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i  

ABSTRACT 

Chapter 1 gives an introduction to crystal engineering, host-guest chemistry and 

inclusion complexes. This leads to an introduction to Dianin’s compound, which is the 

chemical of interest in this chapter. Then, the chapter describes the synthesis of many 

inclusion complexes of Dianin’s compound with various guests; it describes their 

general properties and then details the properties of each individual complex. The more 

interesting clathrates are described in detail. Some conclusions of the nature of Dianin’s 

compound and host-guest chemistry in general are made. 

Chapter 2 begins with an introduction to cyclopentadiene ligands and, in particular, 

cyclopentadiene ligands with heterocyclic amine functionalised side arms. This leads to 

an introduction to the general methodologies concerning their syntheses. Details of the 

development of the synthetic methodologies are given, from which a highly efficient 

method for the synthesis of two new ligands is formulated. Lastly, a discussion of the 

characterisation of the new ligands and some properties are given. 

Chapter 3 has an introduction concerning the methodologies for synthesising metal 

complexes from cyclopentadiene ligands. The chapter then details attempts to 

synthesise metal complexes from the novel ligands described in chapter 2. Iron 

complexes were investigated to a large extent because ferrocene compounds are the 

archetypical metallocene complex, titanocene dichloride complexes were investigated 

because it was hoped that they would have anticancer or catalytic properties and other 

metals were investigated for the sake of completeness. Many different synthetic 

methodologies were employed and some metal complexes were generated. Lastly, a 

discussion of their properties is included. 
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2D  two dimension(s)(al) 
3D  three dimension(s)(al) 
Å   Ångstöm, angstrom, 1 × 10-10 metre 
aq  aqueous 
Aza L’Azote (French), Azote (Obsolete English), nitrogen, usually 

substitution of a carbon with a nitrogen in a structure 
Bu  butyl 
c  crystal 
CCDC  Cambridge Crystal Data Centre 
CCD  charge coupled device 
COSY  correlation spectroscopy 
CP/MAS cross polarisation/magic angle spinning 
CSD  Cambridge Structural Database 
δ   chemical shift 
∆  difference  
D  density 
Dc  density of a crystal 
DCM   dichloromethane 
DME  dimethoxyethane 
e  electron 
et al.   et alii (Latin), and others  
ETOAc ethyl acetate 
F  Fourier 
FC  structure factor calculated 
FO  structure factor observed 
g  gas 
GC  gas chromatograph(y) 
GCMS  gas chromatography mass spectr(a)(ometry)(um) 
GooF  goodness of fit 
Hex  hexyl 
HF/3-21G Hartree Fock calculation using the 3-21G basis set 
hr  hour(s) 
HSQC  heteronuclear single quantum coherence  
I  Innenzentriert (German), body centred 
I  intensity 
IR   infrared 
λ  wavelength 
µ  mass absorption coefficient  
M   molar 
m  mirror 
max  maximum 
Me   methyl 
MM2  molecular mechanics 2nd generation, a force field 
mmHg  millimetres of mercury 
m/z   mass to charge 
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N  nitrogen bonded 
n  normal, straight chain alkane 
NMR   nuclear magnetic resonance  
NQR  nuclear quadruple resonance 
o  ortho, orthós (Greek) straight  
P  primitive 
p  para, pará (Greek) similar 
PEEK  polyether ether ketone 
Ph  phenyl 
ppm   parts per million 
ppt   precipitate 
ρ  charge density 
R   Racine or Résidue (French), organic residue 
R   Rectus (Latin), right 
R  R factor, correlation coefficient 
R  rhombohedral 
RT  room temperature 
σ  mean 
s   singlet 
S   Sinister (Latin), left 
sec  secondary 
sol’n  solution 
θ  plane angle 
T  temperature 
t  triplet 
tert  tertiary 
THF   tetrahydrofuran 
TLC   thin layer chromatography 
TMEDA  tetramethylethylenediamine 
Ts  tosyl 
w  weak 
w  week 
V  volume 
X   halogen 
Z  number of molecule per unit cell 
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!.! INTRODUCTION 
!.!.! CRYSTAL ENGINEERING 

Crystal engineering, when put simply, is the manufacture of crystals that have desired 

physical properties.1 This involves using intermolecular interactions to manipulate the 

way molecules pack in a crystal so that the resulting crystal has required physical, and 

sometimes chemical, properties.2 Usually, a “bottom-up” approach is taken, which 

involves the construction of functional materials from molecular or ionic building 

blocks but the perspective of “top-down” manipulation, where the crystal is observed 

and then modifications made, is also used.1, 3 The field of crystal engineering is the 

science at the nexus of synthetic chemistry and crystallography and is primarily the 

changing of molecular structure to influence the crystal structure of a molecule or of a 

solid mixture of molecules.2 

Crystals are ordered assemblies of molecules with repeating patterns that extend in all 

directions.4 Molecules can be considered the building blocks of crystals and the 

properties of a crystalline material are the result of the molecular arrangement in the 

crystal lattice.2 Crystal structures are predominantly governed by close packing 

principles, which are described with geometric arguments,5 but minor deviations from 

the close packing model leads to the formation of specific and unique crystal structures. 

This deviation from close-packing, which can be achieved by altering the chemical 

properties of the molecules, becomes the most important consideration for the crystal 

engineer because it allows for the systematic alteration of the crystal structure via 

alterations in the molecule.2 

A core problem of crystal engineering is that crystal structures are not easily predicted 

from molecular structures. A starting point is an analysis of functional groups that have 

definitive supramolecular behaviours within a molecule. This is not simple because the 

behaviour of a functional group in a molecule, when considering the crystallisation of 

the molecule, depends on the nature and position of all other functional groups in a 

molecule.2 The problem is compounded because parts of the molecule that do not have 

functionality are often integral in defining the structure. These moieties, which are often 

aliphatic or aromatic hydrocarbon portions of the molecule, are described as having 

supramolecular functionality. Both the traditional functional group and the 

supramolecular  functional groups are referred to collectively as supramolecular 

synthons.2, 6 In fact, supramolecular synthon is a subjective term that is applied to any 

portion of the molecule that may be associated with any particular packing 
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characteristic1, 7 and are used to fathom, to a first approximation, the crystal structure 

from a molecular structure.1 The engineering of a crystal depends largely on finding 

patterns in intermolecular interactions, identifying and predicting the behaviour of 

supramolecular synthons and finding how they affect the molecular arrangement of a 

crystal as a whole.6 

The next problem for the crystal engineer is the understanding of the crystallisation 

process as it would be expected to occur with the identified supramolecular synthons.2 

The supramolecular synthons will undergo operations involving intermolecular 

interactions with other molecules via the corresponding equivalent synthon or another 

synthon.1 These recognition events result in the formation of a crystal through the 

following conceptual steps. The steps being one molecule interacting with another to 

give a few coherent molecules, the few molecules binding with another few molecules 

to give many molecules, many molecules binding with many others until a nucleation 

event occurs and lastly the increase in size of the crystal from the nucleation point.2 

This is often referred to as the Kitaigorodskii Aufbau principle, named after 

Китайгородский (Kitaigorodskii) who first described molecular packing in this 

manner, and is shown, abstractly, in Figure 1.1 below.7, 8 

 
Figure 1.1: Abstract of the conceptual steps involved in nucleation (squares represent molecules and 

polyhedrons represent crystals) 

In reality, the Kitaigorodskii Aufbau process is not usually a continuous process and at 

any point a cluster of molecules may not be able to grow further.2 This will result in the 

cluster redissolving and the crystal needing to form via a different pathway, which 

means there is an interplay between kinetics and thermodynamics and a competition 

between different synthons will occur.2, 7 Another problem, at this stage, is that 

secondary synthons, which are weaker and less directional intermolecular interactions, 

Nucleation event

+

+

+

+

+
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will also be present.7 The competition between supramolecular synthons becomes 

complicated and the prediction of a crystal structure from the molecular structure 

becomes a complex issue.2 It becomes more complicated again when it is remembered 

that most crystals, despite having one chemical composition, can have multiple solid 

phases.9 

There are many properties of crystals that can be manipulated through crystal 

engineering and Table 1.1 lists many of the properties that have been identified as 

potentially influenceable.9 These properties have been altered to generate designer 

materials, for example in the synthesis of porous materials, clay like materials and ion 

exchange materials for separation and catalysis. The properties are also being used in 

the development of novel optical materials, for example, second harmonic generators 

and electrooptic modulators. Also under development are electronic materials, including 

semiconductors, light harvesters, sensors and organic light emitting electrodes. 

Magnetic materials are being developed as well, which include molecular magnets.1 

Crystal engineering is also being employed at the mesoscopic scale to investigate how 

small changes to a molecule will affect quantum mechanical processes. For example, 

solid state reactions, mechanical energy reactions, detonation and shock induced 

chemical and physical processes are all being investigated with crystal engineering.10 

Table 1.1: The physical properties that may be controlled with chemical engineering, adapted 
from Braga et al.9 

Physical Properties Density, refractive index, conductivity, hygroscopicity, melting 
points, vapour pressure, solubility 

Thermodynamic 
Properties 

Free energy, chemical potential, heat capacity, thermal stability 

Spectroscopic 
Properties 

Electronic, vibrational, rotational, resonance 

Kinetic Properties Dissolution rates, solid state reactivity, stability 

Surface Properties Surface free energy, crystal habit, surface area, particle size 

Mechanical Properties Hardness, compressibility, thermal expansiveness 

Chemical Properties Reactivity 

 

Further research still needs to be done before it is possible to predict a crystal structure 

from a molecular structure or to extrapolate physical and chemical properties from the 

crystal structure.9 It is quite common for a synthetic chemist to find the solid state 

structure of a molecule from a crystallographer but, with the development of crystal 



1.1 INTRODUCTION  

 5 

engineering, it may be possible for the synthetic chemist to predict crystal structures 

from molecular structure. Host-guest chemistry and, in particular, inclusion compounds 

are exciting areas that are providing much experimental data to help develop crystal 

engineering.10 

!.!.# HOST-GUEST CHEMISTRY 

One area being developed from the perspective of crystal engineering, from which the 

research presented here stems, is host-guest chemistry.11, 12 These systems have one 

species, referred to as the guest, spatially confined within a cavity of another species, 

referred to as the host and are referred to as inclusion compounds or, sometimes, 

inclusion complexes.13 These systems are of relevance to crystal engineering because it 

may be possible to slightly alter the host to make it sequester guests in a different 

manner or it may be possible to change the guest to invoke changes in the host,12 an 

idea that was developed in this work. 

Sometimes the cavity is not rigorously defined and is changeable with the guest being 

able to move in and out of the cavity, which is commonly seen in biological systems.14 

Other systems have a definitive structure, in which the shape, volume and chemical 

environment is unchanging, and the host will incorporate a guest in a very exact 

manner.10 There is a subclass of inclusion complexes called clathrates, in which the 

guest is physically confined within the cavity by the host lattice enclosing the cavity in 

all directions.13 

Clathrates have steric barriers that confine the guest within the cavity in all three 

dimensions. This usually results in a crystalline host framework because of the rigidity 

of the host but amorphous clathrates have been identified.15 Sometimes crystalline 

clathrates are considered the true clathrate type and amorphous clathrates disregarded15, 

13 but, for this work, the distinction is irrelevant because only crystalline clathrates were 

considered. There are no chemical bonds between the host and guest and the interaction 

is based on spatial complementarity and intermolecular interactions between the host 

and guest subsystems.12  

Considered from the perspective of close-packing, the host can not pack densely by 

itself and includes guests in the cavities of the framework for greater thermodynamic 

stability than a solid mixture of the two compounds or two separated solids.12 The 

consideration can not be completely based on the close-packing models because the 
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host and guest interact through intermolecular forces as well. Though weaker than the 

covalent bonds,12, 16 any change in the guest will often effect the host through these 

intermolecular interactions.10 In these instances, the guest becomes a supramolecular 

synthon10 often acting as a template that the host arranges around.12 Therefore, it is 

conceivable that the guest may be altered and the host-guest complex properties will be 

tunable,17 which is the area developed in this work. 

!.!.# POROUS MATERIALS 

Microporous materials are crystalline materials with pores that are less than 2 nm in 

diameter. The pores are long repeating infinite channels, which are well defined in three 

dimensional space and can absorb, retain and desorb molecules.18 Contrastingly, 

clathrate voids are not infinite and clathrates have distinct voids in which the guest is 

trapped. Clathrates usually have single molecules in expected positions in the void but 

porous materials have many molecules randomly sequestered within the void space.19 

The distinction between a microporous material and a clathrate can become uncertain if 

the clathrate has spatially connected voids and there is limited movement of guest 

molecules between the voids.19, 20  Dianin’s compound, for example, is often considered 

as a porous material and a clathrate.20 

!.!.# DIANIN’S COMPOUND 

The host in host-guest complexes may have intrinsic cavities, which are internal voids 

or cavities within the molecule itself. Alternatively, host-guest complexes may have 

extrinsic cavities, which occur because of inefficient packing between the molecules.20 

One such compound of this nature is Dianin’s compound, which forms voids by the 

inefficient packing of repeating clusters of molecules of Dianin’s compound. Dianin’s 

compound was the first organic compound known of this nature and it is said to behave 

like an organic zeolite.20, 21 

Dianin’s compound is sometimes referred to as a porous material because it does have 

infinite channels, a guest free crystalline solid can be isolated,22 it displays extrinsic 

porosity23 and has the ability to sorb some gases.21 Dianin’s compound, by definition, 

may not be a porous material because the infinite channels do not allow guest molecules 

of a reasonable molecular size to easily traverse through the crystal but, recently, the 

phenomenon of porosity “without pores” has been reported.24 This is when guest 

molecules diffuse through the crystal through dynamic processes without there being a 

defined void channel.23 The most compelling argument against Dianin’s compound 
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being a porous material is that the uptake and removal of guests of a reasonable 

molecular size occurs through the complete collapse of the crystal structure but porous 

materials should be substantially unaffected by this process.24 Either way, Dianin’s 

compound is easily described as a crystalline clathrate and shows slightly different 

properties with each different guest sequested.25 For this reason, it was considered in 

this work from a chemical engineering perspective as a clathrate. 

Dianin’s compound is named after Aleksandr Dianin who first synthesised the 

compound in 1914. Dianin also discovered the molecules’ ability to retain organic 

molecules and described adducts with ethanol, acetone, acetic acid, chloroform and 

ether. By melting the adducts, allowing the guest solvent to boil off, and measuring the 

weight of the remaining compound, Dianin calculated there were four molecules of his 

compound to each guest. The exception was ether, for which he determined that there 

were eight host molecules to one guest molecule.26  

It was found in 1956 that Dianin’s proposed structure for his compound26 was incorrect 

and the correct and incorrect structures are shown below in Figure 1.2.27, 28 Also, despite 

recognising the fact that his compound could sequester solvent molecules,26 the ratios of 

guest to host molecules were found to be incorrect at this time.27 They were recalculated 

from elemental analysis data and repeating the weight loss measurements done by 

Dianin. Three to one was found for ethanol, acetone and acetic acid, four to one for 

chloroform and six to one for ether.27 The ratio of Dianin’s compound to chloroform has 

since been found to be six to one29 but the others are correct.25 

 
Figure 1.2: Dianin’s compound, left, and the incorrect structure proposed by Dianin, right26, 27 

The correct structure was found by a very well conducted set of chemical derivatisation 

experiments by Baker et al.27, 30 The first crystal structure investigations also occurred 

around this time and a large egg shaped cavity was identified28 but the cavity was later 

found to be hour glass shaped.29 Each cavity was described to be formed within six 

molecules of Dianin’s compound, with the six phenolic hydroxyl groups forming a 

hydrogen bonded hexagonal ring at the ends of the cavity, and the other portion of the 

O
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molecule defining the other sides of the cavity.28 Baker et al. formed over fifty inclusion 

compounds with a range of differing organic solvents, inorganic gases and iodine.27 

Some of these clathrates are not trivial to isolate and the synthetic procedures used to 

produce some of these clathrates are still particularly inspiring.27, 30 

Dianin’s compound is synthesised from phenol and mesityl oxide and has the systematic 

name of 4-p-hydroxyphenyl-2,2,4-trimethylchroman.26, 27 Baker et al. proposed a more 

efficient synthesis27 than Dianin,26 which is shown below in Figure 1.3. Another 

synthesis was performed by Dai et al., which uses hydrogen bromide gas instead of 

hydrogen chloride gas.31 The reactions are done without solvents, as the mesityl oxide 

acts as reagent and solvent, and the hydrogen bromide or hydrogen chloride gas is 

added by bubbling the respective gas through the solution. Either ethanol27 or ether31 is 

added to precipitate the respective clathrate from the reaction mixture. The guest is then 

removed from the clathrate by sublimation.27 Baker et al. also describes a method that 

involves dissolving the ethanol adduct in a sodium hydroxide solution, forming the 

sodium phenoxide salt, removing the ethanol by boiling the mixture, allowing carbon 

dioxide to pass through the solution and precipitating the protonated form by the in situ 

formation of carbonic acid.27 Subliming clathrates of other guests was found to give 

guest free Dianin’s compound as well. 

 
Figure 1.3: The synthesis of Dianin’s compound as described by Baker et al.27 

The number of known clathrates that form of Dianin’s compound has been growing 

since Dianin’s first reported synthesis.25 The commonest clathrated molecules are low 

molecular weight solvents, which are included in Dianin’s compound by dissolving 

Dianin’s compound in the solvent and allowing the solvent to evaporate. This is the 

method Baker et al. used to form some of the fifty clathrates they generated and has 

been used for many other examples.27, 29, 32, 33 Alkanes,34 alcohols,35, 36, 37 ketones,27 

carboxylic acids,35 aromatics38 and halogenated molecules39 are some of the classes of 

compounds to have been included within the cavity in this way. Alternatively, 

precipitation of the clathrate can be achieved by dissolving Dianin’s compound in the 

guest solvent until saturated and cooling the solution below the saturation point.27 

O

OH
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Clathrates containing long chain alcohols, for example, have been formed in this 

manner.37 

Inorganic gases are usually included in Dianin’s compound by liquefying the gas, 

dissolving Dianin’s compound in the liquid and allowing the gas to evaporate.27 Small 

molecular weight solids are included by dissolving the solid and Dianin’s compound in 

a solvent, which usually has a molecular size too large to fit within the cavity, and 

allowing the solvent to evaporate. Common solvents are nonane and dodecane22 but 

decanol was used in this work as Dianin’s compound was found to be more soluble in 

the alcohol. Decalin is also used, which, despite being small enough to fit within the 

cavity of Dianin’s compound, tends to not form clathrates if there is another molecule in 

the solution.27, 40 Also, Dianin’s compound with solid guests have been formed by 

dissolving both in dilute sodium hydroxide and then acidifying the solution to 

precipitate the clathrate. This method was used to form some clathrates of sugars, for 

example.40 Clathrates of noble and alkane gases have been reported and were formed 

spontaneously by the sorbtion of gas vapours by the guest free compound.21, 41 Recently, 

the inclusion of nitrogen containing heterocycles have been reported, which have a 

stronger influence on the host than most other guests and are discussed in detail later in 

this work.17, 42, 43, 44 Also, Dianin’s compound without a guest has been reported.10, 44 

Aryl alkyl ketones have been included within Dianin’s compound and intramolecular 

Norrish reactions were induced by irradiation with ultraviolet light. The different 

chemical environment within the clathrate, when compared to isotropic solvents, 

resulted in different ratios of products. This is an interesting example of how Dianin’s 

compound influences the guest, which is an idea developed in this work. The reaction 

scheme is given in Figure 1.4 and the ratio of products is given in Table 1.2 below.45 
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Figure 1.4: Norish reactions done on phenyl alkyl ketones with the starting material sequestered in 
Dianin’s compound. Vastly different amounts of benzaldehyde, the two cyclobutanol isomers and 

acetophenone form when compared to reactions done without Dianin’s compound.45 

Table 1.2: The amounts of product formed using various conditions, as described by Goswamis 
et al. Reaction scheme is given in Figure 1.4.45 

Compound Medium A/Ca t/cb I/IIc 

 

Benzene 8.0 - - 
t-Butanol 13.3 - - 

Dianin’s compound 8.4 - - 

 

Benzene 4.0 2.5 - 
t-Butanol 6.0 1.5 - 

Dianin’s compound 3.7 1.6 - 

 

Benzene 4.9 3.4 - 
t-Butanol 7.9 1.4 - 

Dianin’s compound 5.3 2.8 - 

 

Benzene 7.3 - - 
t-Butanol 15.7 - - 

Dianin’s compound 27.6 - - 

 

Benzene 7.3 - - 
t-Butanol 9.5 - - 

Dianin’s compound 6.1 - - 

 

Benzene 0.5 2.2 - 
Acetonitrile 0.5 1.3 - 

Dianin’s compound 0.9 1.9 - 

 

Benzene 12.7 - - 
Acetonitrile 12.2 - - 

Dianin’s compound d - - 

 

Benzene 0.1 - 2.3 
t-Butanol 0.1 - 1.2 

Dianin’s compound 0.9 - 1.0 
 

Ph

O
H R

Ph

O
H R

R

+
O

R'H

Ph H

O

R
+

Ph

O
H

Ph CH3

O

R

Ph
HO

Cyclisation

FragmentationType I

Type II

hv

hv

R

HO
Ph

+

Ph

O

Ph

O

Ph

O

Ph

O

Ph

O

Ph

O

Ph

O

Ph

O



1.1 INTRODUCTION  

 11 

Compound Medium A/Ca t/cb I/IIc 

 

Benzene 0.2 1.6 0.1 
t-Butanol 0.5 1.1 <0.1 

Dianin’s compound 0.9 1.7 0.6 

 

Benzene 0.3 1.6 <0.1 
t-Butanol 0.7 1.1 <0.1 

Dianin’s compound 0.7 1.7 0.7 

 

Benzene 0.1 3.1 0.4 
t-Butanol <0.1 14.1 0.1 

Dianin’s compound 1.0 3.1 1.3 
a Ratio of acetophenone to cyclobutanols, b ratio of trans to cis cyclobutanol, c ratio of Type I Norrish 
reaction to Type II Norrish reaction as decided by the amount of acetophenone and benzaldehyde 
generated, d only trace amounts of cyclobutanols formed 

Dianin’s compound is one of the oldest known clathrate forming compounds and the 

physical and chemical properties of the clathrates have been investigated to a large 

extent. For example, its ability to sorb gases21, Brillouin scattering of various 

clathrates10 and internuclear magnetic dipolar interactions32 have been investigated of 

various guest clathrates. Detailed structural information, which is a crucial point of 

understanding for crystal engineering and general supramolecular chemistry, has only 

been developed to a limited extent.44 

Dianin’s compound contains three important moieties, which are arguably the dominant 

supramolecular synthons. They are the phenolic alcohol, the chiral centre and the two 

geminal methyl groups, which are integral in defining the three dimensional structure of 

the clathrates27, 28 and are highlighted in Figure 1.5 below. The chiral centre results in an 

R and S isomer, both of which are necessary for the crystallisation of Dianin’s 

compound in the clathrate form. The crystallisation of enantiomerically pure Dianin’s 

compound causes a significantly different packing structure to form, which does not 

have clathrate behaviour. This phenomena illustrates the importance of the chiral centre 

to the integrity of the cage.46 Some synthetic work has been conducted involving the 

slight altering of the molecular structure of Dianin’s compound to see how the moieties 

affect the packing lattice.47, 48 Surprisingly, often the lattice remains intact and some 

close analogues show the ability to form clathrates as well.48 Despite being a research 

area of interest, it was not investigated in this work. 
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Figure 1.5: Dianin’s compound with structural features important to the following discussion 

highlighted 

The first investigation of the structure was conducted by Powell and Wetters in 1956, in 

which space group R3 and cell dimensions of a = b ~ 27.0 Å and c ~ 11.1 Å were 

identified. The ring of six alcohols are hydrogen bonded to each other to form a 

hexagon and an alternating pattern of molecules sitting upwards then downwards 

around the ring, illustrated formally below in Figure 1.6, was noted.28 The formation of 

voids was clear and the fact that clathrates formed was noted,28 which was a term that 

Powell had coined earlier and defined as “cage structures of suitable form [that] 

imprison molecules of a second kind to give compounds of either fixed or variable 

molecular ratios”.49 

 
Figure 1.6: The hexagonal shape of the intermolecular bonded alcohols 

The first complete structure determinations of any guests, which were ethanol and 

chloroform, were conducted by Flippen et al. in 1970.29 Much of the earlier information 

gleaned by Powell and co-workers28, 49 was extended with a detailed crystal structure 

found, the size and shape of the cavity defined and some gross features of the guest 

molecules, including the guest disorder and configurations, was detailed.29 The work by 

Flippen et al. gave definitive answers concerning the way the molecules pack and the 

first insight into the guests behaviours was given.29 Since then more structures have 

been found and the number of which has been extended in this work.25 

A current survey of the CSD (version 5.34 with updates to May 2013)50 yields 49 

entries concerning Dianin’s compound.25 No coordinates were reported for fifteen of the 

entries38, 51, three are for the apohost (including one from this work),22, 44, 46 and one is 

the racemically pure S isomer, which is in P212121.52 Another is a clathrate of carbon 
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tetrachloride with the guest sequestered within the co-crystal of Dianin’s compound and 

Dianin’s compound mercapto analogue.47 Four structures have partial or complete 

transfer of protons from the hydroxyl ring to amines and do not have the typical trigonal 

clathrate structure.17, 43 Twenty of the remaining 26 entries are for unique R3 clathrates, 

including the adducts of ethanol, chloroform,29 1-heptanol,51 xenon,41 carbon 

tetrachloride, 39, 53 p-xylene,54 1,6-hexanediol, 1,5 pentadiol,37 eight straight chain 

carboxylic acids, iso-butyric acid and trifluoroacetic acid.33 Most of these structures 

were undertaken at room temperature, which results in a lack of detailed information on 

the guest location and dynamics. Those not determined at room temperature were p-

xylene at 173 K,54 carbon tetrachloride at 100 and 140 K,53 and chloroacetonitrile at 100 

K.55 From the structural work done, some defining features of Dianin’s compound 

clathrates, which tend to be general for most guests, have emerged.25 

A single molecule of Dianin’s compound, taken from the apohost structure obtained in 

this work, is shown below in Figure 1.7. The phenol moiety is pointing towards the 

bottom left of the diagram, the chroman moiety is pointing upwards and the geminal 

methyls are pointing to the bottom right. These moieties may be considered, though 

arbitrarily, as secondary synthons. The angles of the substituents of the chiral centre are 

close to the tetrahedral ideal of 109.5°. To demonstrate, the methyl sits at 109.16° to the 

phenol ring, 106.57° to the geminal methyl side of the chroman moiety and 109.53° to 

the benzene ring side of the chroman moiety in the apohost structure measured in this 

work. This means one molecule of Dianin’s compound is closer to a tetrahedron than a 

plane and this helps define the nature of the crystal structure.44 

 
Figure 1.7: Single molecule of Dianin’s compound, taken from the apohost structure. The phenol 

group is directed to the bottom left of the picture, the chroman moiety points upward and the 
geminal methyls are pointing to the bottom right. 
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!.!.# CRYSTAL PROPERTIES OF DIANIN’S COMPOUND 

The hydroxyl groups form a hydrogen bonded hexagonal ring about the 3 symmetry 

sites with three of the same isomer facing upwards from the ring and three of the other 

isomer facing down. Figure 1.8 below shows this with three of the S isomer, darkened in 

the image, coming towards the viewer and three of the R isomer, lightened in the image, 

going into the background of the image. The S isomers interdigitate with the R isomers 

of the next hydroxyl ring to form the cage with the hydroxyl ring forming the floor and 

ceiling of the cage.29, 44 

 
Figure 1.8: The hexagonal shape formed from alternating isomers of Dianin’s compound. Dashed 

magenta lines show the hydrogen bonds of the hydroxyl ring. 

The size of the benzene ring of the phenol is larger than the alcohol group of the phenol, 

which causes the molecules to diverge away from each other. The chroman part of the 

molecule is larger again and it would be expected that the molecules would form an 

oval shaped cavity with the width defined by the chroman portion of the molecule. This 

is seen in the analogue that is missing one of the two geminal methyl groups48 but in 

Dianin’s compound one geminal methyl group points into the cavity. This causes an 

hour glass shaped cavity, shown below in Figure 1.9, in which the guest molecules sit.29 

The cavity is shown with a 0.0003 au isosurface of the procrystal electron density, 

which is coloured gold. The volume of the cavity is approximately 140 Å3, which gives 

420 Å3 of void space per unit cell, when calculated in this way and changes depending 

on the guest.25 

This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 2029–2031 2031

the ordering of the molecules in the type II cages into two
orientations with occupancies in the ratio 2 : 1. The three
orientations are compared in Fig. 5, and we observe that the
orientation of guest molecules obtained at 100 Kmay in fact be
a weighted mean of the two orientations resolved at 15 K.

Along with related work of Barbour and co-workers,7,8,10

these careful crystallographic studies have shown that the
structural chemistry of DC clathrates is likely to be far richer
than previously envisaged. In particular, the present structures
obtained at four temperatures suggest that there may be no
such thing as ‘‘the crystal structure’’ for a given DC clathrate,

and they constitute a warning that attempts to correlate solid
state NMR or other experimental observations with structural
data of this kind, and especially with the ordering and motion
of the guest molecules, demands that the experiments are
performed at the same temperatures. Finally, we emphasize
the importance of accurate and precise X-ray di!raction data
for addressing structural problems of this kind, where the
scattering due to the guest molecules is only a small fraction
of the total.
We acknowledge financial support from the Australian

Research Council and from The Danish National Research
Foundation (Center for Materials Crystallography).
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Fig. 3 Views perpendicular to the hydrogen-bonded ring between cages

in guest-free DC and type II cages in isopropanol, ethylenediamine and

morpholine clathrates. The three dark DC molecules are above the ring

and three light molecules below. Hydrogen bonds are indicated by

magenta dashed lines.

Fig. 4 Views of two cages for three clathrates. DC molecules are

represented by smooth isosurfaces (0.002 au) of the promolecule electron

density;12 two molecules have been removed to enable viewing of the

arrangement of guest molecules.

Fig. 5 Ordering of the isopropanol guest molecules at 100 K is

resolvable into two orientations at 15 K, with occupancies in the

ratio 2 : 1. Only the O–H groups of the DC host molecules are

shown, and hydrogen bonds are indicated by magenta dashed lines.
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Figure 1.9: Repeating hour glass shaped cavities that form from three molecules diverging from 

each other and interlocking with another three. Cavities are shown with a 0.0003 au isosurface of 
the procrystal electron density, coloured gold, and the hydrogen bonds of the hydroxyl ring are 

shown with dashed magenta lines44 

The trigonal crystal system has two lattice systems associated with their space groups, 

which are the hexagonal (a = b	 ≠ c, α = β  = 90°, γ = 120°) and rhombohedral lattices (a 

= b	 = c, α = β  = γ ≠ 90°).56 The hexagonal axes are usually used to describe Dianin’s 

compound clathrates assumedly because this causes the voids to sit along the c axis, 

which makes it convenient to describe. The structures are in the R3 space group with the 

hydroxyl ring sitting at the origin. Two more rings sit at the lattice points of the 

rhombohedral plane, which means two complete hydroxyl rings sit within the unit cell 

and one is spread across the a and b corner of the unit cell. Generally, the axis lengths 

are a ~27 Å and c ~11 Å, depending on the guest and there are 18 molecules of Dianin’s 

compound per unit cell.25, 29 The unit cell of the apohost is shown below, looking down 

the c axis, in Figure 1.10. 
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Figure 1.10: The apohost, looking along the c axis, with the hydrogen bonds of the hydroxyl ring 

shown with dashed magenta lines 

The stacking of the voids along the three fold axis of symmetry results in repetition of 

the hour glass shaped cavity. It is within this cavity that the guest molecules sit. The 

hydroxyl rings separate the cavities but there are arguments for the cavities being 

conjoined and behaving as pores. There is chemical evidence as Dianin’s compound has 

the ability to sorb gases, which would involve the guests moving between cavities to 

reach saturation.21 There is also an argument based on the volume of vacant space 

within the host framework and there is space through the hydroxyl ring but it is too 

small for the easy movement of molecules between voids.24 Simulations have provided 

also an insight into the porosity of Dianin’s compound with the distortion of the 

hydroxyl ring, specifically the flipping of the hydroxyl moieties out of the ring, 

allowing for the transfer of guests between cavities.57, 58 In this work, void space 

calculations showed a continuous void surface between each of the cavities but, for the 

sake of ease, the voids are discussed as distinct. Each void sits in a staggered position to 

the one next to it and there is packing along the c axis,24 which is illustrated below in 

Figure 1.11. 
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Figure 1.11: Voids in the apohost of Dianin’s compound, with an isosurface at 0.0003 au of the 

procrystal electron density to show porosity,59 show a staggered configuration between 
neighbouring voids (2 unit cells are shown and the crystal is viewed down a axis) 

!.!.# GUESTS OF DIANIN’S COMPOUND 

Dianin’s compound is particularly suited to investigation of host-guest behaviours 

because it can incorporate very different guests, which is not a general property of 

clathrates.15 The guests can be of various chemical classes with considerable variation 

in molecular size and functionality possible, which allows for comparative studies of 

the resulting changes in the host.37 Many other clathrates can not incorporate guests that 

are too different to each other, if they can incorporate more than one type of guest at all. 

Some of the flexibility of Dianin’s compound is due to the fact, depending on the size of 

the guest, that it can accommodate two smaller molecules in the cavity or one larger 

molecule, which allows for a greater number of possible guests.27 The number of guests 

per cavity is usually expressed as the stoichiometric ratio of host molecules to guest 

molecules, which is 3:1 for two guests per cavity or 6:1 for one guest per cavity. The 

waist in the middle, caused by the methyl groups, gives the cavity two halves and, 

depending on the molecular shape and size of the guest, there are three possible ways in 



 CHAPTER 1: DIANIN’S COMPOUND 

 18 

which the guests may sit in the void. Firstly, two guests may sit in the void with one in 

each half, secondly, one guest may sit in one half or, thirdly, one guest may partially sit 

in both halves.57 Below (Figure 1.12) is a diagram of acetone and hexane sitting within 

Dianin’s compound, which shows how one or two guests can be incorporated. 

 
Figure 1.12: The position of guests, hexane (6:1 host:guest) left and acetone (3:1 host:guest) right, 

within the cavity. The cavity is shown as an isosurface at 0.0005 au of the procrystal electron 
density with the outside of the surface coloured gold and the inside coloured grey. One disorder 

position of the guest has been shown for ease of viewing. 

It is common for the guest within Dianin’s compound to be disordered. There is the 

possibility of crystallographic disorder due to the space group symmetry. The cavity has 

a 3 symmetry site at the centre of the cavity with the length of the cavity lying along the 

three-fold rotation axis. The position of the guest in the cavity may not fall about the 

symmetry centre, meaning the guests are often symmetrically disordered over six 

statistically equal positions.33 It is also possible for the guest to occupy more than one 

position in the cavity, which results in spatial disorder, and it is common for both types 

of disorder to occur.29, 47 For these reasons, it has been difficult to formulate sensible 

models for most guests in the past42, 47 but in this work the location and orientation of all 

guests, except one, was found. 

It is usually found that the structures of each of the clathrates of Dianin’s compound are 

isostructural, including the apohost. Often the guest performs a role in the formation of 

clathrate structures by providing thermodynamic stabilisation to the host lattice, making 

the isostructural nature of the apohost of Dianin’s compound an unusual occurrence.47 

The general trend of the clathrates is to be of the same space group and crystal 

symmetry of the apohost47 but there are four reported exceptions to these general 

descriptions. The clathrate formed with morpholine, which has two of the six phenolic 

hydroxyl groups deprotonated and two morpholinium molecules as the guests, has a 

triclinic space group.17 The clathrate formed from ethylene diamine, which has one 
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deprotonated host molecule, three neutral host molecules and one singly protonated 

guest in the asymmetric unit, has a different skeletal structure but is still trigonal.42 

These two examples still have the cavity intact, the morpholinium is shown below in 

Figure 1.13 to illustrate, but in the other two examples, the piperidine and piperazine 

clathrates, the void collapses entirely and the space group is monoclinic.43 Interestingly, 

this occurs due to a strong hydrogen bonding interaction between the host and guests, 

which results in ternary hydrogen bonded motifs between a piperizine molecule and two 

Dianin’s compound molecules and a quaternary hydrogen bonded motif between two 

piperidine molecules and two Dianin’s compound molecules.43 In this work another two 

exceptions are reported, isopropyl alcohol and isopropylamine, which retain the cavity 

but have different crystal structures. The structure of p-xylene has also been reported as 

being different but isoskeletal,32, 54, 60, 61, 62 which was investigated further in this work. 

 
Figure 1.13: The morpholinium adduct of Dianin’s compound17 as viewed down a, showing the 
partial collapse of the hydrogen bonded hexagon (dashed magenta line = hydrogen bond). One 

guest has been removed for ease of viewing. 

!.!.# HYPOTHESIS AND AIMS 

The existing information on Dianin’s compound is extensive but this chapter aims to 

extend and develop further on the interesting enclathration properties of Dianin’s 

compound. Specifically, and this is in part due to the increasing power of computers and 

the increasing capabilities of X-ray defractrometers, this chapter finds information on 

the locations, orientations and dynamics of guests within Dianin’s compound. A library 

of different guests within Dianin’s compound will be generated and relationships 

between the guest and host investigated with the intention of finding the physical and 

energetic changes that enclathration causes to the guest and host. Detailed structural 
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analyses of single crystal X-ray diffraction data are to be measured under consistent 

conditions so that direct comparisons between guests can be made. The number of 

guests, the varying types, as well the apohost, will give considerable insight into this 

amazing phenomena of enclathration. Some structures will be novel but many will be 

known structures so that the library will be usable as a reference for others that wish to 

investigate Dinain’s compound and is not simply a report of novel structures. 
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!.# RESULTS AND DISCUSSION 
!.#.! CLATHRATE SYNTHESES 

Dianin’s compound was synthesised according to a literature procedure from phenol and 

mesityl oxide.27 This procedure gives the ethanol complex and the guest free compound 

was obtained by sublimation.27, 45 The desired guest was included in Dianin’s compound 

by using the guest as a solvent. Dissolving Dianin’s compound in the desired guest until 

saturated, filtering to remove any undissolved Dianin’s compound, and allowing 

crystals to form via slow evaporation yielded each of the complexes. 

This process yielded the complexes listed in Table 1.3 below. In most cases colourless, 

hexagonal, fine, needle-like crystals were formed. The exception was isopropylamine, 

which would form crystals with a slight pink colouration for approximately one third of 

each crystallisation. There was a slight, but definite, difference between the pink and 

coloured crystals of the isopropylamine clathrate.  

The table includes the chemical formulae and host to guest ratios, which indicate the 

number of guests per cavity. In some cases, the percentage of cavities that hold a guest 

was found to be less than 100%. The amount was measured from the crystal data, 

supported with NMR data, and in each case it was above 95%. In all cases, the 

occupancy was treated as 100%, which simplified calculations and the comparing of 

different guests. This approximation was found to have negligible effect on the 

outcomes. As such, the ratios and chemical formulae in the following table, and 

throughout this chapter, are idealised and are given as integer values.  

Table 1.3: The clathrates generated in this work 

Category Guest Chemical Formula H/Ga 

Alcohols Methanol (C18H20O2)6(CH3OH)2 3:1 

 Ethanol (C18H20O2)6(C2H5OH)2 3:1 

 Isopropanol (C18H20O2)6(C3H7OH)2 3:1 

Aromatics Benzene (C18H20O2)6(C6H6) 6:1 

 Toluene (C18H20O2)6(C6H5CH3) 6:1 

 Fluorobenzene (C18H20O2)6(C6H5F) 6:1 

 Chlorobenzene (C18H20O2)6(C6H5Cl) 6:1 

 Bromobenzene (C18H20O2)6(C6H5Br) 6:1 

 Iodobenzene (C18H20O2)6(C6H5I) 6:1 
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Category Guest Chemical Formula H/Ga 

 p-Xylene (C18H20O2)6(C8H8) 6:1 

Haloalkanes Carbon tetrachloride (C18H20O2)6(CCl4) 6:1 

 Dichloroethane (C18H20O2)6(C2H4Cl2) 6:1 

 Bromoform (C18H20O2)6(CHBr3) 6:1 

 Benzyl chloride (C18H20O2)6(C7H7Cl) 6:1 

Others Nitromethane (C18H20O2)6(CH3NO2)2 3:1 

 Trimethylacetonitrile (C18H20O2)6(C5H9N)2 3:1 

 Acetone (C18H20O2)6(C3H6O)2 3:1 

 Acetic acid (C18H20O2)6(C2H4O2)2 3:1 

 Tetrahydrofuran (C18H20O2)6(C4H8O)2 3:1 

 Hexane (C18H20O2)6(C6H14) 6:1 

 Trimethylamine N-oxide (C18H20O2)6(C3H9NO)2 3:1 

 Isopropylamine (C18H20O2)6(C3H10N)2 3:1 
a Ratio of host molecules to guest molecules 

Guest free Dianin’s compound was obtained by precipitating Dianin’s compound from 

decanol. Dianin’s compound was dissolved in warm decanol, undissolved material was 

removed by filtration and the decanol was allowed to evaporate. Crystallographic 

quality crystals of guest free Dianin’s compound have been isolated from n-nonane, n-

decane,34 and from dodecane22 but decanol was used in this work as it has superior 

solubility. Guest free Dianin’s compound can be isolated by subliming guested Dianin’s 

compound27 but there are no reports, are far as is known, of the generation of 

crystallographic quality crystals by sublimation.  

Measurements were made in an attempt to find guests that would fit exactly in the 

cavity because it was hoped that matching the guest size to the void size and matching 

the host and guest symmetry would enforce guest order. Trimethylamine N-oxide, 

hexamine and 1,3,5-triaza-7-phosphaadamantane (Figure 1.14) were found, from the 

Cambridge Crystallography database,50 to have similar unit cell volumes, when adjusted 

for the number of molecules in the cell, to the cavity volume and complimentary 

symmetries to the host system. Hexamine, at 100 K with two molecules per cell, has a 

cell volume of 332.957 Å3,63 which compares to 420 Å3 for the cavity of the apohost. 

Hexamine crystallises in the space group I43m, which has a three fold rotation axis like 

Dianin’s compound and the two molecules fitting in the cavity was hoped to provide the 
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inversion symmetry. 1,3,5-triaza-7-phosphaadamantane has a much larger cell volume 

at 561.11 Å3 but there are three molecules per unit cell, which is 374.07 Å3 if adjusted 

to two molecules.64 Also, it is in the space group R3m,65 which is closer to the desired 

symmetry of the host. Trimethylamine N-oxide has a much smaller unit cell volume, 

which is 446.884 Å3 for 4 molecules, which adjusts to 223.442 for two molecules.66 The 

space group is C2/m, which is not as desired, and the simplest molecular symmetry is m 

but there is a three fold rotation operation.66 Attempts were made to produce clathrates 

with these compounds but only trimethylamine N-oxide was obtained and, despite the 

rationalisation of the size and symmetry, did not have ordered guests. 

 
Figure 1.14: Structures of guests that were attempted to be included in Dianin’s compound but only 

trimethylamine N-oxide was included 

Various methods were attempted to make clathrates with the above guests. These guests 

are solids, which meant dissolving Dianin’s compound in liquid guest and allowing the 

guest to evaporate could not be done. Attempts were made by dissolving the guest and 

Dianin’s compound in another solvent and allowing that solvent to evaporate. Decanol, 

decalin, dodecane and ethanol were tried and the trimethylamine N-oxide clathrate was 

obtained from decanol. 

Decalin and dodecane were tried because they have been used previously to include 

solids within Dianin’s compound27, 40, 41 but were unsuccessful. Decalin may fit within 

the cavity but often does not if there is another molecule present.27, 41 Ethanol has been 

used previously to enclathrate gaseous xenon41 but has been reported as preferentially 

being sequestered from solvent mixtures,67 which was the case here. Decanol is 

assumed to have worked because it is too large to fit within the cavity, as it is of a 

similar size to dodecane, but could solubilise trimethylamine N-oxide to a larger extent 

than dodecane and decalin. 

There are no reports of water being sequestered in Dianin’s compound but, for the sake 

of completeness, attempts were made in this work. Dianin’s compound does not 

dissolve in water so Dianin’s compound was dissolved in water miscible solvents (those 

tested were acetone, ethanol and methanol) then water was added and the organic 

solvent allowed to evaporate. This did not yield a water complex and gave the 
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respective organic molecule clathrates. Dianin’s compound does dissolve in aqueous 

sodium hydroxide solution and can be reprecipitated by the addition of carbonic acid 

but a water complex was not afforded via this method. 

!.#.# GENERAL CLATHRATE CONSIDERATIONS 

Crystallographic data was collected for each of the clathrates despite some of them 

having structures already solved. Comparisons between existing data and new data were 

difficult because of differences in the data collection and differences in collection 

temperatures, which meant the accuracy of the data varied. The collection of data at 100 

K, as done for each of the clathrates in this work, was found to result in data that was 

suitable for finding the guest location despite the disordered nature of the guests. Below 

is a list (Table 1.4) of the clathrates with details about previous explorations depicting if 

the complexes had been formed previously, with or without a crystal structure, or if it is 

a novel complex. 

Table 1.4: Brief summary of the current state of knowledge on each clathrate. The columns 
indicate if a clathrate has been reported, if it has a reported crystal structure, or if this work 
contains the first report of the clathrate 

Guest Reported Structure Known First Report 

Apohost ✔ ✔  

Ethanol ✔ ✔  

Carbon tetrachloride ✔ ✔  

Acetic acid ✔ ✔  

Benzene ✔ ✔  

Toluene ✔ ✔  

Methanol ✔   

Nitromethane ✔   

Dichloroethane ✔   

n-Hexane ✔   

Bromobenzene ✔   

Iodobenzene ✔   

Acetone ✔   

Trimethylacetonitrile ✔   

Fluorobenzene   ✔ 

Chlorobenzene   ✔ 



1.2 RESULTS AND DISCUSSION  

 25 

Guest Reported Structure Known First Report 

Bromoform   ✔ 

Tetrahydrofuran   ✔ 

Benzyl chloride   ✔ 

Isopropanol   ✔ 

Isopropylamine   ✔ 

Trimethylamine N-oxide   ✔ 

 

!.#.$ RESPONSE OF HOST TO GUEST 

The first reported crystal structures of Dianin’s compound, reported by Flippen et al., 

were the ethanol and chloroform adducts and this also was the first comparison made 

between adducts. Flippen et al. noted that “it does seem that the cage can expand 

slightly to accommodate larger molecules as evidenced by the slightly larger cell 

dimensions for the chloroform crystal”.29 Though most of the reported clathrates are 

isoskeletal with the apohost, each has slightly different host cell dimensions and subtly 

different crystal structures. With the data collected from the library of clathrates 

obtained in this work, it was possible to directly compare, under uniform conditions, all 

at 100 K and using the same calculation methods, the changes in the host depending on 

the guest. The host cell dimensions, the crystal structures, the cavity size, the nature of 

the host-guest interactions, the host response to occupation and the guests’ position in 

the cavity were all considered in this work with much of the numerical data presented in 

the Table 1.5 below and the qualitative analysis presented individually. 

A standard procedure, based on a qualitative analysis of the intermolecular forces,68 was 

followed for the Hirshfeld surfaces analysis. The bond lengths to hydrogen atoms have 

been reset to standard neutron-derived values.69 The numerical results, given in the table 

below (Table 1.5), and the dnorm Hirshfeld surfaces, given in the individual sections that 

follow, have been attained with this adjustment.68 The void surface for the work 

presented here was chosen to be the 0.0005 au (0.0034 e Å-3) isosurface of the 

procrystal electron density. The isosurface at 0.002 au corresponds closely to a 

smoothed van der Waals surface of the molecules, and hence the common Connolly 

surface,70 while the smaller value of 0.0003 au may be more appropriate for exploring 

the porosity.59 For the Dianin’s compound clathrates, 0.0003 au did not represent the 

actual void spaces so the value was raised slightly to 0.0005 au, which does give 
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minimal isolated voids as artefacts. A direct comparison is given below in Figure 1.15 

with the void of the apohost given at both values, which illustrates the better void 

definition at 0.0005 au. 

 

 
Figure 1.15: The void of the apohost represented with the procrystal electron density, which was 

calculated with isosurface values of 0.0003 au, top, and 0.0005 au, bottom. Some artefacts are seen 
at 0.0005 au but this gives better definition to the space. 

The void volume, denoted with Vx where x is the isosurface value in au, is simply the 

volume within the void surface. The apohost with the isosurface value of 0.0005 au has 

420 Å3 per unit cell, or 140 Å3 per cavity, of void volume. This is smaller than values of 

~230 to 240 Å3 given by Barbour, Lloyd and co-workers,17, 42, 43, 47, 55 but their values 

refer to “contact surfaces” using probe spheres with radii in the range of 1.2 to 1.4 Å. A 

“solvent accessible surface” using the same probe sphere radius is much smaller.24 

Using probe spheres is particularly suited to investigations concerning porosity, as it 

mirrors the movement of molecules in a dynamic system,24 but in this work the voids 

were investigated using electron density as this gives more information concerning 

physical changes due to enclathration. The precise volume depends on the method 

chosen for the calculation, as well as assumptions about probe size, grid size (or 

resolution), the choice of either “contact” or “accessible” surface and the choice of the 

isovalue of electron density. The ambiguity is no different to the ambiguities that arises 

from calculating volumes and surface areas of isolated molecules71 and does not present 

a problem if the calculation methods are specified and are done in a comparable manner. 

In this work, V0.0005 was used as a convenient way to understand the changes to the host 

upon enclathration with different guests and the general trends, independent of the 

calculation methods, are quantifiable with this method. 
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Table 1.5 below lists some physical values from the crystal structures and has been 

ordered by increasing magnitude of the void volume (V0.0005). The oxygen to oxygen 

(O…O) distance is the separation between adjacent oxygen atoms in the puckered six 

membered hydrogen bonded alcohol ring. The nonplanarity is the distance between 

planes formed by sets of three alternating oxygen atoms around the hydroxyl ring, 

which are the oxygens of the one isomer. The shortest hydrogen to hydrogen (H…H) 

separation is the closest intermolecular distance between geminal methyl hydrogen 

atoms across the waist of the cavity. 

Table 1.5: Structural details for the clathrates of this work 

Clathrate a = b (Å) c (Å) V0.0005
a O…Ob Nonplanarityc H…Hd 

Methanol 26.691 10.888 400 2.755 0.369 2.40 

Nitromethane 26.728 10.861 408 2.780 0.297 2.43 

Ethanol 26.693 10.940 411 2.774 0.346 2.41 

Dichloroethane 26.811 10.857 414 2.778 0.349 2.44 

Guest free 26.778 10.903 420 2.785 0.392 2.43 

n-Hexane 26.793 10.892 425 2.804 0.339 2.46 

Acetic acid 26.626 11.055 427 2.830 0.359 2.41 

Fluorobenzene 26.871 10.860 431 2.800 0.389 2.51 

Bromoform 26.852 10.916 432 2.799 0.369 2.47 

Carbon tetrachloride 26.867 10.870 433 2.808 0.343 2.49 

Chlorobenzene 26.938 10.832 434 2.791 0.405 2.51 

Iodobenzene 26.971 10.785 434 2.788 0.412 2.54 

Bromobenzene 26.974 10.811 436 2.792 0.411 2.53 

Acetone 26.844 10.923 440 2.848 0.276 2.49 

Toluene 26.980 10.817 441 2.795 0.404 2.54 

Benzene 26.904 10.885 442 2.815 0.381 2.50 

Tetrahydrofuran 26.887 10.927 448 2.832 0.365 2.50 

Trimethylacetonitrile 26.955 10.914 457 2.855 0.341 2.51 
a Void volume within the isosurface at 0.0005 au (Å3), b distance between oxygens in the six membered 
hydrogen bonded alcohol ring (Å), c distance between planes formed by sets of three alternating oxygen 
atoms around the hydroxyl ring (Å), d  closest intermolecular distance between geminal methyl hydrogen 
atoms across the waist of the cavity (Å) 

Some cell dimensions, from the above table, have been correlated in the following 

graphs (Figure 1.16), which show some of the relationships between the variables. The 
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void volume correlates strongly with the volume of the unit cell (top left Figure 1.16) 

and, on average, the void volume is approximately 6.3% of the cell volume. The largest 

increase in void volume, relative to the guest free void, is 8.9% for the 

trimethylacetonitrile adduct. Of interest, four of the clathrates have smaller void and cell 

volumes than the guest free adduct. The largest contraction, to give the smallest 

volumes, is the methanol adduct at 4.7%. The other guests are ethanol, nitromethane 

and dichloroethane, which are relatively small guests. A contraction was unexpected, 

despite the molecules being small, and it was expected that an expansion would occur 

or, at least, the host would be unaffected. The contraction suggests that there are 

considerable attractive interactions between host and guest, which is discussed for 

individual clathrates in the following sections and was investigated using Hirshfeld 

surfaces. 

The second plot (top right Figure 1.16) in the following diagram explores the possible 

relationship between the c axis length and the nonplanarity of the alcohol ring. The 

range of nonplanarity is in the narrow range of 0.14 Å and decreases with increasing c 

length but not systematically. It was found that for all clathrates, except the toluene and 

the heavier halobenzenes, this measurement is less than the apohost. This means that 

enclathration typically makes the hydrogen bonded ring more planar. The plot also 

shows that acetic acid, shown as the blue dot in the following plots due to its 

uniqueness, has a particularly long c axis and short oxygen to oxygen separation.  
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Figure 1.16: Correlating behaviours of various structural parameters with the unit cell volume, the 

c axis length and the a axis length 

The remaining two plots explore the structural changes in the ab plane as functions of a 

corresponding cell edge. Specifically, the oxygen to oxygen distance across the six 

membered ring and the shortest intermolecular distance between the geminal methyl 

hydrogen atoms in the waist of the cavity are plotted against the a axis length. The trend 

is weak for the oxygen to oxygen distance and axis length but does suggest that 

decreasing the oxygen to oxygen distance by introducing guests that strongly interact 

with the hydroxyl ring will decrease the axis length. The shortest distance between 

methyl hydrogens and the axis length is more strongly correlated, suggesting that guests 

that strongly interact with the methyl groups will cause the a axis to shorten. 
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!.#.$ GUEST FREE ADDUCT 

The guest free compound can be crystallised by precipitating Dianin’s compound from a 

solvent that is physically too large to fit within the cavity. Crystallisation from n-nonane 

and n-decane has been reported22 but, in this work, n-decanol was used, as Dianin’s 

compound is more soluble in the alcohol. This made it easier to grow a larger number of 

crystals from a smaller volume of solvent. The first single crystal X-ray determination 

of guest free Dianin’s compound was performed at room temperature but only cell 

parameters were reported.38 More complete studies have been conducted at room 

temperature22 and at 100 K.46 

The guest free apohost is isostructural with the clathrates, which is an oddity for many 

clathrates as the guest often provides structural stability. The disorder in the guests of 

the Dianin’s compound means the structures are not readily amenable for the usual 

Hirshfeld surface analysis72 and it was hoped that the apohost would be more amenable. 

The large amount of void space made the calculation difficult but CrystalExplorer has 

recently been modified to enable suppression of selected atoms to be included in the 

calculation of the Hirshfeld surfaces and the other calculations offered by 

CrystalExplorer.73 This made it possible to model the Hirshfeld surfaces of the guests, 

as presented in the following sections. 

To investigate the electrostatic character of the cavity, the following (Figure 1.17) was 

produced, which compares the void space, left, against the electrostatic potential, right, 

calculated at HF/3-21G. Both are mapped over the apohost and are shown in the same 

position to allow for easy comparison between void shape and the electrostatic 

potential. This is shown on the promolecule surface of four of the six host molecules, 

with the red regions showing electronegativity and the blue regions showing 

electropositivity. The surface shows some red associated with the π electrons of the 

phenol group, the π electrons of the benzene ring and the oxygen of the chroman group. 

Some blue colour is associated with the geminal methyl groups but the most polar 

region, shown by the strongest red and blue colour, is associated with the hydrogen 

bonded ring. This illustrates that electronegative and electropositive areas do exist in the 

cavity but the most polar region is the hydroxyl ring, which may explain why the cavity 

is the favoured position for sequestering guests. 
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Figure 1.17: Guest free Dianin’s compound with the hydrogen bonds of the phenol rings shown 

with dashed blue lines. Left, the procrystal electron density void at 0.0005 au and, right, four 
molecules represented with 0.002 au promolecule surfaces mapped with the HF/3-21G molecular 
electrostatic potential over the range of -0.05 au (red) to +0.05 au (blue). Both are shown with the 

same orientation for direct comparison between the void space and electrostatic potential. 

To further analyse the interactions at the ring the following diagram (Figure 1.18) was 

made. The Hirshfeld surface of the apohost is shown below, semi transparently, with the 

normalised contact distance (dnorm) mapped on it. The normalised contact distance 

shows when the intermolecular distance between atoms is either greater (blue) or less 

(red) than the van der Waals distance. Large red spots are seen corresponding to the 

O…H-O hydrogen bonds, denoted with a dashed green line, suggesting a shorter than 

van der Waals distance and strong interactions in between the alcohol groups. There is a 

broad blue region associated with distances much greater than the van der Waals 

contacts within the cavity, as seen at the bottom of the surface in the below diagram, 

suggesting only weak interactions. Another two relatively close contacts have been 

highlighted, the CMe-H…H-CPh contact of 2.15 Å shown with a blue dashed line and the 

CMe-H…CPh contact of 2.76 Å shown with a magenta dashed line. The later contact is 

associated with a centrosymmetric pair of molecules, outside of the cavity, that is a 

component of the interaction between columns of molecules forming the cavities along 

c. 
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Figure 1.18: Semitransparent Hirshfeld surface for one Dianin’s compound molecule mapped with 
dnorm showing strong interactions with red spots between the alcohol groups. The c axis is horizontal 
in the figure. O…H-O in the alcohol ring is shown with green dashed lines, the CMe-H…H-CPh bond 

is shown with a blue dashed line and CMe-H…CPh shown with a magenta dashed line. 

!.#.$ ETHANOL ADDUCT 

This clathrate was first reported by Dianin with the mistaken assignment of the host to 

guest ratio as 4:1.26 This was corrected by Baker et al. to 3:1,27 which has since been 

confirmed29 and was also seen in this work. The crystal structure has been studied and 

the ethanol and chloroform adducts were the first reported crystal structures of Dianin’s 

compound.29  

The ethanol adduct is argueable the most studied clathrate of Dianin’s compound and 

previous studies can be sorted into two groups; those concerned with the physical 

properties of the bulk material and those concerned with the molecular interactions. 

Previous studies concerned with the bulk material inculde the measurement of the 

thermal expansion which found a change in harmonicity occurring with the inclusion of 

a guest.74 The thermal conductance has also been investigated75 and the elastic constant 

tensors has also been investigated via Brillouin scattering.10 The melting behaviour has 

also been studied and comparisons made to other clathrates, which showed that Gibbs 

energy of the clathrate compared to the host defines if there will be congruent or 

incongruent melting.76 
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Of more relevance to this study are previous studies focused on molecular interactions. 

For example, measurements of the dielectric constants at varying temperatures, which 

also considered the chloroform and heptanol adducts, showed there is considerable 

freedom of rotational movement of the guests.67 IR spectra of ethanol within Dianin’s 

compound, obtained by subtracting the host spectra from the host-guest spectra (spectral 

subtraction), suggests a hydrogen bonded dimer.77 Solid state C13 NMR suggests rapid 

movement of the guest, making the exact locations of the guest difficult to find,77 but 2H 

NMR studies gave the most detailed information of the location of the guests. The 

single crystal 2H NMR study done by Bernhard et al. from 10-310 K confirmed that 

“(essentially) all cages are occupied by two guests” and that both ethanol molecules are 

“at least approximately in a staggered configuration”. Bernhard et al. also found that the 

most likely orientation of the one guest is aligned to the c axis and the other is 

perpendicular to the c axis, forming a weakly bonded dimer when the temperature is 

below 55 K.78 

The present structure elucidation supports all the above findings. One molecule sits 

along the c axis, along the longest part of the void, and the other molecule sits 

perpendicular to the first, along the width of one half the cavity. This is shown in Figure 

1.19 below. It is also interesting to note that the hydrogen bonding between the two 

guests results in a cantered configuration instead of forming symmetric dimers with 

equivalent hydrogen bonding. Figure 1.19 also depicts the Hirshfeld surface for the 

ethanol guest molecule closest to the hydrogen bonded ring. The red spot on the dnorm 

surface indicates a strong interaction and close contact between the ethanol O-H and the 

carbon of the host phenol ring, which is an O-H…π interaction. 

 
Figure 1.19: Left, possible orientations of the ethanol guest molecules selected from the disordered 

positions due to the inversion and 3-fold rotation operations. The void is illustrated with the 
procrystal electron density at the 0.0005 au isosurface. Right, the Hirshfeld surface of the guest 

mapped with dnorm from -0.2 (red) to 2.0 (blue) 
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!.#.$ METHANOL ADDUCT 

Originally, the methanol clathrate was calculated to have three methanol molecules in 

the host, which would give a ratio of one guest molecule to two host molecules.27 A 

latter analysis found there was a weight loss 3.8 ± 1.0% upon heating to the melting 

point, which suggest an occupancy of 1.9 ± 0.5 guests.79 This was later confirmed using 

vapour phase chromatography, with methanol being found to make up 3.8% of the 

weight of the complex, but the value was suggested to be dependent on the 

crystallisation conditions.36  

In the work presented here, it was not possible to resolve the methyl or hydroxyl groups 

of the guest but the guest occupancy was modelled with two disordered guests per 

cavity. The void is shown below in Figure 1.20 with the unresolved positions of the 

guest indicated, which results in the guest being displayed as a nonsensical molecule. 

One guest was aligned such that the methyl group was facing the phenolic hydroxyl ring 

of the cavities’ edge and the other was further in the cavity but of undetermined 

orientation. This model was consistent with recent molecular dynamics simulations. The 

molecular dynamics simulations also suggested that the molar ratio of guest to host is 

likely to depend on the temperature of crystallisation, with two molecules per cavity 

being likely above 160 K.57 

 
Figure 1.20: The void (procrystal electron density at 0.0005 au) of the methanol adduct (one 

disordered position shown) with the unresolved guest position. O-O bonds in the guest are not true 
bonds but artefacts due to the unresolved position of the guest. 

!.#.$ NITROMETHANE ADDUCT 

The nitromethane adduct has been described before27 and has a mole ratio of 3:1 at 97% 

occupancy.79 In agreement with this, the structure obtained in this work has two guests 

and is pictured below in Figure 1.21.  
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Figure 1.21: The void (procrystal electron density at 0.0005 au) of the nitromethane adduct (one 
disordered position shown). Right, Hirshfeld surface mapped with dnorm from -0.2 to 2.0 for the 

guest molecules. 

The C-N bond of the guest sits cantered with respect to the c axis with one oxygen 

oriented toward the alcohol ring. This gives two red spots in the dnorm surface with 

N=O…H contact distances of 2.69 Å and 2.90 Å for the two alcoholic hydrogens. The 

nitrogen of one guest is separated from the carbon of the other guest by 4.56 Å, which is 

only slightly further than 4.36 Å reported for analogous points in the nitromethane 

crystal at 228 K.80 The molecular dipole moment of nitromethane is 3.52 D and the 

orientation of the guest molecules would most likely be due to this significant 

antiparallel dipole-dipole attractive interaction.81 

!.#.$ DICHLOROETHANE ADDUCT 

There is one report, as far as is known, of this adduct by Baker et al. with the molar 

ratio of 6:1 given,27 which was also found in this work. The chlorine atoms are arranged 

anti with respect to the ethane backbone and the resulting extended conformation of the 

guest sits along the c axis. This puts one chlorine atom adjacent to the hydroxyl ring, as 

shown in Figure 1.22 below, and the other chlorine sits in the waist of the cavity.  

The structural details of the apohost and the dichloroethane adduct host are similar. This 

is likely due to the size of the guest because it is the smallest in this study to have only 

one guest in the clathrate. Also, the guest does not strongly interact with the host as 

shown by the small red spots in the dnorm Hirshfeld surface. These are due to Cl…O 

interactions, with separations of 3.27 Å and 3.28 Å found, which compare with the sum 

of van der Waals radii of 3.27 Å. 
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Figure 1.22: The void (procrystal electron density at 0.0005 au) of the dichloroethane adduct (one 

disordered position shown). Right, Hirshfeld surface mapped with dnorm from -0.2 to 2.0 for the 
guest molecule. 

!.#.$ HEXANE ADDUCT 

So far as is known, no single crystal studies have been performed on the hexane 

clathrate before. The molar ratio has previously been found to be 5.9:1, suggesting there 

is one guest per host but less than ideal occupancy. Also, the selectivity of inclusion of 

hexane from binary mixtures with various C5 to C10 hydrocarbons has been 

investigated. It was found that the ratio of the components of the guest was proportional 

to the ratio of components in the solution.38 

The hexane adduct has also been investigated within the series of n-alkanes adducts 

from pentane to nonane. The investigation used MM2 calculations as a way of 

determining which conformation of the alkanes would be more stable in the cavity. The 

MM2 calculations indicated that the completely anti configuration is the most dominant. 

It was noted that the completely anti configuration fitted into the cavity particularly well 

and was expected to have the largest stabilisation energy of the alkanes that were 

studied. The change in Gibbs energy for the clathrate formation was estimated to be -38 

kJ mol-1, the largest of the alkanes studied, which suggest inclusion is significantly 

favoured.38 The all anti configuration was also found in this work with the modelled 

orientation of the guest shown in the diagram below. 

Solid state 13C NMR suggested rotation of the guest molecules about the c axis.82 

Further molecular mechanics/dynamics calculations on the dynamics of n-hexane in 

Dianin’s compound predicted the all anti configuration for n-hexane with rotation about 

the long molecular axis. This was also supported by temperature-dependent 2H NMR.82 

The crystal structure obtained here agrees with these results. 
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Figure 1.23: The completely anti conformation of hexane within the cavity. Procrystal electron 

density void at 0.0005 au is shown. Right, Hirshfeld surface mapped with dnorm showing only weak 
interactions between n-hexane and the host 

The above diagram (Figure 1.23) illustrates the excellent fit of n-hexane in Dianin’s 

compound. The single guest spans the entire cavity with three carbons sitting in each 

half of the cavity. The separation between the carbon atoms at opposite ends of the 

molecule is 6.31 Å, which is similar to the same measurement taken from common n-

hexane crystal structures in the CSD. The structure of n-hexane obtained at 90 K, the 

closest in temperature to the structure obtained here, has a value of 6.40 Å, for 

example.83 Also, there is an absence of close contacts between guest and host, as seen in 

the dnorm Hirshfeld surface, and the clathrate cell dimensions differ only slightly from 

the apohost, which suggests the guest and host are not particularly affected by 

enclathration. 

!.#.!$ CARBON TETRACHLORIDE ADDUCT 

Early reports described the carbon tetrachloride adduct as having two guests.27 Later 

experiments, including elemental analysis39 and single crystal measurements at various 

temperatures39, 47, 53 have shown that there is only one guest in the cavity. The carbon 

tetrachloride adduct has been extensively studied, with a variety of properties having 

been investigated. This includes the thermal expansion coefficients, which was found 

from the lattice parameters measured from 10 to 300 K,39 rigid body analysis of the 

thermal motion of the guest,39 35Cl NQR spectroscopy,53, 84 the heat capacity, which was 

compared to bulk carbon tetrachloride,85 some thermodynamic properties,86 atom-atom 

potential calculations on host-guest energetics including the energy barrier to guest 

rotation,87 the melting behaviour76 and lastly the thermal conductivity and heat capacity 

under pressure.75 
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The present structure matches the previous structures39, 47, 53 and shows one chlorine in 

the waist of the cavity and the other three sitting closer to the phenolic hydroxyl ring. 

There is two fold disorder about the centre of inversion with the carbon tetrachloride 

occupying each half of the cavity equally. There is one slight difference to two of the 

previously reported structures. The crystal structure has been previously given with the 

central chlorine defined as occupying the exact centre of the cavity. As such, 

independently of which half of the cavity the carbon tetrachloride is sitting, the central 

chloride is occupying that position and it has 100% occupancy.39, 53 In the structure 

given in this report, and the structure given in a later report by Jacobs et al.,47 the central 

chlorine of each carbon tetrachloride molecule is given a distinct site and 50% 

occupancy. 

The lattice parameters at 100 K measured in this work fit within the range determined 

by powder diffraction, which was measured from 10 to 300 K.39 The map of dnorm on the 

Hirshfeld surface shows close chlorine to carbon contact. The carbon that interacts with 

the chlorine the most is the hydroxyl carbon of the three Dianin’s compound isomers 

that form the one half of the cavity. This is evidenced in the Figure 1.24 below with the 

three red spots on the Hirshfeld surface that has been mapped with dnorm. There is a 

smaller red spot on the adjacent carbon of the phenol, which indicates secondary lesser 

interactions. These interactions are the expected reason for the previously reported 

rotation energy barrier but the guest is able to undergo hindered rotation about the c 

axis.87 

 
Figure 1.24: Left, one orientation of the guest molecule within the procrystal electron density void 
at 0.0005 au. Right, Hirshfeld surface of one orientation of the guest mapped with dnorm mapped 

showing strong interactions between chlorines and the host. 

For molecules with a three fold symmetry, there are two libration modes. One is axial 

about the c axis and the other is a degenerate equatorial mode about axes perpendicular 
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to c. The value for the axial libration of carbon tetrachloride within Dianin’s compound 

has been reported as 39.4 cm-1 and the value for the equatorial has been reported as 49.2 

cm-1.53 This was calculated from a combination of 35Cl NQR, specifically the 

temperature dependence of NQR frequencies between 4 and 200 K, and a 

crystallographic study.53 The root mean squared amplitude for the libration was found to 

be 7.41° for the axial and 3.53° for the equatorial. The root mean square of translation 

was calculated to be 0.1938 Å for the axial and 0.1529 Å for the equatorial librations.53 

These values were found from the rigid body analysis of anisotropic displacement 

parameters of carbon tetrachloride within Dianin’s compound.53  

The same analysis88 was performed on the structure obtained in this work, from the 

anisotropic displacement parameters, which yielded a root mean squared libration 

amplitude of 5.4° for the axial libration and 3.8° for the equatorial libration. As 

expected, because the structure was obtained at 100 K, these values are lower than those 

reported before, which were taken at 140 and 293 K.53 The normal-mode frequencies of 

libration were found from the rigid body analysis and the results were 32 cm-1 for the 

axial libration and 45 cm-1 for the equatorial libration. 

!.#.!! ACETIC ACID ADDUCT 

The acetic acid adduct was reported by Dianin and has two guest molecules per cavity. 

This stoichiometry of three to one is well established and has been found via titration,27 

elemental analysis,27, dielectric permittivity measurements89 and inferred from infrared 

spectroscopy.79 

The infrared spectra suggest that the two guest molecules sit as a hydrogen bonded 

dimer,79 which was later confirmed by dielectric permittivity measurements.89 A set of 

acids, specifically the first eight straight-chain carboxylic acids, trifluoroacetic acid and 

isobutyric acid have been investigated and the investigation included room temperature 

X-ray crystallography. Low resolution electron density difference maps, that are Fourier 

maps of the clathrate minus the host electron densities, of each structure were 

determined. The difference map of the acetic acid structure revealed guest locations in 

the cavity that suggested a hydrogen bonded dimer.33 

These findings were supported in this study. The structure obtained at 100 K shows two 

guests included in each cavity. The guests are symmetrically disordered between two 

possible positions. The guests in the two positions are slightly different centrosymmetric 
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hydrogen bonded dimers with oxygen to oxygen separation of 2.621(7) and 2.595(7) Å. 

One dimer is shown below in Figure 1.25 with the hydrogen bonds sitting within the 

waist of the cavity. The dnorm Hirshfeld surface for one guest molecule is shown in the 

above diagram (Figure 1.25) and shows a close contact between two of the guest methyl 

hydrogens and two phenolic oxygen atoms. 

 
Figure 1.25: Left, one orientation of the two guests within the procrystal electron density void at 

0.0005 au with the two guests forming an intermolecular dimer, which can be approximated as one 
moiety. Right, Hirshfeld surface of one guest molecule mapped with dnorm from -0.2 to 2.0. 

It is worth noting that the centrosymmetric dimer is not observed in crystal structures of 

glacial acetic acid. Instead, infinite hydrogen bonded chains of molecules are observed, 

for both the atmospheric pressure and high pressure polymorphs, and each carboxylic 

acid group is bonded to the next, as shown in Figure 1.26 below.90 Propionic acid, 

which is a monomer within Dianin’s compound,35 does form centrosymmetric dimers in 

the two known polymers that it forms when glacial, as seen in Figure 1.26 below.91, 92 

The monoclinic polymorph, the polymorph favoured at ambient pressure, has an oxygen 

to oxygen separation of 2.64 Å,91 which compresses to 2.62 Å at 0.9 GPa.92 This 

suggests that the acetic acid dimer in the cavity undergoes compression, firstly, because 

the dimer is held in place and does not form the preferred orientation, and secondly, 

because the acetic acid adduct has the longest c axis and shortest a axis of all the 

clathrates given in this study.  

 
Figure 1.26: The structures of glacial acetic acid90 left, and propionic acid, right,92 showing the 

differences in hydrogen bonding interactions (dashed magenta lines = hydrogen bonds) 
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!.#.!# BENZENE ADDUCT AND SOME GENERAL PROPERTIES OF SUBSTITUTED 
BENZENE ADDUCTS 

The benzene adduct was first reported by Baker and McOmie in 1955 with a six to one 

ratio of host to guest,93 which has since been confirmed.38, 89 Investigations have also 

included the preferability of  enclathration of benzene from binary mixtures of benzene 

with various hydrocarbons. It was found that the ratio of enclathration was defined by 

the ratio of the compounds in the binary mixtures, not by the type of molecule. This 

report also found that there was no obvious correlation between the cell parameters and 

the shape of the aromatic guests, which was found from powder diffraction. This report 

also gave the cell data of the benzene adduct from single crystal diffraction.38 

The void is shown below in Figure 1.27 with the benzene ring orientated in the widest 

part of the cavity. Also, the Hirshfeld surface shows some close contacts between the 

benzene and the oxygens of the phenolic ring. The surface also shows many moderate 

contact points, the white areas in the surface, which indicates that benzene is one of the 

widest molecules to fit within the cavity. One hydrogen of the guest is seen to sit outside 

of the void space, which is physically possible as the dynamic nature of the system 

means the methyls of the host and the hydrogen of the guest are constantly shifting in 

unison to accommodate the guest. This is seen in each substituted benzene adduct. 

 
Figure 1.27: Benzene adduct within the procrystal electron density void at 0.0005 au, left, and the 

Hirshfeld surface of the guest mapped with dnorm, right 

Many singly substituted benzene guests, which included the complete series of 

halogenated benzenes and toluene, were generated in this work and subtle trends 

concerning the position and alignment of the guests were noted. The benzyl chloride 

adduct did not follow the noted trends and is excluded from the discussion here but is 

discussed in detail later. Each clathrate included one guest in one orientation, displaying 
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the usual symmetry disorder, with the benzene ring sitting in one half of the cavity and 

the substituent sitting in the other. The position of the guest reflects a compromise 

between fitting the benzene and the substituent within their respective halves of the 

cavity. This is measurable with the deviation of the benzene substituent bond, which sits 

in the waist of the cavity, from the c axis, as tabulated below in Table 1.6.  

Table 1.6: The angle of benzene to substituent relative to the c axis for singly substituted 
benzene guests (except benzyl chloride) 

Guest Angle (°) 

Benzene 23 

Fluorobenzene 19 

Chlorobenzene 17 

Bromobenzene 15 

Toluene 14 

Iodobenzene 11 
 

The angle decreases with the increasing substituent size. Fluorobenzene has the value 

closest to benzene and there is room for the fluorine atom to sit closer to the c axis, 

which suggests the benzene ring influences the orientation of the molecule more than 

the substituent. The orientation appears to be an energetic compromise between 

including the benzene ring within the widest part of one half of the cavity and the 

halogen within the other part of the cavity. Iodine is the largest substituent and shows 

the greatest shift. The individual adducts are discussed below, as well as benzyl 

chloride, which does not follow the trends.  

!.#.!$ TOLUENE ADDUCT 

The toluene adduct shares a similar history to the benzene adduct, having been first 

reported by Baker and McOmie93, with a confirmed ratio of six to one for host to 

guest.27, 38, 89 The selective enclathration from binary mixtures of hydrocarbons, as 

mentioned in the benzene section above, was also measured for the toluene adduct.38  

The main difference noted between the toluene and benzene adduct is that the toluene 

sits at a slight angle to the benzene so that the methyl group of the toluene sits in the 

waist of the cavity. The rotation of the benzene ring, compared to benzene itself, is 

noticeable with the phenyl to methyl bond of toluene sitting at 13.6° to the c axis and 

the analogous benzene to hydrogen bond sitting at 21.6°. Section 1.2.12 above has a 
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thorough discussion concerning this angle in context with other adducts. Toluene has 

the greatest intermolecular hydrogen to hydrogen distance between the closest 

hydrogens of the geminal methyl groups across the waist of the cavity, which is evident 

in Figure 1.28 below. This also results in close contacts between the methyls and the 

benzene moiety, as seen in the Hirshfeld surface. This gives a measure of the width of 

the cavity, which is 2.54 Å for toluene and other values are given in Table 1.5 above. 

 
Figure 1.28: Toluene adduct, left, and the Hirshfeld surface of the guest mapped with dnorm, right 

!.#.!$ FLUOROBENZENE ADDUCT 

The fluorobenzene adduct is a new adduct, as far as is known, and has a 6:1 ratio of host 

to guest. The fluorine to benzene bond sits within the waist of the cavity with an 

orientation that appears to be an energetic compromise between including the benzene 

ring within the widest part of one half of the cavity and the halogen within the other part 

of the cavity. This is also evidenced in the dnorm Hirshfeld surface shown in Figure 1.29 

below, which shows two close contacts between benzene hydrogens of the guest and π 

bonds of the host. One of the spots is weaker in the chlorobenzene adduct, is very weak 

for bromobenzene and is non-existent for iodobenzene. 



 CHAPTER 1: DIANIN’S COMPOUND 

 44 

 
Figure 1.29: The fluorobenzene adduct within the procrystal electron density void at 0.0005 au, left, 

and, right, the Hirshfeld surface for the guest mapped with dnorm 

!.#.!$ CHLOROBENZENE ADDUCT 

The chlorobenzene adduct is a new adduct, as far as is known, and shows the expected 

ratio of six host molecules to one guest. The guest has one orientation with the disorder 

that is common to the guests of these clathrates. The chlorine is sitting in one half of the 

cavity and the benzene ring sitting in the other half, as can be seen in Figure 1.30 below. 

This is seen for each of the halogenated benzene adducts and is evidenced with the 

Hirshfeld surface in Figure 1.30, which shows two hydrogen to π bond interactions. 

 
Figure 1.30: The chlorobenzene adduct. Left, one disordered guest is shown in the procrystal 

electron density void at 0.0005 au. Right, the Hirshfeld surface of a guest molecule mapped with 
dnorm from -0.2 to 2.0. 

!.#.!$ BROMOBENZENE ADDUCT 

This adduct has been reported previously and has a ratio of six hosts to one guest.27, 93 

The bromobenzene adduct follows the trend evident for the other halogenated benzene 

adducts with the guest divided across the waist of the cavity, as can be seen in Figure 

1.31 below. The sequestration of the benzene ring in one half and the bromine in the 
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other half of the cavity is obvious but the halogen has a more dominant influence on the 

position of the guest. This adduct and the iodobenzene adduct have more of the benzene 

ring in the waist as shown with the aligning of the guests to the c axis. This is also seen 

in the Hirshfeld surface, with one of the interactions between the benzene hydrogens of 

the guest and the π bonds of the host noted in fluorobezene and chlorobenzene not 

existing. 

 
Figure 1.31: The bromobenzene adduct, left, one disordered guest is shown in the cavity, right, the 

Hirshfeld surface of a guest molecule mapped with dnorm 

!.#.!$ IODOBENZENE ADDUCT 

The iodobenzene adduct has been reported before and the ratio of six host molecules to 

each guest was confirmed in this work.27, 93 The iodobenzene adduct has the orientation 

of the benzene to halogen bond aligned closest to the c axis of the halogenated 

benzenes, with it deviating 11° from the axis. As iodine is the largest halogen, this 

adduct shows the trend of the halogenated benzene adducts to the fullest extent. The 

iodine is sitting in one half of the cavity with the benzene ring sitting in the other, as can 

be seen in Figure 1.32. Only one benzene hydrogen of the guest interacts with the π 

bonds of the host, as can be seen in the Hirshfeld surface. 
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Figure 1.32: Iodobenzene adduct, left, one guest shown in the void space, right, the Hirshfeld 

surface with dnorm mapped upon it 

!.#.!$ BENZYL CHLORIDE ADDUCT 

The benzyl chloride adduct has not been reported previously, as far as is known, and has 

one guest per cavity. The guest sits in two positions, one with the chlorine atom close to 

the waist of the cavity, as shown in Figure 1.33 below, and the other with the chlorine 

sitting closer to the hydroxyl ring. For both positions, the benzene to substituent bond 

sits through the waist so that the benzene ring sits within the largest part of the cavity. 

There is additional positional disorder of the chlorine in one half of the cavity due to 

rotation about the methylene group, which means benzyl chloride is the most disordered 

guest. Also, shown in Figure 1.33 is the Hirshfeld surface with dnorm mapped, which 

shows the chlorine only lightly interacting with the hydroxyl ring. The benzene strongly 

interacts with the host close to the waist of the host, as seen by the red spot, and the rest 

of benzene sits very close to the host, which is illustrated with the white colour. This is 

also suggested in the void diagram, as two hydrogens sit very close to the edge of the 

void surface and one sits outside. The hydrogen sitting outside the void is also seen for 

the other benzene containing guests and is possible as the methyls of the host and the 

hydrogens of the guest are in dynamic motion, which accommodates the guest. 
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Figure 1.33: Benzyl chloride clathrate with void at 0.0005 au, left, and the Hirshfeld surface with 

dnorm mapped, right 

!.#.!$ ACETONE ADDUCT 

This adduct was reported first by Dianin26 and the stoichiometry of three to one was 

reported by Baker et al.27, 93 There is positional disorder over two orientations with one 

orientation holding the oxygen close to the phenolic ring and the other orientation has 

the oxygen near the waist of the cavity, which can be seen in Figure 1.34. The Hirshfeld 

surface with dnorm mapped is also shown in Figure 1.34 and shows that the most 

prominent host to guest interactions for both orientations of the guest are between the 

hydrogens of acetone and the π bonds of the host. 

 
Figure 1.34: Dipole measurements89 suggest acetone becomes ordered within single cavities so each 
guest sits in complimentary inversion related disorder positions. Bottom, Hirshfeld surfaces of the 

guests in both inversion related disorder positions. 
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To investigate if the two acetone molecules align within one cavity or if the guests 

within a cavity are independent, the dipole moment was measured to see if it sums 

together or cancels out.89 Davies and Williams measured the effective dipole moment of 

the cavity to be 5.6 ± 0.3 D,89 which is twice the gas phase monomer value of 2.90 D.94 

This indicates that there is ordering of the guests in the individual cavities as depicted in 

Figure 1.34 above.  

!.#.#$ TETRAHYDROFURAN ADDUCT 

This was an unknown adduct, as far as is known, and two tetrahydrofuran molecules 

were found per cavity. Each is disordered over the three fold axis and the inversion 

centre. To add to the complexity, there are also two similar, but distinct, conformations 

that the guests may be in when free, which are the twist and envelope forms.95 When 

enclathrated, the guests were refined with the oxygen near to the phenolic hydroxyl ring 

and given the approximate C2 symmetry, which is the twist form. This conformation is 

also seen in crystalline tetrahydrofuran96 but the degree of twist is much larger in this 

adduct. The Cs conformer, or envelope conformer, appears to be the most populated in 

the gas phase but the interconversion, or pseudorotation, to the twist form requires only 

approximately 0.3 kJ/mol at the B3LYP/6-311++G** level of theory.97 Because this 

value is relatively low, it suggests that enclathration is isomer enforcing and not isomer 

selective. The Hirshfeld surfaces of the two conformers indicate that there is only one 

close contact between hydrogen on tetrahydrofuran and the π orbital of the guest. The 

cavity with the two THF molecules is shown in Figure 1.35 below, as well as the 

Hirshfeld surface with dnorm mapped. 
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Figure 1.35: Tetrahydrofuran adduct. Top, two different conformations of the guests, each 

approximately C2 (twist form), within the procrystal electron density void at 0.0005 au. Below, the 
Hirshfeld surface with dnorm mapped for the two guests.  

!.#.#! TRIMETHYLACETONITRILE ADDUCT 

This adduct has been reported previously by Davies and Williams and the dielectric 

relaxation was studied.89 When heated, the weight loss suggested a ratio of six to one of 

the host to the guest,89 which was confirmed here. The disorder was simpler than is 

usual for Dianin’s compound clathrates because the nitrile bond of the guest, around 

which trimethylacetonitrile has three fold symmetry, sits along the three fold symmetry 

axis of the host, as can be seen in Figure 1.36 below. The guest is disordered about the 

inversion centre still with the two orientations having approximately equal occupancies, 

which is also shown in Figure 1.36 below. One has the nitrile group pointing towards 

the phenolic hydroxyl ring and the other orientation has the nitrile group residing in the 

waist of the cavity. When the nitrile group is facing the ring, it is in close contact to each 

of the alcohol groups in a nearly perfect manner and the nitrogen to hydrogen contacts 

are either 2.60 or 2.62 Å. When the nitrile group is facing into the waist, there are no 

close contacts with the phenolic ring but the surface is nearly perfectly symmetrical like 

the other orientation, which can be seen with the Hirshfeld surfaces in Figure 1.36. The 

dielectric permittivity was measured and the guest molecule has a dipole moment of 3.3 

D, which compares well with the literature value of 3.6 D for an isolated molecule.89 
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Figure 1.36: The trimethylacetonitrile adduct. Top left and bottom left, the two orientations that the 
guest takes in the void, top right and bottom right, the corresponding Hirshfeld surfaces of the two 

orientations of the guest. 

!.#.## BROMOFORM ADDUCT 

This clathrate has not been reported previously, as far as is known, but the analogous 

chloroform adduct was one of the first reported crystal structures.29 The crystal structure 

shows chloroform with two different orientations of approximately equal occupancy. 

One orientation had the hydrogen to carbon bond of chloroform sitting along the c axis 

and the other had a chlorine to carbon bond sitting along the c axis. The bromoform 

adduct only has one orientation with a bromine to carbon bond sitting along the c axis 

and the hydrogen disordered around the three fold axis. It is postulated that the bromine 

atom is too large to allow for the three bromine atoms to fit in one half of the cavity, 

which is suggested when considering the void size and the strong interactions between 

the bromines and the host evident in the Hirshfeld surface shown in Figure 1.37 below. 
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Figure 1.37: The bromoform adduct. Left, one guest shown in the procrystal electron density void, 
right, the Hirshfeld surface with dnorm mapped showing strong interactions between the host and 

the bromines. 

!.#.#$ TRIMETHYLAMINE N-OXIDE ADDUCT 

The trimethylamine N-oxide clathrate was isolated via precipitation from a solution of 

Dianin’s compound and trimethylamine N-oxide in decanol. It was hoped that the 

corresponding symmetries between the host and guest, each having a three fold axis of 

rotation, would result in the guest being ordered in the cavity. It was hoped that 

trimethylamine N-oxide would be ordered about the inversion centre by having the 

functional group interact with the hydroxyl ring. Despite this, the trimethylamine N-

oxide clathrate was found to have the usual disorder.  

There are two conflicting components to the system. Trimethylamine N-oxide is slightly 

acidic, with a pH of 4.66 ± 0.10,98 and may not interact favourably with the slightly 

acidic phenols, but the oxygen has a formal negative charge and may be expected to 

interact via hydrogen bonding, as was noted for the nitromethane clathrate. 

Unfortunately, the oxygen did not interact directly with the phenol ring and the guest 

was found to have the usual disorder (Figure 1.38). The Hirshfeld surface shows the 

oxygen of the guest interacting with the π bonds of the phenol moiety instead, which 

can be seen in Figure 1.38. 
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Figure 1.38: Left, trimethylamine N-oxide within the void shown with a 0.0005 au isosurface of the 

procrystal electron density. Right, the Hirshfeld surface with dnorm mapped from -0.2 to 2.0. 

!.#.#$ P-XYLENE ADDUCT 

The p-xylene adduct has been reported previously and investigated via many different 

techniques.54, 60, 99 100 The investigations have raised two differing conclusions regarding 

the solid structure of the clathrate, which simply put is that there is either one or there 

are two crystallographically distinct guest sites in the clathrate. Different guest sites 

occur when the guest sits in different orientations, shows different disorder or occupies 

different disorder positions in different cavities but in all instances the host remains 

unchanged.  

Vega et al. gave the first report of the p-xylene adduct, as far as is known, which was 

concerned with the dynamics of the guest as a function of temperature.99 Vega et al. 

gave another report on the p-xylene adduct, which was the first indication that there is a 

single host cage but two distinct guest sites. This report also gave measurements from 

deuterium NMR on the dynamics of the guest and showed that the guest does not move 

between disordered positions once the temperature is reduced to 110 K.100 The first 

crystallographic measurements were attempted by the same research group and the 

space group did not match the p-xylene adduct space group to the usual R3. This report 

also used molecular potential calculations to show the two guest sites with the expected 

three fold symmetry.60 The hydroxyl ring was shown to distort depending on the guest 

site and 13C CP/MAS NMR showed that the geminal methyl groups of the host are 

different for each guest site.60  

Vega et al. extended the idea of the host being distorted with isotope enriched NMR 

studies but did not extend the argument for two guest sites. Exchange of the hydrogens 

of the alcohols in Dianin’s compound with deuterium showed the extent of the 
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distortion of the hydroxyl ring via 2H NMR.32, 101 Also, the distance between the methyl 

of p-xylene and the carbons of the host was measured between methyl 13C enriched p-

xylene and the natural abundance 13C nuclei of the host using 2D radio-frequency-

driven recoupling.32 This showed the positions of the methyls of p-xylene, lying along 

the axis of three fold symmetry, relative to the host atoms and the distortion they induce 

in the host.32  

Enright et al. later obtained accurate crystallographic data, which was used to find the 

guest locations and the skeletal structure of the host.54 The guest was reported to exist in 

only one guest site, with the usual symmetry disorder, and the host was found not to be 

distorted,54 which was a markedly different conclusion to that of Vega et al.60 The 

nature of the guest was further analysed using 13C CP/MAS NMR and notably complex 

spectra were obtained54 and the spectra were compared to the spectra produced by Vega 

et al.60 but the spectra were concluded to be complicated because of disorder.54, 101 The 

spectra were noted to simplify at elevated temperatures, which was explained as being 

due to guest dynamics and the guest switching between positions within the cavity.54 

Enright et al. conclude their report with the speculation that the differences in structural 

models may be due to Vega et al. accidentally measuring the 2H NMR from twinned 

crystals.54 

Vega et al. commented on the speculation given by Enright et al. and explained the 

reasons why twinning was not the reason that two guests sites were found.61 The case 

for two types of cavities was further explained, with evidence from 13C MAS NMR, 2H 

NMR and molecular mechanics calculations, and the reason for the observance of the 

single guest site at 173 K by Enright et al.54 is explained as the average of the two guest 

sites noticed at 110 K in the molecular mechanics simulation.60, 61 Vega et al. then 

suggest that the distortion of the host is not observed in the crystal structure because the 

refinement in the space group R3 is incorrect or that the data was not of a sufficient 

resolution.61 Enright et al. responded to the comment by explaining how solving the 

structure in a triclinic Laue group, space group P1 or P1, still results in there being one 

type of cavity.54 

In this work, detailed crystallographic data was collected at 100 K, 150 K, 200 K and 

300 K and a phase transition was found. At 300 K and 200 K, the clathrate was found to 

exist in the usual R3 space group with the guest highly disordered but at 150 K and 100 

K there is a doubling of the a and b axes and the two distinct cavities are obvious. The 
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space group stays as R3 but there are five points on the rhombohedral plane instead of 

two, as is usual for Dianin’s compound clathrates. This is apparent in Figure 1.39 below, 

which shows the unit cell at 100 K with alternating guest sites along the rhombohedral 

plane. At 100 and 150 K, the guest in one site is symmetrically disordered about the 

three fold axis of rotation with the methyl to benzene bonds sitting close to, but not 

exactly along, the rotation axis. The other site has the guest disorder over three positions 

that are not symmetry related. Each position has a slightly different distance to the 

hydroxyl ring of the host. 

 
Figure 1.39: Unit cell of p-Xylene clathrate at 100 K. All disorder is shown so that the difference 

between guest sites is obvious (magenta dashed line = hydrogen bonds) 

When the temperature is allowed to increase to 200 K, the two guest sites coalesce to 

one site. The disorder of the guest is considerable, with symmetry and positional 

disorder seen. At 100 and 150 K, the symmetry disorder is seen in one guest site and the 

positional symmetry is seen in the other but, at 200 K, both types of disorder are seen in 

the one guest site. In each position, the guest sits about the three fold axis of rotation 

with the methyl to benzene bonds sitting close to, but not exactly along, the rotation 

axis. This can be seen in Figure 1.40 below. 
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Figure 1.40: Unit cell of the p-Xylene adduct at 200 K (magenta dashed line = hydrogen bonds) 

At 300 K, the disorder changes again but the usual space group is kept. The disorder 

simplifies somewhat, as the positional disorder is lost. This removes one permutation of 

possible positions in which the guest may sit. This is attributed to the increase in kinetic 

energy at higher temperatures, with the resulting thermal motion causing the guest to sit 

in the centre of the cavity. This is shown in Figure 1.41 below. 

 
Figure 1.41:The unit cell of p-Xylene adduct at 300 K (magenta dashed line = hydrogen bonds) 

This consolidates the known information on the p-xylene clathrate and it appears that 

both Vega et al. and Enright et al. were correct. Simply, there are two guest sites below 
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150 K and there is only one above 200 K. The molecular mechanics simulation 

performed by Vega et al. was done at 110 K and it suggested there were two guest 

sites.60 The single crystal determination by Enright et al. was conducted at 173 K and 

suggested there was only one guest site.54 These results are in agreement with the results 

obtained in this work and suggest the phase transition occurs between 150 and 173 K. 

The void at 100 K is presented below with one guest from the positional disordered 

sites shown. The other substituted benzene guests have the benzene ring sitting within 

one half of the void but p-xylene has the benzene ring within the waist, as can be seen in 

Figure 1.42 below. The Hirshfeld surface with dnorm mapped shows a weak contact 

between the hydrogens of the benzene ring but no interactions between the methyl 

groups and the hydroxyl ring. Though no strong interactions are seen, the Hirshfeld 

surface shows very few blue areas, which indicates that much of the guest is interacting 

lightly with the host. Also apparent in Figure 1.42 is the distortion of the hydroxyl ring, 

which is attributed to the benzene ring sitting in the waist of the cavity. 

      
Figure 1.42: Left, p-Xylene within the procrystal electron density void at 0.0005 au at 100 K. Right, 

the Hirshfeld surface with dnorm mapped. 

!.#.#$ ISOPROPANOL ADDUCT 

Like the p-xylene adduct, the isopropanol adduct was found to be a unique case with a 

phase transition and two guest sites noted. The isopropanol adduct has another unique 

feature as the guest hydrogen bonds with the hydroxyl ring of the host and the only 

other structures in the CSD that also show this phenomenon were recently reported by 

Barbour and co-workers.17, 42, 43 These anomalous adducts have organic bases as guests, 

specifically morpholine,17 piperazine, piperidine43 and ethylenediamine.42 The phenolic 

groups are acidic and are deprotonated by morpholine and ethylenediamine to give 

morpholinium and ethyleneamine-ammonium clathrates.17, 42 The phenolic groups 
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participate in hydrogen bonding and piperazine and piperidine form adducts between 

the amine groups and the alcohols of Dianin’s compound but the cavity is lost because 

of this interaction.44 This makes the isopropanol clathrate unique, as it hydrogen bonds 

to the alcohol ring of the host, via an alcohol group, without collapsing the cavity.  

Though complete structures of this nature are only recently being reported, it must be 

noted that Baker et al. in 1956 reported the higher solubility of Dianin’s compound in 

amine solvents. Also, Baker et al. indicated that the increase solubility might be due to 

strong hydrogen bonding with solvent or possibly salt formation, which was confirmed 

later by Barbour and co-workers.17 Baker et al. also reported that a crystallographic 

study, performed by Powell, of the piperidine adduct showed that the adduct did not 

have the usual trigonal structure.27 

The morpholine adduct resembles, but is different to, the usual trigonal structure and 

has triclinic crystal symmetry. The usual structure is retained but there are four neutral 

Dianin’s compound molecules, two deprotonated Dianin’s compound molecules and 

two morpholinium guests. The errant proton has not gone far but has travelled into the 

void slightly to form the morpholinium species. Interestingly, this causes the guest to 

order, assumedly because it needs to sit in close proximity of the phenoxide to be 

neutralised. This is shown below in Figure 1.43, which is adapted from Barbour et al.17 

The ethylene diamine adduct has a space group of R3 and the c axis is similar to the 

usual length but the a and b axes are almost double. This occurs because there are two 

types of cages within the crystal. One has neutral molecules and the guest is disordered 

in the way that is usual and the other cage has charged molecules and the guests are 

ordered. The two guest sites are referred to as type I and type II, respectively.42 In each 

case, it is the amine group interacting with the hydroxyl ring via complete or partial 

deprotonation of phenol groups. The adducts of ethyleneamine-ammonium and 

morpholinium, which retain the cavity, are shown in Figure 1.44 below alongside the 

isopropanol adduct. The interaction of the guest with the hydroxyl ring is evident by the 

shifting of the promolecule electron density (gold in Figure 1.44) at the hydroxyl rings. 
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Figure 1.43: One guest above and one guest below the alcohol ring, showing the transfer of the 

proton.17 Only the phenol group of four host molecules have been shown, for the sake of clarity. N-
H…O contacts have been highlighted with green dashed lines. 

 
Figure 1.44: The cages of the three clathrates. Dianin’s compound molecules are represented by 

smooth isosurfaces at 0.002 au of the promolecule electron density.71 Two host molecules per cavity 
have been removed for ease of viewing. 

The piperazine and piperidine are less like clathrates and are more like co-crystals with 

Dianin’s compound. They have monoclinic crystal symmetry and the phenol ring has 

completely collapsed with the alcoholic hydrogens of Dianin’s compound hydrogen 

bonded to the amine group.43 Piperazine results in a three membered hydrogen bonded 

arrangement between one piperazine molecule and two Dianin’s compound molecules. 

The piperidine results in a four membered hydrogen bonded arrangement, with two 

molecules of piperidine and two of Dianin’s compounds. The piperazine and piperidine 
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form ternary and tertiary hydrogen-bonded adducts, respectively, which are significantly 

different to the usual hydrogen bonded hexagonal arrangement of Dianin’s compound. 

The void is not present and the system is not clathratic, resulting in adducts with ratios 

of 2:1 for piperazine:Dianin’s compound and 1:1 for piperidine:Dianin’s compound. It 

was, therefore, unexpected that isopropanol would hydrogen bond to the alcohols of 

Dianin’s compound, forming part of the host packing, and it is unique, as far as is 

known, for this to occur with a non-amine guest.  

There is a noticeable similarity between the ethyleneamine-ammonium and the 

isopropanol clathrates, which are pictured below in Figure 1.45 in a manner to highlight 

the two distinct guest sites. The arrangement of the host molecules appears to be 

identical, at first glance, but some differences are noted upon a detailed comparison. 

The orientations of the type II cage, which have the magenta guest molecules in the 

diagram, differ by approximately 90º between the two structures. This means there is 

also a small displacement of the associated host molecules, specifically the ones 

coloured red and blue in the diagram, and a clockwise rotation of the host molecules 

surrounding the type I cage, coloured yellow and green in the diagram. The blue 

molecules are the deprotonated ones in the ethyleneamine-ammonium clathrate.  

 
Figure 1.45: Projections down the c axis of the unit cell for isopropanol and ethyleneamine-

ammonium (only one disordered guest position shown)  
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The interaction of the guest with the hydroxyl ring is illustrated below in Figure 1.46. 

Normally, this ring is made of the host with close contacts to the guest without formal 

intermolecular bonding but the morpholinium, ethyleneamine-ammonium and 

isopropanol adducts have the guest participating in the ring. The morpholinium and 

ethyleneamine-ammonium replace two molecules of Dianin’s compound, which sit 

outside of the ring but still interact through hydrogen bonding, keeping six molecules in 

the ring. In contrast, the isopropanol inserts into the ring to form an eight membered 

ring, which is not octagonal. 

 
Figure 1.46: The view along the c axis, perpendicular to the hydrogen bonded ring. Showing the 

guest free clathrate and the type II cages of isopropanol, ethyleneamine-ammonium and 
morpholinium. Transparent host molecules are into the page, solid molecules are out of the page 

and hydrogen bonds are shown with dashed magenta lines. 

The structure of the isopropanol adduct with two guest sites may derive from the usual 

trigonal structure by partial ordering of the guest molecules. It has recently been 

postulated by Jacobs et al. that the ability of the guest to form strong hydrogen bonds 

with the phenol groups of Dianin’s compound and that the guests fit comfortably in the 

cavity causes the partial ordering.43 This ordering is not seen in the structure taken at 

room temperature and further investigations were done to find the phase transition. 

Starting at room temperature, which was measured to be 299 K, and decreasing the 

temperature systematically, a transition was found at 180 K. A full structure 



1.2 RESULTS AND DISCUSSION  

 61 

determination was taken at this temperature. The temperature was lowered to 15 K and 

a structure determination was done at 15 K at the Advanced Photon Source. It was 

hoped that further ordering would occur but no other transitions were noted. However, it 

was possible to resolve the ordering of the guest molecules in the type II cages into two 

orientations with occupancies at a ratio of two to one. The three orientations, when 

compared, suggest that the orientations of the guest molecules at 100 K may be the 

weighted mean of the two orientations observed at 15 K and are shown as the hydroxyl 

ring in Figure 1.47 below. 

   
Figure 1.47: Left, the orientations of isopropanol at 100 K and, middle and right, the two 

orientations at 15 K. The weighted mean of the two occupancies at 15 K seems to be the same as the 
three orientations noted at 100 K. 

The structural details of the clathrates at the various temperatures are given in Table 1.7 

below. The axes lengths, the distance between oxygens across the alcohol ring (width in 

Table 1.7) and the distance between hexagonal alcohol rings (height in Table 1.7) have 

been measured. Type I cages have 3 symmetry and only one unique oxygen to oxygen 

separation across the ring. Type II cages have three different oxygen to oxygen 

separations across the ring. The height of the cage is measured from the distance 

between mean planes formed by the six oxygens of the Dianin’s molecules involved in 

the hydrogen bonding between the cages. This is the same length of the c axis, except in 

the morpholine clathrate. 

Table 1.7: Comparison of structural details of the isopropanol clathrate with other comparable 
clathrates 

 Temp (K) a, b (Å) c (Å) Widtha Heightb 

Type I Type II 

Guest free 100 26.778 10.903 5.53 - 10.90 

Isopropanol 15 53.710 10.991 5.62 5.96, 6.32, 7.34 10.99 

Isopropanol 100 53.972 11.032 5.66 5.99, 6.34, 7.38 11.03 

Isopropanol 182 27.011 10.976 5.79 - 10.98 

Isopropanol 299 27.201 11.024 5.89 - 11.02 

Ethylene diamine 100 53.599 11.002 5.59 4.88, 5.84, 6.08 11.00 

Morpholine 100 11.096, 16.0338 26.688 - 4.93, 5.69, 6.47 11.03 
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a The distance between oxygens across the alcohol ring (Å), b the distance between alcohol rings (Å) 

!.#.#$ ISOPROPYLAMINE ADDUCT 

The unexpected behaviour of isopropanol,44 and the previous work concerning amine 

bases and the interesting, but subtle, disruption of the host packing,17, 42, 44 led to the 

investigation of the inclusion of isopropylamine into the clathrate. Surprisingly, the 

isopropylamine clathrate did not show deprotonation of the phenol groups as the other 

amines do but it did show some other interesting features. The first noticeable feature 

was the formation of pink coloured crystals in approximately a third of crystallisations 

(10 crystallisations were conducted and three gave pink crystals), which has not been 

reported for other clathrates of Dianin’s compound.  

Initially, the degradation of Dianin’s compound via environmental oxidation was 

considered, despite the fact that an acid catalyst is needed. This is a known phenomenon 

for phenol, which gives a similar pink colour, and it was thought that similar reactions 

could be occurring to Dianin’s compound because of the similar functionality. 

Investigations of the oxidation of Dianin’s compound have not been conducted, as far as 

is known, but the oxidation of phenol has been investigated and is represented in Figure 

1.48 below.102 Some partial oxidation products of phenol are catechol, p-hydroquinone, 

p-benzoquinone and o-benzoquinone103 of which, o-benzoquinone is red and gives the 

pink colour to degraded phenol.104 No spectroscopic evidence of the analogous 

benzoquinone was found or of any other oxidation products in the pink crystals. The 

mother liquors did not contain the pink colour, which would be expected if the 

benzoquinone analogue was forming in solution. The crystals of Dianin’s compound 

held a uniform pink colour, where as phenol crystals have more pink colouration in 

places most exposed to air and less colouration in places not exposed to air. 
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Figure 1.48: The partial oxidation process of phenol, of which o-benzoquinone is red 

Other sources of the colour were considered, including the incorporation of trace 

impurities in the isopropylamine into the crystal lattice. The impurities would only 

become coloured once included in the crystal.105 Also, the colour may be caused by 

crystallographic defects.106 In each case, be it the formation of coloured impurities, the 

inclusion of coloured impurities or defects in the crystal lattice, the coloured material 

would form part of a larger lattice and the usual crystal lattice would be a sub-lattice of 

the whole.107 The coloured crystals had slightly different unit cells, which suggests the 

colouration is a property of the complex itself and not due to substitution at lattice 

points. The colour, though not completely investigated with calculations, is assumed to 

be due to the formation of a charge transfer complex with the excitement of an electron 

within the molecular orbitals being of an absorption wavelength within the visible 

region.108, 109 A summation of the different selected bond lengths, illustrating the 

differences in the crystals, is given in Table 1.8 below. 

Table 1.8: Selected bond distances of the two slightly different clathrates of isopropylamine at 
various temperatures 

Colour Temp (K) N-H…Oa O-H…Ob Heightc 

Colourless 300 2.990(19) 2.940(3) 10.47 

Colourless 200 2.557(18)-3.010(11) 2.614(4)-3.168(5) 10.35, 10.36 

Colourless 150 2.837(7)-3.164(8) 2.585(7)-3.255(6) 10.35 

Colourless 100 2.845(7)-3.125(9) 2.583(5)-3.251(6) 10.35, 10.34 

Pink 300 2.569(11)-3.186(11) 2.712(3)-3.251(4) 10.45 

Pink 200 2.572(15)-3.076(7) 2.599(4)-3.211(5) 10.37 

Pink 150 2.865(3)-3.142(7) 2.568(4)-3.281(17) 10.36, 10.35 
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Pink 100 2.830(6)-3.088(7) 2.553(5)-3.276(19) 10.34 
a N-H…O bond distance (Å), b O-H…O bond distance (Å), c Distance between alcohol ring planes (Å) 

At room temperature, the colourless crystals of isopropylamine clathrate have the usual 

R 3  space group but has two guest sites, as shown in Figure 1.49 below. The 

isopropylamine is directed along the c axis with the usual 3 fold disorder but no 

disorder about the inversion centre as the nitrogen is always pointing towards the 

hydroxyl ring. The bond distances are similar, but not comparable because of the 

difference in measurement temperature, to the other clathrates with the nitrogen to 

phenolic oxygen distance being 2.990(19) Å, the hydrogen bonding distance between 

phenolic oxygens being 2.940(3) Å and the distance between the centroids of the 

phenolic ring being 10.47 Å. 

 
Figure 1.49: Unit cell of the colourless isoproylamine clathrate, viewed down c, at 300 K (magenta 

dashed line = hydrogen bonds) 

The complex undergoes a phase transition between 300 and 200 K with the crystal 

system becoming triclinic (Figure 1.50). A strong pseudo I-centred diffraction pattern 

emerges with the group of I centred reflections having a mean intensity/σ(I) ratio of 2.8, 

which is lower than the ratio of 6.7 calculated for the rest of the other lattice exceptions 

but is still significant. If these weak reflections are ignored, the triclinic setting 

transforms to trigonal by the matrix operation (0, 0, -1; -0.5, -1.5, 0.5; -1, 0, 0) with the 

new unit cell parameters of a = b = 26.879(1) Å, c = 11.1029(3) Å and V = 6946.9(3) 

Å3. Refinement of the structure in this setting results in a relatively low value of R1 = 

0.1192.  
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Figure 1.50: Unit cell of the colourless isopropylamine clathrate at 200 K, viewed down a (magenta 

dashed line = hydrogen bonds) 

In space group P1, the asymmetric unit consists of two different cavities with the 

molecules displaced about the two different inversion centres. The guests are disordered 

between three sites in both groups. During refinement, the sum of the occupancies of 

the components of each guest was constrained to unity, specifically 0.537(5), 0.316(5) 

and 0.146(5) for the type I cavity and 0.591(6), 0.245(5) and 0.163(5) for the type II 

cavity. The disorder is not due to the pseudo axis of three fold rotation about the 

hexagonal hydroxyl ring or the inversion centre, as is the general rule for the clathrates, 

but is displacement disorder with two of the disordered molecules sitting close to the 

pseudo axis of rotation and the other being significantly tilted compared to the axis. The 

different locations give amine to oxygen hydrogen bonds of 2.614(4) to 3.168(5) Å. The 

distances between the hydroxyl rings are 10.35 and 10.36 Å for the type I and II 

cavities, respectively. 

Lowering the temperature to 150 K causes ordering of the guest. The crystal remains 

triclinic and the general composition stays the same as the 200 K structure but the 

guests are disordered over two sites at 150 K. The sum of the components of the 

disordered guests was constrained to one with the values for each position being 

0.710(6) and 0.290(6) in the type I cavity and 0.685(6) and 0.315(6) for the type II 

cavity. The tilted guest molecule component has been lost, meaning the guests align 

along the pseudo three fold rotation axis, and the amine to oxygen hydrogen bond 

distances are 2.837(7) to 3.164(8) Å. One phenol moiety of the host is disordered in 

each cavity at the same values of occupancy as the guests, which suggests a direct 

interaction between the two. The hydrogen bond distance between alcohols in the 
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hydroxyl ring is in the range of 2.5837(7) and 3.255(6) Å. The distance between the 

hydroxyl ring planes is 10.35 Å for both type I and type II cavities. 

The temperature of the crystal was lowered to 100 K but the composition stayed similar 

to the 150 K structure. The disorder occupancy for the type I cavity is 0.713(6) and 

0.287(6), which is within the error of the 150 K structure, but the occupancy of the type 

II cavity changes to 0.703(6) and 0.297(6). The amine to oxygen hydrogen bond is in 

the range of 2.845(7) and 3.125(9) Å, the alcoholic hydrogen bond range between 

2.583(5) and 3.251(6) Å and the distances between hydroxyl planes are 10.35 and 10.34 

Å for type I and II cavities respectively. 

The pink crystals at 300 K crystallise in the triclinic space group with possibility of 

transformation to trigonal in the same manner described for the colourless crystals at 

200 K. When the P1 space group is used, the asymmetric unit consists of two different 

cavities disposed about two different inversion centres. In each instance, the guests are 

disordered about three sites in both groups with all three in the type I cavity being 

closely aligned to the pseudo axis of rotation but, in the type II cavity, one disordered 

guest sits at a tilted angle. During refinement, the sum of the occupancies of each guest 

were constrained to one with the values of 0.466(4), 0.370(4) and 0.162(3) for the type I 

guests and 0.464(5), 0.253(4) and 0.281(4) for type II guests. The unit cell is shown 

below in Figure 1.51. 

 
Figure 1.51: Unit cell of pink isopropylamine clathrate at 300 K (magenta dashed line = hydrogen 

bonds) 

At 200 K, the guest molecules are still disordered between three sites. The occupancies 

are 0.572(5), 0.273(5) and 0.154(5) for the type I cavity and 0.627(5), 0.197(5) and 
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0.174(5) for the type II cavity. At 150 K, the guests become more ordered and sit in two 

sites. The occupancy populations become 0.755(5) and 0.245(5) in type I and 0.727(5) 

and 0.273(5) in type II. Also, in each case, one phenolic moiety shows positional 

disorder (both are shown in Figure 1.52 below) with the same population ratios as the 

guest that corresponds to the different positions of the guest. The amine groups are 

closely aligned to the central pseudo rotation axis, which, with the ordering, suggests a 

reasonable interaction. The crystal structure model at 100 K stays the same as the 150 K 

structure. The population of the components are 0.759(5) and 0.241(5) for type I and 

0.770(5) and 0.230(5) in group II.  

 

 
Figure 1.52: Disorder related unit cells of the pink crystals of isopropylamine clathrate at 100 K. 

The disorder in the guest matches disorder in the hydroxyl ring of the host, with one shown top and 
the other shown bottom.  
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!.# CONCLUSION 
Detailed structural analysis of single crystal X-ray diffraction data were measured at 

100 K for 21 clathrates of Dianin’s compound. The number of guests, the varying types, 

as well the apohost, gave considerable insight into the way that the host adjusts to 

accommodate the guest. Also, evidence for the guest altering to accommodate the host 

was noted. The important information on the location, orientation and dynamics of the 

guest was obtained, often the first report of any information on the enclathrated guest, in 

a consistent and reproducible manner, which is easily repeated if others should wish to 

compare results. The X-ray scattering due to the guest is only a small fraction of the 

total, which is confounded by the disorder and less than whole occupancy, which means 

it is very important to collect accurate and precise X-ray diffraction data for clathrates 

of Dianin’s compound. 

The clathrates were found to have the same space group as the apohost, R3, with the 

guests usually disordered about the 3-fold axis along c as well as about the inversion 

centre in the waist of the cage. The exception was isopropylamine, which would change 

to P1 when cooled, or crystallised sometimes in this space group spontaneously giving 

pink crystals. The cells are similar in size but the host structure displays significant 

changes in response to enclathration of the various guests. Various values were 

measured and noted. The a axes vary by as much as 0.35 Å, the c axes vary by as much 

as 0.27 Å and the cavity volumes, as measured with V0.0005, were found to vary by as 

much as 57 Å3. This is almost 14% of the cavity volume of the apohost. The cavity 

volume closely followed the changes in the unit cell. Enclathration typically results in a 

larger cell and void volume but some exceptions, including methanol, ethanol and 

nitromethane, were found where shrinking of the host was noted. 

Information concerning the guest location and orientation has been found. A number of 

patterns and trends emerged from the collective data. In most clathrates there is 

evidence for close contacts between the guest and the phenol alcohol or phenol ring of 

the host. The exceptions were hexane, which sits almost perfectly within the void and 

makes no close contacts to the host, and dichloroethane, which sits comfortably at one 

end of the cavity. Acetic acid also comfortably spans the cavity, doing so by forming a 

hydrogen bonded dimer, and this causes compression of the host, which is evidenced by 

the fact that the acetic acid clathrate appears as an outlier in trends in several structural 

parameters. 



1.3 CONCLUSION  

 69 

The benzene, toluene and halobenzene clathrates provided an interesting series that 

involved host-guest interactions dictating the location and orientation of the guest. 

Largely responsible were the CPh-H…π and CPh-H…O interactions between the guest and 

host, which can be qualitatively indicated with the Hirshfeld surface analysis but was 

quantitatively investigated by measuring the angle between the Cph-X bond and the c 

axis. It measured to be 22° for benzene, 19° for fluorobenzene, 17° for chlorobenzene, 

15° for bromobenzene, 14° for toluene and 11° for iodobenzene, which directly 

decreases with the increases in the functional groups contributions to the van der Waals 

volume, as tabulated by Bondi.110 

The space group and cell dimensions of the clathrates are essentially the same as the 

apohost, which is the generally accepted idea in the current literature. This idea was 

extended in this work and the structure was shown to sometimes depend on the 

temperature. With the lowering of temperature, for the isopropyl alcohol and p-xylene 

clathrates, the partial ordering of the guest was noted and this was reflected in the 

doubling of the a and b axes. Structures of three previously reported organic amine 

bases show partial and full proton transfer from the host to guest and can be considered 

as co-crystals,17, 42, 43 which show remarkable similarities to the isopropanol clathrate at 

100 K. Also, interruption of bonding in the phenolic ring could cause ordering of the 

guests, and inclusion of isopropyl alcohol in the phenolic ring caused ordering of 

isopropyl alcohol. The isopropylamine clathrate sometimes crystallised in a related, but 

different, space group and would convert to this space group upon lowering the 

temperature. Previous work on these archetypical inclusion compounds had not 

considered the importance of temperature on the ordering of the guests and the observed 

crystal structures but, in this work, the crystal structures were found to depend on the 

temperature. 
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!.# EXPERIMENTAL 
!.#.! REAGENTS 

Dianin’s compound was prepared from previously reported procedures.27 Guest free 

Dianin’s compound was formed by sublimation from the ethanol adduct, as described.27 

The sublimation of other clathrates was found to give the guest free species as well. 

Guest solvents were used as purchased and no action was taken to exclude air or water 

during crystallisations. 

!.#.$ CLATHRATES 

Dianin’s compound (50 mg, 0.19 mol) was dissolved in the solvent of choice, filtered, 

and then allowed to evaporate slowly. Polar solvents (alcohols and amines) required 1-5 

mL of solvent to form a saturated solution, less polar solvents (haloalkanes and 

aromatics) required 5-10 mL and hexane required 100 mL. Volatile solvents evaporated 

overnight to give colourless crystals. Less volatile solvents evaporated within a week to 

give colourless crystals. 

!.#.$ APOHOST 

Dianin’s compound (50 mg, 0.19 mol) was dissolved in warm decanol (200 mL, 40 ºC), 

filtered, and left (two weeks) at 40 ºC to evaporate until colourless crystals formed. 

!.#.# TRIMETHYLAMINE N-OXIDE 

Dianin’s compound (50 mg, 0.19 mmol) and trimethylamine N-oxide (0.10 mg, 0.13 

mmol) was dissolved in warm decanol (200 mL, 40 ºC), filtered, and left (two weeks) at 

40 ºC to evaporate until colourless crystals formed. Uncomplexed trimethylamine N-

oxide also precipitated but was distinguishable as it has a different crystal shape. 

!.#.$ CRYSTALLOGRAPHIC DATA 

Crystallographic data was measured at 100(2) K, unless otherwise stated, from single 

crystals using Oxford Diffraction Xcalibur or Gemini CCD diffractometers with 

monochromatic MoKα or CuKα radiation. Data were corrected for Lorentz and 

polarisation effects as well as for absorption. The structures were solved by direct 

methods in space group R 3  (No. 148) and refined using the SHELX-2013 

crystallographic package111 and X-seed interface.112 A full matrix least-squares 

refinement procedure was used, minimising w(FO
2-FC

2) , with w 

=  [σ2 FO
2   +   AP 2  +  BP]

-1
, where P  =  (FO

2  +  2  FC
2)/3 . Agreement factors, 
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R1 = ∥FO|  -  |FC∥ / |FO | , wR2 =( w FO
2  -  FC

2 2
/ [w FO

2 2
])

1/2
and Goof 

=  ( w FO
2  -  FC

2 2
/(n  -  p))

1/2
 where n is the number of reflections and p is the total 

number of parameters refined, are cited. Non-hydrogen non-disordered atoms were 

refined anisotropically. Some restraints were applied during refinement of the guest 

molecules in order to maintain their chemical integrity and to avoid the breaking of 

symmetry. The positions of hydrogen atoms were partly localised from difference 

Fourier synthesis, partly calculated from geometrical considerations, and their atomic 

parameters were constrained to the bonded atoms during the refinement with O−H = 

0.85 Å, CPh−H = 0.95 Å, CMe−H = 0.98 Å and 0.99 Å for CH2. 

Methanol Adduct 

C55H64O7, M = 837.06, colourless prism, 0.28 × 0.20 × 0.13 mm3, trigonal, a = b = 

26.6907(6), c = 10.8875(2) Å, V = 6717.0(2) Å3, Z = 6, Dc = 1.242 g/cm3, µ = 0.080 

mm-1. F000 = 2700, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.4°, 27168 

reflections collected, 5014 unique (Rint = 0.0241). Final GooF = 1.005, |∆ρmax| = 0.75(3) 

e Å-3, R1 = 0.0419, wR2 = 0.1128, R indices based on 4099 reflections with I > 2σ(I) 

(refinement on F2), 193 parameters, 2 restraints. CCDC deposition number 973697. 

Nitromethane Adduct 

C55H63NO8, M = 866.06, colourless prism, 0.35 × 0.25 × 0.14 mm3, trigonal, a = b = 

26.7277(16), c = 10.8610(5) Å, V = 6719.3(5) Å3, Z = 6, Dc = 1.284 g/cm3, µ = 0.085 

mm-1. F000 = 2784, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.3°, 26424 

reflections collected, 5012 unique (Rint = 0.0866). Final GooF = 1.000, |∆ρmax| = 0.89(7) 

e Å-3, R1 = 0.0702, wR2 = 0.1761, R indices based on 4056 reflections with I > 2σ(I) 

(refinement on F2), 197 parameters, 0 restraints. CCDC deposition number 973698. 

Ethanol Adduct 

C56H66O7, M = 851.08, colourless prism, 0.26 × 0.24 × 0.15 mm3, trigonal, a = b = 

26.6925(14), c = 10.9396(4) Å, V = 6750.1(4) Å3, Z = 6, Dc = 1.256 g/cm3, µ = 0.081 

mm-1. F000 = 2748, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 74.7°, 48175 

reflections collected, 7570 unique (Rint = 0.0875). Final GooF = 1.029, |∆ρmax| = 0.9(1) 

e Å-3, R1 = 0.0611, wR2 = 0.1466, R indices based on 4916 reflections with I > 2σ(I) 

(refinement on F2), 207 parameters, 6 restraints. CCDC deposition number 973699. 
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Dichloroethane Adduct 

C110H124Cl2O12, M = 1708.98, colourless prism, 0.42 × 0.36 × 0.31 mm3, trigonal, a = b 

= 26.8114(6), c = 10.8567(3) Å, V = 6758.8(2) Å3, Z = 3, Dc = 1.260 g/cm3, µ = 0.137 

mm-1. F000 = 2742, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.6°, 27993 

reflections collected, 5052 unique (Rint = 0.0177). Final GooF = 1.001, |∆ρmax| = 1.30(8) 

e Å-3, R1 = 0.0549, wR2 = 0.1610, R indices based on 4402 reflections with I > 2σ(I) 

(refinement on F2), 195 parameters, 4 restraints. CCDC deposition number 973700. 

n-Hexane Adduct 

C114H134O12, M = 1696.20, needle colourless, 0.40 × 0.10 × 0.08 mm3, trigonal, a = b = 

26.7934(6), c = 10.8917(2) Å, V = 6771.5(2) Å3, Z = 3, Dc = 1.248 g/cm3, µ = 0.620 

mm-1. F000 = 2742, CuKα radiation, λ = 1.54178 Å, T = 100(2) K, 2θmax = 134.9°, 29675 

reflections collected, 2705 unique (Rint = 0.0420). Final GooF = 1.005, |∆ρmax| = 0.23(4) 

e Å-3, R1 = 0.0366, wR2 = 0.0954, R indices based on 2373 reflections with I > 2σ(I) 

(refinement on F2), 193 parameters, 0 restraints. CCDC deposition number 973701. 

Acetic Acid Adduct 

C56H64O8, M = 865.07, colourless prism, 0.27 × 0.26 × 0.20 mm3, trigonal, a = b = 

26.6260(4), c = 11.0546(2) Å, V = 6787.12(16) Å3, Z = 6, Dc = 1.270 g/cm3, µ = 0.083 

mm-1. F000 = 2784, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.4°, 26089 

reflections collected, 5054 unique (Rint = 0.0188). Final GooF = 1.003, |∆ρmax| = 0.44(5) 

e Å-3, R1 = 0.0400, wR2 = 0.1125, R indices based on 4311 reflections with I > 2σ(I) 

(refinement on F2), 209 parameters, 8 restraints. CCDC deposition number 973702. 

Fluorobenzene Adduct 

C114H125FO12, M = 1706.13, colourless needle, 0.26 × 0.22 × 0.16 mm3, trigonal, a = b = 

26.8710(8), c = 10.8595(2) Å, V = 6790.6(2) Å3, Z = 3, Dc = 1.252 g/cm3, µ = 0.081 

mm-1. F000 = 2742, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 74.6°, 83175 

reflections collected, 7723 unique (Rint = 0.0368). Final GooF = 1.000, |∆ρmax| = 0.85(7) 

e Å-3, R1 = 0.0553, wR2 = 0.1552, R indices based on 5627 reflections with I > 2σ(I) 

(refinement on F2), 198 parameters, 4 restraints. CCDC deposition number 973703. 
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Bromoform Adduct 

C109H121Br3O12, M = 1862.78, colourless needle, 0.54 × 0.30 × 0.20 mm3, trigonal, a = b 

= 26.8516(14), c = 10.9156(5) Å, V = 6815.8(5) Å3, Z = 3, Dc = 1.361 g/cm3, µ = 1.396 

mm-1. F000 = 2928, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 65.3°, 28753 

reflections collected, 5280 unique (Rint = 0.0296). Final GooF = 1.004, |∆ρmax| = 1.11(8) 

e Å-3, R1 = 0.0532, wR2 = 0.1720, R indices based on 3862 reflections with I > 2σ(I) 

(refinement on F2), 212 parameters, 0 restraints. CCDC deposition number 973704. 

Carbon Tetrachloride Adduct 

C109H120Cl4O12, M = 1763.84, colourless prism, 0.31 × 0.23 × 0.19 mm3, trigonal, a = b 

= 26.8671(8), c = 10.8701(2) Å, V = 6795.3(2) Å3, Z = 3, Dc = 1.293 g/cm3, µ = 0.196 

mm-1. F000 = 2814, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.4°, 25966 

reflections collected, 5090 unique (Rint = 0.0201). Final GooF = 1.001, |∆ρmax| = 0.55(5) 

e Å-3, R1 = 0.0397, wR2 = 0.1118, R indices based on 4291 reflections with I > 2σ(I) 

(refinement on F2), 196 parameters, 1 restraint. CCDC deposition number 973705. 

Chlorobenzene Adduct 

C114H125ClO12, M = 1722.58, colourless prism, 0.40 × 0.35 × 0.22 mm3, trigonal, a = b 

= 26.9382(8), c = 10.8315(2) Å, V = 6807.0(2) Å3, Z = 3, Dc = 1.261 g/cm3, µ = 0.108 

mm-1. F000 = 2766, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.7°, 49017 

reflections collected, 5206 unique (Rint = 0.0572). Final GooF = 1.004, |∆ρmax| = 0.41(5) 

e Å-3, R1 = 0.0583, wR2 = 0.1420, R indices based on 4288 reflections with I > 2σ(I) 

(refinement on F2), 202 parameters, 0 restraints. CCDC deposition number 973706. 

Iodobenzene Adduct 

C114H125IO12, M = 1814.03, colourless prism, 0.24 × 0.18 × 0.16 mm3, trigonal, a = b = 

26.971(1), c = 10.7851(3) Å, V = 6794.4(3) Å3, Z = 3, Dc = 1.330 g/cm3, µ = 0.420 mm-

1. F000 = 2874, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 61.0°, 29948 

reflections collected, 4591 unique (Rint = 0.0948). Final GooF = 1.163, |∆ρmax| = 1.02(8) 

e Å-3, R1 = 0.1143, wR2 = 0.2206, R indices based on 3841 reflections with I > 2σ(I) 

(refinement on F2), 199 parameters, 5 restraints. CCDC deposition number 973707. 

Crystal data for DC:bromobenzene: C114H125BrO12, M = 1767.04, colourless needle, 

0.54 × 0.30 × 0.20 mm3, trigonal, a = b = 26.9737(6), c = 10.8105(2) Å, V = 6811.7(3) 
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Å3, Z = 3, Dc = 1.292 g/cm3, µ = 0.519 mm-1. F000 = 2820, MoKα radiation, λ = 0.71073 

Å, T = 100(2) K, 2θmax = 61.0°, 57234 reflections collected, 4625 unique (Rint = 

0.0124). Final GooF = 1.167, |Δρmax| = 0.53(7) e Å-3, R1 = 0.0854, wR2 = 0.1835, R 

indices based on 4416 reflections with I > 2σ(I) (refinement on F2), 202 parameters, 0 

restraints. CCDC deposition number 973708. 

Acetone Adduct 

C57H66O7, M = 863.10, colourless needle, 0.35 × 0.20 × 0.12 mm3, trigonal, a = b = 

26.8442(6), c = 10.9227(2) Å, V = 6816.5(2) Å3, Z = 6, Dc = 1.262 g/cm3, µ = 0.081 

mm-1. F000 = 2784, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 58.4°, 22112 

reflections collected, 3798 unique (Rint = 0.0324). Final GooF = 1.001, |Δρmax| = 0.35(4) 

e Å-3, R1 = 0.0451, wR2 = 0.1144, R indices based on 2989 reflections with I > 2σ(I) 

(refinement on F2), 213 parameters, 10 restraints. CCDC deposition number 973709. 

Toluene Adduct 

C115H128O12, M = 1702.17, colourless prism, 0.55 × 0.34 × 0.17 mm3, trigonal, a = b = 

26.9804(8), c = 10.8173(2) Å, V = 6819.40(19) Å3, Z = 3, Dc = 1.243 g/cm3, µ = 0.079 

mm-1. F000 = 2742, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 65.1°, 30813 

reflections collected, 5276 unique (Rint = 0.0507). Final GooF = 1.004, |∆ρmax| = 0.43(6) 

e Å-3, R1 = 0.0828, wR2 = 0.2136, R indices based on 4387 reflections with I > 2σ(I) 

(refinement on F2), 192 parameters, 5 restraints. CCDC deposition number 973710. 

Benzene Adduct 

C114H126O12, M = 1688.14, colourless needle, 0.38 × 0.22 × 0.09 mm3, trigonal, a = b = 

26.9040(6), c = 10.8850(2) Å, V = 6823.3(2) Å3, Z = 3, Dc = 1.233 g/cm3, µ = 0.078 

mm-1. F000 = 2718, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.4°, 26598 

reflections collected, 5070 unique (Rint = 0.0258). Final GooF = 1.004, |∆ρmax| = 0.71(6) 

e Å-3, R1 = 0.0485, wR2 = 0.1474, R indices based on 3847 reflections with I > 2σ(I) 

(refinement on F2), 190 parameters, 0 restraints. CCDC deposition number 973711. 

Tetrahydrofuran Adduct 

C58H68O7, M = 877.12, colourless prism, 0.32 × 0.26 × 0.18 mm3, trigonal, a = b = 

26.8873(8), c = 10.9267(2) Å, V = 6840.91(19) Å3, Z = 6, Dc = 1.277 g/cm3, µ = 0.082 

mm-1. F000 = 2832, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 65.2°, 28903 
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reflections collected, 5239 unique (Rint = 0.0262). Final GooF = 1.005, |∆ρmax| = 0.53(6) 

e Å-3, R1 = 0.0458, wR2 = 0.1327, R indices based on 4178 reflections with I > 2σ(I) 

(refinement on F2), 222 parameters, 21 restraints. CCDC deposition number 973712. 

Trimethylacetonitrile Adduct 

C113H129NO12, M = 1693.16, colourless needle, 0.34 × 0.22 × 0.14 mm3, trigonal, a = b 

= 26.9547(6), c = 10.9143(2) Å, V = 6867.4(2) Å3, Z = 3, Dc = 1.228 g/cm3, µ = 0.082 

mm-1. F000 = 2730, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.4°, 25359 

reflections collected, 5117 unique (Rint = 0.0205). Final GooF = 1.002, |∆ρmax| = 1.77(8) 

e Å-3, R1 = 0.0609, wR2 = 0.1664, R indices based on 4281 reflections with I > 2σ(I) 

(refinement on F2), 199 parameters, 8 restraints. CCDC deposition number 973713. 

Dianin’s Compound 

C18H20O2, M = 268.34, colourless needle, 0.24 × 0.19 × 0.14 mm3, trigonal, a = b = 

26.7783(12) Å, c = 10.9031(4) Å, V = 6770.9(4) Å3, Z = 18, Dc = 1.185 g/cm3, µ = 

0.076 mm–1. F000 = 2592, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.6°, 

48523 reflections collected, 5194 unique (Rint = 0.0449). Final GooF = 1.003, R1 = 

0.0479, wR2 = 0.1224, R indices based on 3511 reflections with I > 2σ(I) (refinement on 

F2), 181 parameters, 0 restraints. Lp and absorption 55 corrections applied. CCDC 

deposition number 796805. 

Isopropanol Adduct at 299 K 

C57H68O7, M = 865.11, colourless prism, 0.42 × 0.33 × 0.21 mm3, trigonal, a = b = 

27.2014(10) Å, c = 60 11.0239(3) Å, V = 7064.0(3) Å3, Z = 6, Dc = 1.220 g/cm3, µ = 

0.079 mm-1. F000 = 2796, MoKα radiation, λ = 0.71073 Å, T = 299(2) K, 2θmax = 64.5°, 

26572 reflections collected, 5279 unique (Rint = 0.0205). Final GooF = 1.002, R1 = 

0.0609, wR2 = 0.1786, R indices based on 3998 reflections with I > 2σ(I) (refinement 

on F2), 198 parameters, 2 restraints. Lp and absorption corrections applied. CCDC 

deposition number 796806.  

Isopropanol Adduct at 182 K 

C57H68O7, M = 865.11, colourless prism, 0.42 × 0.33 × 0.21 mm3, trigonal, a = b = 

27.0106(4) Å, c = 10.9760(1) Å, V = 6934.94(12) Å3, Z = 6, Dc = 1.243 g/cm3, µ = 

0.080 mm-1. F000 = 2796, MoKα radiation, λ = 0.71073 Å, T = 182(2) K, 2θmax = 64.5°, 
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26137 reflections collected, 5148 unique (Rint = 0.0153). Final GooF = 1.003, R1 = 

0.0617, wR2 = 0.1729, R indices based on 4279 reflections with I > 2σ(I) (refinement 

on F2), 197 parameters, 2 restraints. Lp and absorption corrections applied. CCDC 

deposition number 796807. 

Isopropanol Adduct at 100 K 

C57H68O7, M = 865.11, colourless prism, 0.42 × 0.33 × 0.21 mm3, trigonal, a = b = 

53.9718(10) Å, c = 11.0324(3) Å, V = 27831.3(9) Å3, Z = 24, Dc = 1.239 g/cm3, µ = 

0.080 mm-1. F000 = 11184, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 56.6°, 

64482 reflections collected, 14214 unique (Rint = 0.0214). Final GooF = 1.005, R1 = 

0.0501, wR2 = 0.1221, R indices based on 11522 reflections with I > 2σ(I) (refinement 

on F2), 793 parameters, 1 restraint. CCDC deposition number 796808. 

Isopropanol Adduct at 15 K 

C57H68O7, M = 865.11, colourless needle, 0.08 × 0.03 × 0.02 mm3, trigonal, a = b = 

53.7098(13) Å, c = 10.9911(3) Å, V = 27458.6(10) Å3, Z = 24, Dc = 1.256 g/cm3, µ = 

0.052 mm-1. F000 = 11184, Bruker APEX II, synchrotron radiation at Argonne Advanced 

Photon Source (APS), λ = 0.41328 Å, T = 15(2) K, 2θmax = 57.1°, 835170 reflections 

collected, 70274 unique (Rint = 0.0488). Final GooF = 1.057, R1 = 0.0669, wR2 = 

0.1711, R indices based on 53909 reflections with I > 2σ(I) (refinement on F2), 830 

parameters, 1 restraint. CCDC deposition number 796809. 

Colourless Isopropylamine Adduct at 300 K 

C57H69NO6, M = 864.13, colourless prism, 0.36 × 0.31 × 0.20 mm3, trigonal, space 

group R3 (No. 148), a = b = 27.1278(12), c = 11.1413(4) Å, V = 7100.6(3) Å3, Z = 6, Dc 

= 1.213 g/cm3, µ = 0.077 mm-1. F000 = 2796, MoKα radiation, λ = 0.71073 Å, T = 

300(2) K, 2θmax = 56.6º, 43499 reflections collected, 3925 unique (Rint = 0.0318). Final 

GooF = 1.004, |Δρmax| = 0.41(4) e Å-3, R1 = 0.0817, wR2 = 0.2030, R indices based on 

2766 reflections with I > 2σ(I) (refinement on F2), 197 parameters, 1 restraint. Awaiting 

deposition into the CCDC. 

Colourless Isopropylamine Adduct at 200 K 

C57H69NO6, M = 864.13, colourless prism, triclinic, space group P1 (No. 2), a = 

11.1029(3), b = 15.9715(5), c = 26.8507(6) Å, α = 89.982(2), β = 89.950(2), γ = 
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76.761(2)°, V = 4634.9(2) Å3, Z = 4, Dc = 1.238 g/cm3, µ = 0.079 mm-1. F000 = 1864, 

MoKα radiation, λ = 0.71073 Å, T = 200(2) K, 2θmax = 64.4º, 105638 reflections 

collected, 30583 unique (Rint = 0.0425). Final GooF = 1.001, |Δρmax| = 0.75(7) e Å-3, R1 

= 0.1195, wR2 = 0.2912, R indices based on 15070 reflections with I >2σ(I) (refinement 

on F2), 1165 parameters, 77 restraints. Awaiting deposition into the CCDC. 

Colourless Isopropylamine Adduct at 150 K 

C57H69NO6, M = 864.13, colourless prism, triclinic, space group P1 (No. 2), a = 

11.1075(3), b = 15.9309(4), c = 26.7537(5) Å, α = 89.966(2), β = 89.948(2), γ = 

76.763(2)°, V = 4608.35(19) Å3, Z = 4, Dc = 1.246 g/cm3, µ = 0.079 mm-1. F000 = 1864, 

MoKα radiation, λ = 0.71073 Å, T = 150(2) K, 2θmax = 64.8º, 100991 reflections 

collected, 30610 unique (Rint = 0.0408). Final GooF = 1.000, |Δρmax| = 0.85(8) e Å-3, R1 

= 0.1297, wR2 = 0.3071, R indices based on 17161 reflections with I > 2σ(I) 

(refinement on F2), 1221 parameters, 4 restraints. Awaiting deposition into the CCDC. 

Colourless Isopropylamine at 100 K 

C57H69NO6, M = 864.13, colourless prism, triclinic, space group P1 (No. 2), a = 

11.1065(3), b = 15.8914(4), c = 26.6768(6) Å, α = 89.976(2), β = 89.974(2), γ = 

76.749(2)°, V = 4583.0(2) Å3, Z = 4, Dc = 1.252 g/cm3,� µ = 0.080 mm-1. F000 = 1864, 

MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.5º, 102364 reflections 

collected, 30323 unique (Rint = 0.0409). Final GooF = 1.003, |Δρmax| = 1.0(1) e Å-3, R1 

= 0.1450, wR2 = 0.3495, R indices based on 18820 reflections with I > 2σ(I) 

(refinement on F2), 1221 parameters, 76 restraints. Awaiting deposition into the CCDC. 

Pink Isopropylamine Adduct at 300 K 

C57H69NO6, M = 864.13, pink prism, 0.41 × 0.33 × 0.21 mm3, triclinic, space group P1 

(No. 2), a = 11.1432(3), b = 16.0995(5), c = 27.1111(7) Å,� α = 89.967(2), β = 

89.978(2),� γ = 76.699(3)°, V = 4733.3(2) Å3, Z = 4, Dc = 1.213 g/cm3, µ = 0.077 mm-1. 

F000 = 1864, MoKα radiation, λ = 0.71073 Å, T = 300(2) K, 2θmax = 64.7º, 103829 

reflections collected, 31455 unique (Rint = 0.0388). Final GooF = 1.012, |Δρmax| = 

0.49(5) e Å-3, R1 = 0.0878, wR2 = 0.2136, R indices based on 11884 reflections with I > 

2σ(I) (refinement on F2), 1165 parameters, 68 restraints. Awaiting deposition into the 

CCDC. 
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Pink Isopropylamine Adduct at 200 K 

C57H69NO6, M = 864.13, pink prism, 0.41 × 0.33 × 0.21 mm3, triclinic, space group P1 

(No. 2), a = 11.1256(2), b = 16.0065(4), c = 26.8455(5) Å,� α = 89.986(2),� β = 

89.964(2),� γ = 76.755(2)°, V = 4653.53(17) Å3, Z = 4, Dc = 1.233 g/cm3,� µ = 0.078 

mm-1. F000 = 1864, MoKα radiation, λ = 0.71073 Å, T = 200(2) K, 2θmax = 64.5º, 

105056 reflections collected, 30774 unique (Rint = 0.0377). Final GooF = 1.002, |Δρmax| 

= 0.84(7) e Å-3, R1 = 0.1142, wR2 = 0.2851, R indices based on 16817 reflections with I 

> 2σ(I) (refinement on F2), 1165 parameters, 77 restraints. Awaiting deposition into the 

CCDC. 

Pink Isopropylamine Adduct at 150 K 

C57H69NO6, M = 864.13, pink prism, 0.41 × 0.33 × 0.21 mm3, triclinic, space group P1 

(No. 2), a = 11.1191(2), b = 15.9416(4), c = 26.7288(5) Å,� α = 89.968(2),� β = 

89.9600(10),� γ = 76.834(2)°, V = 4613.31(17) Å3, Z = 4, Dc = 1.244 g/cm3,� µ = 0.079 

mm-1. F000 = 1864, MoKα radiation, λ = 0.71073 Å, T = 150(2) K, 2θmax = 64.6º, 

105883 reflections collected, 30441 unique (Rint = 0.0389). Final GooF = 1.001, |Δρmax| 

= 0.98(8) e Å-3, R1 = 0.1206, wR2 = 0.2841, R indices based on 18768 reflections with I 

> 2σ(I) (refinement on F2), 1221 parameters, 34 restraints. Awaiting deposition into the 

CCDC. 

Pink Isopropylamine Adduct at 100 K 

C57H69NO6, M = 864.13, pink prism, 0.41 × 0.33 × 0.21 mm3, triclinic, space group P1 

(No. 2), a = 11.1132(2), b = 15.9098(4), c = 26.6603(5) Å, α = 89.958(2), β = 

89.9710(10), γ = 76.921(2)°, V = 4591.49(17) Å3, Z = 4, Dc = 1.250 g/cm3, µ = 0.080 

mm-1. F000 = 1864, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.6º, 

102724 reflections collected, 30346 unique (Rint = 0.0379). Final GooF = 1.005, |Δρmax| 

= 1.2(1) e Å-3, R1 = 0.1311, wR2 = 0.3416, R indices based on 20189 reflections with I 

> 2σ(I) (refinement on F2), 1221 parameters, 34 restraints. Awaiting deposition into the 

CCDC. 

Trimethylamine N-Oxide Adduct at 100 K 

3(C18H20O2).C3H9NO, C57H69NO7, M = 880.13, yellow block from needle, 0.46 × 0.35 

× 0.29 mm3, trigonal, space group R3 (No. 148), a = b = 26.9435(6), c = 10.9226(2) Å, 

V = 6867.0(2) Å3, Z = 6, Dc = 1.277 g/cm3, µ = 0.083 mm-1. F000 = 2844, MoKα 
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radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.6º, 49302 reflections collected, 5259 

unique (Rint = 0.0251).  Final GooF = 1.005, |Δρmax| = 0.90(6) e Å-3, R1 = 0.0662, wR2 

= 0.1597, R indices based on 4736 reflections with I > 2σ(I) (refinement on F2), 201 

parameters, 0 restraints. Awaiting deposition into the CCDC. 

Trimethylamine N-Oxide Adduct at 300 K 

3(C18H20O2).C3H9NO, C57H69NO7, M = 880.13, yellow block from needle, 0.46 × 0.35 

× 0.29 mm3, trigonal, space group R3 (No. 148), a = b = 27.1782(10), c = 10.9922(3) Å, 

V = 7031.6(3) Å3, Z = 6, Dc = 1.247 g/cm3, µ = 0.081 mm-1. F000 = 2844, MoKα 

radiation, λ = 0.71073 Å, T = 300(2) K, 2θmax = 64.7º, 49994 reflections collected, 5377 

unique (Rint = 0.0324). Final GooF = 1.006, |Δρmax| = 0.67(6) e Å-3, R1 = 0.0872, wR2 = 

0.2156, R indices based on 4479 reflections with I > 2σ(I) (refinement on F2), 202 

parameters, 9 restraints. Awaiting deposition into the CCDC. 

p-Xylene Adduct at 100 K 

6(C18H20O2).C8H10, C116H130O12, M = 1716.19, colourless block from needle, 0.45 × 

0.37 × 0.32 mm3, trigonal, space group R3 (No. 148), a = b = 54.0794(12), c = 

10.7999(2) Å, V = 27353.6(8) Å3, Z = 12, Dc = 1.250 g/cm3, µ = 0.079 mm-1. F000 = 

11064, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 64.7º, 204798 reflections 

collected, 20893 unique (Rint = 0.0846). Final GooF = 1.086, |Δρmax| = 1.6(1) e Å-3, R1 

= 0.1468, wR2 = 0.3842, R indices based on 17161 reflections with I > 2σ(I) 

(refinement on F2), 780 parameters, 49 restraints. Awaiting deposition into the CCDC. 

p-Xylene Adduct at 150 K 

6(C18H20O2).C8H10, C116H130O12, M = 1716.19, colourless block from needle, 0.45 × 

0.37 × 0.32 mm3, trigonal, space group R3 (No. 148), a = b = 54.1993(12), c = 

10.7995(2) Å, V = 27474.0(8) Å3, Z = 12, Dc = 1.245 g/cm3, µ = 0.079 mm-1. F000 = 

11064, MoKα radiation, λ = 0.71073 Å, T = 150(2) K, 2θmax = 64.6º, 205758 reflections 

collected, 20954 unique (Rint = 0.0753). Final GooF = 1.073, |Δρmax| = 1.3(1) e Å-3, R1 

= 0.1411, wR2 = 0.3696, R indices based on 16754 reflections with I > 2σ(I) 

(refinement on F2), 780 parameters, 49 restraints. Awaiting deposition into the CCDC. 
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p-Xylene Adduct at 200 K 

6(C18H20O2).C8H10, C116H130O12, M = 1716.19, colourless block from needle, 0.45 × 

0.37 × 0.32 mm3, trigonal, space group R3 (No. 148), a = b = 27.1664(8), c = 

10.8311(3) Å, V = 6922.6(3) Å3, Z = 3, Dc = 1.235 g/cm3, µ = 0.078 mm-1. F000 = 2766, 

MoKα radiation, λ = 0.71073 Å, T = 200(2) K, 2θmax = 64.7º, 50134 reflections 

collected, 5309 unique (Rint = 0.0311). Final GooF = 1.009, |Δρmax| = 0.45(6) e Å-3, R1 

= 0.1037, wR2 = 0.2565, R indices based on 4802 reflections with I > 2σ(I) (refinement 

on F2), 210 parameters, 26 restraints. Awaiting deposition into the CCDC. 

p-Xylene Adduct at 300 K 

6(C18H20O2).C8H10, C116H130O12, M = 1716.19, colourless block from needle, 0.45 × 

0.37 × 0.32 mm3, trigonal, space group R3 (No. 148), a = b = 27.335(1), c = 10.8417(2) 

Å, V = 7015.6(3) Å3, Z = 3, Dc = 1.219 g/cm3, µ = 0.077 mm-1. F000 = 2766, MoKα 

radiation, λ = 0.71073 Å, T = 300(2) K, 2θmax = 64.5º, 50598 reflections collected, 5352 

unique (Rint = 0.0349). Final GooF = 1.009, |Δρmax| = 0.70(4) e Å-3, R1 = 0.0877, wR2 = 

0.1806, R indices based on 4445 reflections with I > 2σ(I) (refinement on F2), 196 

parameters, 13 restraints. Awaiting deposition into the CCDC. 
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!.# INTRODUCTION 
!.#.# CYCLOPENTADIENE 

Cyclopentadiene, C5H6, is a weakly acidic organic compound that contains two 

conjugated double bonds. If deprotonated, cyclopentadiene becomes the 

cyclopentadienyl anion (Figure 2.1), which has a stable aromatic system with five equal 

length bonds and six electrons delocalised in the π orbitals.1 Cyclopentadiene containing 

compounds are readily synthesised and the cyclopentadienyl group is the most common 

coordinative group in organometallic chemistry. Cyclopentadienyl containing ligands 

have been used to form σ and π bonded complexes of virtually every metal.2, 3 

Cyclopentadienyl ligands stabilise metals in both high and low oxidation states, which 

is due to polarisable δ backbonding from the metal, and can bind metals through any of 

the five carbons.2 Not only does cyclopentadiene have the ability to bind with differing 

hapticity, with η1, η3 and η5 being possible, there is the ability to change between 

hapticity with adjustment of the cyclopentadienyl ligand so that the electronic and steric 

requirements of the metal are met.2 This leads to a complex and extensive field of 

chemistry that is based around this simple moiety.1, 2 

 
Figure 2.1: Cyclopentadiene being deprotonated to form the cyclopentadienyl anion 

Deliberate and focused research on the derivatisation of cyclopentadiene by the 

substitution of the hydrogens of the ring with organic moieties has led to many new 

ligands and the resulting metal complexes. The first three derivatives of 

cyclopentadiene were synthesised in 1901 and were functionalised by a nitro group, a 

carbonate ester and the synthesis of an alkylated fulvene to give substituted 

cyclopentadienes.4 The first derivatives after the discovery of the ability of 

cyclopentadiene to form ferrocene in 19515 were based on the addition of aryl groups 

and some respective metallocenes were also reported.6 The discovery of the ability to 

react metallocenes, often using familiar organic chemistry reactions,1 soon followed, 

which allowed for the possibility to derivatise cyclopentadiene before or after 

complexation with a metal.7 Since then, there has been very little to limit the 

functionality that has been introduced to the cyclopentadiene ligand and all the major 

organic functionalities are represented.8 The functionalisation of the cyclopentadiene 

ligand before or after complexation to a metal are both areas being continuously 

+ Base
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researched and developed1 but, in this work, the functionalisation of the 

cyclopentadiene ligand before complexation was of interest. 

!.#.! SUBSTITUENT EFFECT 

The effect of the substituent on the bonding of the ligand to the metal is often described 

by steric and electronic arguments.1 Steric effects broadly refers to repulsive 

interactions among ligands resulting from van der Waals or Coulombic forces and 

electronic effects describes the coupling to a metal ion through the molecular bonding 

framework of a remote substituent with an intrinsic polarising quality.9 Specifically for 

metallocenes, this is the changing effect due to the differences in σ bonding and π 

backbonding of the metal to the ligand. The substituents on cyclopentadiene are close to 

the metal of metallocene complexes, which means the steric effects generally dominate9 

and variations in the ligand sphere of the metal often results in significant changes in 

chemical reactivity, stability, sensitivity to oxidation and other properties.2 Even simple 

alkyl substituents as small in molecular weight as a methyl group can have a distinct, 

and often desirable, influence on the properties of the resulting metallocene.2 

Formally, the electron donation to the metal comes from the filled a1 and e1 molecular 

orbitals of the cyclopentadiene moiety, resulting in σ and π bonding, with δ 

backbonding from the dxy and dx2-y2 orbitals of the metal atom. Complete substitution 

with electronegative groups, for example cyano or alkoxycarbonyl groups, should lead 

to removal of electron density from the a1 and e1 orbitals of the cyclopentadiene moiety 

to the extent that stable η5 metal ring bonds are no longer possible. If the substituents 

are strongly withdrawing, η1 complexes form, which are ionic salts, instead of stable η5 

ring-metal complexes.10 If the substituents are moderately electron withdrawing, η3 

complexes result, which have three carbons interacting with the metal centre. The other 

double bond is not engaged to the metal and the electron depleted metal is susceptible to 

substitution reactions.1 Conversely, the introduction of electropositive groups 

strengthens the metal-ring bonds by increasing the electron density, and the effective 

basicity, of the filled a1 and e1 orbitals of the cyclopentadiene ring.10 Alkane, and in 

particular methyl, groups are commonly used for increasing the electron density on the 

metal atom and methylated cyclopentadiene ligands are common as they generate more 

stable complexes.10 
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!.#.$ PENTAMETHYLCYCLOPENTADIENE 

The first alkyl derivatives of cyclopentadiene were generated by direct alkylation of the 

alkali metal salts of cyclopentadiene with halogenated alkanes.11, 12 Multiple 

substitutions were also being reported and substitution is possible on each carbon of the 

ring but penta substituted cyclopentadiene compounds have the maximum effect on the 

chemical and physical properties due to the substituent.13 Pentamethylcyclopentadiene, 

a particularly often used ligand, shows the greatest stabilisation of metal complexes due 

to the methyl substituents.14 Pentamethylcyclopentadiene was first synthesised in 1960 

and, despite the simplicity of the substituent, quickly became a congener of 

cyclopentadiene. The generation of many analogous metallocene complexes have been 

reported.10 

The inclusion of methyl groups usually results in better solubility and crystallisability 

with pentamethylcyclopentadiene displaying these properties to the greatest extent.8 The 

inclusion of methyl groups also imparts kinetic stability and decreases the oxidation 

potentials of the coordinated metals.9 Often, it is found that the methylated 

cyclopentadiene analogues can be isolated under standard conditions when the non-

methylated metallocenes are too unstable.2 Systematic investigations on the electronic 

effects, due to electron donation through the cyclopentadienyl to the metal, of methyl 

substitution shows a direct linear increase of binding energy with the increasing number 

of methyl substituents. The methyl groups also increase the stability of metal complexes 

as, based on steric effect arguments, the metal centre is spatially protected.15  

!.#.$ FUNCTIONALISED CYCLOPENTADIENE LIGANDS 

Substitution to add functionality to cyclopentadiene rings is also possible and often 

results in dramatic changes in physical and chemical properties.16 Multiple substitutions 

are possible, with sterically demanding bulky alkyl and aryl groups added often,17 but 

the addition of one group that is functionalised is more common18 and is often 

synthetically simpler.19 The functional groups need to be separated from the 

cyclopentadiene to prevent electron delocalisation or electron donation between the 

cyclopentadiene moiety and the functional moiety, with methyl, ethyl and propyl groups 

being common spacers.2 This results in substituents on the ring that suit the descriptors 

of side chains,2 side arms, tentacles,20 or pendent groups, which are common terms for 

these moieties.21, 22 
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The addition of side chains can change physical properties, which include increased 

solubility,23 crystallisability and stability.2 The side chain also provides the potential for 

intramolecular or intermolecular coordinating groups for metals, changes in catalytic 

properties,23 changes in hapticity (sometimes with enforcement of aggregation of the 

metal centres if η1 bonding is present) and changes in coordination sites in the metal 

centre.2 One particular property, that was of interest in this work, is the stabilisation of 

the resulting metallocene complexes against hydrolysis and oxidation to give complexes 

that are water soluble and air stable, which are common limitations for the use of 

metallocenes in catalysis24 and anti-cancer treatments.25 

Protection of the metal centre against oxidation and hydrolysis is achievable by 

sterically inhibiting attack on the metal centre or by electronically stabilising the metal 

centre. The addition of weakly binding groups, for example aryl, alkene and alkyne 

functionality, gives the ligand a second lightly binding group that reversibly coordinates 

intramolecularly and stabilises reactive metals by the formation of a hemilabile ligand. 3, 

6, 26 Weakly coordinative and non-coordinative groups behave as spectator ligands, 

allowing for coordination to other metals, other non-metals, surfaces16 or other 

supramolecular phenomena.20 Stronger binding functional groups result in bidentate 

ligands that stabilise highly reactive metals and coordinatively unsaturated metals20, 22 

by irreversible coordination.19, 27 The binding of the functional group is also influenced 

by the length of the spacer between the cyclopentadiene moiety and the functional 

group with an ethyl spacer having the appropriate length and flexibility for optimal 

intramolecular coordination. A methyl spacer is too short and a propyl is too flexible, 

resulting in too much freedom for the functional group, but the ethyl holds the donor 

group in the correct spatial position, which is illustrated in Figure 2.2.2 

 
Figure 2.2: Different length tethers showing abstractly the interaction of a donating group (D) and 
the metal (M) centre. Methyl, left, is too short and propyl, right, is too flexible, but the ethyl linker, 

centre, holds the donor in an optimal spatial position 

The electron pair donor, commonly phosphorus, sulphur, oxygen or nitrogen, acts as a 

Lewis base22, 23 and often reversibly interacts with the metal centre.23 The 

intramolecular coordination stabilises and protects the metal complex by occupying a 

vacant coordination site on the metal and, with the right choice of metal and donor 

atom, the metal centre will still be reactive.19, 28 The Lewis basic atom and the increase 

D
M MD M
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in Lewis basicity of the ligand also allows for intermolecular interactions with other 

Lewis acids including solvents, metals, surfaces and substrates, which gives complexes 

with additional chemical and physical properties.16 If two ligands are bound to the 

metal, two different Lewis acid base interactions are possible for the one complex16 and 

these interactions are shown abstractly in Figure 2.3 below. 

 
Figure 2.3: The binding of the Lewis base (B) with Lewis acids (A) intramolecularly, top left, 

intermolecularly, top centre, to a surface, top right, and to two Lewis acids, bottom 

!.#.$ AMINE FUNCTIONALISED CYCLOPENTADIENE LIGANDS 

Aminoethyl functionalised cyclopentadienyl complexes show interesting and complex 

chemistry due largely to the favourable interaction of nitrogen atoms and metals.22 

Amine groups tend to coordinate to metals in a high oxidation state, which has the 

conceptual proof from Pearson’s acid base theory that a hard-hard interaction is present, 

which leads to metals in a high oxidation state being stablised.27 This is augmented with 

the chelate effect due to the hemilabile ligand, which would stabilise metals in low 

oxidation states. In both instances, the metal centre will be more electron rich and many 

metal complexes have been afforded due to the stability.16 

Other properties of aminoethyl functionalised cyclopentadiene ligands have been 

identified, which give more reason for the interest in these ligands. The hemilabile 

nature of amine functionalised cyclopentadiene ligands allows for easy ligand exchange 

between the amine and other coordinative species. This has been exploited in catalysis 

reactions with the ligand stabilising the highly reactive metal by weakly occupying the 

coordination site until the substrate replaces the amino group. Further functionalisation 

may occur on the amine and tertiary amine ligands, as well as the respective ammonium 

functionalised metal complexes, have been generated, which have been instrumental in 

the development of aqueous organometallic chemistry. Lastly, the amine groups exert 
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electronic and steric effects on the metal centre, which are adjustable with usual amine 

based organic chemistry reactions to generate many different ligands.16 

!.#.$ PERMETHYLATED AMINOETHYL FUNCTIONALISED CYCLOPENTADIENE 
LIGANDS 

The addition of side arms is possible for both cyclopentadiene and permethylated 

cyclopentadiene and the functionalization of permethylated cyclopentadienes conjoins 

the stability of pentamethylcyclopentadiene with the chemical flexibility of the 

additional functional group.10, 29 Despite the increases in stability, the development of 

pentamethylmetallocene analogues of metallocenes was hindered as the synthesis of 

pentamethylcyclopentadiene was considerably more demanding than the thermal 

cracking of dicyclopentadiene.30 The number of permethylated aminoethyl 

cyclopentadiene ligands is low and, as far as is known, all are drawn below in Figure 

2.4 if aromatic amines and aminocarbenes are excluded. The amines have alkyl,29, 31 

cyclic32 and amino group substituents.33 

 
Figure 2.4: Aminoethyl tetramethylcyclopentadiene ligands with alkyl,29, 31 cyclic32 and amine33 

substituents 

!.#.$ SYNTHETIC STRATEGIES 

The development of pentamethylmetallocenes was slower than the development of 

metallocene chemistry and the synthesis of pentamethylcyclopentadiene, which is 

considerably more demanding than the thermal cracking of dicyclopentadiene, is often 

cited as the reason.30 The first synthesis of pentamethylcyclopentadiene, given in 1960, 

is a five step process.14 which was updated in 1971 with more accessible reagents.34 

Burger et al. provided another synthesis in 1974, which still resorted to five steps but 

with more common reagents.35 The first steps of these syntheses were simplified by 

Feitler and Whitesides, reducing the number of steps to four,36 but the most elegant 

synthesis was given by Threlkel and Bercaw in 1977 and involves two steps.37 Jutzi et 

al. reported a synthesis in 1983, which involves three steps but is more economical in 
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terms of yield to reagent cost.34, 38 The syntheses given by Threlkel and Bercaw and by 

Jutzi et al. are the most utilised and have been adapted to give functionalised 

tetramethylcyclopentadiene ligands.34 The syntheses are given below in Figure 2.5 as 

simplified and condensed reactions with common intermediates of each to the right of 

the diagram. 

 
Figure 2.5: Condensed and simplified synthesises of pentamethylcyclopentadiene with common 

intermediates to the right of the figure 

From the syntheses of pentamethylcyclopentadiene and other substituted 

tetramethylcyclopentadiene ligands, it is possible to identify some synthetic strategies 

for the synthesis of functionalised tetramethylcyclopentadienes with the nucleophilic 

addition reaction on tetramethylcyclopentenone being particularly common.39 The 

ketone is attacked with a nucleophile and then the alcohol is removed and the second 

double bond formed by dehydration, as shown in Figure 2.6 below. To generate 

pentamethylcyclopentadiene, the ketone is attacked with methyllithium or 

methylmagnesium bromide but this method shows great generality and many types of 

functionality have been introduced to the tetramethylcyclopentadiene moiety from this 

precursor. An attempt at a complete list of references detailing each reaction that 

converts tetramethylcyclopentenone to a functionalised tetramethylcyclopentadiene has 
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been tabulated in Table 2.1 below with each reference associated with a particular 

functionality. 

 
Figure 2.6: General synthesis of substituted tetramethylcyclopentadiene from 

tetramethylcyclopentenone via nucleophilic addition and dehydration (Nu = nucleophile) 

Table 2.1: Syntheses from tetramethylcyclopentenone that give functionalised 
tetramethylcyclopentadiene ligands 

Functionality Reference 

Alkanes 40, 41, 42, 43, 44, 45 

Alkenes 21, 39, 46, 47 

Alkynes 48 

Adamantyl 49 

Aromatic 50, 51, 52 

Phosphorus 53 

Fluorinated 54 

Tetramethylcyclopentadiene 55, 56, 57, 58, 59, 60, 61 

Amine 62, 63, 64 

Oxy 20, 65 

Mixed 66, 67, 68, 69 
 

The other procedure that is exploitable, based on the synthesis of 

pentamethylcyclopentadiene, is the electrocyclic reaction given by Bercaw et al. and 

shown below in Figure 2.7.37 This procedure is usable on a large scale and shows some 

generality, which is summarised in Table 2.2 below. The original syntheses of 

pentamethylcyclopentadiene, for example, was reported with other alkyl ester being 

used, which gave alkyl tetramethylcyclopentadiene ligands.37  

 
Figure 2.7: Threlkel and Bercaw synthesis of pentamethylcyclopentadiene and other alkylated 

tetramethylcyclopentadienes37 

O

+ R Nu

OHR R

Li

2 +
R

O

O

R OH

RH+



 
2.1 INTRODUCTION  

 97 

Table 2.2: Synthesis of functionalised tetramethylcyclopentadiene ligands by nucleophilic 
addition of 2-lithio-2-butene on an ester 

Functionality Reference 

Alkyl 37, 70, 71 

Aromatic 72, 73, 74 

Fluorinated 75 

Amine 29, 33 

Oxy 29, 76 

Thio 77 
 

Another general procedure for the synthesis of functionalised 

tetramethylcyclopentadiene is based on nucleophilic substitution using lithio 

tetramethylcyclopentadienyl and the respective leaving group functionalised moiety. 

This is a common method of synthesising non-methylated cyclopentadiene ligands2, 8 

but the nucleophilicity of cyclopentadiene and tetramethylcyclopentadiene is starkly 

different and the tetramethyl species is often less reactive.2, 29 In Figure 2.8 below is the 

general reaction scheme and Table 2.3 lists the functionality that has been introduced 

via this route. 

 
Figure 2.8: Nucleophilic substitution shown generally as used to add functionality to 

tetramethylcyclopentadiene 

A problem with this synthesis has been reported, specifically isomerisation. The 

reaction often gives a mixture of products with geminal substitution occurring and some 

reports state that only geminal substituted products were isolated.29 This procedure also 

requires an extra synthetic step from tetramethylcyclopentenone but may be suitable if 

the nucleophile can not be generated. 
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Table 2.3: Summary of references that use this method for the synthesis of functionalised 
tetramethylcyclopentadiene ligands 

Functionality Reference 

Amine 78, 79 

Chloro 80 

Cyclopentadiene 81 
 

Phosphine functionalised ligands have been assessed from spiro 

tetramethylcyclopentadiene and lithio phosphines, as the general reaction shows below 

in Figure 2.9.80, 82, 83, 84, 85, 86 This method conveniently generates functionality distanced 

from the cyclopentadiene ring by an ethyl linker, as that is the length of the carbon 

chain in the spiro portion of the molecule.19 The analogous synthesis is possible for 

spirocyclopentadiene with many functional groups8 but only phosphinated 

tetramethylcyclopentadiene compounds have been synthesised this way, which means 

this route would need considerable development should it be utilised. 

 
Figure 2.9: Phosphine addition to spiroethyltetramethylcyclopentadiene 

!.#.$ HETEROCYCLIC NITROGEN RINGS 

The ligands synthesised in this work incorporate an amine into a side arm of 

cyclopentadiene, which were hoped to then be used to make novel metallocenes that 

were possibly hydrolytically stable and water soluble. The tetramethylcyclopentadiene 

moiety was chosen because tetramethylcyclopentadiene complexes show greater 

hydrolytic stability87 and heterocyclic nitrogen rings were chosen as the analogous non-

methylated compound show promising results.88 The chemical tether between these 

moieties was chosen to be an ethyl linker, due to its desirable flexibility2 and its 

prominence in the literature.88 Two targeted ligands are shown below in Figure 2.10, 

named 1-(2-piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene and 1-(2-

morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene, and their synthesis is described 

in this work. 
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Figure 2.10: 1-(2-piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene, left and 1-(2-

morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene, right 

!.#.$ AZA CROWN 

Limited work was also conducted to enlarge the ring size by including an aza crown 

moiety, as shown in Figure 2.10 below, with the hope of generating ligands that may 

interact with different metals to the above ligands. 15 membered aza crowns have had 

aromatic substituents added, which show the ability to sequester alkali metals,89 and it 

was thought that a tetramethylcyclopentadiene functionalised aza crown would be an 

interesting addition to the work. Efforts at attempting to synthesise these ligands are 

detailed below. 

 
Figure 2.11: Another targeted ligand but the synthesis of this ligand was not completed 

!.#.#$ HYPOTHESIS AND AIMS 

The aim of this chapter is the synthesis of novel ligands based on the 

tetramethylcyclopentadiene moiety that have amine containing side arms. The 

nominated ligands have been designed with the intention of imparting the above 

mentioned chemical properties on them but with a more specific intention of imparting 

specific chemical properties any metallocenes to be synthesised from them.  
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!.! RESULTS AND DISCUSSION 
!.!.# SYNTHETIC METHODOLOGY 

From literature precedence and the reactions seen in the synthesis of 

pentamethylcyclopentadiene, three synthetic pathways were proposed to obtain the 

target ligands. The first involves nucleophilic addition of the side arm moiety, 

appropriately activated as the lithio or Grignard species, on 2,3,4,5-

tetramethylcyclopentenone and then dehydrative elimination of the formed alcohol to 

give the cyclopentadiene moiety. The nucleophilic addition reaction shows much 

precedence in the literature, with a tally of the relevant reactions shown previously in 

Table 2.1, and was the first set of reactions conducted to generate the ligands. A general 

scheme is given below in Figure 2.12, which shows a general group (R) activated as an 

alkali metal (M) nucleophile reacting with 2,3,4,5-tetramethylcyclopentenone. 

 
Figure 2.12: Nucleophilic addition on 2,3,4,5-tetramethylcyclopentenone and dehydration to give 

substituted tetramethylcyclopentadiene (M = alkali metal) 

The second synthetic pathway is based on nucleophilic substitution reactions between 

lithio tetramethylcyclopentadiene and the side arm moieties (Figure 2.13). This pathway 

involved deprotonation of tetramethylcyclopentadiene with a lithio base and performing 

nucleophilic addition reactions with the halogenated side arm moieties, as shown below. 

This has less literature precedence than the nucleophilic addition reactions but was the 

next viable route due to the common reaction reagents to the nucleophilic addition 

reactions. Some work was also conducted that involved reacting lithio 

tetramethylcyclopentadiene with 1-chloro-ethyl-p-toluenesulfonate to form 1-(2-

chloroethyl)-2,3,4,5-tetramethylcyclopentadiene and then reacting this with the nitrogen 

of the heterocyclic ring. This pathway was only moderately developed in this work and 

was hindered by the many trivial reactions needed to synthesise the starting reagents. 

 
Figure 2.13: General reaction showing nucleophilic substitution as used to functionalise 

tetramethylcyclopentadiene (X = halogen)  
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The third synthetic methodology involves the formation of the cyclopentadiene ring 

through an electrocyclic ring closure, as shown in Figure 2.14. The side arm moiety has 

an appropriate ester group added, which undergoes dicondensation with 2-lithio-2-

butene to give the corresponding dienol and 4 π - electrocyclisation with dehydration 

gives the cyclopentadiene ring. This method shows some literature precedence and was 

developed by Jutzi et al. to circumvent many problems that are encountered in the 

nucleophilic addition and nucleophilic substitution reactions. This pathway was 

successful in this work and gave the desired ligands in good yield and through an 

efficient synthesis. 

 
Figure 2.14: Dicondensation reaction, electrocyclisation and dehydration to form functionalised 

tetramethylcyclopentadienes 

A last method was considered, but not developed, that would involve forming a 

cyclopentadiene spiro compound and opening the spiral with the respective lithium 

amide. This method was used by Joly et al. to give piperidine and morpholine ethyl 

ferrocene compounds without isolating the ligands, as shown below in Figure 2.15.19 

These ligands and ferrocene complexes are the non-methylated analogues of the 

compounds generated in this work, as described in chapters 2 and 3 respectively, but 

this method has not been used to synthesise tetramethyl derivatives of amines. The 

method has been used to generate tetramethyl phosphines80 but the lack of literature 

precedence, the need for considerable chemistry developments, and because other 

pathways worked, meant this pathway was not developed in this work. 

 
Figure 2.15: The method developed by Joly et al., which shows some generality19 but no aminoethyl 

tetramethylcyclopentadiene ligands have been afforded from analogous reactions 

!.!.! NUCLEOPHILIC ADDITION 

Nucleophilic addition reactions for the formation of substituted 

tetramethylcyclopentadiene ligands have a nucleophile attacking 2,3,4,5-

tetramethylcyclopent-2-enone, resulting in an alcohol that is dehydrated to give 

functionalised tetramethylcyclopentadiene. This method was first used in 1992 to 
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generate side arm functionalised tetramethylcyclopentadiene ligands, which contained 

an ethyl side arm.20 The attacking species can be either a lithio or a Grignard species, 

with most examples of Grignard attacks being for the formation of simple alkane or 

alkene side arms and lithio species being used for more complex side arms. Examples of 

the more complex side arms mainly consist of aromatic rings and nitrogen containing 

aromatic rings, which may suggest a lack of reactivity for the Grignard species when 

there are electron donating groups in the side arm, as is the case in this work. Examples 

exist where this type of reaction has been used to synthesise cyclopentadiene ligands 

with nitrogen and oxygen containing side arms,65 including the close analogues 1-[2-(N-

propylaminoethyl)]-2,3,4,5-tetramethylcyclopentadiene and 1-[2-(N-butylaminoethyl)]-

2,3,4,5-tetramethylcyclopentadiene shown above in Figure 2.4.31 

Both the Grignard and lithio species are formed from the respective halogenated side 

arm, via magnesium insertion or transmetallation of the halogen, respectively. As such, 

the halogenated side arms and 2,3,4,5-tetramethylcyclopent-2-enone were both 

nominated starting materials, as shown in the retrosynthetic scheme in Figure 2.16 

below with relevant intermediates. 

 
Figure 2.16: Retrosynthetic scheme for nucleophilic addition reactions (X = halogen, M = alkali 

metal, E = CH2 or O) 

The dehydration step is usually performed with acid but this has been shown, in some 

instances, to decompose the formed alcohol back to the starting ketone. This has also 

been seen to happen when heated.31 In analogous syntheses, the use of acid was avoided 

by reducing the formed alcohol with lithium aluminium hydride, as illustrated below in 

Figure 2.17.31 Ito et al. also reported problems with this pathway in synthesising amine 

ligands and suggested larger alkyl groups on the amine cause the nucleophile to become 

unreactive.90 They resorted to nucleophilic substitution to circumvent this problem.90 
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Figure 2.17:  The possible back reaction of the formed alcohol 

!.!.# 2,3,4,5-TETRAMETHYLCYCLOPENT-2-ENONE 

2,3,4,5-Tetramethylcyclopent-2-enone, one necessary starting material for this synthetic 

route, was synthesised by the procedure given by Fendrick et al.91 Firstly, 2,3,5,6-

tetrahydro-2,3,5,6-tetramethyl-γ-pyrone is synthesised from 3-pentanone and 

acetaldehyde, which is dehydrated with sulphuric acid to give 2,3,4,5-

tetramethylcyclopent-2-enone (Figure 2.18).91 An alternative synthesis has been given 

by Burger et al.35 

 
Figure 2.18: Synthesis of tetramethylcyclopentenone 

!.!.# N-(2-CHLOROETHYL)MORPHOLINE 

N-(2-Chloroethyl)morpholine, another nominated starting material in this synthetic 

route, is also a known compound, which was prepared with a slight variation of the 

known procedure. First, N-(2-hydroxyethyl)morpholine is synthesised from morpholine 

and ethylene chlorohydrin, which is converted to N-(2-chloroethyl)morpholine using 

thionyl chloride. This gives the hydrochloride salt, which is converted to the free base 

with a base wash and extraction. The procedure suggests using sodium hydroxide in the 

base wash92, 93 but this was found to degrade the product back to the starting alcohol so 

sodium carbonate was used instead. The synthesis is illustrated in Figure 2.19 below 

with the slight variation from the procedure illustrated in the final step. 
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Figure 2.19: Synthesis of N-(2-chloroethyl)morpholine 

!.!.# N-(2-BROMOETHYL)MORPHOLINE 

The synthesis of N-(2-bromoethyl)morpholine has been reported94, 95, 96 and the most 

accessible synthesis,95, 96 considering that N-(2-hydroxyethyl)morpholine had been 

synthesised as described in the above section (Section 2.2.4), was used with slight 

adaptation. Triphenyl phosphine was dissolved in acetonitrile, instead of 

dichloromethane as described,95 and bromine then N-(2-hydroxyethyl)morpholine were 

added, as shown in Figure 2.20 below. It was reported that the free base precipitates95, 96 

but, in this work, the desired compound precipitates as the hydrobromide salt, which 

was converted to the free base by washing with sodium carbonate. N-(2-

Bromoethyl)morpholine was then afforded by distillation instead of chromatography as 

described.96 

 
Figure 2.20: The formation of N-(2-bromoethyl)morpholine 

It must be noted that N-(2-bromoethyl)morpholine was usually stored as the 

hydrobromide salt until needed because the free base would solidify overnight. The 

NMR spectrum of the resulting solid provided evidence that the dimer and other 

polymers formed, with the possible structure of the dimer illustrated below in Figure 

2.21. The formation of the analogous N-(2-chloroethyl)morpholine dimer has been 

reported, which forms by heating N-(2-chloroethyl)morpholine,93 but the isolation of a 

single N-(2-bromoethyl)morpholine dimer product was difficult and the decomposition 

product was not investigated further. 
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Figure 2.21: The possible dimer that forms when N-(2-bromoethyl)morpholine is left to stand 

!.!.# NUCLEOPHILIC ADDITION REACTIONS 

The attempts to form the desired ligand from the starting materials were performed in 

two steps, the first being the formation of the nucleophile and the second being the 

nucleophilic addition reaction. Morpholinoethylmagnesium chloride has not been 

previously reported, as far as is known, and attempts to synthesise it in this work were 

unsuccessful. Standard procedures for the synthesis of Grignard reagents were followed, 

with the usual methods for activating the magnesium metal, standard Grignard solvents 

and heating regimes tested, which are tabulated below in Table 2.4. Its formation was 

forgone in favour of the bromo Grignard, which is known and relatively straight 

forward to synthesise using a standard Grignard reaction procedure reported by Igarash 

et al.97 It was synthesised as needed, in situ, during the nucleophilic addition reactions. 

Lithio N-ethylmorpholine has not been reported previously, as far as is known, but 

attempts were made to synthesise it based on common organo lithium formation 

reactions.98 The respective halogen ethyl morpholine was dissolved in the solvent and, 

at the temperatures given in Table 2.4 below, butyl lithium was added. Once the 

Grignard or lithio reagents were formed, a solution of the ketone was added dropwise 

according to the scheme given in Figure 2.22 below. The reactions were left for the 

times and at the temperatures specified in Table 2.4 below but no reaction was seen to 

occur. After the specified time, the reactions were quenched with water, extracted with 

ether and the ether layer returned 2,3,4,5-tetramethylcyclopent-2-enone after 

chromatography. N-(2-hydroxyethyl)morpholine, forming from the Grignard or lithio 

reagents upon the water quench, was found in the aqueous phase. 
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Figure 2.22: Reaction scheme of attempted reactions, with step numbers above the reaction arrows 

Table 2.4: Reaction conditions tested in the nucleophilic addition reactions. 

Step Temperature (°C) Solvent Time (hr) Yield (%) 

1 65 THF 1 0 

1 65 THF 16 0 

1 35 Ether 1 0 

2 -78 THF 1 Not measured 

3 -78 THF 1 Not measured 

4 65 THF 1 Not measured 

5 -78 THF 16 0 

5 25 THF 16 0 

5 65 THF 16 0 

6 25 THF 16 0 

6 65 THF 16 0 
 

Ito et al. also reported problems with this methodology in synthesising amine ligands 

and suggest larger alkyl groups on the amine cause the nucleophile to become 

unreactive.90 Alternatively, it possible that the reactions were proceeding but rapidly 

decomposed back to the starting ketone. Lastly, it may be that the nucleophile does not 

have the suitable nucleophilicity to react possibly because the amine and oxygen 

stabilise the organometallic species by intramolecular coordination. This pathway was 

abandoned in favour of the nucleophilic substitution reactions simply because it has 

common reagents with the nucleophilic addition route. 
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!.!.# NUCLEOPHILIC SUBSTITUTION 

Nucleophilic substitution involves the coupling of one group with a nucleophile to 

another group functionalised with a leaving group so that the nucleophile substitutes for 

the leaving group. Tetramethylcyclopentadiene is commonly deprotonated with a 

lithium base and the resulting species acts as a nucleophile that may react with the side 

arm moiety. A retrosynthetic scheme is illustrated in Figure 2.23 below and the reaction 

was tested with various leaving groups but was found to be unsuccessful. 

 
Figure 2.23: Retrosynthetic pathway for nucleophilic substitution reactions (LG = leaving group, E 

= CH2 or O) 

There is a strong precedent in the literature for non-methylated species being 

synthesised via nucleophilic substitution reactions16 but the precedent is limited for the 

formation of similar tetramethylcyclopentadiene compounds. The reaction of lithio 

cyclopentadiene with the respective halogenated ethylamine, for example, gave the 

unmethylated analogues pictured below in Figure 2.24.88, 25  

 
Figure 2.24: Piperidino25 and morpholino88 ethylcyclopentadiene ligands 

The number of nucleophilic substitution reactions using lithio 

tetramethylcyclopentadiene is small and are all shown in Figure 2.25, as far as is 

known. Despite a concise description of the synthesis of the analogous 1-(2-

pyrrolidinoethyl)-2,3,4,5-tetramethylcyclopentadiene not having been reported, it has 

been suggested to have been synthesised from lithio tetramethylcyclopentadiene and 

leaving group functionalised pyrolidinoethane.16, 99 So far as known, there are two 

reactions of lithium 2,3,4,5-tetramethylcyclopentadiene with another moiety using a 

chloride leaving group. Krut’ko et al. and Chunming give these examples and both 
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ligands contain aromatic heterocycles.78, 79 There is one example with a bromide leaving 

group, which is in the synthesis of 1,2,3,4-tetramethyl(2-chloroethyl)cyclopentadiene.80 

A sulphoxide leaving group has also been used to generate another aromatic cyclic 

amine.100 

 
Figure 2.25: Nucleophilic substitution reactions to generate functionalised 

tetramethylcyclopentadiene ligands 

These syntheses are often complicated by the fact that geminal substitution also occurs, 

with the resulting isomers of one of the reactions shown below in Figure 2.26 for 

example.79 This occurs because once the proton is removed from the cyclopentadiene 

ring, generating the 6 π aromatic ring system, each carbon is nucleophilic. This is a 

recurring problem that is seen in many analogous reactions29 and was also encountered 

in this work. Another problem encountered in this work was, though the analogous 

reactions often work readily for lithium cyclopentadiene, the addition of the methyl 

groups appears to significantly reduce the reactivity of the nucleophile. 
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Figure 2.26: Side products formed by reactions on the geminal carbons 

!.!.# LITHIO TETRAMETHYLCYCLOPENTADIENE 

The lithio tetramethylcyclopentadiene moiety was synthesised according to Fendrick et 

al. from 2,3,4,5-tetramethylcyclopent-2-enone, according to the scheme in Figure 2.27. 

91 The synthesis of 2,3,4,5-tetramethylcyclopent-2-enone, starting from 3-pentanone and 

acetaldehyde to give 2,3,5,6-tetrahydro-2,3,5,6-tetramethyl-γ-pyrone and then 

dehydration to give 2,3,4,5-tetramethylcyclopent-2-enone, is described in section 2.2.3 

above. 2,3,4,5-tetramethylcyclopent-2-enone is converted to 1,2,3,4-

tetramethylcyclopentadiene using lithium aluminium hydride91 and the cyclopentadiene 

ring is deprotonated using methyl lithium, as described by Szymoniak et al., to give the 

lithium salt.101 From 2,3,4,5-tetramethylcyclopent-2-enone, the starting materials 

generated in the nucleophilic addition reactions, it is two steps to reach the desired 

nucleophile as shown in Figure 2.27 below. 

 
Figure 2.27: Synthesis of lithium tetramethyl cyclopentadiene from tetramethylcyclopentenone 

!.!.# LEAVING GROUP ETHYLMORPHOLINE 

The leaving groups seen in analogous reactions in the literature include chloride, 

bromide and methylsulphoxide of which the needed N-(2-chloroethyl)morpholine and 

N-(2-bromoethyl)morpholine syntheses have been detailed in the starting materials 

section of the nucleophilic addition discussion (Section 2.2.4 and 2.2.5, respectively).92, 

93, 102 Attempts were made to synthesise N-(2-tosylethyl)morpholine, which was 

considered an easier synthetic target than the methylsulphoxide analogue but, so far as 

is known, no synthesis has been reported in the literature. The attempted syntheses were 

based on the general procedure given by Shealy et al.103 and involved the addition of 

tosyl chloride to morpholine ethyl alcohol in ethyl acetate, as pictured below in Figure 

2.28. Triethylamine was added to deprotonate the alcohol and it also neutralised the 
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hydrochloric acid formed. The reaction appeared to proceed, as triethylammonium 

chloride precipitates but, after the reaction was washed with water, tosylic acid was 

isolated from the organic phase. This suggests the product is water sensitive and was 

being hydrolysed during the water wash with morpholine ethyl alcohol being lost in the 

aqueous layer and tosylic acid being left in the organic phase.  

 
Figure 2.28: The attempted synthesis of morpholine ethyl tosylate. The isolated product was tosylic 

acid. 

A reaction was done in dry THF, with the triethylammonium chloride removed by 

anaerobic filtration, and the product precipitated with chloroform. A small amount was 

collected anaerobically, allowed to come into contact with air, and the NMR suggested a 

mixture of the desired product and tosylic acid, consistent with the idea that the product 

is water sensitive. Another attempt was made utilising the starting material as a base to 

replace the triethylamine, with the hope that the desired product would precipitate as a 

more stable hydrochloride salt, but no precipitate was seen. Further anaerobic 

manipulations or other procedures were not considered worth the time investment as N-

(2-chloroethyl)morpholine and N-(2-bromoethyl)morpholine were available (see section 

2.2.4 and 2.2.5). 

!.!.#$ NUCLEOPHILIC SUBSTITUTION REACTIONS 

The reaction of lithium tetramethylcyclopentadiene with the halogenated ethyl 

morpholine compounds, as shown below in Figure 2.29, did not yield the desired target. 

The starting materials, with the tetramethylcyclopentadienide in the protonated form, 

were recovered each time. The reagents were mixed in a solvent, for the measured time 

and at a particular temperature, as detailed in Table 2.5 below. Lithium 

tetramethylcyclopentadiene is more soluble in THF, so it was the favoured solvent, and 

N-(2-bromoethyl)morpholine was tested more as it was assumed that the bromine would 

be a better leaving group. The reaction was completed by the addition of ether and 

water and the starting materials were isolated from the ether by chromatography in each 

case. 
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Figure 2.29: The general reaction of lithio tetramethylcyclopentadiene with halogen N-

ethylmorpholine (LG = leaving group)  

Table 2.5: Attempts at nucleophilic substitution reactions 

No. Leaving Group Temperature (°C) Solvent Time (hr) Yield (%) 

1 Cl- -78 THF 1 0 

2 Cl- 25 THF 16 0 

3 Cl- 35 Ether 2 0 

4 Br- -78 THF 1 0 

5 Br- -78 THF 16 0 

6 Br- 25 THF 16 0 

7 Br- 65 THF 1 0 

8 Br- 65 THF 16 0 

9 Br- 65 THF 72 0 
 

!.!.## ETHYL TETRAMETHYLCYCLOPENTADIENE FUNCTIONALISED WITH 
LEAVING GROUPS 

Another attempt was made to synthesise the ligands via nucleophilic substitution of the 

amine heterocyclic ring with 1-(2-chloroethyl)-2,3,4,5-tetramethylcyclopentadiene, as 

suggested in Figure 2.32. Nucleophilic substitution between 2-chloroethyl-p-

toluenesulfonate and lithium tetramethylcyclopentadienide gives 1-(2-chloroethyl)-

2,3,4,5-tetramethylcyclopentadiene,83, 101 which is a possible starting material. This 

reaction is complicated as geminal substitution occurs, as illustrated in Figure 2.30 

below.83 McConnell et al. also report isomerisation, specifically 50% geminal 

substituted and 50% non-geminal substituted, for the reaction of 1-bromo-2-

chloroethane with lithio 2,3,4,5-tetramethylcyclopentadiene.80 
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Figure 2.30: The formation of 1-(2-chloroethyl)-2,3,4,5-tetramethylcyclopentadiene and related 

isomers 

The procedure reported by Szymoniak et al. (Figure 2.30) gives three isomers including 

1-(2-chloroethyl)-2,3,4,5-tetramethylcyclopentadiene but no details for separation were 

given. Szymoniak et al. used the mixture in the next step of their synthesis, a coupling 

with a phosphine to give a phosphine ligand, and isolate the final product.101 Jutzi and 

Dahlhaus put forward an argument suggesting that 1-(2-chloroethyl)-2,3,4,5-

tetramethylcyclopentadiene does not form easily and reported that they could not isolate 

1-(2-chloroethyl)-2,3,4,5-tetramethylcyclopentadiene when needed in another 

synthesis.29 Jutzi and Dahlhaus attempted the same reaction as Szymoniak et al. during 

the synthesis of 1-[2-(N,N-dimethylaminoethyl)]-2,3,4,5-tetramethylcyclopentadiene 

but, instead of the penta substituted compound, they isolated the geminal substituted 

products. The analogous isomers for the coupling of potassium 

tetramethylcyclopentadiene and 2-chloro-N,N-dimethylamine also occur, which are 

shown below in Figure 2.31. Eventually, Jutzi and Dahlhaus obtained their desired 

product by electrocyclic ring closure,29 which was also successful in this work and is 

discussed in the following sections. 

 
Figure 2.31: An attempt to synthesise 1-dimethylaminoethyl-2,3,4,5-tetramethylcyclopentadiene, as 

given by Jutzi and Dahlhaus,29 but these undesired isomers were isolated 

The reaction given by Szymoniak et al. (Figure 2.30)101 was repeated in this work with 

the hope of isolating the desired 1-(2-chloroethyl)-2,3,4,5-tetramethylcyclopentadiene 

from the mixture of isomers. This was attempted with chromatography and distillation 

but a pure product was not isolated. The reaction mixture was analysed with GCMS and 

two peaks were seen in the chromatograph. Any distinctions between the mass spectra 

of the peaks were not apparent and the formation of the desired compound was not 

shown conclusively, as the two peaks may correspond to two undesired isomers or the 
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desired compound and one undesired isomer. The mixture of isomers was used in the 

next step after they were isolated from the reaction mixture by distillation. 

As mentioned above, Szymoniak et al. used the mixture of isomers to form phosphine 

ligands and isolated the final phosphinated product.101 With this idea in mind, the 

mixture of isomers was used in an attempt to couple with morpholine using a procedure 

given by Khan et al.104 This involved dissolving morpholine in THF, adding sodium 

carbonate to form a suspension and then adding the isomer mixture, as illustrated below 

in Figure 2.32. Coupling did not occur, as evidenced by GCMS, possibly because the 

correct isomer was not present in the starting material.  

 
Figure 2.32: Attempted reaction for the synthesis of desired ligand 

!.!.#! NUCLEOPHILIC SUBSTITUTION CONCLUSIONS 

Despite there being precedent for the synthesis of the non-methylated species and 

limited precedent for the tetramethylated cyclopentadiene, these reactions were 

unsuccessful. The synthesis of the ligand through these methods was proving to be 

cumbersome, inefficient and tending to give many isomeric by-products. This synthetic 

route was abandoned because of these reasons and because of the promising 

electrocyclisation reaction developed by Jutzi and Dahluas.29 A description of the 

synthesis of the desired ligands is given in the next sections. 

!.!.#$ ELECTROCYCLIC RING CLOSURE 

The simplest tetramethylcyclopentadiene conceivable would be 

pentamethylcyclopentadiene and electrocyclic ring closure was used by Bercaw et al. to 

synthesise it from two equivalents of 2-lithio-2-butene and ethyl acetate, as illustrated in 
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Figure 2.33 below. Bercaw et al. also reported the synthesis of 

ethyltetramethylcyclopentadiene, n-propyltetramethylcyclopentadiene, n-

butyltetramethylcyclopentadiene and phenyltetramethylcyclopentadiene by substituting 

ethyl acetate with the appropriate ester, which suggests some generality to the 

reaction.37 The first example of this route being used to form 

tetramethylcyclopentadienes with functionalised carbon side arms was described by 

Jutzi and Dahlhaus as a means to circumvent problems encountered in nucleophilic 

substitution reactions.29 The synthetic targets included 1-[2-(N,N-dimethylaminoethyl)]-

2,3,4,5-tetramethylcyclopentadiene, which is structurally similar to the desired ligands 

of this work and, since the synthesis in 1993, has been used in the synthesis of many 

metal complexes.105, 106 

 
Figure 2.33: The formation of pentamethylcyclopentadiene 

The synthesis of 1-(2-amoniumethyl)-2,3,4,5-tetramethylcyclopentadiene chloride 

occurs through a slight variation on this method. Either N-Boc-azetidinone or N-Boc-β- 

alanine methyl ester, pictured below in Figure 2.34, is reacted with 2-lithio-2-butene 

and ethereal hydrogen chloride is used to deprotect the amine and close the ring. So far 

as is known, no other ethylamine functionalised tetramethylcyclopentadienes have been 

synthesised via this method.90 

 
Figure 2.34: The formation of 1-(ammoniumethyl)-2,3,4,5-tetramethylcyclopentadiene chloride 

(Boc = t-butyloxycarbonyl) 

!.!.#$ METHYL ESTERS 

From the above discussion, the respective starting materials are methyl 3-piperidinyl-

propionate, ethyl 3-piperidinyl-propionate, methyl 3-morpholinyl-propionate and ethyl 

3-morpholinyl-propionate. Various syntheses of the methyl piperidinyl-propionate and 

methyl 3-morpholinyl-propionate have been reported104, 107, 108, 109 and the procedure 
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given by Ranu et al., shown in Figure 2.35 below, is the most efficient, which was 

slightly modified so that greater amounts of starting materials could be afforded 

efficiently.109 Piperidine or morpholine were mixed with methylacrylate, without 

solvent or catalyst at room temperature, but, instead of using chromatography as 

reported,109 the desired products were isolated by vacuum distillation. This gave the 

desired products in a nearly perfect “green” manner, in slightly higher yields, and the 

product is also dry, deoxygenated and ready for the next reaction.  

 
Figure 2.35: The formation of the methyl esters (E = CH2 or O) via Michael addition 

On one occasion, during distillation of methyl 3-piperidinyl-propionate, four colourless 

crystals were seen to be growing by sublimation on the inside of the distillation head 

and one was collected for crystal structure elucidation. The structure was found to be 

piperidinium acetate, shown below in Figure 2.36, which does not have a reported 

crystal structure, as far as is known. Presumably, the acetic acid formed by 

decomposition of the methylacrylate or methyl 3-piperidinyl-propionate. The distillation 

was being conducted with ten grams of the starting ester, which shows that it must be 

the least efficient way possible of forming piperidinium acetate, and it only occurred 

once but is reported here for the sake of completeness. 

 
Figure 2.36: Single molecule of piperidinium acetate 
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!.!.#$ ETHYL ESTERS 

Various syntheses of ethyl 3-piperidinyl-propionate and ethyl 3-morpholinyl-propionate 

are known and the most accessible syntheses involve reacting the amine with 

halogenated ethyl propionate, as shown below in Figure 2.37.110, 111 Instead Michael 

addition, in an analogous method to the synthesis of the methyl esters, was used, which 

entailed mixing ethyl acrylate with piperidine or morpholine without solvent or catalyst 

and isolating the products by distillation. This is also shown in Figure 2.37 below. The 

ethyl esters are slightly harder to make than the methyl esters simply because they distil 

at a higher temperature and the reactions were lower yielding, which meant the methyl 

esters were used more often in the following work. 

 
Figure 2.37: The reported synthesis,110 above, and the synthesis used, below, to give ethyl esters (E = 

CH2 or O, X = halogen) 

!.!.#$ 2-LITHIO-2-BUTENE 

The formation of 2-butenyllithium is reported many times in the literature and is always 

made in situ from lithium metal and 2-bromo-2-butene. The procedures generally 

describe the addition of 2-bromo-2-butene to lithium suspended in ether at a controlled 

rate so that the exotherm refluxes the reaction to give a yellow, orange or red solution. 

Ito et al. report a slightly different procedure where the reaction is conducted at 0 °C 

and Cahill et al. reported a synthesis at -15 °C, which give colourless solutions.90, 112  

Initially, the coloured solutions were used to react with methyl 3-piperidinyl-propionate 

and methyl 3-morpholinyl-propionate, as discussed in the next section, but gave varying 

amounts of condensation. GCMS analysis showed varying amounts of starting material, 

monocondensation and dicondensation and the coloured solutions only gave complete 

conversion when used in a large excess. This implied varying amounts of 2-lithio-2-

butene was in the solution and the reason for this was investigated further. 

GCMS analysis of the coloured solutions, after a water quench, showed multiple peaks 

matching polybutenes. The species were of varying lengths and the conjugated double 

bonds the expected cause of the colour, which would vary between yellow, orange and 
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red depending on the amount of polymerisation. The expected initial oligomerisation is 

shown below in Figure 2.38 and shows 2-lithio-2-butene reacting with 2-bromo-2-

butene, giving a lithio branched octadiene species, which then reacts with another 2-

bromo-2-butene and so on. This reaction proceeds further than shown in Figure 2.38 

until conjugation is such that colours are displayed, with all species up to 12 monomers 

long detected in the GCMS. These species were not isolated and the idea was not 

proven definitely but the dimer has been reported to not form if the reaction is done 

below -28ºC.113 

 
Figure 2.38: The suspected polymerisation reaction when the formation of 2-lithio-2-butene is done 

at elevated temperatures 

For this reason, the formation of 2-lithio-2-butene was conducted at -15 °C, which 

consistently gave complete conversion to a useful solution. Cahill et al. report a slightly 

cloudy, but colourless, solution that they would filter and titrate112 but this was found 

unnecessary if the 2-bromo-2-butene was dried and decoloured with basic alumina and 

distilled in an argon atmosphere beforehand.  

!.!.#$ DICONDENSATION 

Analogous dicondensation then electrocyclisation procedures usually have the 

dicondensation and ring closure reactions occurring in “one pot”,29 as was the case in 

this work, but the individual steps were optimised separately and conjoined later. The 

condensation reactions were conducted by forming 2-lithio-2-butene, as detailed above, 

and adding the appropriate esters as a solution in the solvents tabulated below in Table 

2.6. After the addition, the reactions were left at the temperature and for the time 

tabulated below, quenched with ammonium chloride solution and the products obtained 
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by distilling the residual. Each reaction gave the desired product and some of the ring 

closed product, as shown in the scheme below in Figure 2.39. 

 
Figure 2.39: Dicondensation reaction, showing the heptadienol product and the spontaneously 

formed ring closed product (E = CH2 or O, R = methyl or ethyl) 

Table 2.6: Dicondensation reactions 

No. Ester Temp (°C) Solvent Time (hr) Yeilda 

1 Methyl 3-piperidinyl-propionate 0 Ether 16 100 

2 Methyl 3-piperidinyl-propionate 25 Ether 3 100 

3 Ethyl 3-piperidinyl-propionate 0 Ether 16 100 

4 Methyl 3-morpholinyl-propionate 0 Ether 16 100 

5 Ethyl 3-morpholinyl-propionate 0 Ether 16 100 

6 Methyl 3-morpholinyl-propionate 25 THF 16 100 
a Yield (%) of  heptadienol and cyclopentadiene species, measured with GC, with 100 % implying all 

starting material was consumed and no by-products noted in the GC 

Adding the ester at 0 °C stopped the reaction discolouring and controlled the exotherm 

meaning the dropwise addition could be done more efficiently. Leaving the reaction to 

stir overnight guaranteed complete dicondensation, suggesting the first condensation 

occurs rapidly and the second slowly. The reaction was difficult to follow by TLC 

because the acidic nature of silica caused the ring closure on the plate but GCMS could 

be used, which suggested that the ring closure could not be accelerated thermally. The 

addition of the ester resulted in a white precipitate, which is assumed to be lithium 

methoxide or lithium ethoxide, respectively. 

For the sake of completeness, a heptadienol intermediate was isolated, which was 

complicated as the ring closes spontaneously. GCMS analysis showed the starting 

esters, the intermediate heptadienols and the ring closed products were all present in 

differing amounts during the reaction and at no point were the heptadienols the only, or 

even main, product. Separation of the heptadienols from the ring closed product was not 

possible with chromatography. Silica or alumina stationary phase caused ring closure, as 
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they are acidic. Adding a base to the eluent, triethylamine was tested, or using basic 

alumina did not give sufficient resolution. Also, cellulose was tested as a stationary 

phase but the compounds did not adhere to a sufficient amount and passed through with 

the solvent front. Careful distillation did separate the compounds but only a small 

amount was realised. As the heptadienols are not the desired product and because of the 

difficulty of isolation, the procedure given in the experimental section for 4-

piperidinoethyl-3,6-dimethyl-2,5-heptadien-4-ol is not an optimised reaction and no 

attempts were made to isolate the other heptadienols. 

!.!.#$ RING CLOSURE 

Despite the above reaction providing some ring closed product, complete spontaneous 

conversion was not observed and the ring closure required acid treatment. Jutzi and 

Dahlhaus add concentrated sulphuric acid and tosylic acid to 4-[2-(N,N-

dimethylaminoethyl)]-3,6-dimethyl-2,5-heptadien-4-ol to close the ring.29 These acids 

were tested, as were other acids, by taking the mixture of ring open and ring closed 

products from the above reactions and adding the acid. The acid was then removed with 

a water wash and the resulting compounds extracted with ether. The details of the test 

are detailed in Table 2.7 and shown in the Figure 2.40 below. 

 
Figure 2.40: Electrocyclisation reaction (E = CH2 or O) 

Table 2.7: Ring closure reactions 

No. Ligand Acid Solvent Time (hr) Yield (%) 

1 Piperidino Conc. Sulphuric Neat 0.5 a 

2 Piperidino Conc. Sulphuric THF 0.5 a 

3 Piperidino Tosylic Acid THF 0.5 a 

4 Piperidino Tosylic Acid Ether 0.5 a 

5 Piperidino Tosylic Acid Ether 16 a 

6 Piperidino Conc. Nitric Neat 0.5 a 
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No. Ligand Acid Solvent Time (hr) Yield (%) 

7 Piperidino Conc. Nitric THF 0.5 a 

8 Piperidino Conc. Hydrochloric Neat 0.5 a 

9 Piperidino Conc. Hydrochloric THF 0.5 a 

10 Piperidino HCl Gas Ether 0.5 a 

11 Piperidino Conc. Acetic Acid Neat 0.5 a 

12 Piperidino Conc. Acetic Acid Ether 0.5 a 

13 Piperidino Conc. Acetic Acid Ether 16 a 

14 Piperidino Silica Gel Ether 0.5 a 

15 Piperidino 2 M HCl THF 0.5 34 

16 Morpholino 2 M HCl THF 0.5 82 
aYield not measured as the acid decomposed the material or could not be separated from the product 

The use of concentrated strong acids, despite the precedent set by Jutzi and Dahlhaus29 

was found to degrade the compound considerably with reactions done without diluting 

the acid undergoing vigorous degradation. Weaker acids, those tested were acetic and 

tosylic acid, caused ring closure but could not be removed easily in the water wash. HCl 

gas did cause ring closure and the compound precipitated from the ethereal solution but 

it was difficult to ensure that the correct amount was added and decomposition often 

occurred. This led to the test of a dilute strong acid, 2 M HCl, which caused ring closure 

without decomposition and did not move into the organic phase. Surprisingly, the 

respective hydrochloride salts precipitated and floated between the ether and aqueous 

layers, making the isolation of the final product particularly easy. 

!.!.#$ DICONDENSATION AND RING CLOSURE 

With the above information, it was possible to combine the dicondensation and 

electrocyclisation reactions into one reaction so that the final product could be afforded 

in a “one pot” synthesis. 2-lithio-2-butene was formed at -15 ºC in ether, the ester added 

dropwise and then 2 M HCl added dropwise until the reaction is acidic, as shown in 

Figure 2.41 below. The acid dissolves the lithium methoxide or ethoxide that forms in 

the dicondensation step, forms two liquid layers, and the desired product precipitates as, 

surprisingly, the hydrobromide salt when the right amount is added. The salt is easily 

collected by filtration and the free base afforded by dissolving in dilute aqueous sodium 

carbonate and extracting with dichloromethane. 
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Figure 2.41: Dicondensation and electrocyclic ring closure (E = CH2 or O, R = methyl or ethyl) 

The hydrobromide can be purified by recrystallisation from acetone, methanol or 

ethanol and the freebase can be purified by vacuum distillation. Chromatography (basic 

alumina, 100 % ethyl acetate) is only necessary if the starting ester, mono condensation 

and dicondensation product were present, which occurred if 2-lithio-2-butene was 

formed incorrectly. It was easier to ensure that 2-lithio-2-butene formed correctly, as 

discussed above in Section 2.2.16, than to perform the chromatography. 

The reactions produce the hydrobromide salts and, as found from the ring closure 

reactions, the hydrochloride salts form readily. The free bases were readily converted to 

the hydrochloride salts by dissolving the ligands in ether and precipitating the salts with 

2 M HCl. The hydrochloride salts can be recrystallised from acetone, methanol and 

ethanol. This resulted in the free base, the hydrobromide and the hydrochloride forms of 

each ligand, which were spectroscopically and crystallographically analysed and the 

interpretations of spectra are given in the following sections.  

!.!.!# DOUBLE BOND ISOMERS 

In this work the ring closure step has been referred to as electrocyclisation but, 

sometimes, equivalent reactions are referred to as a Nazarov cyclisation. Usually, 

Nazarov cyclisations start with divinylketones to give the corresponding 

cyclopentenone but the ring closure reported in this work is a heptadienol converting to 

a cyclopentadiene. Mechanistically, the reactions are very similar and the proposed 

mechanism is given below in Figure 2.42, which shows the dehydration, the crucial 4 π 

– electrocyclisation step and the reformation of the double bond.70 It is usually found 

that the final step, the elimination of a proton, gives a mixture of double bond isomers, 

which was evident in the work reported here. 
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Figure 2.42: Mechanism of the ring closing step 

The mechanism of the cyclisation step implies that one isomer forms but a statistical 

mixture of double bond isomers are usually seen, which are shown below in Figure 

2.43. Once the proton of the cyclopentadiene ring is removed from each isomer, the 

resulting 6 π aromatic system is equivalent and synthetically, for the synthesis of 

metallocenes at least, the mixture can be treated as one compound. Separation of the 

isomers was attempted so that characterisation of each isomer could be performed but 

separation by chromatography and by fractional distillation was not possible because 

the physical properties were too similar. The mixture of isomers does result in more 

complex spectra and must be allowed for in the interpretation of spectral data. 

 
Figure 2.43: Double bond isomers that form as a statistically equal mixture (E = CH2 or O) 

!.!.!# NMR ANALYSIS 

Peaks for each of the isomers could not always be distinguished in the 1H NMR spectra 

and overlapping peaks were seen. Often the overlapping peaks corresponded to 

hydrogens in equivalent position in the different isomers. For this reason the integration 

values are reported in the experimental section are reported as though the mixture was 

one compound. For example, the peak at δ 2.97 in the hydrogen spectra of 1-(2-

piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr is reported as two hydrogens 

because the hydrogens of all of the equivalent CH2 for the three isomers overlap in this 

spot. Other peaks do not overlap. For example, there are two peaks (δ 11.57 and 11.24) 
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identified in 1-(2-piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr that are 

assigned to the ammonium hydrogen (–NHBr-). They both integrate to 0.5 hydrogens. 

There are also peaks at δ 3.59 and 3.47 that integrate to 1.0 hydrogens each, which 

correspond to -NHBrCH2CH2-. Also, the methyl peaks appear between in two regions, δ 

1.88-1.75 and δ 1.06-0.98. Similar NMR spectra are seen for the other compounds and 

interpreting them in this manner makes the process simpler but it is not an exhaustive 

analysis. 

The carbon NMR spectra showed more resolution in the peaks and often the carbons of 

the cyclopentadiene rings could be distinguished. The heterocyclic rings often had the 

peaks overlapping but the methyl and cyclopentadiene carbons did not overlap. Even so, 

assignment of peaks to a particular isomer was difficult and further analysis was not 

thought possible unless the single isomers could be separated.  

!.!.!! MASS SPECTROSCOPY 

The mass spectra of the mixture of isomers appear as one compound, with the fragment 

peaks overlapping, and assignment is as expected if the isomerisation is ignored. Electro 

spray ionisation gave the molecular ion and sometimes the molecular ion with water. 

Applying a 30 kV voltage to the accelerating lens caused fragmentation and some in 

situ reactions. The fragmentation was mainly loss of the methyl groups, with one peak 

([M – CH3CCHCH3]+) being attributed to a retro Diels Alder ring opening reaction. The 

reactions included the doubling of the molecular weight, assumedly by Diels Alder 

intermolecular [4+2] cyclisation, and the addition of two oxygen atoms, assumedly via 

the formation of epoxides from the double bonds. The hydrochloride and hydrobromide 

salts were indistinguishable, as expected due to the positive ion being the same, and the 

free base showed one less hydrogen, also as expected. 

GCMS, which was only possible for the ligands as free bases, did separate each isomer 

and the expected three peaks were observed in the chromatogram. The mass spectra for 

each isomer appeared similar, with slight differences in peak heights, but assigning a 

peak in the chromatogram to an isomer proved too difficult. Electron ionisation at 70 V 

gave the molecular ion with magnificent fragmentation, with the major peaks 

corresponding to, from highest to lowest in molecule weight, the molecular ion, loss of 

a methyl group, retro Diels Alder, loss of tetramethylcyclopentadiene and then alpha 

cleavage at the nitrogen. This pattern was apparent for both ligands. 
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!.!.!# IR ANALYSIS 

IR analysis hydrobromide and hydrochloride salts of each ligand showed the three 

isomers, as evidenced by three N-H stretches in the region commonly associated with 

N-H stretches (3000 – 2700 cm-1). The other distinguishable and assignable peaks were 

for absorbed water in the 1-(2-morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene 

hydrochloride, which occurred in the expected region (3800-3200 cm-1). 4-

Piperidinoethyl-3,6-dimethyl-2,5-heptadien-4-ol showed a distinct peak for the alcohol 

stretch at 3212 cm-1 but the ligands did not show many other assignable, notable or 

distinguishable stretches. 

!.!.!# STRUCTURAL COMPARISONS 

Recrystallisation of the hydrobromide and hydrochloride salts of the morpholine and 

piperidine ligands is possible from ethanol, methanol and acetone and crystallographic 

quality crystals of 1-(2-piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr, 1-(2-

morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr and 1-(2-morpholinoethyl)-

2,3,4,5-tetramethylcyclopentadiene.HCl were obtained. Below in Figure 2.44 are 

representations of single molecules from the crystal structures of the salts, as formed 

from ethanol. 1-(2-piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr is shown 

twice, to the left of Figure 2.44, as the cyclopentadiene ring is disordered and sits in two 

different positions.  

 

Figure 2.44: Two molecules of 1-(2-piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr with 
the tetramethylcyclopentadiene moieties in different disorder postions (a and b), 1-(2-

morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr (c) and 1-(2-morpholinoethyl)-2,3,4,5-
tetramethylcyclopentadiene.HCl.H2O (d) 

1-(2-Piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr crystallised in the space 

group Pbca, with eight molecules per unit cell and a cell volume of 3357.32 Å3. Figure 

2.45 shows the unit cell as viewed along a, which show the glide planes well for the two 

N

E

N

E

N

E



 
2.2 RESULTS AND DISCUSSION  

 125 

disordered orientations. It can be seen that the piperidinium bromide groups sit together 

in a head to head orientation but the cyclopentadiene moieties sit interleaved.  

 
 

 
Figure 2.45: 1-(2-Piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr unit cell viewed down 

the a axis, with the two disordered orientations shown separately top and bottom 

The interactions of these moieties can be seen (Figure 2.46) in the Hirshfeld surface 

mapped with the normalised contact distance, dnorm,114 which shows intermolecular 

contacts that are less than the van der Waals distance in red and contacts that are greater 

than the van der Waals distance in blue. The bromide ion has been omitted from the 

surface calculation, as it sits relatively distinct from the rest of the molecule, but the 

acidic proton has been included, which, as expected, sits in close contact to the bromide. 

Also apparent in Figure 2.46 below is a close contact between methyl groups in the 

second position about the cyclopentadiene ring. This contact is presumably due to the 

interleaving of the cyclopentadiene moieties as part of the crystal packing and not a 

strong intermolecular interaction. 
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Figure 2.46: Hirshfeld surface with dnorm mapped from -0.2 (red) to 2.0 (blue) on 1-(2-

piperidiniumethyl)-2,3,4,5-tetramethylcyclopentadiene, showing two distinct close contacts. Only 
one disorder site is shown. 

1-(2-Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr crystallised in space 

group P1, with 4 molecules per unit cell and a cell volume of 1634.18 Å3. Like 1-(2-

piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr, the heterocyclic rings sit 

together as do the tetramethylcyclopentadiene moieties, but, unlike 1-(2-

piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr, the heterocyclic rings sit 

cantered. This results in the ligand sitting in a staggered configuration, which is evident 

when the unit cell is viewed along the a axis as is illustrated below in Figure 2.47. The 

piperidine ligand, on the other hand, sits as nearly straight lines along the c axis. 
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Figure 2.47: 1-(2-Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr unit cell as viewed 

down a 

The cantered nature of the morpholine groups becomes apparent when the Hirshfeld 

surface with the normalised contact distance, dnorm,114 is mapped on a molecule, as 

illustrated below in Figure 2.48. There is the expected close contact between the acidic 

hydrogen and the bromine but there are also two close contacts between the oxygen of 

one molecule and the methylene next to the oxygen of the next molecule. There is no 

close contact between the methyl groups, as there was in the piperidine ligand. 

 
Figure 2.48: Hirshfeld surface with dnorm mapped from -0.2 to 2.0 on 1-(2-morpholinoethyl)-2,3,4,5-

tetramethylcyclopentadiene.HBr, showing three distinct close contacts 

The hydrochloride salt of the morpholine ligand also sits in P1, with 4 molecules per 

unit cell and a cell volume of 1642.4 Å3. The ligand incorporates a water molecule per 

ligand, which is hydrogen bonded to the chloride, but still allows for a staggered 
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interaction of the morpholine moieties. The staggering can be seen in the unit cell when 

viewed along a, as shown in Figure 2.49 below. 

 
Figure 2.49: Unit cell of 1-(2-morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HCl as viewed 

down the a axis 

The Hirshfeld surface, as shown below in Figure 2.50, shows the expected close contact 

between the acidic proton and the chlorine but also shows less prominent interactions 

between the morpholine and neighbouring water and morpholine moieties. The water 

molecules sit close to the oxygen of the morpholine moiety so that a ring of lightly 

interacting groups, interacting by hydrogen bonding, surrounds each morpholine. One 

water molecule, the bottom most in Figure 2.50, interacts with both the chloride and a 

methylene of the morpholine moiety via hydrogen bonding. 

 
Figure 2.50: Hirshfeld surface with dnorm mapped on 1-(2-morpholinomethyl)-2,3,4,5-

tetramethylcyclopentadiene.HCl, showing a ring of close contacts about the morpholinium moiety 
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!.!.!# ATTEMPTED SYNTHESIS OF AZA CROWN LIGAND 

Hu et al. have reported the addition of aromatic species via an ethyl linker to 1-aza-5-

crown-15, as shown below in Figure 2.51. They have also reported the resulting sodium 

complexes, which have the sodium sitting in the crown moiety.89 The ligands showed 

additional intramolecular interactions between the sodium and the π bonds of the 

aromatic rings, with the sodium atom sitting in a pocket formed between the crown and 

the aromatic ring. In this work some time was taken in the attempt to add 1-aza-5-

crown-15 to the tetramethylcyclopentadiene moiety with the hope of generating a ligand 

that may coordinate vastly different metals, possibly the alkali metals, to the other 

ligands generated in this work. Unfortunately, the synthesis proved to be significantly 

different to the synthesis of the other ligands described thus far and time was not 

available to develop the synthesis further. 

 
Figure 2.51: Examples of functionalised aza crowns 

!.!.!# METHYL 3-(1-AZA-5-CROWN-15)-PROPIONATE 

The synthesis of methyl 3-(1-aza-5-crown-15)-propionate involves the synthesis of the 

crown and preforming a Michael addition, in an analogous manner to the synthesis of 

the small ring ligands. First, triethylene glycol ditosylate was synthesised as described 

by Keegstra et al.,115 which is reacted with diethanolamine116 to give 1-aza-5-crown-15. 

Michael addition of methyl acrylate to the aza crown, according to the method given by 

Williams et al., gives methyl 3-(1-aza-5-crown-15)-propionate.117 The procedure does 
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not include an isolation method but the compound was isolated by distilling the melt. 

The steps are illustrated below in Figure 2.52. 

 
Figure 2.52: Methyl (1-aza-5-crown-15)-3-propionate synthesis 

!.!.!# DICONDENSATION AND RING CLOSURE 

The method developed for the other ligands, as described in Section 2.2.17, was utilised 

in an attempt to synthesis 1-[2-(1-aza-5-crown-15)-ethyl-2,3,4,5-

tetramethylcyclopentadiene without success. 2-Lithium-2-butene was formed, the aza 

crown ester was added dropwise as an ethereal solution and a white precipitate was 

noted. This was assumed to be lithium methoxide and suggested a reaction. Attempts to 

isolate the heptadienol species were made, using the procedure for 4-piperidinoethyl-

3,6-dimethyl-2,5-heptadien-4-ol as described in Section 2.2.17, but were unsuccessful.  

Ring closure reactions were attempted with 2 M HCl, as was done with the smaller 

rings and described in section 2.2.19, but did not result in the product precipitating as a 

salt (Figure 2.53). Attempts were made to isolate the free base with chromatography 

(basic alumina and silica) and distillation but were unsuccessful. It was considered that 

the lithium might be sequestering in the crown so the reaction was also attempted using 

2-butenyl-2-magnesium bromide, without success. The synthesis developed (Section 

2.2.19) to give the smaller ring analogues was deemed not to work, which is expected to 

be due to the differences in chemical properties between the rings. 
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Figure 2.53: Attempts to synthesis 1-[2-(1-aza-5-crown-15)-ethyl-2,3,4,5-tetramethylcyclopentadiene 
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!.# CONCLUSIONS 
Two new ligands were generated, named 1-(2-piperidinoethyl)-2,3,4,5-

tetramethylcyclopentadiene and 1-(2-mopholinoethyl)-2,3,4,5-

tetramethylcyclopentadiene, and some reaction intermediates, some ammonium salts 

and some reaction by-products were also isolated. All novel compounds were 

characterised spectroscopically and crystallographically, where possible. Also, some 

time was spent trying to synthesise an aza crown ether analogue (1-[2-(1-aza-5-crown-

15)-ethyl-2,3,4,5-tetramethylcyclopentadiene) but this was unsuccessful. 

The two new ligands have a cyclopentadiene moiety that is methylated and appended 

with an amine based heterocyclic side arm. The synthesis is efficient and possible from 

commercially available starting materials in two steps. The second step is novel and 

utilises a “one pot” method that involves two condensation reactions, electrocyclic ring 

closure and the precipitation of the final products as the respective hydrobromide salts. 

Other synthetic methodologies were investigated, based on nucleophilic addition 

reactions and nucleophilic substitution reactions, but were unsuccessful. 
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!.# EXPERIMENTAL 
!.#.$ GENERAL EXPERIMENTAL CONSIDERATIONS 

Reactions were performed in dry and deoxygenated conditions under an inert 

atmosphere of argon. Standard Schlenk techniques and manipulations were used. 

Solvents and reagents were dried and deoxygenated. Glassware was dried in an oven 

and flame. Salt ice baths were made from one part brine, one part ice and one part salt 

and had measured temperatures between -15 and -10 ºC. Universal indicator paper was 

used to measure pH. 

!.#.! REAGENTS 

Lithium metal was stored under paraffin oil and cleaned by cutting away the outer layer 

of decomposed hydroxide crust. If pores or imperfections existed in the metal, the oil 

and decomposed hydroxide within the pores was removed by sonication in dry toluene. 

Surface oil was removed by washing in hexane. 

2-bromo-2-butene was dried and decoloured by percolation through a column of basic 

alumina. It was purified and deoxygenated by distillation under an argon atmosphere. 

!.#.$ SOLVENTS AND AQUEOUS SOLUTIONS 

Solvents for dry and deoxygenated reactions were purified with a solvent purification 

system. General solvents were purified by bulk distillation, except ether, which was of 

BDH grade and used as purchased. Aqueous solutions were made from the respective 

reagents, which were used as purchased, and deionised water. 

!.#.# SPECTROSCOPY 

Gas chromatography mass spectroscopy was performed on a Waters GCT Premier 

machine with an Agilent 7683B series injector. Samples were introduced as DCM 

solutions and DCM was used for blank samples and to rinse the autoinjector. Helium 

was the carrier gas. Electron ionisation and chemical ionisation were used as specified 

below and chemical ionisation was achieved with methane. Masses were measured from 

time of flight and positive ions were detected. Accurate masses reported were 

referenced against perfluorotri-N-butylamine. 

Mass spectrometry was performed on a Waters LCT Premier XE machine. Samples 

were introduced as acetonitrile solutions. Electrospray ionisation was used and positive 
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ions were detected. Mass is measured from the time of flight and W mode was used. 

Accurate mass measurements were referenced to leucine enkephalin. 

Nuclear magnetic resonance spectroscopy was performed on either a Varian 400, Varian 

300 or Bruker AV 600 spectrometer. Spectra were referenced to reported values of the 

residual partially deuterated solvent.118 Deuterated chloroform was stored on potassium 

carbonate and the other deuterated solvents were used as purchased. 

Infrared spectra were recorded using a Perkin Elmer One spectrometer fitted with an 

attenuated total reflectance sampler. Measurements were made between 4000 and 600 

cm-1. 

Elemental analyses were performed at the Research School of Chemistry 

Microanalytical Unit of the Australian National University.  

!.#.$ CRYSTALLOGRAPHIC DATA 

Crystallographic data was measured at 100(2) K, unless stated otherwise, from single 

crystals using Oxford Diffraction Xcalibur or Gemini CCD diffractometers with 

monochromatic MoKα or CuKα radiation. Data were corrected for Lorentz and 

polarisation effects as well as for absorption. The structures were solved by direct 

methods and refined using the SHELX-2013 crystallographic package119 and X-seed 

interface.120 A full matrix least-squares refinement procedure was used, minimising 

w(FO
2-FC

2), with w =  [σ2 FO
2   +   AP 2  +  BP]

-1
, where P  =  (FO

2  +  2  FC
2)/3. Agreement 

factors, R1 = ∥FO|  -  |FC∥ / |FO | , wR2 =( w FO
2  -  FC

2 2
/ [w FO

2 2
])

1/2
and 

Goof =  ( w FO
2  -  FC

2 2
/(n  -  p))

1/2
 where n is the number of reflections and p is the 

total number of parameters refined, are cited. 

!.#.$ PROCEDURES 

4-Piperidinoethyl-3,6-dimethyl-2,5-heptadien-4-ol 

Lithium metal (0.15 g, 2.16 × 10-2 mol) was suspended in ether (100 mL), cooled in a 

salt ice bath, and 2-bromo-2-butene (1.20 mL, 1.60 g, 1.19 × 10-2 mol, in 100 mL of 

ether) was added dropwise. This was stirred for two hours, then methyl 3-piperidinyl-

propionate (1.0 mL, 1.2 g, 7.0 × 10-3 mol, in 50 mL of ether) was added dropwise over 

three hours. The reaction was quenched (saturated NH4Cl(aq)) and extracted five times 



 
2.4 EXPERIMENTAL  

 135 

with ether, which was then removed under vacuum. Distillation of the residual (1.1 

mmHg, 150 ºC) yielded the 4-piperidineethyl-2,5-heptadien-4-ol as a colourless oil. 

Yield: 0.050 g, 2.0 × 10-4 mol, 2.8%. 

GCMS (wax column, 40-250 ºC at 7 ºC/min): Rt = 8.8 min 

GCMS (CI+, m/z, M = CH2(CH2CH2)2NCH2CH2C(OH)(C(CH3)CHCH3)2.H+): 

280.2664 (7.2%, [M + 2CH3]+ = 280.2640), 252.2332 (100%, [M]+ = 252.2327), 

234.2223 (22.1%, [M – H2O]+ = 234.2222), 196.1718 ([M – 4CH2]+ = 196.1701), 

167.1465 (12.2%, [CH2CH2C(OH)(C(CH3)CHCH3)2]+ = 167.1436), 137.1341 (51.3%, 

[CH2C5HMe4 + 2H]+ = 137.1330), 112.1178 (12%, [CH2(CH2CH2)2NCH2CH2]+ = 

112.1126), 98.1025 (43%, [CH2(CH2CH2)2NCH2]+ = 98.0970). 

GCMS (EI, CH2Cl2, 70 V, m/z, M = 

CH2(CH2CH2)2NCH2CH2C(OH)(C(CH3)CHCH3)2): 369.1 (0.3%, [M + CCl2 + Cl]+), 

355.1 (2.4%, [M + HCl + 2Cl]+), 341.0 (0.3%, [M + HCl + 2Cl – CH3]+), 251.2 (4.0%, 

[M]+), 233.2 (4.0%, [M – H2O]+), 221.1 (3.5%, [M – OH – CH3]+), 196.2 (3.2%, [M – 

CH2CH2CH2CH2 – H2O]+), 147.1 (4%, [M – CH2CH2CH2CH2 – 3CH3]+), 136.1 (14.1%, 

[CH2(CH2CH2)2NCH2CH2CC]+), 121.1 (52.3%, [C5Me4]+), 105.1 (22.8%, [C5Me3]+), 

98.1 (100.0%, [CH2(CH2CH2)2NCH2]+), 91.1 (14.8%, [C5Me2]+), 77.1 (12.1%, 

[C5Me]+). 

1H NMR (CDCl3, 300 MHz, δ, ppm): 7.04 (b-s, 1H, -OH), 5.33 (q, 2H, 

C(CH3)CHCH3), 2.50 (t, 2H, -NCH2CH2C-), 2.40 (m, 4H, CH2(CH2CH2)2N-), 1.88 (t, 

2H, -NCH2CH2C-), 1.71 (s, 6H, C(CH3)CHCH3), 1.69 (t, 4H, CH2(CH2CH2)2N), 1.63 

(t, 2H, CH2(CH2CH2)2N), 1.55 (d, 6H, C(CH3)CHCH3). 

13C NMR (CDCl3, 75 MHz, δ, ppm): 139.6 (-C(OH)(C(CH3)CHCH3)2), 122.4, 81.8 (-

C(OH)(C(CH3)CHCH3)2), 55.5, 54.7, 32.5, 26.0, 24.3, 23.1, 14.8 

DEPT (CDCl3, 75 MHz, δ, ppm): 122.4 (CH/CH3, C(CH3)CHCH3), 55.5 (CH2, -

NCH2CH2C-), 54.7 (CH2, -NCH2CH2C-), 32.5 (CH2, CH2(CH2CH2)2N), 26.0 (CH2, 

CH2(CH2CH2)2N), 24.1 (CH2, CH2(CH2CH2)2N), 23.1 (CH/CH3, C(CH3)CHCH3), 14.8 

(CH/CH3, C(CH3)CHCH3). 

IR: 3212 (br, m), 3020 (m), 2936 (s), 2856 (s), 2810 (s), 2765 (m), 1735 (w), 1655 (w), 

1471 (m), 1455 (s), 1443 (s), 1375 (s), 1351 (m), 1332 (w), 1300 (w), 1281 (m), 1268 
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(m), 1253 (m), 1212 (m), 1172 (w), 1153 (m), 1121 (s), 1090 (m), 1047 (m), 1026 (m), 

960 (w), 934 (w), 905 (w), 889 (m), 859 (w), 807 (m), 760 (m), 652 (w). 

1-(2-Piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr 

Lithium metal (0.17 g,  2.45 × 10-2 mol) was suspended in ether (100 mL) and cooled in 

a salt ice bath. 2-bromo-2-butene (1.80 mL in 50 mL of ether, 2.39 g, 1.78 × 10-2 mol) 

was added dropwise and the mixture was left to stir for an hour after the addition was 

completed. Methyl 3-piperidinyl-propionate (1.0 mL, 1.2 g, 7.0 × 10-3 mol, in 50 mL of 

ether) was added dropwise and a white precipitate was noted. The reaction was left to 

stir for three hours before hydrochloric acid (2.0 M, 100 mL) was added dropwise. 1-(2-

Piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr precipitates when the aqueous 

layer is acidic and forms a suspension between the aqueous and ethereal layers. This 

was collected by filtration and recrystallised from ethanol to give a white hygroscopic 

solid. 

Yield: 0.75 g, 2.4 × 10-3 mol, 34% 

Analysis Calculated for C16H27N.HBr.2H2O (%): C, 54.85; H, 9.21; Br, 22.81; N, 4.00. 

Found (%): C, 54.88; H, 9.20; Br, 20.46; N, 4.16. 

1H NMR (CDCl3, 400 MHz, δ, ppm): 11.57 (b-s, 0.5H, -NHBr-), 11.24 (b-s, 0.5H, -

NHBr-), 3.59 (t, 1.0H, -NHBrCH2CH2-), 3.47 (m, 1.0H, -NHBrCH2CH2-), 2.97 (m, 2H, 

CH2(CH2CH2)2NHBr-), 2.85 (t, 2H, CH2(CH2CH2)2NHBr-), 2.64 (t, 2H, 

CH2(CH2CH2)2NHBr-), 2.51 (m, 2H, CH2(CH2CH2)2NHBr-), 2.33 (m, 4H, - 

CH2(CH2CH2)2NHBrCH2CH2-), 1.88-1.75 (2 peaks, 9.0H, -C5HMe4), 1.64 (3 peaks, 

1H, -C5HMe4), 1.06-0.98 (d, 3.0H, -C5HMe4). 

IR (cm-1): 3429 (b, w), 2913 (s), 2855 (m), 2871 (m), 2683 (s), 2666 (s), 2637 (s), 2580 

(m), 2554 (s), 1654 (b, w), 1456 (m), 1435 (m), 1385 (m), 1328 (w), 1280 (w), 1219 

(w), 1191 (w), 1154 (w), 1082 (w), 1069 (w), 1016 (w), 962 (w), 947 (w), 902 (w), 855 

(w), 799 (w), 672 (w), 597 (w), 553 (w). 

Crystal data for 1-(2-piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr: 

C16H27BrN, M = 313.30, colourless plate, 0.21 × 0.17 × 0.07 mm3, orthorhombic, space 

group Pbca (No. 61), a = 7.2221(1), b = 9.7140(2), c = 47.8554(11) Å, V = 3357.32(11) 

Å3, Z = 8, Dc = 1.240 g/cm3, µ = 3.200 mm-1. F000 = 1320, CuKα radiation, λ = 1.54178 

Å, T = 100.00(14) K, 2θmax = 135.2º, 19696 reflections collected, 3029 unique (Rint = 
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0.0269). Final GooF = 1.002, R1 = 0.0895, wR2 = 0.2553, R indices based on 2792 

reflections with I > 2σ(I) (refinement on F2), |Δρmax| = 2.0(1) e Å-3, 156 parameters, 24 

restraints. 

1-(2-Piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HCl 

1-(2-Piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr was dissolved in dilute 

Na2CO3 and extracted with ether. 2 M HCl was added until a precipitate formed 

between the layers, which was collected. This precipitate was recrystallised from 

ethanol. 

1H NMR (CDCl3, 400 MHz δ, ppm): 11.87 (b-s, 1H, -NHCl-), 3.58 (b-d, 2H, -

NHClCH2CH2-), 2.84 (m, 4H, CH2(CH2CH2)2NHCl-), 2.66 (overlapping t, 2H, 

CH2(CH2CH2)2NHCl-), 2.50 (overlapping t, 2H, CH2(CH2CH2)2NHCl-), 2.33 

(overlapping t, 2H, CH2(CH2CH2)2NHCl-), 1.87-1.73 (8 peaks, 11.1H, -C5HMe4 and -

NHBrCH2CH2-), 1.42 (3 q, 1H, -C5HMe4) 0.90 (two d, 2.7H, -C5HMe4). 

1-(2-Piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene 

1-(2-Piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr was dissolved in dilute 

Na2CO3 and extracted with ether. The ether was removed and the product purified by 

short path vacuum distillation (2.0 mmHg, 100 ºC). 

Yield: 91 % 

GCMS (wax column, 40-250 ºC at 7 ºC/min): Rt = 8.9 min 

GCMS (EI, 70 V, m/z, M = CH2(CH2CH2)2NCH2CH2C5HMe4): 233.2 (6%, [M]+), 218.2 

(6%, [M – CH4]+), 148.2 (11%, [CHCH2C5HMe4]+), 136.1 (26%, [CH2C5HMe4]+), 

121.1 (100%, [C5Me4]+), 98.1 (98%, [CH2(CH2CH2)2NCH2]+), 93.1 (27%, [C5Me2]+), 

79.1 (13%, [C5Me]+). 

1H NMR (CDCl3, 300 MHz, δ, ppm): 2.59 (m, 2H, -NCH2CH2-), 2.47 (m, 4H, 

CH2(CH2CH2)2N-), 2.32 (m, 2H, -NCH2CH2-), 1.82 (s, 2H, CH2(CH2CH2)2N-), 1.79 (t, 

6H, -C5HMe4), 1.64 (t, 4H, CH2(CH2CH2)2N-), 1.25 (m, 1H, -C5HMe4), 0.99 (d-t, 3H, -

C5HMe4), 0.86 (d-t, 3H, -C5HMe4). 

13C NMR (CDCl3, 100 MHz, δ, ppm): 139.14, 132.83, 57.95, 53.83, 51.78, 49.72, 

24.30, 23.36, 21.80, 14.15, 11.87, 11.73, 11.48, 11.26, 11.07. 
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DEPTQ (CDCl3, 100 MHz, δ, ppm): 139.14 (C/CH2, -NCH2CH2-), 132.83 (C/CH2, 

CH2(CH2CH2)2N-), 57.96 (C/CH2, -NCH2CH2-), 53.83 (C/CH2, CH2(CH2CH2)2N-), 

51.78 (CH/CH3, -C5HMe4), 49.72 (C/CH2, CH2(CH2CH2)2N-), 24.30 (C/CH2, -

C5HMe4), 23.37 (C/CH2, -C5HMe4), 21.80 (C/CH2, -C5HMe4), 14.15 (CH/CH3, -

C5HMe4), 11.87 (CH/CH3, -C5HMe4), 11.73 (CH/CH3, -C5HMe4), 11.48 (C/CH2, -

C5HMe4),  11.26 (CH/CH3, -C5HMe4). 

1-(2-Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr 

Lithium metal (0.60 g, 8.64 × 10-2 mol) was suspended in ether (100 mL) and cooled in 

a salt ice bath. 2-bromo-2-butene (3.7 mL in 50 mL of ether, 4.8 g, 3.6 × 10-2 mol) was 

added dropwise and the mixture was left to stir for an hour once the addition was 

complete. Methyl 3-morpholinyl-propionate (2.5 mL, 3.04 g, 1.78 × 10-2 mol, in 50 mL 

of ether) was added and a white precipitate was noted. The reaction was left to stir for 

one hour before hydrochloric acid (2.0 M, 100 mL) was added dropwise. 1-(2-

Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr precipitates and forms a 

suspension between the aqueous and ether layers. This was collected by filtration and 

recrystallised by dissolving in methanol, adding ethanol until turbid and then allowing 

the methanol to evaporate. 

Yield: 4.56 g, 1.46 × 10-2 mol, 82% 

Melting Point: 180 ºC 

Mass spectrometry (ESI+, m/z, M = O(CH2CH2)2NCH2CH2C5HMe4)): 254.2114 ([M.H 

+ H2O]+ = 254.2120), 236.2007 ([M.H]+ = 236.2014) 

Mass spectrometry (ESI+, applied voltage = 30 kV, m/z, M = 

O(CH2CH2)2NCH2CH2C5HMe4): 609.1 (10%, [M + M.H + 6H2O + CH3CN]+), 589.3 

(6%, [M + M.H + 2H2O + 2CH3CN]+), 543.4 (1%, [M + M.H + 4H2O]+), 391.3 (3%, 

[M.H + 2O + 3CH3CN]+), 340.1 (45%, [M + 2O + 4H2O]+, 317.2 (18%, [M + 

2CH3CN]+), 299.1 (23%, [M – CHCH3 + 5H2O), 289.2 (34%, [M + 3H2O]+), 275.1 

(37%, [M – CH3 + 3H2O]+), 254.2 (100%, [M.H + H2O]+), 245.1 (30%, [M – CH3 – 

CH2 + 2H2O), 236.2 (90%, [M.H]+), 231.1 (33%, [M – CH3 – 2CH2 + 2H2O]+), 217.1 

(17%, [M – 2CH3 – 2CH2 + 2H2O]+), 207.0 (14%, [M – CH2O]+), 181.0 (22%, [M.H – 

CH3CCHCH3]+), 151.1 (15%, [M – (CH3C)(CCH3)(CCH3) – CH3]+). 
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1H NMR (MeOD, 400 MHz, δ, ppm): 5.67 (overlapping t-t, 0.44H, -NHBrCH2CH2-), 

5.49-5.385 (10 peaks, 1.56 H, -NHBrCH2CH2-), 4.04 (b-s, 2H, O(CH2CH2)2NHBr-), 

3.83 (b-s, 2H O(CH2CH2)2NHBr-), 3.35-3.25 (13 peaks, 4H, O(CH2CH2)2NHBr-), 3.22-

3.13 (11 peaks, 2H, -NHBrCH2CH2-), 2.36-2.153 (21 peaks, 2.0H, -C5HMe4), 1.80-1.63 

(17 peaks, 11.0H, -C5HMe4). 

1H NMR (CDCl3, 400 MHz, δ, ppm): 11.60 (b-s, 0.58 H, -NHBr), 5.58 (overlapping t, 

0.40H, O(CH2CH2)2NHBr-), 5.37 (overlapping t, 1.60H, O(CH2CH2)2NHBr-), 4.25 (b-

s, 2H, O(CH2CH2)2NHBr-), 3.97 (b-s, 2H, O(CH2CH2)2NHBr-), 3.49 (b-s, 2H, 

O(CH2CH2)2NHBr-), 3.21 (8 peaks, 2H, -NHBrCH2CH2-), 2.91 (b-s, 2H, -

NHBrCH2CH2-), 1.65 (15 peaks, 12H, -C5HMe4). 

13C NMR (MeOD, 100 MHz, δ, ppm): 139.8, 138.1, 125.3, 120.2, 80.5, 79.4, 65.4, 56.1, 

53.6, 34.7, 32.8, 23.5, 15.4, 15.1, 13.6, 12.8 

DEPTQ NMR (MeOD, 100 MHz, δ, ppm): 139.8 (CH2/C, O(CH2CH2)2NHBr-), 138.1 

(CH2/C, O(CH2CH2)2NHBr-), 125.3 (CH3/CH), 120.2 (CH3/CH), 80.5 (CH2/C, 

O(CH2CH2)2NHBr-), 79.4 (CH2/C, O(CH2CH2)2NHBr-), 65.4 (CH2/C, -NHBrCH2CH2-

), 56.1 (CH2/C, -NHBrCH2CH2-), 56.0 (CH2/C, -C5HMe4), 53.6 (CH2/C, -C5HMe4), 

34.7 (CH2/C, -C5HMe4), 32.8 (CH2/C, -C5HMe4), 23.5 (CH3/CH, -C5HMe4), 15.4 

(CH3/CH, -C5HMe4), 15.1 (CH3/CH, -C5HMe4), 13.6 (CH3/CH, -C5HMe4), 12.8 

(CH3/CH, -C5HMe4) 

IR (cm-1): 3410 (m), 2918 (m), 2865 (m), 2684 (m), 2641 (m), 2605 (m), 2466 (m), 

1457 (m), 1433 (m), 1376 (m), 1327 (w), 1308 (w), 1259 (s), 1227 (m), 1199 (w), 1151 

(w), 1134 (s), 1099 (s), 1080 (s), 1046 (m), 1018 (w), 967 (s), 954 (s), 909 (m), 876 (m), 

856 (m), 839 (w), 809 (m), 789 (w), 695 (w), 648 (w).  

Crystal data for 1-(2-morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr: 

C15H25BrNO, M = 315.27, brownish plate, 0.52 × 0.24 × 0.11 mm3, triclinic, space 

group P1 (No. 2), a = 7.1434(2), b = 9.7210(2), c = 24.2293(8) Å, α = 101.544(2), β = 

97.308(2), γ = 90.434(2)°, V = 1634.14(8) Å3, Z = 4, Dc = 1.281 g/cm3, µ = 3.339 mm-1. 

F000 = 660, CuKα radiation, λ = 1.54178 Å, T = 100(2) K, 2θmax = 134.8º, 25433 

reflections collected, 5856 unique (Rint = 0.0390). Final GooF = 1.003, |Δρmax| = 2.4(2) 

e Å-3, R1 = 0.0979, wR2 = 0.2686, R indices based on 5579 reflections with I > 2σ(I) 

(refinement on F2), 326 parameters, 0 restraints. 
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1-(2-Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HCl 

1-(2-Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr (0.160 g, 5.06 × 10-4 

mol) was dissolved in dilute Na2CO3 extracted with DCM. 2 M HCl was added until the 

aqueous layer was acidic and the DCM was separated. The volume of DCM was 

reduced until a precipitate formed. This precipitate was recrystallised by dissolving in 

an acetone and ether solution, adding hexane until slightly turbid and allowing the ether 

to evaporate. 

Yield: 0.059 g, 2.2 × 10-4 mol, 43% 

Melting Point: 172 ºC 

Mass spectrometry (ESI+, m/z, M = O(CH2CH2)2NCH2CH2C5HMe4)): 236.2014 

([M.H]+ = 236.2014). 

1H NMR (MeOD, 400 MHz, δ, ppm): 10.51 (b-s, 1H, -NHCl-), 3.97 (b-t, 2H, 

O(CH2CH2)2NHCl-), 3.74 (t, 2H, O(CH2CH2)2NHCl-), 3.49 (b-t, 2H, 

O(CH2CH2)2NHCl-), 3.09 (b-t, 2H, O(CH2CH2)2NHBr-), 2.97 (m, 2H, -NHClCH2CH2-

), 2.60 (t, 2H, -NHBrCH2CH2-), 1.84 (s, 3.3H, -C5HMe4), 1.78 (b-s, 6H, -C5HMe4), 1.73 

(b-s, 1H, -C5HMe4), 0.98 (3 peaks, 3.7H, -C5HMe4). 

13C NMR (CDCl3, 100 MHz, δ, ppm): 178.6, 175.9, 170.8, 170.0, 100.9, 92.3, 88.7, 

88.3, 57.3, 51.5, 49.2, 49.1, 48.4 

DEPT (CDCl3, 100 MHz, δ, ppm): 178.6 (C/CH2, O(CH2CH2)2NHCl-), 175.9 (C/CH2, 

O(CH2CH2)2NHCl-), 170.8 (C/CH2, O(CH2CH2)2NHCl-)), 170.0 (C/CH2, 

O(CH2CH2)2NHCl-), 100.9 (C/CH2, -NHClCH2CH2-), 92.34 (C/CH2, -NHClCH2CH2-), 

88.68 (CH/CH3, -C5HMe4), 57.30 (CH/CH3, -C5HMe4), 51.49 (CH/CH3, -C5HMe4), 

49.19 (CH/CH3, -C5HMe4), 49.16 (CH/CH3, -C5HMe4), 48.44 (CH/CH3, -C5HMe4). 

IR (cm-1): 3416 (b, s), 2961 (m), 2924 (m), 2871 (m), 2601 (m), 2473 (m), 1700 (b, w), 

1641 (b, m), 1442 (m), 1378 (w), 1261 (m), 1224 (w), 1128 (m), 1089 (s), 1017 (m), 

971 (m), 906 (w), 875 (w). 

Crystal data for 1-(2-Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HCl.H2O: 

C15H27ClNO2, M = 288.83, colourless needle, 0.32 × 0.28 × 0.10 mm3, triclinic, space 

group P1 (No. 2), a = 7.0290(8), b = 9.5173(6), c = 24.7609(19) Å, α = 84.689(6), β = 
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84.757(8), γ = 89.806(8)°, V = 1642.4(2) Å3, Z = 4, Dc = 1.168 g/cm3, µ = 0.232 mm-1. 

F000 = 628, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 55.9º, 12353 

reflections collected, 7111 unique (Rint = 0.0334).  Final GooF = 1.002, |Δρmax| = 

0.69(8) e Å-3, R1 = 0.0948, wR2 = 0.2102, R indices based on 6018 reflections with I > 

2σ(I) (refinement on F2), 363 parameters, 4 restraints. 

1-(2-Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene 

1-(2-Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr (1.00 g, 3.16 × 10-3 

mol) was dissolved in dilute Na2CO3 and extracted with DCM. The DCM was removed 

and the product purified by short path vacuum distillation (0.05 mmHg, 107 ºC). 

Yield: 0.69 g, 2.94 × 10-3 mol, 93%. 

GCMS (silica column, 40-250 ºC at 7 ºC/min): Rt = 10.42 min 

GCMS (EI+, 70 V, m/z, M = O(CH2CH2)2NCH2CH2C5HMe4): 235.3 (9%, [M]+), 149.3 

(1%, [CH2CH2C5HMe4]+), 135.2 (5%, [CH2C5HMe4]+), 119.1, (1%, [C5HMe4]+), 105.1 

(22%, [C5Me3]+), 100.1 (100%, [O(CH2CH2)2NCH2]+), 91.1, (18% [C5Me2]+). 

1H NMR (d-6 acetone, 600 MHz, δ, ppm): 3.61 (overlapping t-t, 0.80H, O(CH2CH2)2N-

), 3.56 (t, 3.20H, O(CH2CH2)2NH-), 2.34 (overlapping m, 8H, O(CH2CH2)2NCH2CH2-), 

1.76 (10 peaks, 10.0H, -C5HMe4), 1.63 (t-q, 0.44H, -C5HMe4), 1.59 (q, 0.56H, -

C5HMe4), 1.01 (d, 1.0H, -C5HMe4), 0.99 (d, 1.0H, -C5HMe4). 

13C NMR (d-6 acetone, 150 MHz, δ, ppm): 140.9, 140.5, 139.4, 138.6, 137.4, 136.0, 

135.7, 135.4, 134.5, 134.0, 123.0, 122.5, 118.3, 117.1, 82.5, 81.5, 67.5, 67.3, 61.1, 59.4, 

56.2, 55.3, 54.7, 54.6, 54.7, 54.5, 54.4, 52.1, 50.4, 25.3, 24.4, 24.1, 23.7, 14.6, 14.5, 

12.1, 11.8, 11.4, 11.3 

Piperidinium Acetate 

Crystal data for C5H12N+.C2H3O-: C7H15NO2, M = 145.20, colourless needle, 0.31 × 

0.08 × 0.06 mm3, triclinic, space group P1 (No. 2), a = 5.7475(3), b = 7.8526(5), c = 

9.5501(6) Å, α = 91.964(5), β = 102.036(5), γ = 98.812(5)°, V = 415.59(4) Å3, Z = 2, Dc 

= 1.160 g/cm3, µ = 0.084 mm-1. F000 = 160, MoKα radiation, λ = 0.71073 Å, T = 100(2) 

K, 2θmax = 65.3º, 8219 reflections collected, 2786 unique (Rint = 0.0405).  Final GooF = 
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1.004, R1 = 0.0484, |Δρmax| = 0.37(5) e Å-3, wR2 = 0.1028, R indices based on 2090 

reflections with I > 2σ(I) (refinement on F2), 151 parameters, 0 restraints. 

Ethyl 3-Morpholinyl-Propionate 

Ethyl acrylate (11.3 mL, 10.6 g, 0.116 mol) and morpholine (10.0 mL, 10.1 g, 0.116 

mol) were mixed for 2 hours. Ethyl 3-morpholinyl-propionate was isolated by 

distillation (101 °C, 2 mmHg). Characterisation data was in agreement with previously 

reported.110 

Yield: 18.6 g, 0.0998 mol, 86%.  

Ethyl 3-Piperidinyl-Propionate 

Ethyl acrylate (2.5 mL, 2.7 g, 0.027 mol) and piperidine (3.0 mL, 2.6 g, 0.030 mol) 

were mixed for 2 hours. Ethyl 3-piperidinyl-propionate was isolated by distillation (124 

°C, 2 mmHg). Characterisation data was in agreement with previously reported.110 

Yield: 4.4 g, 0.023 mol, 85% 

!.#.$ ADAPTED PROCEDURES 

N-(2-Chloroethyl)Morpholine 

N-(2-Chloroethyl)morpholine was synthesised as reported by Mason et al.93 with one 

small adaptation. The final product was converted to the free base by washing with a 

sodium carbonate solution instead of sodium hydroxide, as reported,93 because the 

hydroxide converted N-(2-chloroethyl)morpholine to N-(2-hydroxyethyl)morpholine. 

N-(2-Bromoethyl)Morpholine 

N-(2-Bromoethyl)morpholine was synthesised as reported by Cai et al.96 with one small 

adaptation. It was reported that the free base precipitates from the reaction mixture95, 96 

but it was found that the compound precipitates as the hydrobromide salt. This was 

converted to the free base by washing with sodium carbonate. N-(2-

Bromoethyl)morpholine was then afforded by distillation (56 °C, 2.0 mmHg) instead of 

chromatography as described.96 
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Methyl 3-Piperidinyl-Propionate 

The method given by Ranu et al. to give methyl 3-piperidinyl-propionate was 

followed109 but the compound was isolated by distillation (72 °C, 1.0 mmHg) instead of 

chromatography. 

Methyl 3-Morpholinyl-Propionate 

The method given by Rabu et al. to give methyl 3-morpholinyl-propionate was 

followed109 but the compound was isolated by distillation (65 °C, 1.0 mmHg) instead of 

chromatography. 

Methyl 3-(1-Aza-5-Crown-15)-Propionate 

The method given by Williams et al. to give methyl 3-(1-aza-5-crown-15)-propionate 

was followed.117 The compound was isolated by distilling the melt (192 °C, 0.05 

mmHg). 
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!.# INTRODUCTION 
!.#.# METALLOCENES FUNCTIONALISED WITH AMINE CONTAINING SIDE 

ARMS 

The deliberate formation of metallocene complexes with cyclopentadienyl ligands that 

have a functionalised side arm provides a means of generating compounds with 

drastically different chemical and physical properties to the classic metallocenes.1 The 

range of functionality includes, for example, alkenes, which are used as lightly 

coordinating groups2 and as polymer precursors,3, 4 long chains, used in generating ionic 

liquids5, 6 and alkyl or aryl side arms, to modify the coordinative and catalytic properties 

of the central metal.7, 8 It is also possible to include side arms functionalised with atoms 

containing a lone pair of electrons, usually by the introduction of heteroorganic groups 

like –NMe2, -PPh3, -OMe, -SMe, which can intermolecularly coordinate to Lewis acids 

and coordinate intramolecularly to the metal centre.9 Of interest in this work, were 

amine functionalised metallocenes. 

The amine group exerts electronic effects, due largely to the Lewis basicity,10 and steric 

effects, often inducing changes in the reactivity of the metal centre or to the behaviour 

of the complex.1 Of particular interest in this work were ethyl linked amines, which 

show the perfect compromise between holding the amine in the correct position for 

intramolecular coordination and limiting freedom to increase spatial proximity to the 

metal centre,11 but other alkyl amine functionalised complexes also have a myriad of 

uses.12 Cyclopentadiene complexes of all metals have been reported10 and alkyl amine 

functionalised cyclopentadiene complexes, though not showing the same ubiquity of the 

parent complexes, have representative complexes of each major class of metal.11  The 

alkali metals,11 group thirteen metals,13 main group11 and transition metals12 are all 

represented and polymeric, linear, bent and piano stool metal complexes have been 

formulated.11, 12, 13 

!.#.$ AMINE SIDE ARM COORDINATION 

Examples exist with the nitrogen coordinating to a variety of Lewis acids but usually 

the metal centre of the complex is spatially the closest and novel complexes have been 

isolated that are stabilised due to this favourable intramolecular coordination 

interaction. This interaction is shown abstractly in Figure 3.1 below. The occurrence of 

intramolecular coordination depends on the amine affinity of the metal but amines 

usually bind to metals in a high oxidation state or to hard metals, resulting in hard-hard 
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interactions as expressed with Pearson’s concept. Cyclopentadienyl moieties bind to 

hard and soft metals, as evidenced by its prevalent use. Both interactions are weaker for 

metals in lower oxidation states or for soft metals but amine functionalised 

cyclopentadiene compounds act as hemilabile ligands that are stabilised by the chelate 

effect, which greatly increases the ability of complexes forming with soft metals.9, 12 

With both the cyclopentadiene and amine moieties interacting the interactions are 

favourable for harder metals, which is increased by the chelate effect, but the isolation 

of novel and interesting complexes of both soft and hard metals is possible.12, 14 

 
Figure 3.1: Intramolecular coordination (M = metal) 

The amine blocks a vacant coordination site, often sterically and electronically 

stabilising reactive structures, and the coordinating interaction is one of the key factors 

responsible for the chemical properties, especially catalytic, of the resulting metallocene 

complexes.9 Strong amine to metal bonds or hemilabile bonds, the formation of which 

depends on the metal, its oxidation state and the amine substituents, give different 

properties to the metallocene catalyst. A strong interaction causes the coordination site 

to be permanently blocked, which limits side reactions by only allowing specific 

coordination of substrates at the other sites. Hemilabile amines allows for easy ligand 

exchange, as the coordination site is only weakly occupied, and specific coordination of 

substrates can be enforced at the site by exchange with the amine. This equilibrium is 

illustrated in Figure 3.2 below. Both interactions can increase the selectivity and 

lifetime of the catalysts and further catalyst design and tuning is achievable by 

modifying the substituents on the amine.12 

 
Figure 3.2: The amine blocking a coordination site and then being replaced by a substrate (M = 

metal, L=Ligand) 

The amine is not limited to intramolecular interaction and may coordinate to other 

electron deficient species, both metal and non-metals, intermolecularly. Catalysts that 

do not have an intramolecular amine interaction can be improved by the amine 

interacting with substrates and holding the reactive species close to the reactive metal 

M
N
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centre. Bimetallic complexes might also be stabilised by intermolecular interactions and 

the conjoining of two reactive centres may be possible for domino and multistep 

reactions. Heterogeneous catalysts may be formed if attached to a surface, resulting in 

catalysts that are usually only available in the homogeneous state. Arrhenius acid, 

simply a hydrogen atom, is commonly added to give ammonium species, which have 

vastly different solubilities and are sometimes soluble in water.12 The many advantages 

of amine functionalised side arm containing metallocenes illustrate the reason that these 

compounds are so sought after. 

The number of ligands of this nature, with an amine functionalised side arm that is 

linked to the cyclopentadiene moiety with an alkyl group, has been growing in recent 

years due to the interest in the differing chemical properties of the resulting 

metallocenes. One area of research that has afforded many new ligands and metallocene 

complexes is in metallocene anti-tumour compounds, which are more stable, have better 

resistance to hydrolysis and better water solubilities due to the amine side arms.15 

Another advantage has been noted, the amine is able to coordinate to DNA base pairs, 

which places the metal within the DNA of cancer and increases its activity.16, 17 The 

metals that have been investigated include titanium, vanadium, neodymium, 

molybdenum, zirconium, niobium, ruthenium and rhenium, via the formation of 

pseudo-tetrahedral dichloride complexes with labile cis chloride atoms, with some of 

the most responsive candidates being cyclic alkyl amine functionalised titanocene 

complexes.15 The development of this chemistry serves as a case study for the deliberate 

tuning of the side arm to give a metallocene with desirable properties and is summarised 

in the following sections. 

!.#.! ANTI-CANCER METALLOCENES WITH AMINE SIDE ARMS 

Ferrocene itself does not show an ability to fight cancer but has been added to anti-

cancer compounds, in a similar way to any organic moiety, to improve the parent 

compound properties.18, 19 There exist compounds where the metal centre is the 

biologically active site, with cisplatin being the most notable example,20 but of 

relevance to this work are the bent21 and piano stool metallocene complexes.22, 23 

Titanium, vanadium, neodymium, molybdenum and zirconium metallocene complexes 

show anti-cancer properties but titanium compounds are the most active and much 

research has been done on titanocene dichloride, pictured below in Figure 3.3, and its 

derivatives. Titanocene dichloride was first tested for anti-cancer properties in 1979 
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where it was shown to be an effective anti-tumour agent in mice studies.24 Later it was 

shown that titanocene dichloride hydrolyses rapidly at physiological pH25 but, despite 

this, it entered clinical trials in 2000. It was rapidly abandoned because of insignificant 

clinical response and high toxicity.26 

 
Figure 3.3: Titanocene dichloride 

Three main problems have been identified for the use of titanocene dichloride as an 

anti-cancer drug, which are hydrolytic instability, toxicity and poor aqueous solubility.26 

These problems have been overcome to a large extent by the addition of side arms and 

derivatives that are hydrolytically stable and water soluble have been synthesised.12, 27 A 

study of the hydrolysis chemistry of titanocene, vanadocene and zirconocene dichloride 

showed that vanadocene dichloride was the most stable in physiological conditions and 

that titanocene dichloride hydrolyses rapidly at physiological pH.25 The hydrolysis is a 

two step process involving the removal of the chloride ions to form titanocene 

dihydroxide, which is a rapid process that is pH dependent and gives a series of soluble 

ionic species. The first step of the hydrolysis is shown below in Figure 3.4. The second 

step is the dissociation of the cyclopentadiene ring, which yields an insoluble oxide of 

unknown composition, and the formation of this insoluble material is detrimental to the 

drugs efficiency.28 It is thought that the amine stabilises the dihydroxide species, via 

intramolecular coordination, and slows the removal of the cyclopentadiene moiety, 

which increases the lifetime of the active species.27 

 
Figure 3.4: The first step of the hydrolysis of titanocene showing the chlorides dissociating and 

hydroxide species forming28 
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One particularly important chemical property altered by the inclusion of the side arm is 

the cytotoxicity of the titanocene dichloride derivatives, which is often correlated to the 

electron donating or withdrawing capacity of the functional groups on the 

cyclopentadienyl ring.28 The [(η5-C5H5)2Ti]2+ cation binds to the base sites in DNA and 

electron donating groups make the metal centre a poorer Lewis acid, which binds less 

strongly and is less disruptive to the DNA.28 This was deliberately tested with the 

inclusion of oxygen based electron withdrawing groups (an example shown below in 

Figure 3.5), which showed an increase in cytotoxicity29 but mixed results have been 

reported for other electron withdrawing groups.15 As the mechanism of action is non-

specific interaction between titanium(IV) and the DNA base pairs of cancer,21 the Lewis 

acidity argument should be supplemented with arguments concerning the bioavailability 

of the groups, intramolecular coordinative stabilisation abilities and water solubility, 

which help the active species reach the critical DNA base pairs.30 Direct comparisons 

between many functional groups, including oxygen, sulphur, aromatic and amine 

groups, have suggested that stabilisation and water solubility play a large part in 

determining the activity of the compound, with amines, or ammoniums as they will be 

at physiological pH, often showing a good combination of all properties.30, 31 

 
Figure 3.5: (η5-C5H4CO2Me)2TiCl2 

Though more stable, the amine groups will self catalyse hydrolysis, via the formation of 

hydroxide anions,12 but the hydrolytic stability can be improved by acidifying the amine 

to give the ammonium group.28 Ammonium side arm titanocene dichloride complexes 

that are air and water stable have been afforded, which makes them easier to handle12, 15, 

32 and more viable as anti-cancer compounds.15 A library of alkylammonium 

compounds has been synthesised by Potter et al. as a means of investigating structure 

activity relationships and, despite amines converting to the ammonium species at 

physiological pH and assumedly the active species being the same, the dicationic 

complexes, which have both amine groups protonated, showed the best results. This is 

attributed to the increase in water solubility and stability. In particular, cyclic alkyl 

ammonium groups were the most active,15 with the titanocene dichloride complex, an 
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example shown below in Figure 3.6, formed from non-methylated analogous ligand to 

the ones generated in this work. 

 
Figure 3.6: Bis-(2-morpholiniumethyl)-titanocene dichloride, a cyclic ammonium side arm 

titanocene dichloride 

Though the bent titanocene dichloride derivatives are commonly sought after for their 

anti-cancer properties,30 recently some interest has arisen in the anti-cancer properties of 

the trichloride piano stool complexes.22, 23 In one report, the formation of the dichloride 

and trichloride complex with the same ligand, both shown below in Figure 3.7, showed 

that the trichloride complex had a better anti-cancer response.22 Since that report,22 a 

small library of half-titanocene complexes have been shown to have anti-cancer 

properties.23 Considering the tendency of permethylated titanocenes to be piano stool 

complexes9 and these new examples of anti-tumour compounds,22, 23 both the piano 

stool complexes and bent complexes of titanium chloride with the ligands synthesised 

as described in chapter two were sought after in this work. 

 
Figure 3.7: The half sandwich complex (methoxyethyl)titanocene trichloride, left, shows better anti-

cancer properties than the full complex bis-(methoxyethyl)titanocene dichloride, right 

!.#.$ POLYMERISATION CATALYST METALLOCENES WITH AMINE SIDE ARMS 

Polyalkenes, which include polypropylene and polystyrene, are among the most 

common and useful synthetic polymers and are used as packaging material, fabrics and 

construction materials throughout the world. The polymerisation of alkenes has been 

investigated extensively, both in industry and in academia, and many polymerisation 

catalysts, a large number of which are protected by patents, have been developed since 

the nineteen fifties.33 The polymerisation is often done with transition metal catalysts 
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and Ziegler-Natta catalysts are widely used. The first Ziegler-Natta catalyst discovered 

was TiCl4, used for the stereospecific polymerisation of propene and is still used in 

industry today, but the most commonly used compounds are the dicyclopentadiene 

dichloride salts of Group 4 metals. The polymerisation of propene with zirconocene, for 

example, is shown in Figure 3.8.10, 33 The addition of side arms to the Group 4 

metallocenes is another area of research that is yielding novel ligands and complexes.34 

 
Figure 3.8: The polymerisation of propene using zirconocene 

The Group 4 metallocenes are well defined and highly effective catalytic species that 

are used in Ziegler-Natta polymerisation of olefins giving polymers with specific 

microstructures and narrow weight distributions. The addition of functionality in the 

side arm, including but not limited to -PR2, -SR, -OR and NR2 groups, results in 

complexes with greater stability, due to the intramolecular coordination, and sometimes 

better reactivity.9 A labile 14-electron cationic alkyl complex has been nominated as the 

active catalyst species and the stabilisation by weak intramolecular coordination of this 

intermediate with aminoethyl side arms is an area of ongoing research.14, 35 Beyond this, 

the Lewis basicity of amine containing side arms help solubilise the complexes in polar 

solvents and is able to coordinate to the methyl aluminium oxide co-catalyst giving a 

different active catalytic species.34 Some catalysts of this nature, bis-[2-(N,N-

dimethylaminoethyl)]titanocene dichloride is illustrated below in Figure 3.9 as an 

example, have been formulated that are removable from the reaction by washing with 

hydrochloric acid in methanol and are recyclable. Usually the catalysts are destroyed in 

attempts to remove them and it is easier to leave the catalyst in the formed polymer.12 

The increase in hydrolytic stability, solubility and the ease of removal did not come at 

the cost of catalytic performance, as bis-[2-(N,N-dimethylaminoethyl)]titanocene 

dichloride is as effective as a catalyst as titanocene dichloride.12 
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Figure 3.9: Bis-[2-(N,N-dimethylaminoethyl)]titanocene dichloride was synthesised by Jutzi et al., 

which is an effective Ziegler Natta catalyst12 

!.#.$ PERMETHYLATED METALLOCENES WITH AMINE SIDE ARMS 

Adding alkyl moieties, which are slightly electron donating, onto the cyclopentadiene 

ring has been found, as a rule, to increase stability of the metallocene.36 Methylated 

metallocenes, especially decamethylmetallocenes as pictured in Figure 3.10 below, are 

common examples.37 The methyl groups are large enough to exert a steric effect, 

spatially protecting the metal centre, but small enough that the physical properties of the 

metallocene are only slightly disturbed. For example, many are still amenable to 

sublimation like the parent compounds often are.38 Metallocenes are often C-H 

activation catalysts but are susceptible to catalytic self destruction by metal insertion in 

the C-H bonds of the cyclopentadiene ring. This can sometimes be negated by the 

exchange of the C-H bonds with C-CH3 bond. The addition of the methyl groups is not 

always beneficial and the complexes are often less water soluble, which hinders their 

anti-cancer properties.39 

 
Figure 3.10: The general structure of decamethylmetallocene (M = metal) 

The permethylated metallocenes are more commonly used for most catalytic purposes,40 

often giving catalysts that are superior to the non-methylated analogues.41 The addition 

of a side arm combines the beneficial properties of the methylation and the side arm.42 

Many metals in the form of metallocenes and their derivatives show catalytic 

properties10 and attempts to generate various metal complexes were made for this 

reason. 
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The synthesis of permethylated metallocenes with side arms is often similar to the 

synthesis of the parent compounds and metathesis reactions between alkali metal salts 

of the ligand and metal halides is often used. The formation of complexes with softer 

metals tends to be favoured because of the increase in electron density of the ligand due 

to the methyl groups.14 Also, the increase in steric bulk causes crowding on the metal 

centre, which sometimes means the piano stool complexes form when the analogous 

non-methylated compounds are bent or linear.9  

This tendency is exploited in constrained geometry catalysts (CGC), which are Group 4 

piano stool metallocenes with bidentate amine and cyclopentadiene binding ligands. 

CGC are often used in olefin polymerisation reactions in a similar manner to Ziegler-

Natta catalysts.43 The bridges between the amine and the cyclopentadiene moiety of the 

ligand are either silyl or alkyl chains. The exact and unchanging chelate bite angle 

defines the coordination geometry at the metal centre, resulting in controlled 

coordination of monomers and well defined polymers.43 Two are illustrated below in 

Figure 3.11, with aminoethyl side arms, methylated cyclopentadiene moieties and 

titanium metal centres. Others exist with other metals and the formation of similar 

compounds was attempted in this work. Piano stool Ziegler-Natta catalysts with 

aminoethyl side arms have also been formulated. Some show rigid intramolecular 

coordination in solution, possibly making them constrained geometry catalysts by 

definition, and others show fluxional coordination depending on the nature of the 

substituents on the amines.12 

 
Figure 3.11: Two examples of CGCs, which have permethylated ligands with ethylamine side arms41 

The number of metallocenes with aminoethyl tetramethylcyclopentadiene ligands, 

which conjoin the properties of the permethylation and the side arm, is growing.1 The 

resulting metallocenes often keep the properties of the parent metallocenes, be that 

polymerisation catalysis,9 reaction catalysis,1, 12 or anti-tumour capabilities15 but with 

added tunability. This leads to added sophistication in the design and control of said 

properties. Many properties of the non-methylated metallocenes and non-functionalised 

metallocenes remain similar but the subtle, yet definitive, tuning of properties gives a 
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plethora of interesting and unique complexes with many metals.44 The following gives 

details of the attempts, and some successes, in generating novel and interesting 

metallocene complexes from the ligands that were described in chapter two. 

!.#.$  HYPOTHESIS AND AIMS 

The aim of this chapter is the synthesis of novel metallocenes from the ligands 

described in chapter two. Existing similar compound have shown some promise at 

destroying cancer and as catalysts. The targeted metallocenes are not only synthesised 

so that new synthetic methods exist but are to be a contribution to the number of 

chemicals that may have useful properties. 
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!.# RESULTS AND DISCUSSION 
!.#.$ LITHIUM REACTIONS 

Often, the description of lithio species of this class of ligand is neglected, assumedly 

due to the high air sensitivity and the lack of practical uses, but the alkali metal species 

are often a crucial part of the formation of other metallocenes via metathesis reactions.11 

Two relevant analogues were found in the literature, lithio 1-[2-(N,N-

dimethylaminoethyl)]-2,3,4,5-tetramethylcyclopentadienyl and lithio 1-(2-aminoethyl)-

2,3,4,5-tetramethylcyclopentadienyl. These were formed by reacting the respective 

ligand with butyl lithium in THF or ether. The lithium salts are soluble in THF but the 

permethylated species shows decomposition, with the solution turning yellow, above 0 

°C.11 The solubilities of these lithium salts, and the insolubilities of the analogous 

potassium salts, have been attributed to the formation of monomeric or, at most, 

oligomeric structures in solution with the assumption of intramolecular nitrogen-lithium 

coordination. The NMR spectra have not been reported for these lithium salts, as far as 

is known,11 but they were collected for one analogue produced in this work. Lithio 

pentamethylcyclopentadienyl NMR spectra has been collected and shows both diatropic 

lithium and aryl lithiums, which exchange between the positions at high temperatures 

and the signals coalesced at 100 ºC.45 

The formation of the lithio species was done according to the general reaction scheme 

below (Figure 3.12) and using the reaction conditions tabulated (Table 3.1) below. n-

Butyl lithium and methyl lithium were investigated and the ligands were reacted as 

either the free base or the hydrobromide salt, as this is the form the ligands are most 

easily isolated as. n-Butyl lithium was introduced as a 2.5 M solution in hexane and the 

methyl lithium was introduced as a 1.6 M solution in ether.  

 
Figure 3.12: General reaction scheme for formation of lithium complexes (E = O or CH2) 
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Table 3.1: Reactions conducted to form lithio complexes 

No. Ligand Li Temp (°C) Solvent Time (hr) Yield 

1 Morpholino n-BuLi -12 Ether 1 92 

2 Piperidino n-BuLi -12 Ether 1 93 

3 Piperidino n-BuLi 25 Ether 1 a 

4 Morpholino n-BuLi 25 THF 16 a 

5 Morpholino n-BuLi 25 Ether 1 a 

6 Morpholino n-BuLi 25 Hexane 1 a 

7 Morpholino MeLi -12 Ether 1 a 

8 Piperidino MeLi -12 Ether 1 a 

9 Morpholino.HBr n-BuLi -12 Ether 1 a 

10 Piperidino.HBr n-BuLi -12 Ether 1 a 

11 Morpholino MeLi -12 THF 1 a 

12 Piperidino MeLi -12 THF 1 a 

13 Morpholino MeLi 25 Ether 1 a 

14 Piperidine MeLi 25 Ether 1 a 
a Yield not measured 

All reactions were successful as inferred from the precipitation of a white solid, 

presumably the lithio salt, which happened readily in ether and hexane but was induced 

in THF by the addition of ether. Reactions performed at room temperature caused a 

small amount of yellow colouration in the solution but this did not occur at -12 °C, 

which was also noted in the formation of the lithio 1-[2-(N,N-dimethylaminoethyl)]-

2,3,4,5-tetramethylcyclopentadienyl and lithio 1-(2-aminoethyl)-2,3,4,5-

tetramethylcyclopentadienyl analogues.11 The solid could be isolated by filtering the 

solution under an inert atmosphere and was collected in above 90% yields. Because of 

the highly reactive nature of the lithio species, only the NMR of lithio 1-(2-

morpholinoethyl)-2,3,4,5-tetramethylcyclopentadienyl was collected.  

A half sandwich complex would be expected to show two methyl peaks, due to the 

molecular symmetry, but the 1H NMR of lithio 1-(2-morpholinoethyl)-2,3,4,5-

tetramethylcyclopentadienyl shows overlapping multiplets for the methyl peaks at δ 

1.81. Also, the other peaks are overlapping or broad singlets without resolved 

multiplicity but a mixture of three isomers is plausible as is seen for lithio 

pentamethylcyclopentadienyl.45 Three peaks were seen in the 7Li NMR spectrum, which 
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are attributed to the three isomers that are shown below in Figure 3.13. The chemical 

shift of one peak (-12.9 ppm) is attributable to diatropic lithium and the other peaks 

(1.35 and 0.28 ppm) are aryl lithiums.46 Specific assignment of each aryl peak to a 

specific isomer was not possible. Also of note, the proton NMR also showed that the 

compound precipitated as an ethereal salt with 0.75 molecules of ether to each molecule 

of lithio 1-(2-morpholinoethyl)-2,3,4,5-tetramethylcyclopentadienyl, which may 

suggest that the solid precipitates as a complex aggregate. Further investigation of the 

structure to find if lithium aggregation was occurring could not be done as a single 

crystal could not be grown for crystallography. 

 
Figure 3.13: The left and middle structures show lithium in an aryl environment and the right 

structure shows lithium in a diatropic position 

!.#.# SODIUM COMPLEXES 

The alkali metal counter ion to the cyclopentadienyl moiety can influence the 

metathesis reaction and some reactions only occur with either the potassium, sodium or 

lithium cyclopentadienyl species.47 For this reason, it was considered important to 

synthesise the sodium salt as well, so there was an alternative should the lithio species 

prove unreactive. The reactions consisted of reacting either sodium metal or sodium 

hydride with the ligands in a suitable solvent, as shown below in Figure 3.14 using the 

conditions tabulated in Table 3.2. The sodium complexes were not characterised to the 

same extent as the lithio complexes because isolation of a pure compound proved 

difficult due to their high solubility. The reactions were apparently successful as 

hydrogen gas evolved and the sodium reagent was consumed, which took 16 hours for 

completion. The reaction performed at reflux showed some discolouration but reactions 

done at room temperature were colourless. 
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Figure 3.14: General reaction scheme for the formation of the sodium salts 

Table 3.2: Reactions conducted to form soda complexes. Final yield was not measured as the 
complexes were too soluble to isolate 

No. Ligand Sodium Temperature (°C) Solvent Time (hr) 

1 Piperidino NaH 25 THF 16 

2 Piperidino Na 25 THF 16 

3 Piperidino NaH 66 THF 16 

4 Piperidino NaH 25 Ether 16 

5 Morpholino NaH 25 THF 16 

6 Morpholino NaH 25 Ether 16 

7 Morpholino Na 5 THF 16 
 

!.#.! BIS-(1-(2-PIPERIDINOETHYL)-2,3,4,5-TETRAMETHYL)FERROCENE 

Ferrocene stands as the prototypical metallocene,48 often considered historically and 

sometimes chemically as the starting inspiration for a range of organometallic 

compounds48 and ferrocene complexes were synthesised in this work as model systems. 

The analogous methylated and non-methylated dimethylaminoethyl ferrocene 

compounds ((bis-1-[2-(N,N-dimethylaminoethyl)]-2,3,4,5-tetramethyl)ferrocene and 

bis-1-[2-(N,N-dimethylaminoethyl)]ferrocene)) do not show intramolecular amine 

coordination, due to the atomic size of iron and the steric bulk of the ligand, with the 

compounds obeying the 18 electron rule with η5 bonding.12 The ferrocene redox switch 

allows ferrocene derivatives to be used as electronic and optical materials and the redox 

switch is easily tuned by the selective substitution on the cyclopentadiene ring. 

Alkylamine side arms have been added as an organic electrochemically active group, 

which give ferrocene compounds with the usual fast reversible electron transfer process 

at the inorganic centre and an irreversible oxidation process at the amine group. The 

length of the linker is crucial and compounds with a shorter linker exhibit a higher 

potential for oxidation at the amine group due to an interaction with iron (III).49 Bis-1-
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[2-(N,N-dimethylaminoethyl)]ferrocene)) has been used to coordinate intermolecularly 

to trimethyl aluminium to generate a  precursor for metal organic chemical vapour 

deposition of mixed metal thin films.50 

The original synthesis of ferrocene involves the reaction of cyclopentadienyl 

magnesium bromide with iron (III) chloride with the cyclopentadienyl magnesium 

bromide acting as a reductant, turning the iron (III) to iron (II), and as a reagent.47, 51 

The reaction was a serendipitous discovery as the original synthesis was aiming for 

fulvalene, which is shown below in Figure 3.15. Other syntheses exist,48 but the most 

efficient, for most research chemists at least, was fathomed by Wilkinson in 1956, 

which involves deprotonation of cyclopentadiene with sodium metal or diethyl amine 

and then reacting with ferrous chloride in THF.52 The formation of non-methylated 

amino analogues is reasonably established and involves the transmetallation of the 

sodium ligand salt with iron chloride in THF.53 The synthesis of decamethylferrocene 

differs slightly and involves reacting lithio cyclopentadiene with ferrous chloride in 

THF38 and it was along these lines in which the piperidine analogue was synthesised. 

 

Figure 3.15: The first reported synthesis of ferrocene51 

Pictured in Figure 3.16 below is the general reaction scheme that was followed for each 

reaction with the tested reaction conditions tabulated in Table 3.3 as well, of which the 

last entry was successful but the other reactions were not. The deprotonated ligand was 

not isolated and used in situ. The insolubility of ferrous chloride in THF was thought to 

be hindering the reactions so some reactions with ferrous iodide, which is soluble in 

THF, were conducted. Eventually, it was found that the reaction temperature was critical 

to the success of the reaction, with the formation of the lithio species and addition of 

ferrous chloride best done at -12°C and then the reaction brought slowly to reflux. The 

reaction proved successful and could be easily followed by TLC and GCMS, which 

Fe

MgBr

2 + FeCl2
25 °C, Benzene, 16 hr



 
3.2 RESULTS AND DISCUSSION  

 169 

indicated that the reaction needed to be left over night. Unfortunately, the yield was low 

(8.9%), which is attributed to the lithio 1-(2-piperidinoethyl)-2,3,4,5-

tetramethylcyclopentadienyl decomposing as the temperature was increased. 

 
Figure 3.16: General reaction followed in the attempts to form bis-(1-(2-piperidinoethyl)-

2,3,4,5-tetramethyl)ferrocene 

Table 3.3: Reactions conditions tested to synthesise bis-(1-(2-piperidinoethyl)-
2,3,4,5-tetramethyl)ferrocene with the last entry being successful 

No. Ligand Base Iron Temperature (°C) Solvent Time (hr) Yield (%) 

1 HBr Salt MeLi FeCl2 -78 THF 16 0 

2 HBr Salt MeLi FeCl2 25 THF 16 0 

3 HBr Salt MeLi FeCl2 25 Ether 16 0 

4 HBr Salt NaH FeCl2 -78 THF 16 0 

5 HBr Salt NaH FeCl2 25 THF 16 0 

6 HBr Salt NaH FeI2 66 THF 16 0 

7 HBr Salt NaH FeI2 66 THF 48 0 

8 Free base NaH FeI2 66 THF 16 0 

9 HBr Salt BuLi FeCl2 -12 – 66 THF 16 8.9 
 

Once the reaction had been completed as described above, it was quenched with water 

and extracted with DCM. The DCM extract was subjected to chromatography, using 

alumina as the stationary phase with an ethyl acetate and hexane mixture as the mobile 

phase. This removed the majority of the decomposition products and the final product 

was brought to a high level of purity by sublimation. 

!.#.$ SPECTROSCOPIC ANALYSIS OF BIS-(1-(2-PIPERIDINOETHYL)-2,3,4,5-
TETRAMETHYL)FERROCENE 

GCMS proved to be a valuable tool for spectral analysis of the reactions with the 

inclusion of iron and the increase in molecular weight being particularly evident in the 
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mass spectrum, which is not directly observable with NMR spectroscopy. The mass 

spectrum was collected with electron ionisation (ionisation source = 40 eV), which gave 

excellent fragmentation and retained the molecular ion as the major peak. The next 

major peak was due to the cleavage of one of the ethyl linkers, that is a single α-

cleavage next to the nitrogen, which is an expected fragmentation.54 Fragmentation also 

includes cleavage of both ethyl linkers and loss of the methyl groups from the 

cyclopentadiene rings with complete assignment given in the experimental section. 

Bis-(1-(2-piperidinoethyl)-2,3,4,5-tetramethyl)ferrocene decomposes slightly in 

chloroform. This meant that it was not possible to use deuterated chloroform for NMR 

as the decomposition product is ferromagnetic and upset the NMR spectra. Using 

deuterated acetone or benzene, of which benzene was favoured due to a higher 

solubility, easily circumvented this. The NMR spectra have fewer peaks than the 

starting ligand, as the starting ligand is a mixture of double bond isomers that revert to a 

single compound in this reaction. Aromatisation of the cyclopentadiene ring and the fact 

that two identical ligands complex with the iron results in molecular symmetry, which 

means many equivalent chemical environments are present. Assignments of the peaks in 

the proton and carbon NMR were made with consideration of COSY and HSQC spectra 

with complete assignment given in the experimental section. 

In the proton NMR, only the methyl peaks have simple multiplicity and the other peaks 

have complex multiplicity. The peaks at 2.51 and 2.25 ppm are attributed to the ethyl 

linker and show a AA’BB’ spin spin coupling system55 and a simulation revealed 

coupling constants of 10.4 Hz and 5.7 Hz. Unfortunately, further information about the 

other multiplets could not be fathomed and the peaks are assigned as general multiplets. 

One notable occurrence in the NMR spectra is that the peak in the proton NMR due to 

the methylene proton adjacent to the cyclopentadiene ring being more downfield than 

the protons adjacent to the nitrogen. 

The results of the elemental analysis were lower than expected for carbon and higher 

than expected for hydrogen. The compound was stable in air and water but did 

decompose slightly over time, which is what the slight discrepancy is attributed to. The 

purity was excellent when analysed by GC within a day but would give less than perfect 

results within a week. The compound was easily repurified by sublimation. 
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!.#.$ ELECTROCHEMICAL ANALYSIS OF BIS-(1-(2-PIPERIDINOETHYL)-
2,3,4,5-TETRAMETHYL)FERROCENE 

Electrochemical analysis was performed on bis-(1-(2-piperidinoethyl)-

2,3,4,5-tetramethyl)ferrocene and a quasi-reversible oxidation process was found. The 

cyclic voltammogram shows a quasi-reversible peak, as would be expected for a 

ferrocene containing molecule, which is pictured below in Figure 3.17. The formal 

reduction potential (E°’) is 0.66 V, when calibrated to a silver/silver chloride electrode 

and referenced to ferrocene. The value of pentamethylferrocene is reported, when 

measured in DCM and verses ferrocene, as 0.59 V,56, 57 which is a comparable result. No 

irreversible chemical process was noted that could be associated with the amine being 

oxidised.49 The conditions used for the acquisition of the cyclic voltammogram are 

given in the experimental section. 

 
Figure 3.17: Cyclic voltammogram of bis-(1-(2-piperidinoethyl)-2,3,4,5-tetramethyl)ferrocene 

!.#.$ CRYSTALLOGRAPHIC CONSIDERATIONS OF BIS-(1-(2-
PIPERIDINOETHYL)-2,3,4,5-TETRAMETHYL)FERROCENE 

A single molecule of bis-(1-(2-piperidinoethyl)-2,3,4,5-tetramethyl)ferrocene is shown 

below in Figure 3.18, which crystallised in space group P21/m with unit cell volume of 

2905 Å3 and 4 molecules per unit cell. Jahn-Teller distortion causes ring slippage and 

the apparent molecular symmetry of D2d is lost, as is also seen in decamethyl ferrocene 

which crystallises in Cmca instead of D5d that the molecular symmetry would imply.58 
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No intramolecular coordination is seen, which is expected considering the steric bulk 

surrounding the iron centre, and the piperidine groups sit nearly parallel to each other 

along the c axis. 

 
Figure 3.18: A single molecule of bis-(1-(2-piperidinoethyl)-2,3,4,5-tetramethyl)ferrocene from a 

crystal structure 

The piperidine moiety sits in close proximity to the cyclopentadiene ring of the 

neighbouring molecule, as can be seen below in Figure 3.19, which shows a Hirshfeld 

surface mapped with the normalised contact distance, dnorm.59 An interaction of the 

hydrogen sitting on the α carbon of the piperidine moiety, which would be expected to 

have a slight positive charge because of the neighbouring electron withdrawing 

nitrogen, and one carbon of the aromatic ring resulting in a C-H…π interaction can be 

seen. There is also a second lighter interaction between the same hydrogen and the 

adjacent carbon of the cyclopentadiene ring, which would be the complimentary nodal 

position of the π molecular orbital. The molecules in ferrocene and decamethyl 

ferrocene sit at ninety degrees to each other across the diagonal of the b and c axes58 but 

this angle is distorted for this compound. 
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Figure 3.19: Two molecules of bis-(1-(2-piperidinoethyl)-2,3,4,5-tetramethyl)ferrocene, one with a 

transparent Hirchfeld surface mapped with dnorm within the range of -0.2 and 2.0 

Another phenomenon that is apparent are the substituents on the ring are directed away 

from the iron centre, which has been nominated by Freyberg et al. as above the 

cyclopentadiene plane.58 This is also seen for decamethyl and octamethyl ferrocene but 

is not seen for common ferrocene, which has the hydrogen atoms directed towards the 

iron centre.58 This is attributed to steric encumbrance about the metal centre and the 

plane of the ring to the methyl group angles gives an indication of the amount of steric 

encumbrance. Values have been reported for decamethylferrocene60 but were 

recalculated from a more recently reported structure58 to ensure consistency between the 

decamethylferrocene values and the values reported here. The values of 

decamethylferrocene were found to lie between 1.8 and 2.7° and the values for the bis-

(1-(2-piperidinoethyl)-2,3,4,5-tetramethyl)ferrocene were found to lie between of 0.5 

and 2.5°. The piperidinoethyl side arms, which are the smallest of the set, lie at 0.5 and 

0.8° from the plane of the ring. The smaller values for bis-(1-(2-piperidinoethyl)-

2,3,4,5-tetramethyl)ferrocene suggest less steric encumbrance about the metal centre.58 

Previously reported values for decamethylferrocene could not be reproduced, which are 

reported to be calculated by approximating the cyclopentadiene ring to a pentagon and 

treating the five carbons as a plane.60 The above values are the angle between the 

methyl and the plane formed between the carbon from which the group of interest is 
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attached and the two neighbouring carbons of the cyclopentadienyl ring, as shown 

below in Figure 3.20. The angle is a true value and is not reliant on the approximation 

of the cyclopentadienyl ring to a pentagon.61 

 
Figure 3.20: The calculated angle, which gives an indication of steric encumbrance about the metal 

centre  

!.#.$ BIS-(1-(2-MORPHOLINOETHYL)-2,3,4,5-TETRAMETHYL)FERROCENE 
SYNTHESIS 

Many experiments following the scheme given in Figure 3.21 were performed before 

the morpholine analogue was synthesised. The various reaction conditions are tabulated 

in Table 3.4 below, with the first entry being the successful reaction. Eventually, a 

reaction was successful but attempts were made using various iron sources, different 

alkali metal bases, transmetallation with silicon and TMEDA activation of BuLi. This 

reaction was markedly different to the piperidine reaction as the hydrobromide salt was 

unsuccessful, suggesting the bromide does not behave as a spectator ion. Also, ether 

was markedly important, despite the lithium salt being only partially soluble in ether. 

This is also seen in reactions to form decamethyl metallocenes and a mixture of ether 

and THF is often reported as the optimum solvent for similar reactions.39, 62 

 
Figure 3.21: General reaction followed in the attempts to form bis-(1-(2-morpholinoethyl)-

2,3,4,5-tetramethyl)ferrocene 
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Table 3.4: Reactions conditions tested to synthesise bis-(1-(2-morpholinoethyl)-
2,3,4,5-tetramethyl)ferrocene 

No. Ligand Base Iron Tempa Solvent Timeb Yeildc 

1 Freebase n-BuLi FeCl2 25 Ether 48 10 

2 Freebase n-BuLi FeCl2 25 Ether 2 0 

3 Freebase n-BuLi FeCl2 25 THF 16 0 

4 Freebase n-BuLi FeCl2 25 Toluene 16 0 

5 Freebase n-BuLi FeCl2.2THF 25 THF 16 0 

6 Freebase n-BuLi FeCl2.2THF 25 THF 2 weeks 0 

7 Freebase n-BuLi FeCl2 and Fe -78 – 85 DME 16 0 

8 Freebase n-BuLi FeI2 -12 Ether 16 0 

9 Freebase n-BuLi SiCl4 Fe(CH3COO)2 25 Ether 48 0 

10 Freebase Na FeCl2 66 THF 16 0 

11 Freebase Na FeCl2.2THF 66 THF 16 0 

12 Freebase KOH FeSO4.7H2O 25 Water 16 0 

13 Freebase NaOH FeSO4 25 Ethanol 16 0 

14 Freebase  Fe(N(SiMe3)2)2 35 Ether 16 0 

15 Freebase  Fe(N(SiMe3)2)2 -78 Ether 16 0 

16 HBr salt n-BuLi FeCl2 -78 – 66 THF 16 0 

17 HBr salt n-BuLi FeCl2 66 THF 16 0 

18 HBr salt n-BuLi FeCl2 66 THF 48 0 

19 HBr salt n-BuLi FeI2 25 THF 16 0 

20 HBr salt n-BuLi FeI2 -12 Ether 16 0 

21 HBr salt n-BuLi FeI2 111 Toluene 16 0 

22 HBr salt 
n-BuLi 

TMEDA FeCl2 -78 THF 4 0 

23 HBr salt MeLi FeCl2 -78 THF 16 0 

24 HBr salt MeLi FeCl2 25 THF 16 0 

25 HBr salt MeLi FeCl2 66 THF 16 0 

26 HBr salt MeLi FeCl2 35 Ether 16 0 

27 HBr salt MeLi FeI2 25 THF 16 0 

28 HBr salt MeLi FeI2 66 THF 16 0 

29 HBr salt NaH FeCl2 25 THF 16 0 
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No. Ligand Base Iron Tempa Solvent Timeb Yeildc 

30 HBr salt NaH FeCl2 66 THF 16 0 

31 HBr salt NaH FeCl2 35 Ether 16 0 

32 HBr salt NaH FeBr2 66 THF 16 0 

33 HBr salt NaH FeI2 25 THF 2 0 

34 HBr salt NaH FeI2 25 THF 16 0 

35 HBr salt  Fe(N(SiMe3)2)2 25 Ether 16 0 

36 HBr salt Fe(CH3COO)2 Fe(CH3COO)2 66 THF 16 0 

37 HBr salt Fe(CH3COO)2 Fe 66 THF 16 0 
a (°C), b (hr), c(%) 

A possible reason for the many unsuccessful reactions, and the low yield (10%) of the 

successful reaction, was the formation of a black precipitate, which rapidly turned 

orange when exposed to air. The orange compound was silent in NMR and IR 

spectroscopy but chemical tests (flame and hydroxide) suggested it was rust, which 

indicates the iron salt was being reduced to iron metal during the reactions. This was 

less prominent in ether solutions but was accelerated with heating. The reduction of iron 

in similar reactions has not been reported previously, as far as is known, but similar 

reaction conditions are known to reduce titanium (IV) to titanium (III).43 Another reason 

that the reactions may have been unsuccessful is the formation of a coordination 

complex via the morpholine moiety, rather than the cyclopentadiene, which would 

hinder the desired reaction. 

!.#.$ SPECTROSCOPIC ANALYSIS OF BIS-(1-(2-MORPHOLINOETHYL)-2,3,4,5-
TETRAMETHYL)FERROCENE 

In the proton NMR, bis-(1-(2-morpholinoethyl)-2,3,4,5-tetramethyl)ferrocene appears 

as two compounds, which was interpreted to mean that the compound could not freely 

rotate about the axis through the ferrocene moiety. This is seen when there are bulky 

substituents on the cyclopentadiene ring and the rotation rates may be reduced 

sufficiently so that the rate lies in the timescale of NMR chemical shift modulation.63 

This was not seen for the piperidino analogue, which may suggest that it is not only 

dependent on steric bulk but also on the oxygen coordinating intermolecularly to a 

neighbouring metal. Only one orientation is observed in the solid structure. 
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!.#.$ ELECTROCHEMICAL ANALYSIS OF BIS-(1-(2-MORPHOLINOETHYL)-
2,3,4,5-TETRAMETHYL)FERROCENE 

Electrochemical analysis was performed on bis-(1-(2-morpholinoethyl)-

2,3,4,5-tetramethyl)ferrocene and a similar peak to bis-(1-(2-piperidinoethyl)-

2,3,4,5-tetramethyl)ferrocene (Section 3.2.5) was seen. The redox switch is visible in 

the cyclic voltammogram pictured below in Figure 3.22 and a formal reduction potential 

(E°’) of 0.65 V was found when calibrated to a silver/silver chloride electrode and 

referenced to ferrocene. The value of pentamethylferrocene is reported, when measured 

in DCM and verses ferrocene, as 0.59 V,56, 57 which is a comparable result. No 

irreversible chemical process was noted that could be associated with the amine being 

converted to the ammonium species.49 The conditions used for the acquisition of the 

cyclic voltammogram are given in the experimental section. 

 
Figure 3.22: Cyclic voltammogram of bis-(1-(2-morpholinoethyl)-2,3,4,5-tetramethyl)ferrocene 

!.#.$% CRYSTALLOGRAPHIC CONSIDERATIONS OF BIS-(1-(2-
MORPHOLINOETHYL)-2,3,4,5-TETRAMETHYL)FERROCENE 

Figure 3.23 below shows a single molecule from the crystal structure of bis-(1-(2-

morpholinoethyl)-2,3,4,5-tetramethyl)ferrocene, which crystallised in P21/n with a unit 

cell volume of 2819 Å3 and 4 molecules per unit cell. There is a notable difference 

between the morpholino and piperidino analogous with the heterocyclic ring sitting in 

different orientations relative to the ethyl linker. As for bis-(1-(2-piperidinoethyl)-

2,3,4,5-tetramethyl)ferrocene and decamethyl ferrocene,58 Jahn-Teller distortion causes 

ring slippage and the apparent molecular symmetry of D2d is lost with the molecule 
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crystallising in P21/n instead of D5d that might be expected from the apparent molecular 

symmetry. 

 
Figure 3.23: Single molecule of bis-(1-(2-morpholinoethyl)-2,3,4,5-tetramethyl)ferrocene  

The following diagram, Figure 3.24, shows a Hirshfeld surface with the normalised 

surface distance, dnorm,59 mapped on one molecule. There is an evident close contact 

between the hydrogen of the α carbon in the morpholine moiety and a carbon of the 

cyclopentadiene ring. This suggest a C-H…π interaction, as was seen for bis-(1-(2-

piperidinoethyl)-2,3,4,5-tetramethyl)ferrocene, which would be favoured due to 

electronegative induction from the nitrogen group. 

 
Figure 3.24: Two molecules of Bis-(1-(2-morpholinoethyl)-2,3,4,5-tetramethyl)ferrocene, one 

mapped with a Hirshfeld surface showing dnorm within the range of -0.2 to 2.0 

This complex also shows the tendency of the methyl groups to diverge from the iron 

centre, which was also seen for bis-(1-(2-piperidinoethyl)-2,3,4,5-tetramethyl)ferrocene 
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(Section 3.2.6). Decamethylferrocene also shows this tendency and it is attributed to 

steric encumbrance.58 The calculation was performed as described above (Section 

3.2.6), which is a different calculation to that previously reported as values for 

decamethylferrocene could not be reproduced.61 The values for bis-(1-(2-

morpholinoethyl)-2,3,4,5-tetramethyl)ferrocene lie between 0.7 and 2.7°. Interestingly, 

one methyl group sits closer than the other substituents on the ring (0.7°) and one 

methyl group sits as close (1.1°) as the side arm substituents (0.8° and 1.1°). This is 

different to bis-(1-(2-piperidinoethyl)-2,3,4,5-tetramethyl)ferrocene, which has the side 

arms as the smallest values. Despite this, the angles are similar between the two 

complexes suggesting that the steric encumbrance about the metal is similar between 

the two complexes. 

!.#.$$ ATTEMPTS TO FORM 1-(2-MORPHOLINOETHYL)-
2,3,4,5-TETRAMETHYL) AND 1-(2-PIPERIDINOETHYL)-
2,3,4,5-TETRAMETHYL) TITANOCENE COMPLEXES 

Parallels between non-methylated and their permethylated analogues ligands are often 

drawn and sometimes such ligands are treated as interchangeable, which is usually a 

valid assumption.11 One exception, of relevance to the work presented here, is the 

formation of titanocene chloride derivatives. Methylated cyclopentadiene ligands are 

sterically hindered compared to the non-methylated ligands and will usually form piano 

stool complexes instead of bent complexes when complexed with titanium.9 The 

analogous non-methylated complexes pictured below in Figure 3.25, containing 

morpholinoethyl15 and piperidinoethyl side arms,32 are two of many bent aminoethyl 

titanocene dichloride complexes.12, 15, 27 Conversely, as far as is known, no amine, nor 

any other heteroatom, functionalised bent permethylated titanocene complexes exist. 

The most bulky side arms contain alkene groups,64, 65, 66 which are often stabilised by 

being ansa complexes.2, 67 



 CHAPTER 3: SYNTHESIS OF METALLOCENE DERIVATIVES WITH NITROGEN 
CONTAINING SIDE ARMS 

 180 

 
Figure 3.25: Analogous ligands, which are non-methylated, forming titanocene dichloride 

derivatives15, 32 

The following general reaction scheme in Figure 3.26, with the conditions tabulated 

below in Table 3.5, was followed in an attempt to preform metathesis reactions. 

Analogous reactions with permethylated aminoethyl ligands tend to give the piano stool 

complexes with intramolecular coordination.9, 14, 43 There are permethylated bent 

complexes with side arms64, 65, 66 and there are only a few permethylated alkyl amine 

ligands, which meant the possibility of isolating a bent titanocene dichloride complex 

was not dismissed. Unfortunately, these reactions were unsuccessful and there are 

known complications with similar reactions, including intermolecular amine 

coordination stopping the cyclopentadiene moiety complexing, reversible 

intramolecular coordination leading to complex mixtures of products14 and the 

reduction of the titanium under these reaction conditions,43 which may explain the lack 

of reaction. 

 
Figure 3.26: Attempted general reaction hoped to give a titanocene complex 
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Table 3.5: Conditions tested in the attempt to synthesise titanocene complexes by metathesis 
reactions 

No. TiCl4 Temperature (°C) Solvent Time (hr) Yield (%) 

1 Toluene sol’n -12 THF 1 0 

2 THF sol’n -12 THF 1 0 

3 Hexane sol’n -12 THF 1 0 

4 Neat 25 Ether 1 0 

5 Ether sol’n 25 Ether 1 0 

6 Toluene sol’n 0 Ether 1 0 

7 THF adduct 66 THF 16 0 

8 THF adduct 25 THF 16 0 

9 THF adduct 0 THF 16 0 

10 Neat 25 Hexane 16 0 
 

Entry 2 had the added step of exchanging the argon reaction atmosphere with a 

hydrogen chloride atmosphere with the hope of isolating the desired compound as the 

hydrochloride salt. Another reaction was done in the same vein, which included 

deprotonating the ligand with sodium metal, whilst dissolved in THF. An attempt was 

also made to synthesise the titanocene dibromide complex, based on reactions 

performed with the non-methylated analogues to give anti-cancer titanocene dibromide 

complexes.68 The ligand was dissolved in THF, deprotonated with butyl lithium and 

titanium tetrabromide added but titanium tetrabromide.2THF and the ligand were 

isolated. Unfortunately, no reaction was noted for any of the reaction condition 

permutations and the desired compound was not afforded. 

Internal base reactions32 have also been used to generate complexes, including the non-

methylated cyclopentadiene analogue as shown above (Figure 3.25),32 and reactions 

without an amine group are possible with the inclusion of triethylamine to neutralise the 

generated hydrochloric acid.69 As far as is known, there are only a few permethylated 

analogous complexes that have been made in this manner, which gave piano stool 

complexes.70 The non-methylated analogues form readily but cyclopentadiene and 

pentamethylcyclopentadiene have substantially differing pKHA values (CpH2 = 18.0, 

Me5CpH = 26.1)71 and it would be reasonable to assume that the ligands would as well. 

Morpholine is only a weak base (pKA piperidine = 11.22, morpholine = 8.36, 
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triethylamine = 10.75),72, 73 which would suggest that the ligand is also only weakly 

basic. 

The above values are measured in water but pKA is solvent dependent and the values are 

for the moieties as molecules, not as part of the ligand, meaning extrapolation to this 

system is only an indication at best. The reaction would lower the number of free amine 

groups, minimising undesired amine coordination which may stop the reaction as was 

noted when too much triethylamine was added to these reactions.69 It may also stop 

intramolecular coordination, which may be a driving force for completion of the 

reaction. As before, the possibility of isolating a bent titanocene compound was not 

dismissed and the reactions were conducted according to the general scheme shown 

below in Figure 3.27 with the conditions tabulated in Table 3.6. Entry 6 has titanium 

tetrachloride as both reagent and solvent. No reaction was successful, which is 

attributed to the ligand being only weakly basic or the amine coordinating to the 

titanium before it can remove the proton. 

 
Figure 3.27: General reaction scheme for internal base reactions  

Table 3.6: Reaction conditions tested in the attempt to synthesise titanocene complexes by 
intramolecular deprotonation 

No. TiCl4 Solvent Temperature (°C) Time (hr) Yield (%) 

1 Neat DCM 25 1 0 

2 Neat DCM 25 16 0 

3 Neat DCM 39 16 0 

4 DCM sol’n DCM 25 16 0 

5 Neat Hexane 25 16 0 

6 Neat TiCl4 25 16 0 
 

Titanium (IV) is often reduced in metathesis reactions to titanium (III).43 This has been 

overcome by starting with titanium (III), forming an intermediate titanium (III) 
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complex, oxidising the metal to titanium (IV) and then isolating the resulting titanium 

(IV) complex.43 The titanium (III) has differing coordinating capabilities and titanium 

(III) cyclopentadiene complexes have been seen in analogous reactions.41 Titanium(III) 

was left to form from titanium tetrachloride without an additional reductant, except once 

when aluminium was added,74 and the ligand was added to it. The ligand was then 

added, either as the protonated or lithiated forms, and then the oxidant was added, as 

shown in the reaction scheme below in Figure 3.28 with the trialled conditions tabulated 

in Table 3.7. Attempts were made to isolate the possible bent and piano stool complexes 

but neither was realised. 

 
Figure 3.28: Proposed method of forming the titanocene complex, which goes through a 

titanium(III) intermediate (G = H or Li) 

Table 3.7: Reaction conditions tested in the attempt to synthesise titanocene complexes by 
changing the oxidation state of the metal 

No. Ligand Reductant Oxidant Solvent Tempa Timeb Yieldc 

1 Deprotonated n-BuLi PbCl2 THF 25 16 0 

2 Protonated Al AlCl3 THF 25 16 0 

3 Deprotonated n-BuLi HCl (g) Toluene 111 3 0 

4 Deprotonated n-BuLi Air THF 25 16 0 

5 Deprotonated n-BuLi HCl (g) Toluene 111 16 0 
a (°C), b (hr), c (%) 

!.#.$# ATTEMPTS TO FORM 1-(2-MORPHOLINOETHYL)-
2,3,4,5-TETRAMETHYL) ZIRCONOCENE COMPLEXES 

Zirconocene dichloride derivatives with functionalised side arms are attractive targets 

for catalyst design, especially olefin polymerisation, with a large capacity for catalyst 

tuning.9 While titanocene dichloride and trichloride complexes, being bent and piano 

stool complexes, tend to form readily for non-methylated ligands, there are fewer 

examples of permethylated titanocene complexes.75 Zirconium, with a larger atomic 

radius than titanium, has a greater chance of coordination and both bent and piano stool 

permethylated amine side arm metallocene complexes have been afforded.9 
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There are many methods nominated for forming intramolecularly coordinated 

zirconocene complexes, most based on elimination of a leaving group from the amine, 

which is not available due to the structure of the ligands synthesised in this work. In this 

work, metathesis reactions, also referred to as dimetallation/salt elimination reactions in 

the context of constrained geometry catalysts,9, 43 were investigated based on the 

deprotonation of the ligand, forming the lithio species, and reacting with zirconium 

chloride. The general reaction scheme is illustrated below in Figure 3.29 and the tested 

reaction conditions are given in Table 3.8 below. Similar reactions will give either the 

piano stool or bent complex, depending on the stoichiometry of the reaction.76 The 

following reactions were conducted at a stoichiometry of two to one in an attempt to 

form the bent complex but the reactions were unsuccessful. 

 
Figure 3.29: The formation of a zirconocene complex from a piano stool complex 

Table 3.8: Reaction conditions tested in the attempt to synthesise zirconocene complexes 

No. ZrCl4 Temperature (°C) Solvent Time (hr) Yield (%) 

1 Solid 0 THF 1 0 

2 Solid 0 THF 16 0 

3 THF adduct -12 THF 16 0 

4 THF sol’n 0 THF 16 0 

5 THF sol’n 66 THF 16 0 
 

!.#.$! ATTEMPTS TO FORM 1-(2-MORPHOLINOETHYL)-
2,3,4,5-TETRAMETHYL) AND 1-(2-PIPERIDINOETHYL)-
2,3,4,5-TETRAMETHYL) RHODOCENE COMPLEXES 

Pentamethylcyclopentadiene and rhodium trichloride form the air stable dimer complex 

[Rh(C5Me5)Cl2]2,77 which is also seen for other analogous ligands.78, 79 Tetramethyl 

alkylamine complexes of rhodium with a variety of pendent groups are known and some 

are sophisticated molecular catalysts.80 Tuning of the alkyl chain, the counter anions and 

the pendant groups has led to a library of complexes80 and the reaction of the closely 
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analogous ligand 1-(2-dimethylaminoethyl)-2,3,4,5-tetramethylcyclopentadiene and 

rhodium chloride, shown below in Figure 3.30,80 was mimicked with the ligands 

generated in this work. A similar procedure was followed with the morpholino and 

piperidino ligands, with the details tabulated below in Table 3.9, that involved 

dissolving the ligand, as the hydrochloride or hydrobromide salt, in methanol and 

adding rhodium trichloride. A purple precipitate was formed in each case by the 

addition of acetone but NMR studies showed acetone and methanol, suggesting 

rhodium chloride precipitated with the solvents cocrystallising. 

 
Figure 3.30: The formation of a rhodium complex of tetramethyl ethylamine cyclopentadiene80 

Table 3.9: Reactions conducted in an attempt to synthesise rhodium complexes 

No. Ligand Temperature (°C) Solvent Time (hr) Yield (%) 

1 Morpholino.HCl 65 Methanol 3 0 

2 Morpholino.HBr 65 Methanol 16 0 

3 Morpholino.HBr 65 Methanol 16 0 

4 Piperidino.HBr 65 Methanol 16 0 
 

!.#.$% ATTEMPTS TO FORM 1-(2-MORPHOLINOETHYL)-
2,3,4,5-TETRAMETHYL) AND 1-(2-PIPERIDINOETHYL)-
2,3,4,5-TETRAMETHYL) ALUMINIUM COMPLEXES 

The number of cyclopentadiene ligands that complex with aluminium is directly 

dependant on the steric bulk of the ligand. This is demonstrated with cyclopentadiene, 

pentamethylcyclopentadiene and alkylated cyclopentadiene complexes, which have 

three, two and one ligand coordinated, respectively.81 Further increases in steric bulk, 

larger alkyl groups for example, moves the bonding away from η5 bonding towards η1 82 

but the inclusion of the 2-(N,N-dimethylamino)ethyl-cyclopentadiene and 1-[2-(N,N-

dimethylamino)ethyl]-2,3,4,5- tetramethylcyclopentadienyl ligands produces complexes 

with η5 and amine bonding. The intramolecular coordination of the amine distinctly 

increases stabilisation and the complexes have notable differences in reactivity and 

structure to the parent aluminocenes.13 The reaction to form the methylated complex, 
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shown below in Figure 3.31,13 was mimicked using the conditions tabulated below in 

Table 3.10 in the hope of forming the analogues complexes. The reactions were 

unsuccessful and the respective ligand was isolated as the hydrochloride salt in each 

instance with the hydrochloride acid produced, assumedly, by the aluminium trichloride 

degrading the ligand or solvent. 

 
Figure 3.31: The reaction to form aluminium 1-[2-(N,N-dimethylamino)ethyl]-2,3,4,5- 

tetramethylcyclopentadienyl aluminium dichloride13 

Table 3.10: Reaction conditions tested in the attempt to synthesise aluminium complexes 

No. Ligand Temperature (°C) Solvent Time (hr) Yield (%) 

1 Morpholino -14 Ether 1 0 

2 Morpholino -14 Ether 16 0 

3 Piperidino -78 Ether 16 0 
 

!.#.$% ATTEMPTS TO FORM 1-(2-MORPHOLINOETHYL)-
2,3,4,5-TETRAMETHYL) COBALT CARBONYL COMPLEXES 

Tetramethylcyclopentadiene cobaltcarbonyl diiodide is an air stable complex that is 

utilised as a precursor for cationic cobalt(III) C-H bond activation catalyst.83 The 

carbonyl group is replaceable and, for example, carbonylation and polymerisation 

catalysts have been afforded by the addition of phosphorus and sulphur ethyl side arms, 

respectively, which have intramolecular coordination.84, 85 The following are the 

reactions to synthesise a cobalt carbonyl complex with the analogous N,N-

dimethylamino ligand,86 which were mimicked with the morpholino ligand in the hope 

of generating analogous complexes. The synthesis involves forming the cobalt carbonyl 

complex, isolated by fluorosil chromatography, dissolving in ether and adding an iodine 

solution to form the diiodide complex, which precipitates from solution as shown in 

Figure 3.32.86 

The first reaction in Table 3.11 was conducted the same as the reported reaction86 but, 

upon chromatography, cobalt carbonyl was returned. The second reaction was left 

Al

N

Li

AlCl3+
Ether/Hexane

-60 °C, 12 hr

Cl
NCl
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longer and the colour of the reaction was monitored, which is nominated as a property 

that changes when the reaction occurs,86 but no colour change was seen and cobalt 

carbonyl was isolated using chromatography. In the third reaction of the table (Table 

3.11), iodine was added before the chromatography step, as reported in the synthesis of 

the sulphur containing analogue,85 with the hope that the cobalt diiodide complex would 

precipitate but no reaction was seen. 

 
Figure 3.32: The formation of a cobalt carbonyl complex86 

Table 3.11: Reaction conditions tested in the attempt to synthesise cobalt carbonyl complexes 

No. Temperature (°C) Solvent Time Yield (%) 

1 39 DCM 7 h 0 

2 39 DCM 16 h 0 

3 39 DCM 5 d 0 
 

!.#.$% ATTEMPTS TO FORM 1-(2-MORPHOLINOETHYL)-
2,3,4,5-TETRAMETHYL) ZINCOCENE COMPLEXES 

Decamethylzincocene has two different bonding modes, η5 and η1, for each of the 

cyclopentadiene rings.87, 88 It can be converted to Zn2(C5Me5)2 by the addition of 

diethylzinc, which is a unique complex with the two zinc atoms bonded directly without 

stabilisation by bridging groups.89 The use of the analogous 1-(2-pyrrolidinoethyl)-

2,3,4,5-tetramethylcyclopentadiene ligand moves the complex towards a bridge 

stabilised complex with two acetate groups sitting between two zinc atoms and the 

nitrogens of the ligands coordinating to the zinc, as shown below in Figure 3.33.90 1-(2-

N

+ Co2(CO)8 +
DCM

39°C, 7 hr Co

OC
NOC

+ I2

Ether 0°C, 2 hr
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Pyrrolidinoethyl)-2,3,4,5-tetramethylcyclopentadiene is a particularly close analogue of 

the ligands generated in this work and the zinc complex shown (Figure 3.33) is one of 

two complexes, as far as is known, that it forms. The other complex is a cobalt complex 

that is discussed further in section 3.2.17. Considering the interesting bonding methods 

and the formation of a complex with such a close analogous ligand, the reactions 

tabulated in Table 3.12 were conducted with the hope of generating a zinc complex but 

none were realised. 

 
Figure 3.33: Reaction that was mimicked in this work 

Table 3.12: Reaction conditions tested in the attempt to synthesise zinc complexes 

No. Ligand Zinc Solvent Temp (°C) Time (hr) Yield (%) 

1 Morpholino Zn(CH3COO)2 Ether 25 16 0 

2 Piperidino Zn(CH3COO)2 Ether 25 16 0 

3 Morpholino ZnCl2 Hexane 25 16 0 

4 Morpholino ZnCl2 THF -14 16 0 
 

!.#.$% ATTEMPTS TO FORM 1-(2-MORPHOLINOETHYL)-
2,3,4,5-TETRAMETHYL) AND 1-(2-PIPERIDINOETHYL)-
2,3,4,5-TETRAMETHYL) COBALTOCENE COMPLEXES 

The formation of decamethyl cobaltocene is done by the reduction of cobaltocenium 

hexafluorophosphate, an air stable yellow solid, with sodium mercury amalgam.39 The 

analogous 1-(2-dimethylaminoethyl)-2,3,4,5-tetramethylcyclopentadiene and 1-(2-

pyrrolidinoethyl)-2,3,4,5-tetramethylcyclopentadiene ligand undergo complexation with 

cobalt dichloride to give an intramolecularly coordinated complex with one ligand and 

one chloride atom, as shown below in Figure 3.34. These complexes have the ability to 

have the chloride removed by adding magnesium, the amine uncoordinated and many 

small molecular weight alkenes coordinated to give complexes, which are models for 

investigating alkene polymerisation catalysts.91 This reaction (Figure 3.34) was 

+ Zn(OAc)2

N
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O
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O
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replicated with the hope of generating the analogues compounds, according to the 

conditions tabulated below in Table 3.13, but no new complexes were gained. 

 
Figure 3.34: Complexation of aminoethyl analogues with cobalt chloride (E = CH2 or does not exist) 

Table 3.13: Conditions tested in the hope of generating a cobalt complex 

No. Ligand Temperature (°C) Solvent Time (hr) Yield (%) 

1 Morpholino -78 THF 1 0 

2 Morpholino -78 – 25 THF 16 0 

3 Morpholino 65 THF 16 0 

4 Piperidino -78 – 25 THF 16 0 
 

!.#.$% REACTIONS BASED ON PENTAMETHYLCYCLOPENTADIENE REACTIONS 

Alkylated octamethyl92 and bulky alkylated 93, 94 plumbocenes have been formulated but 

no plumbocene complexes with side arms have been reported, as far as is known. 

Decamethylplumbocene shows the ability to coordinate to weakly bonding ligands 

without changing the η5 bonding of the cyclopentadiene due to the larger ionic size of 

lead.95 Reactions that form decamethylplumbocene and the alkylated species, based on 

metathesis reaction of lead chloride with the lithiated ligand,92, 94, 96 were mimicked, 

according to the reactions schemes shown below in Figure 3.35, but no new lead 

complexes were afforded. 
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Figure 3.35: The formation of decamethyl plumbocene96 and the analogous, but unsuccessful, 

reactions conducted with the ligands generated in this work (E = O or CH2) 

Magnesocene is a reactive complex usually used as a precursor for transfer of the 

cyclopentadiene group97 or for doping p-type semiconductors by chemical vapour 

deposition.  Magnesocene shows the ability to coordinate to amine ligands.98, 99 

Decamethylmagnesocene can be isolated as the bipyridine complex by the addition to 

bipyridine to the complex in hexane,100 which suggests the ability to coordinate amines 

is also present in the decamethyl complex.99 Octamethyl-dibutene magnesocene is 

formed by the addition of magnesium iodide to the potassium salt of the ligand.101 The 

formation of decamethylmagnesocene is done by the addition of isopropylmagnesium 

bromide to pentamethylcyclopentadiene, causing deprotonation of the ligand and 

providing the magnesium atom, as shown in Figure 3.36 below.39 The reaction was 

mimicked39 but conducted with 1-(2-morpholinoethyl)-2,3,4,5-

tetramethylcyclopentadiene. No new complexes were isolated except a dioxane 

complex of magnesium bromide. 

 
Figure 3.36: The formation of decamethyl magnesocene39 
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!.! CONCLUSIONS 
Metallocenes are a large class of compounds with a multitude of uses and the novel 

ligands described earlier in this work were used in attempts to synthesise new 

metallocenes. The reaction of the novel ligands to form alkali metallocenes was 

investigated and some properties detailed, which was considered important as the alkali 

metal salts are the starting material for transmetallation reactions to generate other 

metallocenes. Some important information regarding solubilities, reactivities and 

characterisation data was collected, which is not commonly done for alkali metal 

complexes. 

Ferrocene compounds from the ligands were generated as ferrocene is the archetypical 

metallocene and were considered important model systems. Bis-(1-(2-piperidinoethyl)-

2,3,4,5-tetramethyl)ferrocene and bis-(1-(2-morpholinoethyl)-2,3,4,5-

tetramethyl)ferrocene were isolated and characterisation data collected showing some 

unique properties. Crystal structures were observed and some interesting interactions 

between the molecules were fathomed by Hirshfeld surface investigations. 

The uses of titanocene derivatives as anti-tumour and catalytic compounds were the 

reasons that attempts were made to form the analogous titanocene compounds. Attempts 

to generate complexes from the ligands are detailed but, unfortunately, the desired 

complexes could not be generated. Attempts at zirconocene and cobaltocene complexes 

based on reactions that close analogues undergo were also made, which were considered 

important due to the use of analogous compounds as catalysts, but no compounds were 

afforded. Lastly, some reactions were done that mimicked reactions that generated 

pentamethylcyclopentadiene based metallocenes, which was hoped to give novel 

compounds, but they were unsuccessful. 
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!.# EXPERIMENTAL 
!.#.$ GENERAL EXPERIMENTAL CONSIDERATIONS 

Standard Schlenk techniques and manipulations were used. Solvents and reagents were 

dried and deoxygenated. Glassware was dried in an oven and also dried with a flame, 

while under vacuum. 

!.#.$ REAGENTS 

n-BuLi was stored in a sealed schlenk vessel, under an argon atmosphere, at -18 ºC. 

Other reagents were purified upon purchase with consideration from “Purification of 

Laboratory Chemicals”.102 

!.#.! SOLVENTS 

Hexane, toluene, THF and ether for dry and deoxygenated reactions were purified with 

a solvent purification system. Once passed through the solvent purification system, 

hexane and toluene were allowed to sit on 4 Å molecular sieves for at least 24 hours. 

The dryness of THF and ether was checked by adding aliquots of benzophenone radical 

in the respective solvent and, if the colour of the radical did not persist, the solvent was 

distilled from sodium using benzophenone as an indicator of dryness. DCM for dry and 

deoxygenated reactions was distilled from calcium hydride and stored over 4 Å 

molecular sieves for at least 24 hours. Chromatography solvents were purified by 

distillation. 

!.#.# SPECTROSCOPY 

Gas chromatography mass spectroscopy was performed on a Waters GCT Premier 

machine with an Agilent 7683B series Injector. Samples were introduced as DCM 

solutions and DCM was used for blank samples and to rinse the autoinjector. Helium 

was the carrier gas. Electron ionisation and chemical ionisation were used as specified 

below and chemical ionisation was achieved with methane. Masses were measured from 

time of flight and positive ions were detected. Accurate masses reported were 

referenced against perfluorotri-N-butylamine. 

Mass spectrometry was performed on a Waters LCT Premier XE machine. Samples 

were introduced as acetonitrile solutions. Electrospray ionisation was used and positive 

ions were detected. Mass is measured from the time of flight and W mode was used. 

Accurate mass measurements were referenced to leucine enkephalin. 
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Nuclear magnetic resonance spectroscopy was performed on either a Varian 400, Varian 

300 or Bruker AV 600 spectrometer. Spectra were referenced to reported values of the 

residual partially deuterated solvent.103 Deuterated chloroform was stored on potassium 

carbonate, deuterated THF was dried and deoxygenated by distillation from sodium, and 

the other deuterated solvents were used as purchased. 

Infrared spectra were recorded using a Perkin Elmer One spectrometer fitted with an 

attenuated total reflectance sampler. Measurements were made between 4000 and 600 

cm-1. 

Elemental analyses were performed at the Research School of Chemistry 

Microanalytical Unit of the Australian National University. 

Electrochemical measurements were performed using a MacLabTM Potentiostat 

controlled by an Apple Power Macintosh G3 computer with AD Instruments Echem 

Software (v 1.5.2). An Au electrode (1 mm diameter wire coated in PEEK plastic) was 

used as the working electrode, a Pt strip (2 mm × 70 mm) as the counter electrode and a 

Cypress Systems ‘no-leak’ Ag/AgCl leakless electrode as the reference electrode. The 

gold and platinum electrodes were cleaned and flattened directly before use by 

polishing on a wet polishing micro cloth coated with metallographic grade polishing 

alumina (Griffen, fast cutting) and soaking in 2 M H2SO4 for an hour. The Ag/AgCl 

leakless electrode was soaked in the analyte solution. Analyte solutions were degassed 

by sparging with high purity Ar gas, and an Ar atmosphere was maintained throughout 

the course of the measurements. Cyclic voltametric measurements were measured in 

DCM with NBu4PF6 as the supporting electrolyte (0.1 M) at a scan rate of 100 mV s-1. 

!.#.$ CRYSTALLOGRAPHIC DATA 

Crystallographic data was measured at 100(2) K, unless stated otherwise, from single 

crystals using Oxford Diffraction Xcalibur or Gemini CCD diffractometers with 

monochromatic MoKα or CuKα radiation. Data were corrected for Lorentz and 

polarisation effects as well as for absorption. The structures were solved by direct 

methods and refined using the SHELX-2013 crystallographic package104 and X-seed 

interface.105 A full matrix least-squares refinement procedure was used, minimising 

w(FO
2-FC

2), with w =  [σ2 FO
2   +   AP 2  +  BP]

-1
, where P  =  (FO

2  +  2  FC
2)/3. Agreement 

factors, R1 = ∥FO|  -  |FC∥ / |FO | , wR2 =( w FO
2  -  FC

2 2
/ [w FO

2 2
])

1/2
and 
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Goof =  ( w FO
2  -  FC

2 2
/(n  -  p))

1/2
 where n is the number of reflections and p is the 

number of reflections and p is the total number of parameters refined, are cited.  

!.#.$ PROCEDURES 

Lithio 1-(2-morpholinoethyl)-2,3,4,5-tetramethylcyclopentadienyl.0.75 

Ether 

1-(2-Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene (0.50 g, 2.1 × 10-3 mol) was 

dissolved in ether, cooled to -15 ºC, and n-BuLi (1.0 mL at 2.5 M in hexane, 2.5 × 10-3 

mol) was added. This was stirred overnight and a white precipitate formed, which was 

collected and dried under vacuum. 

Yield: 0.460 g, 1.91 × 10-3 mol, 91% 

1H NMR (THF-d8, 600 MHz, δ, ppm): 3.63 (b-s, 4H, O(CH2CH2)2N-), 3.38 (q, 1.5H, 

ether), 2.45, (m, 4H, O(CH2CH2)2N-) 2.29 (m, 2H, -NCH2CH2-), 1.81 (overlapping 

singlets, 12H, C5Me4), 1.12 (t, 2.2H, ether), 1.02 (d, 2.0H, -NCH2CH2-). 

7Li NMR (THF-d8, 233 MHz, δ, ppm): 1.35 (m, aryl), 0.28 (m, aryl), -12.9 (b-s, 

diatropic). 

Bis-(1-(2-piperidinoethyl)-2,3,4,5-tetramethyl)ferrocene 

1-(2-piperidinoethyl)-2,3,4,5-tetramethylcyclopentadiene.HBr (0.351 g, 1.12 × 10-3 

mol) was dissolved in THF at -12 ºC and n-BuLi (1.2 mL at 2.5 M in hexane, 3.0 × 10-3 

mol) was added. This was left to stir overnight. FeCl2 (0.082 g, 6.5  × 10-4 mol) was 

added and refluxed overnight. The reaction was quenched with water and extracted 

using DCM. The product was separated using basic alumina chromatography (25:75 

ethyl acetate:hexane) and purified by sublimation (0.1 mmHg, 150 ºC) to give a yellow 

solid. Crystallographic quality crystals were obtained by slow evaporation from hexane. 

Yield: 0.052 g, 1.0 × 10-4 mol, 8.9% 

Melting point: Decomposes 188 ºC 

Analysis Calculated for C32H52FeN2 (%): C, 73.82; H, 10.07; N, 5.38. Found: C, 72.79; 

H, 10.40; N, 5.13. 
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GCMS (silica column, 40-250 ºC at 7 ºC/min): Rt = 31.16 min 

GCMS (EI+, 40 V, m/z, M = Fe(CH2(CH2CH2)2NCH2CH2C5Me4)2): 520 (100%,  [M]+), 

422 (53%, [M - CH2(CH2CH2)2NCH2]+), 407 (16%, [M - CH2(CH2CH2)2NCH2CH2]+), 

339 (19%, [Fe(CH2C5Me4)(CH2CH2C5Me4)]+), 325 (11%, 

[Fe(CH2C5Me4)(CH2C5Me4)]+), 284 (0.5%), 232 (1.0%, 

[CH2(CH2CH2)2NCH2CH2C5Me4]+), 98 (86%, [CH2(CH2CH2)2NCH2] +). 

1H NMR (C6D6, 600 MHz, δ, ppm): 2.51 (m, 2H, AAʹ′ part of AAʹ′BBʹ′, JAB = JAʹ′Bʹ′ = 10.4, 

JABʹ′ = JAʹ′B = 5.7, CH2(CH2CH2)2NCH2CH2), 2.39 (m, 4H, CH2(CH2CH2)2NCH2CH2), 

2.25 (m, 2H, BBʹ′ part of AAʹ′BBʹ′, JAB = JAʹ′Bʹ′ = 10.4, JABʹ′ = JAʹ′B = 5.7, 

CH2(CH2CH2)2NCH2CH2), 1.68 (s, 6H, C5Me4), 1.58 (s, 6H, C5Me4), 1.56 (m, 4H, 

CH2(CH2CH2)2NCH2CH2), 1.33 (m, 2H, CH2(CH2CH2)2NCH2CH2). 

13C NMR (C6D6, 150 MHz, δ, ppm): 81.3 (s, C5Me4), 79.1 (s, C5Me4), 78.5 (s, C5Me4), 

60.7 (s, NCH2CH2C5Me4), 55.2 (s, CH2(CH2CH2)2NCH2CH2), 26.5 (s, 2C, 

CH2(CH2CH2)2NCH2CH2), 25.0 (s, CH2(CH2CH2)2NCH2CH2), 23.7 (s, 

NCH2CH2C5Me4), 9.41 (s, C5Me4). 

Crystal data: C32H52FeN2, M = 520.61, yellow prism, 0.28 × 0.19 × 0.11 mm3, 

monoclinic, space group P21/n (No. 14), a = 13.3697(2) Å, b = 16.1292(2) Å, c = 

13.5795(2) Å, β = 97.099(1)°, V = 2905.87(7) Å3, Z = 4, Dc = 1.190 g/cm3, µ = 0.541 

mm-1. F000 = 1136, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 75.4º, 54753 

reflections collected, 14833 unique (Rint = 0.0481). Final GooF = 1.002, |Δρmax| = 

0.48(7) e Å-3, R1 = 0.0459, wR2 = 0.1027, R indices based on 11278 reflections with I > 

2σ(I) (refinement on F2), 324 parameters, 0 restraints. Lp and absorption corrections 

applied. 

  

Bis-(1-(2-morpholinoethyl)-2,3,4,5-tetramethyl)ferrocene 

1-(2-Morpholinoethyl)-2,3,4,5-tetramethylcyclopentadiene (0.56 g, 2.4 × 10-3 mol) was 

dissolved in ether and n-BuLi (0.90 mL at 2.5 M in hexane, 2.3 × 10-3 mol) was added. 

This was stirred until a white precipitate stopped forming (1 hour) and FeCl2 (0.45 g, 

3.5 × 10-3 mol) was added. This was stirred over two nights. The reaction was exposed 

to air for an hour and filtered. The ether was removed. The residual was dissolved in 
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DCM (1 mL) and a red by product was precipitate by adding hexane (5 mL). This was 

removed and the mother liquor was separated by chromatography (silica, 97% ethyl 

acetate: 3% methanol) to give a yellow solid. This was purified by sublimation (0.05 

mmHg, 70 ºC). 

Yield: 0.13 g, 2.5 × 10-4 mol, 10%) 

Melting point: 145 ºC 

1H NMR (C6D6, 400 MHz, δ, ppm): 3.66 (t, 1.8H, O(CH2CH2)2NCH2-), 3.63 (t, 2.2H, 

O(CH2CH2)2NCH2-), 2.39 (t, 0.9H, O(CH2CH2)2NCH2-), 2.35 (t, 1.1H, 

O(CH2CH2)2NCH2-), 2.29 (t, 4H,  O(CH2CH2)2NCH2-), 2.17 (2 overlapping t, 2H, -

NCH2CH2-), 2.14 (s, 2.7H, -C5Me4), 1.81 (s, 2.7H, -C5Me4), 1.73 (s, 3.3H, -C5Me4), 

1.66 (s, 3.3H, -C5Me4) 

Crystal data: C30H48FeN2O2, M = 524.55, yellow prism, 0.33 × 0.31 × 0.21 mm3, 

monoclinic, space group P21/n (No. 14), a = 13.4482(3) Å, b = 15.9754(2) Å, c = 

13.1875(2) Å, β = 95.721(1)°, V = 2819.10(8) Å3, Z = 4, Dc = 1.236 g/cm3, µ = 0.563 

mm-1. F000 = 1136, MoKα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 74.9º, 93724 

reflections collected, 14338 unique (Rint = 0.0261). Final GooF = 1.002, |Δρmax| = 

0.81(7) e Å-3, R1 = 0.0467, wR2 = 0.1159, R indices based on 12529 reflections with I 

>2σ(I) (refinement on F2), 324 parameters, 0 restraints. Lp and absorption corrections 

applied. 
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