solubility and 

selectivity are addressed. This would include simple LC experiments in small columns such as 

those used by Kemula and Sybilska
15

 as well as GC experiments similar to that described by 

Allison and Barrer
16

. LC experiments would likely be supplemented with 
1
H NMR as a 

quantitative tool and GC experiments could be carried out using an existing GC instrument. 

 Other minor experiments/analyses can be proposed and are summarized as follows 

 Rationalize selectivity – As discussed in section 4.5.3, the ability to rationalize, and 

therefore predict, selectivity based on measurable properties (crystal structure, thermal 

properties, etc.) would be useful for the design of future host materials. 

 Clathration (co-crystallization) of solid guests – It was demonstrated in section 4.5.2 

that SbMes3Br2 likely forms a co-crystal with naphthalene. Co-crystallization of 

triarylpnictogens with other solid species was not fully investigated in this thesis, but may 

be explored in future studies. 

 Hot-stage microscopy of thermosalient inclusion crystals – As discussed in section 

4.5.1, it would be interesting to further study the thermosalient behaviour of certain 

SbMes3(NCS)2 inclusion crystals as well as any thermosalient crystals discovered in the 

future. Thermosalient crystals have potential application in the design of actuators.
17
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Compound Name: Tri(α-naphthyl)antimony 

Abbreviation: SbNap3 

MW: 503.22 g/mol 

Appearance:  

Colourless needles 

Lit. and/or notebook # and 

page: 

LV-01-30 

First made on date:  

January 22, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data  

m.p. (°C): 225 – 227 

1
H NMR: (400 MHz, CDCl3): δ 8.22 (3H, d, J = 8.0 Hz, arom.), 7.87 (3H, d, J = 7.6 Hz, arom.), 

7.83 (3H, d, J = 7.6 Hz, arom.), 7.46 (6H, m, arom.), 7.21 (6H, m, arom.) 

IR(KBr) ν/cm-1: 3040w, 1500m, 1381w, 1329w, 1255m, 1209w, 1096w, 1020m, 858w, 793s, 

771s, 731w, 643w, 519w, 418w 

Crystal Data for C30H21Sb (M =503.22 g/mol): orthorhombic, space group Pna21 (no. 33), a = 

9.85660(13) Å, b = 37.5010(6) Å, c = 18.0451(3) Å, V = 6670.05(18) Å
3
, Z = 12, T = 294(2) K, 

μ(MoKα) = 1.255 mm
-1

, Dcalc = 1.503 g/cm
3
, 140498 reflections measured (4.66° ≤ 2Θ ≤ 

60.12°), 19504 unique (Rint = 0.0493, Rsigma = 0.0312) which were used in all calculations. The 

final R1 was 0.0484 (>2sigma(I)) and wR2 was 0.1321 (all data). 

See Table B4 in Appendix B for crystal data of inclusion structures 
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Compound Name: Tri(α-naphthyl)antimony dibromide 

Abbreviation: SbNap3Br2 

MW: 663.04 g/mol 

Appearance:  

White solid 

Lit. and/or notebook # and 

page: 

LV-01-32 

First made on date:  

January 27, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 247 - 249 

1
H NMR: (400 MHz, CDCl3): δ 8.38 (6H, m, arom.), 8.12 (3H, d, J = 8.0 Hz, arom.), 7.99 (3H, 

d, J = 8.0 Hz, arom.), 7.67 (3H, t, J = 8.0 Hz, arom.), 7.54 (3H, t, J = 8.0 Hz, arom.), 7.37 (3H, 

m, arom.) 

IR(KBr) ν/cm-1: 3048w, 1619w, 1586w, 1554w, 1502s, 1429w, 1386m, 1362m, 1335m, 1256m, 

1216w, 1133w, 1023w, 976w, 947w, 907w, 854w, 787s, 767s, 734w, 645w, 614w, 513w, 419m 

Crystal Data for C30H21Br2Sb (M =663.04 g/mol): monoclinic, space group P21/c (no. 14), a = 

16.42316(19) Å, b = 7.87018(8) Å, c = 20.1775(2) Å, β = 107.9574(11)°, V = 2480.96(5) Å
3
, Z = 

4, T = 294(2) K, μ(MoKα) = 4.350 mm
-1

, Dcalc = 1.775 g/cm
3
, 56510 reflections measured 

(5.22° ≤ 2Θ ≤ 62°), 7906 unique (Rint = 0.0309, Rsigma = 0.0187) which were used in all 

calculations. The final R1 was 0.0256 (>2sigma(I)) and wR2 was 0.0619 (all data). 
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Compound Name: Tri(α-naphthyl)antimony diisothiocyanate 

Abbreviation: SbNap3(NCS)2 

MW: 619.38 g/mol 

Appearance:  

Off-white solid 

Lit. and/or notebook # 

and page: 

LV-01-34 

First made on date:  

February 1, 2016 

Made by:  

Laszlo Visontai 

Experimental Data 

m.p. (°C): 237 – 240 

1
H NMR: (400 MHz, CDCl3): δ 8.21 (3H, d, J = 8.4 Hz, arom.), 8.11 (3H, d, J = 8.0 Hz, arom.), 

8.03 (3H, d, J = 8.4 Hz, arom.), 7.99 (3H, d, J= 8.4 Hz, arom.), 7.71 (3H, t, J = 8.0 Hz, arom.), 

7.59 (3H, t, J = 8.0 Hz, arom.), 7.42 (3 H, t, J = 8.0 Hz, arom.) 

IR(KBr) ν/cm-1: 3053w, 2022s, 1618w, 1587w, 1559w, 1504m, 1386w, 1365w, 1335m, 1258m, 

1210w, 1145w, 1024w, 948w, 854w, 794s, 766s, 731w, 649w, 613w, 515w, 475w 

Crystal Data for C32H21N2S2Sb (M =619.38 g/mol): triclinic, space group P-1 (no. 2), a = 

8.76623(18) Å, b = 9.5962(2) Å, c = 17.8094(4) Å, α = 95.3524(17)°, β = 101.2270(18)°, γ = 

105.9403(18)°, V = 1395.79(5) Å
3
, Z = 2,T = 294(2) K, μ(MoKα) = 1.161 mm

-1
, Dcalc = 

1.474 g/cm
3
, 25059 reflections measured (4.96° ≤ 2Θ ≤ 53.46°), 5915 unique (Rint = 0.0404, 

Rsigma = 0.0332) which were used in all calculations. The final R1 was 0.0495 (>2sigma(I)) 

and wR2 was 0.1335 (all data). 

 

  



165 

 

 

 

  



166 

 

Compound Name: Tri(α-naphthyl)antimony oxide 

Abbreviation: (SbNap3O)n 

MW: n*(519.25) g/mol 

 

 

 

 

 

Appearance:  White solid 

Lit. and/or notebook #: LV-02-05 

First made on date: June 20, 2016 

Made by: Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 227 – 233 (dec.) 

IR(KBr) ν/cm-1: 3049w, 1621w, 1587w, 1557w, 1503m, 1457w, 1385w, 1259w, 1165w, 

1135w, 1022w, 796s, 769s, 732w, 698w, 617w, 533w, 463w, 416w 

Elemental Anal. Anal. Calcd for C30H21OSb: C, 69.39; H, 4.08. Found: C, 69.47; H, 4.23 
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Compound Name: Trimesitylantimony 

Abbreviation: SbMes3 

MW: 479.28 g/mol 

Appearance:  

Colourless block crystals 

Lit. and/or notebook # and 

page: 

LV-02-20 

First made on date:  

April 28, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 136 – 140 

1
H NMR: (400 MHz, CDCl3): δ 6.79 (6H, s, arom.), 2.25 (18H, s, o-CH3), 2.23 (9H, s, p-CH3) 

IR(film) ν/cm-1: 3015m, 2961s, 2919s, 2862m, 2730w, 1598m, 1552w, 1461s, 1444s, 1403m, 

1377m, 1288m, 1261w, 1026m, 1009w, 847s, 792w, 739m, 706m, 579w, 546m 

Crystal Data for C27H33Sb (M =479.28 g/mol): monoclinic, space group C2/c (no. 15), a = 

10.9401(3) Å, b = 12.5266(3) Å, c = 18.0281(5) Å, β = 103.9111(17)°, V = 2398.15(11) Å
3
, Z = 

4, T = 296(2) K, μ(MoKα) = 1.159 mm
-1

, Dcalc = 1.327 g/cm
3
, 11910 reflections measured 

(4.656° ≤ 2Θ ≤ 55.986°), 2891 unique (Rint = 0.0419, Rsigma = 0.0487) which were used in all 

calculations. The final R1 was 0.0658 (I > 2σ(I)) and wR2 was 0.1404 (all data). 
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Compound Name: Trimesitylantimony dichloride 

Abbreviation: SbMes3Cl2 

MW: 550.18 g/mol 

Appearance:  

Colourless prisms 

Lit. and/or notebook # 

and page: 

LV-01-94 

First made on date:  

June 9, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 181 – 183 

1
H NMR: (400 MHz, CDCl3): δ 6.96 (6H, s, arom.), 2.62 (18H, s, o-CH3), 2.28 (9H, s, p-CH3) 

IR(KBr) ν/cm-1: 3016m, 2957m, 2925m, 1711m, 1596m, 1561m, 1448s, 1401m, 1384s, 1221w, 

1027m, 1004m, 850s, 737w, 698w, 544m 

Crystal Data for C27H33Cl2Sb (M =550.18 g/mol): triclinic, space group P-1 (no. 2), a = 

11.3012(2) Å, b = 15.6061(3) Å, c = 15.6536(3) Å, α = 84.5157(16)°, β = 86.8692(15)°, γ = 

70.0813(17)°, V = 2583.03(8) Å
3
, Z = 4, T = 294(2) K, μ(MoKα) = 1.286 mm

-1
, Dcalc = 

1.415 g/cm
3
, 56641 reflections measured (4.88° ≤ 2Θ ≤ 60.06°), 15095 unique (Rint = 0.0281, 

Rsigma = 0.0274) which were used in all calculations. The final R1 was 0.0288 (>2sigma(I)) 

and wR2 was 0.0854 (all data). 

See Table B2 in Appendix B for crystal data of inclusion structures 
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Compound Name: Trimesitylantimony dibromide 

Abbreviation: SbMes3Br2 

MW: 639.12 g/mol 

Appearance:  

White solid 

Lit. and/or notebook # 

and page: 

LV-02-21 

First made on date:  

April 22, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 218 – 221 

1
H NMR: (400 MHz, CDCl3): δ 6.96 (6H, s, arom.), 2.68 (18H, s, o-CH3), 2.30 (9H, s, p-CH3) 

IR(film) ν/cm-1: 3018m, 2958m, 2927m, 1596m, 1561m, 1449s, 1402w, 1383m, 1290m, 1263m, 

1027m, 850s, 739m, 703w, 585m, 541m 

Crystal Data for C27H33Br2Sb (M =639.10 g/mol): triclinic, space group P-1 (no. 2), a = 

11.3516(2) Å, b = 15.6646(2) Å, c = 15.7751(3) Å, α = 84.1046(13)°, β = 69.6138(16)°, γ = 

87.9499(14)°, V = 2615.50(8) Å
3
, Z = 4, T = 294(2) K, μ(MoKα) = 4.122 mm

-1
, Dcalc = 

1.623 g/cm
3
, 54597 reflections measured (4.82° ≤ 2Θ ≤ 56.56°), 12960 unique (Rint = 0.0379, 

Rsigma = 0.0342) which were used in all calculations. The final R1 was 0.0329 (>2sigma(I)) 

and wR2 was 0.0841 (all data). 

See Table B1 in Appendix B for crystal data of inclusion structures 
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Compound Name: Trimesitylantimony diisothiocyanate 

Abbreviation: SbMes3(NCS)2 

MW: 595.47 g/mol 

Appearance:  

White solid 

Lit. and/or notebook # 

and page: 

LV-02-50 

First made on date:  

April 29, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 241 – 243 

1
H NMR: (400 MHz, CDCl3): δ 7.04 (6H, s, arom.), 2.53 (18H, s, o-CH3), 2.33 (9H, s, p-CH3) 

IR(film) ν/cm-1: 3021m, 2959m, 2921m, 2034vs, 1597m, 1560m, 1451s, 1404w, 1384s, 1290m, 

1264w, 1026m, 928w, 851m, 791w, 769w, 737m, 703w, 638w, 585w, 543m 

Crystal Data see Table B3 in Appendix B for crystal data of inclusion structures 
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Compound Name: Trimesitylantimony dihydroxide 

Abbreviation: SbMes3(OH)2 

MW: 513.32 g/mol 

Appearance:  

Colourless crystals 

Lit. and/or notebook # 

and page: 

LV-02-10 

First made on date:  

June 30, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 205 – 212 

1
H NMR: (400 MHz, CDCl3): δ 6.95 (6H, s, arom.), 2.55 (18H, s, o-CH3), 2.28 (9H, s, p-CH3) 

IR(film) ν/cm-1: 3645s, 3018m, 2959m, 2923s, 1598m, 1557m, 1455s, 1382m, 1288m, 1265w, 

1026m, 850s, 731m, 705m, 585m, 548m, 516m, 471s 

Crystal Data see Table B6 in Appendix B for crystal data of pyrrole inclusion structure 
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Compound Name: Tri(α-naphthyl)bismuth 

Abbreviation: BiNap3 

MW: 590.47 g/mol 

Appearance:  

Off-white thin needles 

Lit. and/or notebook # 

and page: 

LV-02-41 

First made on date:  

October 24, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 242 – 244 

1
H NMR: (400 MHz, CDCl3): δ 8.08 (3H, d, J = 7.6 Hz, arom.), 7.90 (3H, d, J = 7.6 Hz, arom.), 

7.85 (6H, d, J = 7.6 Hz, arom.), 7.46 (6H, m, arom.), 7.24 (3H, t, J = 7.6 Hz, arom.) 

IR(film) ν/cm-1: 3049w, 1551w, 1498m, 1452w, 1382m, 1328w, 1251m, 1212w, 1161w, 1132w, 

1097w, 1020w, 981w, 945w, 855w, 791s, 770s, 732m, 638w, 516w, 508w, 413m 
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Compound Name: Tri(α-naphthyl)bismuth dibromide 

Abbreviation: BiNap3Br2 

MW: 750.25 g/mol 

Appearance:  

Yellow solid 

Lit. and/or notebook # 

and page: 

LV-02-42 

First made on date:  

October 26, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 131 – 133 

1
H NMR: (400 MHz, CDCl3): δ 8.45 (3H, d, J = 8.0 Hz, arom.), 8.39 (3H, d, J = 8.0 Hz, arom.), 

8.11 (3H, d, J = 8.0 Hz, arom.), 8.03 (3H, d, J = 8.0 Hz, arom.), 7.72 (3H, t, J = 8.0 Hz, arom.), 

7.57 (3H, t, J = 8.0 Hz, arom.), 7.43 (3H, t, J = 8.0 Hz, arom.) 

IR(film) ν/cm-1: 3051w, 1620w, 1591w, 1548m, 1496m, 1458w, 1428w, 1382m, 1360w, 1339w, 

1255m, 1214w, 1200w, 1164w, 1144w, 1126w, 1095w, 1054w, 1021w, 930m, 901w, 851w, 

791s, 761s, 733m, 702w, 637m, 606w, 519w, 413m 

Crystal Data for C30H21BiBr2 (M =750.25 g/mol): monoclinic, space group P21/c (no. 14), a = 

16.4520(6) Å, b = 7.96819(16) Å, c = 20.3256(4) Å, β = 107.939(3)°, V = 2535.00(12) Å
3
, Z = 

4, T = 294(2) K, μ(Mo Kα) = 10.124 mm
-1

, Dcalc = 1.966 g/cm
3
, 42920 reflections measured 

(5.206° ≤ 2Θ ≤ 53.464°), 5368 unique (Rint = 0.0771, Rsigma = 0.0436) which were used in all 

calculations. The final R1 was 0.0417 (I > 2σ(I)) and wR2 was 0.0932 (all data). 
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Compound Name: Trimesitylbismuth 

Abbreviation: BiMes3 

MW: 566.53 g/mol 

Appearance:  

Pale yellow needles 

Lit. and/or notebook # 

and page: 

LV-02-33 

First made on date:  

September 13, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 136 – 139 

1
H NMR: (400 MHz, CDCl3): δ 6.92 (6H, s, arom.), 2.26 (18H, s, o-CH3), 2.22 (9H, s, p-CH3) 

IR(film) ν/cm-1: 3012m, 2962s, 2918s, 2729m, 1718w, 1594w, 1556w, 1446s, 1402m, 1376m, 

1288m, 1264m, 1024m, 1000m, 943w, 846s, 794w, 772w, 739m, 701m, 577w, 542m, 436w 
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Compound Name: Trimesitylbismuth dibromide 

Abbreviation: BiMes3Br2 

MW: 726.34 g/mol 

 

 

 

 

Appearance: Yellow solid 

Lit. and/or notebook #: LV-02-35 

First made on date: October 5, 2016 

Made by: Laszlo Visontai 

 

Experimental Data  

m.p. (°C): 82 – 87 

1
H NMR: (400 MHz, CDCl3): δ 7.10 (6H, s, arom.), 2.74 (18H, s, o-CH3), 2.31 (9H, s, p-CH3) 

Crystal Data complete structure solution was not obtained; see Table B8 in Appendix B for unit 

cell parameters 

  



184 

 

Compound Name: Trimesitylbismuth diisothiocyanate 

Abbreviation: BiMes3(NCS)2 

MW: 682.69 g/mol 

Appearance:  

Pale yellow solid 

Lit. and/or notebook # 

and page: 

LV-02-37 

First made on date:  

September 28, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 96 – 98 

1
H NMR: (400 MHz, CDCl3): δ 7.20 (6H, s, arom.), 2.58 (18H, s, o-CH3), 2.34 (9H, s, p-CH3) 

IR(film) ν/cm-1: 3053w, 2986w, 2929w, 2030vs, 1570w, 1455m, 1384m, 1292m, 1265m, 

1176w, 1157w, 1095w, 1027w, 984m, 936w, 896w, 854m, 737s, 704m, 580w, 538m 

Crystal Data see Table B7 in Appendix B for crystal data of inclusion structures 
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Compound Name: Triphenylantimony dibromide 

Abbreviation: SbPh3Br2 

MW: 512.88 g/mol 

Appearance:  

White solid 

Lit. and/or notebook # 

and page: 

LV-01-05 

First made on date:  

October 26, 2015 

Made by:  

Laszlo Visontai 

Experimental Data  

m.p. (°C): 222 – 224 

1
H NMR: (400 MHz, CDCl3): δ 8.15 (6H, m, arom.), 7.53 (9H, m, arom.) 

IR(KBr) ν/cm-1: 3071w, 1571w, 1474s, 1435s, 1328m, 1300w, 1187w, 1092w, 1058w, 1017m, 

994s, 905w, 728s, 682s, 456s 
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Compound Name: Triphenylantimony diisothiocyanate 

Abbreviation: SbPh3(NCS)2 

MW: 469.24 g/mol 

Appearance:  

Colourless needles 

Lit. and/or notebook # 

and page: 

LV-01-12 

First made on date:  

November 24, 2015 

Made by:  

Laszlo Visontai 

 

Experimental Data  

m.p. (°C): 107 – 109 

1
H NMR: (400 MHz, CDCl3): δ 8.06 (6H, m, arom.), 7.63 (9H, m, arom.) 

IR(KBr) ν/cm-1: 3053w, 2962w, 2011vs, 1571w, 1561w, 1477m, 1434s, 1332w, 1302w, 1261w, 

1181w, 1160w, 1095w, 1063w, 1020w, 996m, 801w, 739s, 687s, 478w, 453m, 432w 

 

 

 

 

  



189 

 

 

 

  



190 

 

Compound Name: Triphenylantimony dibenzoate 

Abbreviation: SbPh3Bz2 

MW: 563.30 g/mol 

Appearance:  

Colourless block crystals 

Lit. and/or notebook # 

and page: 

LV-01-21 

First made on date:  

January 6, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 177 – 183 

1
H NMR: (400 MHz, CDCl3): δ 8.10 (6H, m, Ph), 7.91 (4H, d, Bz), 7.46 (9H, m, Ph), 7.42 (2H, 

d, Bz), 7.32 (4H, t, Bz) 

IR(KBr) ν/cm-1: 3053w, 1963w, 1900w, 1817w, 1776w, 1607s, 1575s, 1532m, 1492w, 1479s, 

1449s, 1434s, 1398m, 1342s, 1302s, 1187m, 1174m, 1126m, 1071m, 1023m, 997m, 939w, 

854m, 832m, 818m, 737s, 716s, 688s, 541m, 456s, 446s 
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Compound Name: Trimesitylantimony benzoate hydroxide 

Abbreviation: SbMes3Bz(OH) 

MW: 617.44 g/mol 

 

Appearance: Colourless crystals 

 

Lit. and/or notebook #: LV-01-76 

First made on date: May 2, 2016 

 

Made by: Laszlo Visontai 

 

 

Experimental Data 

m.p. (°C): 175 – 180 

1
H NMR: (400 MHz, CDCl3): δ 8.05-7.30 (7.5H, m, Bz + benzoic acid), 6.93 (6H, s, arom.), 

2.55 (18H, s, o-CH3), 2.26 (9H, s, p-CH3) 

IR(KBr) ν/cm-1: 3636m, 3058w, 3016w, 2958w, 2925m, 1716s, 1598s, 1649s, 1612m, 1598s, 

1571m, 1448m, 1381m, 1334s, 1310s, 1292s, 1219m, 1171m, 1121m, 1068w, 1025m, 933w, 

849m, 828w, 720s, 667m, 646m, 584w, 557w, 537s, 492w, 437w 

Crystal Data for C75H84O8Sb2 (M =1356.94 g/mol): triclinic, space group P-1 (no. 2), a = 

8.0907(2) Å, b = 11.2483(3) Å, c = 19.0110(6) Å, α = 77.460(3)°, β = 83.625(2)°, γ = 

74.148(2)°, V = 1622.16(8) Å
3
, Z = 1, T = 294(2) K, μ(MoKα) = 0.889 mm

-1
, Dcalc = 

1.389 g/cm
3
, 28350 reflections measured (5.242° ≤ 2Θ ≤ 63.008°), 10759 unique (Rint = 0.0371, 

Rsigma = 0.0499) which were used in all calculations. The final R1 was 0.0415 (I > 2σ(I)) 

and wR2 was 0.0957 (all data). 
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Compound Name: Trimesitylantimony benzoate bromide* 

Abbreviation: SbMes3BzBr 

MW: 680.33 g/mol 

Appearance:  

White solid 

Lit. and/or notebook # 

and page: 

LV-02-22 

First made on date:  

August 24, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data 

m.p. (°C): 163 – 168 

1
H NMR: (400 MHz, CDCl3): δ 8.00 (2H, m, Bz), (3H, m, Bz), 6.94 (6H, s, arom.), 2.55 (18H, 

s, o-CH3), 2.27 (9H, s, p-CH3) 

IR(KBr) ν/cm-1: 3022w, 2962w, 2924w, 1717w, 1659m, 1638m, 1598m, 1577m, 1561m, 

1447w, 1407w, 1384w, 1339w, 1310m, 1290m, 1261m, 1172w, 1122w, 1069w, 1024m, 854w, 

803m, 718s, 668w, 646w, 585w, 537m, 467w, 441w 

*The identity of this compound is not known for certain, as there is neither a crystal structure nor elemental 

analysis for this product. The identity of SbMes3BzBr was assigned based on available characterization. 
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Compound Name: Bis(2,4,6-triisopropylphenyl)antimony monochloride 

Abbreviation: Sb(TIPP)2Cl 

MW: 563.91 g/mol 

 

 

 

 

 

 

Appearance: Yellow residue 

Lit. and/or notebook #: LV-01-53 

 

First made on date: March 22, 2016 

Made by: Laszlo Visontai

Experimental Data  

1
H NMR: (400 MHz, CDCl3): δ 6.97 (4H, s, arom.), 3.33 (4H, sept, J = 6.8 Hz, o-CH), 2.81 (2H, 

sept, J = 6.8 Hz, p-CH), 1.19 (12H, d, J = 6.8 Hz, p-CH3), 1.04 (24H, d, J = 6.8 Hz, o-CH3) 
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Compound Name: Bis(2,4,6-triisopropylphenyl)antimony tribromide 

Abbreviation: Sb(TIPP)2Br3 

MW: 768.13 g/mol 

Appearance:  

Yellow solid 

Lit. and/or notebook # 

and page: 

LV-01-59 

First made on date:  

April 4, 2016 

Made by:  

Laszlo Visontai 

 

Experimental Data  

m.p. (°C): 128 – 129 

1
H NMR: (400 MHz, CDCl3): δ 7.09 (4H, s, arom.), 3.96 (4H, br, o-CH), 2.89 (2H, sept, J = 6.8 

Hz, p-CH), 1.43 (24H, d, J = 6.4 Hz, o-CH3), 1.26 (12H, d, J = 7.2 Hz, p-CH3) 

IR(KBr) ν/cm-1: 3021w, 2961s, 2930m, 2865m, 1736w, 1611w, 1587w, 1562m, 1460s, 1418m, 

1383m, 1360m, 1345m, 1304m, 1259m, 1232w, 1159m, 1133w, 1101m, 1065w, 1049m, 977s, 

925w, 901w, 883m, 803w, 746w, 728w, 675w, 646w, 595w, 509w, 409s 

Crystal Data  for C30H46Br3Sb (M =768.13 g/mol): monoclinic, space group C2/c (no. 15), a = 

15.8715(3) Å, b = 10.27070(10) Å, c = 21.9240(4) Å, β = 117.180(2)°, V = 3179.22(10) Å
3
, Z = 

4, T = 294(2) K, μ(MoKα) = 4.654 mm
-1

, Dcalc = 1.605 g/cm
3
, 38700 reflections measured 

(4.786° ≤ 2Θ ≤ 61.014°), 4842 unique (Rint = 0.0315, Rsigma = 0.0164) which were used in all 

calculations. The final R1 was 0.0405 (I > 2σ(I)) and wR2 was 0.1185 (all data). 
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Appendix B – Crystal data
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Table B1a: Crystal data for SbMes3Br2 and its inclusion structures. 

 Guest-free Toluene (7Br) o-Xylene (8Br) m-Xylene (11Br) 

H/G ratio N/A 2:1 2:1 2:3 

Crystal colour colourless colourless colourless colourless 

Crystal shape plate block plate block 

Crystal size / mm 0.4 × 0.24 × 0.1 0.24 × 0.24 × 0.1 0.2 × 0.2 × 0.06 0.3 × 0.16 × 0.1 

Crystal system triclinic triclinic triclinic monoclinic 

Space group P-1 P-1 P-1 P21/c 

a / Å 11.3516(2) 9.11305(18) 8.7739(2) 18.3891(3) 

b / Å 15.6646(2) 15.8907(2) 16.3099(5) 12.52214(17) 

c / Å 15.7751(3) 20.2003(8) 20.9791(6) 17.1855(3) 

α / ° 84.1046(13) 95.803(2) 98.546(3) 90 

β / ° 69.6138(16) 99.673(2) 99.993(2) 114.1758(19) 

γ / ° 87.9499(14) 91.5118(14) 92.438(2) 90 

V / Å
3 

2615.50(8) 2866.09(13) 2916.55(15) 3610.23(10) 

Z 4 4 4 4 

Z′ 2 2 2 1 

Dcalc. / g cm
-3 

1.623 1.588 1.576 1.469 

2Θ range for collection / ° 4.82 to 56.56 4.12 to 55.10 4.73 to 52.74 4.24 to 57.42 

Index ranges -15 ≤ h ≤ 15 

-20 ≤ k ≤ 20 

-21 ≤ l ≤ 21 

-11 ≤ h ≤ 11 

-20 ≤ k ≤ 20 

-9 ≤ l ≤ 26 

-10 ≤ h ≤ 10 

-20 ≤ k ≤ 20 

-26 ≤ l ≤ 26 

-24 ≤ h ≤ 24 

-16 ≤ k ≤ 16 

-23 ≤ l ≤ 23 

Reflections collected 54597 13148 47566 69706 

Independent reflections 12960 [Rint = 0.0379] 13148 [Rint = merged] 11903 [Rint = 0.0431] 9322 [Rint = 0.0528] 

Data/restraints/parameters 12960/0/559 13148/0/624 11903/58/684 9322/303/458 

Goodness-of-fit on F
2 

1.000 1.021 1.085 1.004 

Final R indices [I ≥ 2σ(I)] R1 = 0.0329 

wR2 = 0.0768 

R1 = 0.0611 

wR2 = 0.2110 

R1 = 0.0350 

wR2 = 0.0810 

R1 = 0.0391 

wR2 = 0.1052 

Final R indices [all data] R1 = 0.0583 

wR2 = 0.0841 

R1 = 0.0886 

wR2 = 0.2256 

R1 = 0.0590 

wR2 = 0.0893 

R1 = 0.0674 

wR2 = 0.1227 

Largest peak/hole  / e Å
-3

 +0.95/-0.64 +1.35/-1.36 +0.50/-0.72 +2.02/-0.68 
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Table B1b: Crystal data for SbMes3Br2 and its inclusion structures (continued). 

 p-Xylene* (10Br) Anisole (9) Mesitylene (12) 

H/G ratio 1:2 2:1 1:1 

Crystal colour colourless colourless colourless 

Crystal shape block plate plate 

Crystal size / mm 0.4 × 0.3 × 0.24 0.28 × 0.18 × 0.04 0.4 × 0.22 × 0.1 

Crystal system triclinic triclinic monoclinic 

Space group P-1 P-1 P21/n 

a / Å 8.284(6) 9.1687(2) 8.97879(11) 

b / Å 17.105(4) 15.9433(3) 26.3330(4) 

c / Å 28.066(6) 19.9863(6) 14.29335(19) 

α / ° 85.21(2) 95.631(2) 90 

β / ° 87.07(3) 96.956(2) 92.8692(12) 

γ / ° 88.99(3) 90.0318(19) 90 

V / Å
3 

3957(3) 2885.86(12) 3375.26(8) 

Z 4 4 4 

Z′ 2 2 1 

Dcalc. / g cm
-3 

1.429 1.595 1.494 

2Θ range for collection / °  5.08 to 55.00 4.80 to 59.14 

Index ranges  -11 ≤ h ≤ 11 

-20 ≤ k ≤ 20 

-25 ≤ l ≤ 25 

-12 ≤ h ≤ 12 

-36 ≤ k ≤ 36 

-19 ≤ l ≤ 19 

Reflections collected  13216 66459 

Independent reflections  13216 [Rint = merged] 9466 [Rint = 0.0343] 

Data/restraints/parameters  13216/167/693 9466/0/364 

Goodness-of-fit on F
2 

 1.002 1.005 

Final R indices [I ≥ 2σ(I)]  R1 = 0.0634 

wR2 = 0.1556 

R1 = 0.0346 

wR2 = 0.0807 

Final R indices [all data]  R1 = 0.1129 

wR2 = 0.1737 

R1 = 0.0597 

wR2 = 0.0900 

Largest peak/hole  / e Å
-3

  +1.38/-1.75 +0.59/-0.87 
*Rapidly desolvated during data collection 
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Table B2a: Crystal data for SbMes3Cl2 and its inclusion structures. 

 Guest-free Benzene (6) Toluene (7Cl) 

H/G ratio N/A 2:1 2:1 

Crystal colour colourless colourless colourless 

Crystal shape plate prism plate 

Crystal size / mm 0.3 × 0.2 × 0.06 0.6 × 0.1 × 0.1 0.6 × 0.4 × 0.04 

Crystal system triclinic triclinic triclinic 

Space group P-1 P-1 P-1 

a / Å 11.3012(2) 8.49589(13) 8.4210(2) 

b / Å 15.6061(3) 16.6673(2) 16.8676(4) 

c / Å 15.6536(3) 19.6039(4) 20.4150(9) 

α / ° 84.5157(16) 92.7260(14) 77.728(3) 

β / ° 86.8692(15) 95.3984(14) 84.068(3) 

γ / ° 70.0813(17) 91.4074(12) 89.985(2) 

V / Å
3 

2583.03(8) 2759.36(8) 2817.65(16) 

Z 4 4 4 

Z′ 2 2 2 

Dcalc. / g cm
-3 

1.415 1.418 1.406 

2Θ range for collection / ° 4.88 to 60.06 4.74 to 60.06 3.54 to 54.20 

Index ranges -15 ≤ h ≤ 15 

-21 ≤ k ≤ 21 

-22 ≤ l ≤ 22 

-11 ≤ h ≤ 11 

-23 ≤ k ≤ 23 

-27 ≤ l ≤ 27 

-10 ≤ h ≤ 10 

-21 ≤ k ≤ 21 

-25 ≤ l ≤ 26 
 

Reflections collected 56641 63571 40407 

Independent reflections 15095 [Rint = 0.0281] 16109 [Rint = 0.0311] 12442 [Rint = 0.0512] 

Data/restraints/parameters 15095/0/559 16109/144/656 12442/172/660 

Goodness-of-fit on F
2 

1.002 0.999 1.013 

Final R indices [I ≥ 2σ(I)] R1 = 0.0288 

wR2 = 0.0764 
R1 = 0.0395 

wR2 = 0.1100 
 

R1 = 0.0834 

wR2 = 0.2040 

Final R indices [all data] R1 = 0.0448 

wR2 = 0.0854 

R1 = 0.0539 

wR2 = 0.1170 

R1 = 0.1171 

wR2 = 0.2171 

Largest peak/hole  / e Å
-3

 +0.66/-0.53 +1.54/-1.12 +2.28/-1.60 
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Table B2b: Crystal data for SbMes3Cl2 and its inclusion structures (continued). 

 o-Xylene (8Cl) m-Xylene (11Cl) p-Xylene (10Cl) 

H/G ratio 2:1 2:3 1:2 

Crystal colour colourless colourless colourless 

Crystal shape block block block 

Crystal size / mm 0.5 × 0.3 × 0.24 0.5 × 0.22 × 0.2 0.4 × 0.2 × 0.2 

Crystal system triclinic monoclinic triclinic 

Space group P-1 P21/c P-1 

a / Å 8.44725(12) 18.3712(2) 8.3004(2) 

b / Å 16.5530(2) 12.41555(11) 16.9287(3) 

c / Å 21.0335(3) 17.17412(19) 27.8880(7) 

α / ° 99.6041(11) 90 84.961(2) 

β / ° 99.5182(12) 114.4530(14) 85.736(2) 

γ / ° 92.0056(11) 90 89.910(2) 

V / Å
3 

2853.98(7) 3565.85(6) 3892.68(15) 

Z 4 4 4 

Z′ 2 1 2 

Dcalc. / g cm
-3 

1.404 1.321 1.301 

2Θ range for collection / ° 5.00 to 63.02 4.88 to 66.28 4.84 to 50.70 

Index ranges -12 ≤ h ≤ 12 

-24 ≤ k ≤ 24 

-30 ≤ l ≤ 30 

-28 ≤ h ≤ 28 

-19 ≤ k ≤ 19 

-26 ≤ l ≤ 26 

-9 ≤ h ≤ 9 

-20 ≤ k ≤ 20 

-33 ≤ l ≤ 33 

Reflections collected 75945 96739 61966 

Independent reflections 19000 [Rint = 0.0268] 13584 [Rint = 0.0313] 14217 [Rint = 0.0506] 

Data/restraints/parameters 19000/174/680 13584/257/518 14217/0/807 

Goodness-of-fit on F
2 

0.999 1.001 1.005 

Final R indices [I ≥ 2σ(I)] R1 = 0.0317 

wR2 = 0.0799 

R1 = 0.0371 

wR2 = 0.1034 

R1 = 0.0417 

wR2 = 0.0929 

Final R indices [all data] R1 = 0.0488 

wR2 = 0.0886 

R1 = 0.0575 

wR2 = 0.1165 

R1 = 0.0588 

wR2 = 0.1001 

Largest peak/hole  / e Å
-3

 +1.13/-0.63 +1.55/-0.71 +0.90/-0.82 

 



204 

 

Table B3a: Crystal data for SbMes3(NCS)2 inclusion structures. 

 Toluene (13) o-Xylene (15) m-Xylene (14) m-Xylene* (16) 

H/G ratio 1:1 1:2 1:1 1:2 

Crystal colour colourless colourless colourless colourless 

Crystal shape block block block block 

Crystal size / mm 0.4 × 0.22 × 0.2 0.4 × 0.2 × 0.18 0.46 × 0.26 × 0.26 0.38 × 0.2 × 0.18 

Crystal system triclinic monoclinic triclinic monoclinic 

Space group P-1 C2/c P-1 C2/c 

a / Å 10.3140(2) 20.9907(3) 10.4235(3) 21.1529(3) 

b / Å 11.8919(3) 12.72749(19) 11.9450(3) 12.69770(10) 

c / Å 14.9882(3) 16.3123(3) 15.5638(4) 16.7080(3) 

α / ° 81.603(2) 90 78.187(2) 90 

β / ° 81.471(2) 101.9538(15) 76.834(2) 102.9260(10) 

γ / ° 75.743(2) 90 73.372(2) 90 

V / Å
3 

1750.49(7) 4263.47(12) 1787.65(8) 4373.94(11) 

Z 2 4 2 4 

Z′ 1 0.5 1 0.5 

Dcalc. / g cm
-3 

1.304 1.263 1.303 1.227 

2Θ range for collection / ° 4.67 to 65.15 4.78 to 63.00 4.80 to 63.08 5.00 to 61.02 

Index ranges -15 ≤ h ≤ 15 

-18 ≤ k ≤ 18 

-22 ≤ l ≤ 22 

-30 ≤ h ≤ 30 

-18 ≤ k ≤ 18 

-23 ≤ l ≤ 23 

-15 ≤ h ≤ 15 

-17 ≤ k ≤ 17 

-22 ≤ l ≤ 22 

-30 ≤ h ≤ 30 

-18 ≤ k ≤ 18 

-23 ≤ l ≤ 23 

Reflections collected 43790 48022 50025 50569 

Independent reflections 12746 [Rint = 0.0288] 7091 [Rint = 0.0326] 11918 [Rint = 0.0287] 6661 [Rint = 0.0258] 

Data/restraints/parameters 12746/330/441 7091/185/306 11918/176/447 6661/175/295 

Goodness-of-fit on F
2 

1.088 1.009 1.013 1.101 

Final R indices [I ≥ 2σ(I)] R1 = 0.0346 

wR2 = 0.0915 

R1 = 0.0403 

wR2 = 0.1138 

R1 = 0.0337 

wR2 = 0.0916 

R1 = 0.0310 

wR2 = 0.0789 

Final R indices [all data] R1 = 0.0475 

wR2 = 0.0989 

R1 = 0.0489 

wR2 = 0.1233 

R1 = 0.0452 

wR2 = 0.0996 

R1 = 0.0385 

wR2 = 0.0855 

Largest peak/hole  / e Å
-3

 +0.60/-0.51 +0.78/-1.07 +0.75/-0.61 +0.33/-0.31 
*Crystallized at -16 °C 
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Table B3b: Crystal data for SbMes3(NCS)2 inclusion structures (continued). 

 Mesitylene (19) Diethyl ether (18) Ethanol (17) DMF* (24) 

H/G ratio 1:2 1:1 1:1 1:1 

Crystal colour colourless colourless colourless colourless 

Crystal shape block block block plate 

Crystal size / mm 0.5 × 0.2 × 0.2 0.5 × 0.4 × 0.2 0.3 × 0.24 × 0.14 0.4 × 0.2 × 0.1 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group P21/c P21/c P21/c P21/c 

a / Å 20.2448(2) 18.8151(2) 16.74272(14) 13.11826(17) 

b / Å 13.15601(12) 11.58001(13) 11.83713(10) 28.8971(5) 

c / Å 16.75292(15) 16.0563(2) 15.96846(12) 16.8908(2) 

α / ° 90 90 90 90 

β / ° 96.9169(9) 104.6644(13) 92.1918(7) 99.5740(13) 

γ / ° 90 90 90 90 

V / Å
3 

4429.51(7) 3384.37(7) 3162.41(4) 6313.78(16) 

Z 4 4 4 8 

Z′ 1 1 1 2 

Dcalc. / g cm
-3 

1.253 1.314 1.347 1.320 

2Θ range for collection / ° 4.58 to 59.14 5.16 to 63.02 4.88 to 66.28 4.88 to 63.02 

Index ranges -28 ≤ h ≤ 28 

-18 ≤ k ≤ 18 

-23 ≤ l ≤ 23 

-27 ≤ h ≤ 27 

-17 ≤ k ≤ 17 

-23 ≤ l ≤ 23 

-25 ≤ h ≤ 25 

-18 ≤ k ≤ 18 

-24 ≤ l ≤ 24 

-18 ≤ h ≤ 19 

-41 ≤ k ≤ 42 

-24 ≤ l ≤ 24 

Reflections collected 87589 77994 93036 93762 

Independent reflections 12421 [Rint = 0.0337] 11252 [Rint = 0.0311] 12065 [Rint = 0.0326] 21006 [Rint = 0.0333] 

Data/restraints/parameters 12421/0/484 11252/121/407 12065/33/381 21006/91/745 

Goodness-of-fit on F
2 

1.002 1.020 1.013 1.007 

Final R indices [I ≥ 2σ(I)] R1 = 0.0310 

wR2 = 0.0676 

R1 = 0.0369 

wR2 = 0.1024 

R1 = 0.0308 

wR2 = 0.0867 

R1 = 0.0380 

wR2 = 0.0940 

Final R indices [all data] R1 = 0.0480 

wR2 = 0.0745 

R1 = 0.0556 

wR2 = 0.1137 

R1 = 0.0485 

wR2 = 0.0973 

R1 = 0.0625 

wR2 = 0.1047 

Largest peak/hole  / e Å
-3

 +0.94/-0.48 +0.91/-0.65 +1.05/-0.60 +1.10/-0.70 
*Host species is SbMes3(NCS)(OH) 
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Table B3c: Crystal data for SbMes3(NCS)2 inclusion structures (continued). 

 p-Xylene (20) n-Hexane (23) Cumene (22) Acetonitrile (21) 

H/G ratio 2:1 4:1 1:1 2:1 

Crystal colour colourless colourless colourless colourless 

Crystal shape block block block block 

Crystal size / mm 0.34 × 0.26 × 0.12 0.38 × 0.28 × 0.2 0.38 × 0.2 × 0.14 0.6 × 0.3 × 0.2 

Crystal system monoclinic triclinic triclinic monoclinic 

Space group P21/n P-1 P-1 C2/c 

a / Å 12.51006(11) 10.9836(2) 10.3898(2) 19.31054(18) 

b / Å 20.51476(17) 13.4573(3) 10.6376(2) 10.40199(10) 

c / Å 12.62448(10) 22.1147(3) 18.8699(4) 29.5695(3) 

α / ° 90 107.1081(16) 84.2073(18) 90 

β / ° 91.7482(8) 93.4108(14) 80.8839(17) 92.1718(8) 

γ / ° 90 100.1634(16) 64.803(2) 90 

V / Å
3 

3238.45(5) 3053.47(10) 1861.96(6) 5935.30(10) 

Z 4 4 2 8 

Z′ 1 2 1 1 

Dcalc. / g cm
-3 

1.330 1.342 1.276 1.379 

2Θ range for collection / ° 4.52 to 66.28 5.08 to 60.06 4.70 to 63.02 4.96 to 64.06 

Index ranges -19 ≤ h ≤ 19 

-31 ≤ k ≤ 31 

-19 ≤ l ≤ 19 

-15 ≤ h ≤ 15 

-18 ≤ k ≤ 18 

-31 ≤ l ≤ 31 

-15 ≤ h ≤ 15 

-15 ≤ k ≤ 15 

-27 ≤ l ≤ 27 

-28 ≤ h ≤ 28 

-15 ≤ k ≤ 15 

-44 ≤ l ≤ 44 

Reflections collected 99328 88662 49542 72974 

Independent reflections 12339 [Rint = 0.0323] 17858 [Rint = 0.0262] 12392 [Rint = 0.0274] 10340 [Rint = 0.0274] 

Data/restraints/parameters 12339/98/399 17858/69/686 12392/218/479 10340/0/331 

Goodness-of-fit on F
2 

1.005 1.029 1.004 1.002 

Final R indices [I ≥ 2σ(I)] R1 = 0.0313 

wR2 = 0.0852 

R1 = 0.0341 

wR2 = 0.0912 

R1 = 0.0387 

wR2 = 0.1046 

R1 = 0.0357 

wR2 = 0.1011 

Final R indices [all data] R1 = 0.0505 

wR2 = 0.0956 

R1 = 0.0502 

wR2 = 0.1004 

R1 = 0.0552 

wR2 = 0.1145 

R1 = 0.0439 

wR2 = 0.1066 

Largest peak/hole  / e Å
-3

 +0.72/-0.66 +0.84/-0.92 +0.79/-0.68 +1.61/-1.18 
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Table B4: Crystal data for SbNap3 and its inclusion structures. 

 Guest-free Benzene (1) THF (2) DMF (3) 

H/G ratio N/A 1:1 1:1 1:1 

Crystal colour colourless colourless colourless colourless 

Crystal shape needle block block prism 

Crystal size / mm 0.9 × 0.05 × 0.04 0.3 × 0.2 × 0.14 0.38 × 0.18 × 0.12 0.5 × 0.1 × 0.04 

Crystal system orthorhombic triclinic triclinic trigonal 

Space group Pna21 P-1 P-1 P31c 

a / Å 9.85660(13) 9.49261(18) 9.65125(17) 12.74340(10) 

b / Å 37.5010(6) 12.5090(3) 12.1326(3) 12.74340(10) 

c / Å 18.0451(3) 13.1793(4) 13.0488(3) 9.81430(10) 

α / ° 90 61.697(3) 67.501(2) 90 

β / ° 90 89.8042(18) 80.3462(16) 90 

γ / ° 90 86.9448(18) 76.1149(17) 120 

V / Å
3 

6670.05(18) 1375.48(6) 1365.49(5) 1380.26(3) 

Z 12 2 2 2 

Z′ 3 1 1 1 

Dcalc. / g cm
-3 

1.503 1.404 1.399 1.387 

2Θ range for collection / ° 4.66 to 60.12 5.48 to 66.28 5.14 to 65.14 5.55 to 66.23 

Index ranges -13 ≤ h ≤ 13 

-52 ≤ k ≤ 52  

-25 ≤ l ≤ 25 

-14 ≤ h ≤ 14 

-19 ≤ k ≤ 19 

-20 ≤ l ≤ 20 

-14 ≤ h ≤ 14 

-18 ≤ k ≤ 18 

-19 ≤ l ≤ 19 

-19 ≤ h ≤ 19 

-19 ≤ k ≤ 19 

-15 ≤ l ≤ 15 

Reflections collected 140498 38074 32989 35904 

Independent reflections 19504 [Rint = 0.0493] 10505 [Rint = 0.0258] 9975 [Rint = 0.0242] 3509 [Rint = 0.0337] 

Data/restraints/parameters 19504/1/839 10505/186/365 9975/170/371 3509/43/127 

Goodness-of-fit on F
2 

0.992 1.014 1.006 0.985 

Final R indices [I ≥ 2σ(I)] R1 = 0.0484  

wR2 = 0.1197 

R1 = 0.0264  

wR2 = 0.0653 

R1 = 0.0304 

wR2 = 0.0794 

R1 = 0.0246 

wR2 = 0.0550 

Final R indices [all data] R1 = 0.0743 

wR2 = 0.1321 

R1 = 0.0362 

wR2 = 0.0723 

R1 = 0.0430 

wR2 = 0.0875 

R1 = 0.0468 

wR2 = 0.0610 

Largest peak/hole  / e Å
-3

 +1.83/-1.30 +0.50/-0.31 +1.14/-0.52 +0.31/-0.25 
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Table B5: Crystal data for SbNap3X2 and (SbNap3O)2 structures. 

 SbNap3Br2 SbNap3(NCS)2 (SbNap3O)2 

(p-xylene) (4) 

(SbNap3O)2 

(ethylbenzene) (5) 

Crystal colour colourless colourless colourless purple 

Crystal shape prism prism plate block 

Crystal size / mm 0.3 × 0.2 × 0.12 0.2 × 0.1 × 0.06 0.1 × 0.1 × 0.03 0.22 × 0.13 × 0.11 

Crystal system monoclinic triclinic monoclinic monoclinic 

Space group P21/c P-1 P21/c P21/c 

a / Å 16.42316(19) 8.76623(18) 12.71230(13) 12.69237(15) 

b / Å 7.87018(8) 9.5962(2) 13.96332(15) 13.8704(3) 

c / Å 20.1775(2) 17.8094(4) 14.71835(16) 14.9577(3) 

α / ° 90 95.3524(17) 90 90 

β / ° 107.9574(11) 101.2270(18) 95.9248(9) 95.7023(13) 

γ / ° 90 105.9403(18) 90 90 

V / Å
3 

2480.96(5) 1395.79(5) 2598.64(5) 2620.25(8) 

Z 4 2 2 2 

Z′ 1 1 0.5 0.5 

Dcalc. / g cm
-3 

1.775 1.474 1.463 1.433 

2Θ range for collection / ° 5.22 to 62.00 4.96 to 53.46 4.98 to 64.06 4.98 to 55.75 

Index ranges -23 ≤ h ≤ 23  

-11 ≤ k ≤ 11  

-29 ≤ l ≤ 29 

-11 ≤ h ≤ 11  

-12 ≤ k ≤ 12  

-22 ≤ l ≤ 22 

-18 ≤ h ≤ 18 

-20 ≤ k ≤ 20 

-21 ≤ l ≤ 21 

-16 ≤ h ≤ 16 

-18 ≤ k ≤ 18 

-19 ≤ l ≤ 19 

Reflections collected 56510 25059 76459 41594 

Independent reflections 7906 [Rint = 0.0309] 5915 [Rint = 0.0404] 9040 [Rint = 0.0448] 6232 [Rint = 0.0507] 

Data/restraints/parameters 7906/0/298 5915/12/344 9040/126/362 6232/90/340 

Goodness-of-fit on F
2 

1.015 1.020 1.024 1.101 

Final R indices [I ≥ 2σ(I)] R1 = 0.0256  

wR2 = 0.0576 

R1 = 0.0495  

wR2 = 0.1253 

R1 = 0.0579 

wR2 = 0.1565 

R1 = 0.0591 

wR2 = 0.1471 

Final R indices [all data] R1 = 0.0381  

wR2 = 0.0619 

R1 = 0.0626  

wR2 = 0.1335 

R1 = 0.0824 

wR2 = 0.1736 

R1 = 0.0892 

wR2 = 0.1689 

Largest peak/hole  / e Å
-3

 +0.90/-0.53 +1.57/-1.00 +6.01/-2.37 +3.73/-1.21 
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Table B6: Crystal data for other trimesitylstibine structures. 

 SbMes3 2(SbMes3(OH)2) 

7(pyrrole) (25) 

2(SbMes3Bz(OH)) 

(benzoic acid) 

SbMes3(DCBO)(OH)* 

Crystal colour colourless colourless colourless colourless 

Crystal shape block plate plate plate 

Crystal size / mm 0.2 × 0.17 × 0.06 0.5 × 0.24 × 0.1 0.24 × 0.2 × 0.06 0.2 × 0.16 × 0.04 

Crystal system monoclinic trigonal triclinic monoclinic 

Space group C2/c P3c1 P-1 P21/n 

a / Å 10.9401(3) 14.6500(2) 8.0907(2) 8.15172(10) 

b / Å 12.5266(3) 14.6500(2) 11.2483(3) 23.9841(3) 

c / Å 18.0281(5) 20.5616(3) 19.0110(6) 15.29099(18) 

α / ° 90 90 77.460(3) 90 

β / ° 103.9111(17) 90 83.625(2) 104.6342(12) 

γ / ° 90 120 74.148(2) 90 

V / Å
3 

2398.15(11) 3821.75(9) 1622.16(8) 2892.58(6) 

Z 4 4 2 4 

Z′ 0.5 0.67 1 1 

Dcalc. / g cm
-3 

1.327 1.300 1.389 1.413 

2Θ range for collection / ° 4.66 to 55.99 5.10 to 62.96 5.24 to 63.01 5.20 to 66.284 

Index ranges -12 ≤ h ≤ 14 

-16 ≤ k ≤ 16 

-23 ≤ l ≤ 23 

-21 ≤ h ≤ 21 

-21 ≤ k ≤ 21 

-30 ≤ l ≤ 30 

-11 ≤ h ≤ 11 

-13 ≤ k ≤ 16 

-27 ≤ l ≤ 27 

-12 ≤ h ≤ 12 

-36 ≤ k ≤ 36 

-23 ≤ l ≤ 23 

Reflections collected 11910 84554 28350 72365 

Independent reflections 2891 [Rint = 0.0419] 8494 [Rint = 0.0353] 10759 [Rint = 0.0371] 11021 [Rint = 0.0314] 

Data/restraints/parameters 2891/0/133 8494/391/426 10759/241/498 11021/0/355 

Goodness-of-fit on F
2 

1.142 1.085 1.086 1.039 

Final R indices [I ≥ 2σ(I)] R1 = 0.0658 

wR2 = 0.1290 

R1 = 0.0317 

wR2 = 0.0721 

R1 = 0.0415 

wR2 = 0.0905 

R1 = 0.0222 

wR2 = 0.0516 

Final R indices [all data] R1 = 0.1003 

wR2 = 0.1404 

R1 = 0.0627 

wR2 = 0.0909 

R1 = 0.0576 

wR2 = 0.0957 

R1 = 0.0286 

wR2 = 0.0540 

Largest peak/hole  / e Å
-3

 +1.42/-0.54 +0.70/-0.72 +0.45/-0.40 +0.63/-0.52 
*Studied at low temperature (150 K) 
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Table B7: Crystal data for BiMes3(NCS)2 inclusion structures. 

 Toluene (28) o-Xylene (26) m-Xylene (27) p-Xylene (29) 

H/G ratio 1:1 1:2 1:1 1:1 

Crystal colour yellow colourless colourless colourless 

Crystal shape needle block block prism 

Crystal size / mm 0.5 × 0.04 × 0.04 0.3 × 0.14 × 0.1 0.4 × 0.2 × 0.1 0.5 × 0.18 × 0.1 

Crystal system monoclinic monoclinic triclinic monoclinic 

Space group P21/a C2/c P-1 P21/c 

a / Å 18.9517(18) 21.1132(5) 11.4331(2) 21.1418(4) 

b / Å 18.8538(3) 12.7585(3) 11.9097(2) 18.95308(18) 

c / Å 33.084(3) 16.4048(5) 13.9560(3) 19.2720(4) 

α / ° 90 90 103.105(2) 90 

β / ° 143.02(2) 102.191(3) 98.487(2) 110.929(2) 

γ / ° 90 90 97.150(2) 90 

V / Å
3 

7111(2) 4319.4(2) 1805.79(6) 7212.8(2) 

Z 8 4 2 8 

Z′ 2 0.5 1 2 

Dcalc. / g cm
-3 

1.447 1.381 1.450 1.453 

R / % 3.63 3.65 2.59 4.01 

2Θ range for collection / ° 4.32 to 52.05 4.76 to 54.20 4.66 to 65.15 4.48 to 50.70 

Index ranges -23 ≤ h ≤ 23 

-23 ≤ k ≤ 23 

-40 ≤ l ≤ 40 

-27 ≤ h ≤ 27 

-16 ≤ k ≤ 16 

-21 ≤ l ≤ 21 

-17 ≤ h ≤ 17 

-18 ≤ k ≤ 18 

-21 ≤ l ≤ 21 

-25 ≤ h ≤ 25 

-22 ≤ k ≤ 22 

-23 ≤ l ≤ 23 

Reflections collected 110376 38127 51681 105324 

Independent reflections 14000 [Rint = 0.0614] 4758 [Rint = 0.0513] 13140 [Rint = 0.0358] 13198 [Rint = 0.0761] 

Data/restraints/parameters 14000/243/798 4758/104/283 13140/0/401 13198/0/755 

Goodness-of-fit on F
2 

1.013 1.051 1.039 1.063 

Final R indices [I ≥ 2σ(I)] R1 = 0.0363 

wR2 = 0.0808 

R1 = 0.0365 

wR2 = 0.0890 

R1 = 0.0259 

wR2 = 0.0530 

R1 = 0.0401 

wR2 = 0.0892 

Final R indices [all data] R1 = 0.0641 

wR2 = 0.0945 

R1 = 0.0428 

wR2 = 0.0923 

R1 = 0.0392 

wR2 = 0.0582 

R1 = 0.0774 

wR2 = 0.1015 

Largest peak/hole  / e Å
-3

 +1.04/-0.62 +0.56/-0.81 +0.86/-0.88 +2.53/-1.33 
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Table B8: Crystal data for other structures. 

 Sb(TIPP)2Br3 BiNap3Br2 BiMes3Br2* 

Crystal colour yellow yellow yellow 

Crystal shape slanted block plate plate 

Crystal size / mm 0.3 × 0.2 × 0.18 0.2 × 0.16 × 0.04 0.2 × 0.16 × 0.08 

Crystal system monoclinic monoclinic triclinic 

Space group C2/c P21/c P-1 

a / Å 15.8715(3) 16.4520(6) 11.4840(6) 

b / Å 10.27070(10) 7.96819(16) 15.6866(15) 

c / Å 21.9240(4) 20.3256(4) 15.8658(7) 

α / ° 90 90 83.707(5) 

β / ° 117.180(2) 107.939(3) 68.938(5) 

γ / ° 90 90 88.916(6) 

V / Å
3 

3179.22(10) 2535.00(12) 2650.5(3) 

Z 4 4 4 

Z′ 0.5 1 2 

Dcalc. / g cm
-3 

1.605 1.966 1.820 

2Θ range for collection / ° 4.79 to 61.01 5.21 to 53.464  

Index ranges -22 ≤ h ≤ 22 

-14 ≤ k ≤ 14 

-31 ≤ l ≤ 31 

-20 ≤ h ≤ 20 

-10 ≤ k ≤ 10 

-25 ≤ l ≤ 25 

 

Reflections collected 38700 42920  

Independent reflections 4842 [Rint = 0.0315] 5368 [Rint = 0.0771]  

Data/restraints/parameters 4842/0/161 5368/0/298  

Goodness-of-fit on F
2 

1.053 1.026  

Final R indices [I ≥ 2σ(I)] R1 = 0.0405 

wR2 = 0.1120 

R1 = 0.0417 

wR2 = 0.0818 

 

Final R indices [all data] R1 = 0.0531 

wR2 = 0.1185 

R1 = 0.0665 

wR2 = 0.0932 

 

Largest peak/hole  / e Å
-3

 +1.08/-2.21 +1.79/-1.35  
*Decomposed during data collection 
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