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Abstract viii

Abstract
This thesis presents research into the binding, extraction and transport of the
hexachloroplatinate anion, [PtCls]*", by organic receptors in a solvent extraction
process. The target anion is produced during the processing of platinum-containing
ores and the aim was to develop reagents that can selectively extract [PtCls)* to
optimise the recovery of platinum.

Chapter One outlines reasons for the interest in [PtCls)*” and provides an
overview of the processes and techniques used to refine precious metals. An
introduction to anion coordination chemistry relevant to the research project is also
presented.

Chapter Two discusses the design features incorporated into organic receptors’
to enable strong and selective binding of [PtCls]*". These features include a tertiary
amine protonation site, hydrogen-bond donor groups and organic solubilising
moieties. The synthesis of a series of functionalised tripodal tris(2-aminoethyl)amine
based receptors with sulfonamide, amide, urea, thiourea or pyrrole NH hydrogen-
bond donor groups are reported. Complexation reactions between the receptors and
H,PtCls to form [(LH),PtCls] ion pairs are discussed. Crystallographic analysis of the
[(LH),PtCls] complexes with TREN-based sulfonamide, urea and amide receptors
confirms the presence of hydrogen-bonds between the NH donor groups and the
outer-sphere of [PtCls]*". The low organic solubility of the complexes prevented the
study of these systems in solvent extractions.

Chapter Three describes the variation of terminal substituents of the tripodal
receptors with the aim of improving the organic solubility of the extractants and their
[PtCl]*” complexes. In these “second generation” receptors the terminal substituents
assessed include 3, 5-dimethylphenyl, 4-iso-propylphenyl, 4-fert-butylphenyl, 3, 5-

dimethoxyphenyl, 3, 4-dimethoxypheynl and 3, 4, 5-trimethoxyphenyl. Through
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reaction of the receptors with H,PtCls the solubility of the resultant complexes are
assessed.

Chapter Four describes the development of an optimised solvent extraction
method to study the extractive behaviour receptors. A pH swing mechanism is
utilised to control the uptake and release of [PtCls)*". The extraction results for
trioctylamine and the soluble tripodal urea and amide receptors are compared.
Attempts are also made to confirm the stoichiometry of the complex in solution.

Chapter Five describes the synthesis of tris(2-aminoethyl)amine based
receptors with hydrogen- and halogen-bond donor groups with the aim of increasing
the strength of the interaction between a receptor and [PtCls]>". Receptors with an
extended tripodal scaffold based on a tris(3-aminopropyl)amine with urea and amide
moieties are also presented. The results of the complexation reactions and solvent
extraction studies with these modified extractants are presented.

Chapter Six presents the design and synthesis of bipodal and monopodal
receptors in order to assess the role of the number of hydrogen-bond donor
functionalised arms. The results of the solvent extraction studies with these receptors
are discussed and comparisons made between tripodal, bipodal and monopodal
extractants. The crystallographic analysis of the [(LH),PtCls] complexes formed
between the bipodal urea and amide receptors is described.

Chapter Seven highlights the important findings from this work. Conclusions
are drawn as to the optimum receptor system developed and this is compared to the

extractant system thought to be in current use for the extraction and transport of

[PtClg)>.
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Chapter One: Introduction 1

1. Introduction

This thesis presents research into the binding, extraction and transport of the
hexachloroplatinate anion, [PtCls]*, by organic receptors in a solvent extraction
process. The target anion is produced during the processing of Pt-containing ores and
the aim was to develop reagents that can selectively extract [PtCls]*” to optimise the
recovery of Pt. This Chapter outlines the reasons why our research focussed on
[PtCls]*” and provides an overview of the processes used for the refining of the
platinum group metals (PGMs). This is followed by a review of anion coordination

chemistry that is relevant to the research project.

1.1. Background
The PGMs are platinum (Pt), palladium (Pd), rhodium (Rh), ruthenium (Ru), iridium

(Ir) and osmium (Os) and these elements are highlighted in the periodic table in

Figure 1.1.
H' Periodic Table of the Elements e
3| 4] ® hydrogen ¥ poor metals 5] 6) 7 [] 8] 10
Be alkall metals ® nonmetals B|C|N]O F | Ne
m 7 u alkali earth metals ¥ noble gases o 7 o 7 ™
Mg W transition metals W rare earth metals Al |l Si PIlS cl | Ar
W 20| 21| 22] 23] 24 2§ 28] 27] 28] 20] 0] a1 22| 33| a4 | 8
Ca|Sc|Ti |V |Cr|Mn|Fe |Co|Ni |Cu|Zn |Ga|Ge|As| Se| Br | Kr
37 0| 41| 42| 43 44 47| 4 50| 51| 52| 53| 54
Sr|Y |2r |[Nb |Mo| Tc JRu|Rh |Pd JAg |Cd Sn | St Te| | Xe
55| 68| 67| 72| 73| 74 758 78 780 79| 60| @81 & 84| 6|
Ba|la|Hf |Ta |[W [ ReOs| Ir | Pt JAu|Hg| Ti | Pb| B o | At | Rn

7 ]
Ra | Ac |Ung|Unp|Unh|Unsq UnojUne| Unnfy

=
q 50| 60| @] 8] &3] 64
Pr | Nd|Pph|Sm | Eu |Gd
) T . o8| o0
Th|lPal U |i§p | PujAm|Cm

44 45
Ru | Rh | Pd
) 76 7
Os| Ir{| Pt

Figure 1.1. Periodic table highlighting the PGMs and platinum.
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The PGMs are extremely scarce in comparison to the other precious metals (Au and
Ag) due to their low natural abundance and the complex processes required for their
extraction and refining. Also, the demand for PGMs relative to other precious metals

is high as they find use in a wide range of technologically important applications.

1.1.1. Uses of Platinum

The majority of Pt is used in autocatalysts and jewellery (Figure 1354

Other (16 %)

Jewellery (24 %) Autocatalyst (60%)

Figure 1.2. Pt use by application in 2006."*

Autocatalysts convert over 90% of harmful emissions into less harmful products. A
reduction catalyst uses Pt and Rh to convert nitrogen oxide emissions into N, and O,
and an oxidation catalyst based on Pt and Pd to oxidise hydrocarbons into CO, and
H,0 and CO (produced from the incomplete combustion of petrol or diesel) into
CO,.> * The demand for Pt increased significantly in the 1970’s when clean air
legislation was introduced in the USA and Japan with many countries introducing
similar legislation shortly afterwards.” There are reports on the recovery of PGMs
from spent automotive catalysts which highlights the significant demand for the
precious metals involved.®”’

Pt is used in jewellery as it is highly valued for its beauty and purity. Its
colour, strength, hardness, flexibility and resistance to tarnish are some of the

additional advantages of using Pt. The demand for Pt jewellery has increased steadily
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for two decades and the world’s leading jewellery market is Japan where Pt is very
popular and fashionable.'®

The high catalytic activity of PGMs for a wide range of substrates has
resulted in their use in industrial synthetic processes.'” '> The PGMs find use as
catalysts as the stable oxidation states for these elements have a d® electron
configuration and the complexes adopt a square-planar geometry leaving two axial
positions vacant. This allows a substrate to bind to the metal, to react and then leave
thus freeing the site for a further reaction with another substrate molecule. The stable
oxidation states of Pt are Pt(II) and Pt(IV) and this means oxidative addition and
reductive elimination processes are possible.'> !

Platinum diphosphine complexes containing a trifluoromethyl ligand catalyse
the epoxidation of terminal alkenes with hydrogen peroxide (Figure 1.3). The
platinum centre performs a bifunctional role in aiding the formation of the
hydroperoxide anion and acting as a binding site for the alkene, rendering it more

prone to nucleophilic attack.'®?°

. @
Q
R

o

thP’lh"‘Pt"“\“Pth
F;¢~  CLCH,

H,0, '\1
H,0 '
22 PhoPl.. . .PPhy Rﬂ
F,c” S OOH \
.‘\\ @ .
X BF{ Ph,Pw._.~PPh; “OOH
Ph,P... .~PPh
S e ‘b(/
F5C OH
Rb '/\ thhPPh
0-OH

Figure 1.3. An example of using a platinum-based catalyst.'¢*°
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Adams catalyst (PtO,) is used for hydrogenation reactions. The oxide itself is
not an active catalyst but upon exposure to hydrogen it is converted to platinum
black which is responsible for catalysing the reaction. An example of a

hydrogenation reaction that uses PtO; is the reduction of alkenes where the PtO;

catalyst can be recycled for over 10 cycles without loss of activity (Figure 1.4)2%

5 mol % PtO,
0 H, (1 atm) O

A _—
R R' R R'
PEG

rt,2-5h

Figure 1.4. An example of a hydrogenation reaction using Pt0, 22

Cis-platin, [cis-PtCl,(NH;);], is a platinum-based chemotherapy drug.
Following administration in vivo, a chloride ligand is substituted by H,O to form
[PtCI(H,0)(NH3),]" in which the water ligand is readily displaced allowing cis-platin
to coordinate to a basic site in DNA. Substitution of both chloride ligands of cis-
platin leads to the cross-linking of DNA strands which interferes with cell division.?*

Other platinum-based pharmaceuticals include triplatin tetranitrate, carboplatin and

oxaliplatin (Figure 1.5).°

0 0 H,
Clv.,., WNH On.... W\NH On.q,.-N
3
o 0 H,
(a) (b) (c)

Figure 1.5. Structure of a) cis-platin, b) carboplatin and c) oxaliplatin.

The excellent mechanical as well as corrosion- and oxidation-resistant
properties of PGMs are particularly pronounced at high temperatures. This has led to
a number of applications for PGMs and their alloys in high temperature process
industries such as materials for processing extremely corrosive molten glass, nozzles

for spinning textiles and coatings for the turbine blades of jet engines.”*?’ Due to its
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relative scarcity platinum is seen as a good investment with examples including

ingots and bullion coins.*®

1.1.2. Supply and Demand of Platinum

South Africa and Russia are the two main areas where platinum-containing ores are
found (Figure 1.6, a).*® The world-wide production of Pt has increased dramatically
over the last century (Figure 1.6, b) reflecting the increase in demand due to the
growth in the number of applications. Being able to keep up with the demand for Pt
is a major challenge facing mining companies, and there is continual investment in
new and improved processes to increase materials balances. Any modifications made

to the process that increase the amount of Pt recovered will be of interest as the

efficiency of the process will be improved leading to significant gains.

500 (
'2‘! m
3
=
ANon-h‘ Others s 300
Russian Z'(‘)ﬁf')‘ - (4%) g '
Federation e 2
(14%) 200
2
2
2 100
a

South Africa (76%)

B South Africa
EZNorth America

M Russia§
™ Other

Figure 1.6. a) Pt supply by regions % 2002-2006 and b) worldwide growth in
platinum production from 1800-2000.%
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1.2. Platinum Refining

1.2.1. Overview

It is estimated that in order to produce a single ounce of Pt a volume of seven to
twelve tonnes of ore must be processed. This highlights the low natural abundance of
Pt and the complexity of the processes used to obtain pure metal.*® There are three
main stages involved in the production of pure platinum metal from its ore (mining,
concentration and refining) each of which consists of numerous intricate processes
(Figure 1.7). Following the mining of ore the concentration of PGMs is very low and
it is necessary to increase their concentrations to enable the latter refining processes

to be efficient.

MINING Crushing
(0.0005-0.0008% PGMs) Ore extraction = and — small rock particles
milling .
froth flotation
CONCENTRATION """"--T-""""""-"“""""“"““""" - -------------
(60% PGMs) unwanted minerals -«— smelting in furnace <«—— flotation concentrate

iron
valuable metals matte —» air blowing

sulfur
converter matte
REFINING ) i )
separation and purification PGM
- solvent extraction :
_ distillation «—— concentrated =+ base metals refining
residues

- ion-exchange
Figure 1.7. Overview of the stages involved in the refining of PGMs.

1.2.2. Mining of Platinum Containing Ores

The ores obtained from mining can contain PGMs alloyed with iron, arsenic,
tellurium, antimony, and vanadium. Platinum-palladium sulfide minerals (cooperite
and braggite) and mineralised PGMs with copper and nickel sulfide and/or chromite

are also known (commonly chalcopyrite, pyrrhotite, pentlandite).’' Platinum can be
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found as native platinum (in which it is not combined with another element) but
these are very small particles which are widely dispersed and hard to recover.
Following mining, the ore is crushed and milled to produce smaller sized rock

particles meaning that the minerals containing PGMs are exposed.

1.2.3. From Ore to Concentrate

A common technique used to increase the concentration of PGMs is froth flotation in
which the crushed rock particles are mixed with H,O and special flotation agents
which attach to the surfaces of the metal ore particles. The flotation agents convert
hydrophilic ore particles into hydrophobic materials and examples of such reagents
include thiols, alkyl thiocarbonates, dialkyldithiophosphates, fatty carboxylates and
hydroxamates (Figure 1.8).32 Air is pumped through the liquid forming bubbles to
which the PGM-containing particles adhere and float to the surface. The flotation
concentrate is removed as an oil based froth and the unwanted materials are removed

as an aqueous slurry from the bottom of the separator.®

0 S 0 RO
RSH RO~ RO-P-S- R~ \111//
S- OR O- H  O-

Figure 1.8. Structures of some froth flotation agents.>2

Once dried, the flotation concentrate is smelted in an electric furnace at
temperatures over 1500 °C to produce a matte which contains the valuable metals.*
Air is blown through the matte to remove Fe and S which are lost as gaseous SO, and
FeO,. A disadvantage of this process is the production of polluting SOz which is a
problem that is becoming increasingly significant as environmental regulations
become stricter and more difficult to meet.** Any Ni, Cu and Co present in the matte

are separated from PGMs using electrolytic techniques meaning residues containing
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PGMs are concentrated.”® An overview of the processes used in the production of a

concentrate from an ore is shown in Figure 1.9.

Ore (contains 0.0005-0.0008% PGM)

1) Crushing
| 2) Froth flotation

Flotation concentrate (contains 0.01-0.015% PGM)

N

1) Smelting
| 2) Slow cooling
0.15% PGM

Magnetic Separation ———— Cu-Ni sulfide Matte

A"

Magnetic PGM-rich Ni-Cu-Fe phase

Dissolution » Cu-Ni-Fe solution

60% PGM Concentrate

Figure 1.9. Concentration process for PGMs from sulfide ores.®

1.2.4. Separation of Platinum from a Concentrate

The final stage involves separating and purifying the PGMs that are present in the
concentrate. This is the most difficult and intricate part of the process and there are
two main approaches involving selective precipitation and solvent extraction. The
specific details of the reagents that are actually used are shrouded in secrecy due to

the commercial sensitivity of these processes.

1.2.4.1. Classical Precipitation Methods

Up until the mid-1970s the separation of PGMs was achieved largely through a series
of selective precipitation reactions.?’ This involved dissolving the metal concentrate
in aqua regia thus oxidising and solubilising the PGMs. In practice, Ru, Rh, Ir and
Os dissolve more slowly than Au, Ag, Pt and Pd which enables a partial separation

between these two groups. By varying the conditions throughout the process the
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dissolved metals are selectively precipitated allowing their separation from other
metals.>*
The hexachlorometallate anions [PtCls]*, [RuClg)> and [IrCl6]2‘ are

separated by precipitation as their ammonium salts via reaction with ammonium

chloride (Equation ).

2 NH,Cl + [MCl¢* [(NH,),MCl] (s) +2 CI (1)

Ligand substitution can also be used to separate the PGMs in a concentrate.
The reactivity of PGMs towards ligand substitution depends on the nature of the
reactant ligands, the oxidation state of the metal and the row of the periodic table in
which the metal is found. The most stable PGM complexes contain heavier donor
atoms with the approximate overall order of S ~C > 1> Br > C1>N > O > F and this
applies particularly to Pt and Pd.*® This trend is directly related to Pearson’s hard-
soft acid base theory in which species are ranked according to their size, charge and
polarisability.37 Hard is used to describe species which are small, have high charge
states and are weakly polarisable, whilst the term soft applies to species which are
larger, have low charge states and are easily polarisable. Hard acids prefer to
combine with hard bases whilst soft acids pair with soft bases. Pt and Pd are soft
acids and will thus preferably bind to soft bases such as SCN™ or CO. Sulfur-bonded
systems have been used to precipitate Pt and Pd; however, the stripping of the metal
from the complex can be difficult due to the strong metal-ligand interaction.”®

Metals in their divalent oxidation state are readily susceptible towards
substitution by soft donor ligands and rates of substitution can be several orders of
magnitude faster than for metals in their higher oxidation states.’® Inertness to
substitution varies in the order 3" row > 2™ row > 1% row for comparable complexes

of transition metals and hence a second row PGM is more reactive than a related
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third row PGM. This is because the 5d orbitals are spatially larger than the 4d

orbitals and give rise to better orbital overlap between the metal and ligand.”

Both Ru and Os form volatile tetroxides under strongly oxidising conditions
which enables their separation from the other PGMs by distillation. OsO, is more
stable than RuO, and selective reduction of RuO4 by dissolution in HCI enables

separation of these two metals.”” An outline of the use of selective precipitation to

separate the PGMs in a concentrate is illustrated in Figure 1.10.

Metal Concentrate
Pt, Pd, Rh, Ru, Ir, Au, Ag

4-6M HCIHNO, (or Cl,)—ndissolved __ o\ Rh, Ir, Os

Pt(fV), Pd(IT), Au(IIT), Ag(l)

1-3 M HCI » AgCI(s)

\/

Pt(IV), Pd(II), Au(III)

SO,/FeSO, > Au (s)
P(IV), Pd(I)

NH,CI o (NH);[PIClg] (5)
Pd(II)

,, HCl

NH3 ——b[Pd(NH3)4] _>I|’(l(\“|;)~(lvl (s)
Ru, Rh, Os,Ir, Ag  <—

1) PbO, C, smelt 1 (e
Ru, Rh, Os, Ir

Cl,
Na,CO3/ Nay0; s [RuO,J, [05O0,]> —= RuO,, 05O, 05O,
(\)
th 600-700°C I;Cl
,Ir g

HCl
Ir(IV), Rh(III)

NH,CI —  (NHy),[IrClg] (s)
Rh(III) » |Rh(NH;)sCI|Cl, ()

1) NH3, 2) HCI

Figure 1.10. Classical refining for the separation of PGMs.”’
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There are problems associated with using precipitation to refine PGMs as
separation can be inefficient due to poor selectivity and interfering precipitation
reactions. Filter cakes often contain entrained filtrate and thorough washing of these
cakes is difficult to achieve as they often have poor filtration characteristics.*® This
means that further purification is required involving re-dissolution and re-
precipitation requiring increased recycling and re-treatment. As the primary yields
are rather low the numerous unit operations and recycle streams lead to lengthy
refining times making the process labour intensive.” 2% 4% In an attempt to improve
this situation much effort has been placed on the development of solvent extraction

techniques for the separation of PGMs.

1.2.4.2. Solvent Extraction

Solvent extraction can be used as an alternative to classical precipitation methods to
separate PGMs. It involves selective transfer of the target metal ion from an aqueous
phase into an immiscible organic phase thus facilitating its separation from other
species present in the aqueous phase. Solvent extraction can be used to selectively
recover small amounts of metal ions from dilute feedstocks and is thus an important
technique used in the processing of low grade ores. A solvent extraction has four

steps consisting of leaching, extraction, stripping and electrowinning.®’

1.2.4.2.1. Leaching

Leaching involves dissolution of the concentrate and typically aqua regia is used as a
cost-effective medium in which all PGMs can be brought into solution. Simple
leaching occurs at atmospheric temperature and pressure whilst pressure leaching
involves higher pressures and temperatures to quicken the process.‘” The process of

leaching results in the metals being present in solution as chlorometallate species and
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the major PGM species encountered in chloride media are shown in Table 1.1.% With
the exception of Ru, which also forms a significant portion of complex multinuclear
species, all of the PGMs in their tetravalent oxidation state predominantly form
hexachloro complex anions in strong chloride media. The most commonly
encountered chloro-species for Pt is the hexachloroplatinate anion, [PtClg]*, and as
such research has focussed on targeting this anion. The chlorometallate species listed
in Table 1.1 can aquate in weak chloride solutions and H,0, but this is inhibited in

stronger chloride media.*®

Table 1.1. PGM species found in aqueous chloride media.?’

Ruthenium Rhodium Palladium
Ru(1II) Rh(I1I) Pd(ll)
[RuClg)*” [RhClg]*~ [PACL]*
[RuCls(H,0)]* [RhCls(H,0)]*
[RuCL(H,0),] [RhCly(H;0).]
[RuCl3(H20)3]
Ru(IV) Rh(1V) Pd(IV)
[RuCle]> [RhCle]* [PACIs]*
[Ru,OCl0]*
[Ru,0Clg(H,0),]*
Osmium Iridium Platinum
Os(1V) Ir(11I) Pt(1l)
[OsClg)* [IrCle* [PtCL >
[IrCls(H,0)]*
[IrCL(H20).]
Ir(v) Pt(IV)

[IrCls]* [PCls]*
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1.2.4.2.2. Extraction

There are two types of liquid-liquid extraction that are frequently encountered.*> 3

Firstly, when the receptor and metal ions are both soluble in the aqueous phase but

the resulting complex is soluble in the organic phase. Secondly, when the receptor is

soluble in the organic phase and the metal ions are soluble in the aqueous phase then

extraction and complexation occurs at the inter-phase surface, and the metal species

is then transferred into the organic phase.*’ For a receptor to be successful there are

several criteria that need to be met, including: ***

= Sufficiently high binding strength for the metal ion to be extracted

» Selective ion complexation

s High stability against hydrolysis

* Ideally the complex that forms should be neutral and as hydrophobic as
possible to enable transfer into the organic phase.

= Reversible complexation allowing for total recovery of the metal without

significant ligand destruction

Mechanism of Extraction

The separation of metals that are present in an acidic chloride solution can be
achieved by exploiting differences in the outer-sphere electron density of the
chlorometallate complexes.> ** * As PGM chlorometallate complexes are
predominantly anionic, solvent extraction techniques have been developed to exploit
the differences in anion exchange behaviour of the various species with both inner-
and outer-sphere coordination mechanisms used.”® The inner-sphere coordination
mechanism involves complex formation where the active species in the organic
phase acts as a nucleophile and displaces a chloride ligand from the chlorometallate

anion to directly coordinate to the metal centre (Equation 2): *°
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MCL]" +y S === [MCLS,]" +y CI ()
Pd(II) is sufficiently labile to make this approach viable for which coordinating
solvents such as dialkyl sulfides*’ and hydroxyoximes® can be used (Figure 1.11).
Oximes are produced commercially and have high distribution coefficients for Pd(II),
but suffer from slow reaction kinetics.?® Using inner-sphere coordination to extract
PGMs has limited use because of the relatively slow substitution kinetics leading to

long equilibration times which are impractical for large scale, multi-stage separation

prOCCSSGS.
R""R
RO R
R =H, alkyl R = alkyl

Figure 1.11. Structure of a hydroxyoxime and dialkylsulfide. ** *°

Two types of interaction that utilise outer-sphere coordination are solvating
systems and ion-pair formation. Typically solvating systems are either carbon or
phosphorus bonded oxygen bearing extractants (such as alcohols, ketones and ethers)
which extract by solvating the outer-sphere of a metal complex via a dipole
attraction, as shown in Equation 3.%

[MCL]™ +y § === [MCL]".yS 3)
Examples of reagents that operate through a solvating mechanism include methyl
iso-butyl ketone and dibutyl-carbitol (Figure 1.12). These extractants have been used
to extract Au as [AuCls;]” and as PGMs are not extracted to any appreciable extent

by solvating systems, it provides a method of separating Au’® 3

0O
iy o %cn, LI

Figure 1.12. Structure of dibutyl-carbitol and methyl iso-butyl ketone.
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In ion-exchange reactions the active species binds the chlorometallate anion
through non-covalent interactions with the outer-sphere of the anion to form a
receptor-chlorometallate ion pair.’® The PGM-chloro complexes can undergo anion-

exchange reactions with salts of a variety of organic bases (BX) (Equation 4):

nB"X + [MCL]"™ (B"),[MCL]" +nX 4)

Examples of extractants that use an outer-sphere ionic mechanism include tri-n-
octylamine and tri-n-butyl phosphate (Figure 1.13). Tri-n-octylamine is a strong base
meaning it is protonated more readily than a weak base such as tri-n-butyl
phosphate.*® A strong base can, therefore, be used at relatively low acid
concentration whilst weak-base ion-exchangers only protonate significantly at high
acid concentrations meaning they can only extract under these conditions.”’ Some

examples of solvents used for selective metal extraction are listed in Table 1.2.

N
N
/\/\O/I,)\O/\/\

(f O
Figure 1.13. Structure of tri-n-octylamine and tri-n-butyl phosphate.

Table 1.2. Examples of solvent extractants used in PGM reﬁning.29

Metals selectively Mechanism Solvents
extracted under
process conditions

Pd(II) Complex Formation Dialkyl sulfides

Hydroxyoximes

[MCl¢]* Anion Exchange Strong base Tri-n-octylamine

[AuCLJ* Anion Exchange Weak base Dibutyl carbitol
Isodecanol

Methyl-iso-butyl ketone
[MCle]* Anion Exchange =~ Weak base Tri-n-butyl phosphate
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The size and charge of the target metal anion affect the binding in the
solvent-metal ion pair. Anions with a high charge density have larger hydration
shells leading to a lower coulombic interactions with counter-ions.’ Also, the
packing in the complex ion-pair is influenced by the stoichiometry required to form a
charge-neutral complex.”® Assuming the organic base is monocationic, a [MCl]*

anion requires three cations to be charge-neutral, while [MClg]*” needs two cations,

and [MCl4] only one.

Solvent Extraction to Separate PGMs
Depending on the starting feedstock and process constraints, various schemes have
been postulated for separating PGMs using solvent extraction.’> *® An example of
how solvent extraction can be used to separate PGMs is shown in Figure 1.15.%
Following the dissolution of the concentrate, Ag is the first metal to be
removed and this is typically achieved by the precipitation of AgCl. The rapid and
efficient extraction of Au as [AuCls]™ is achieved with solvating reagents such as
methyl iso-butyl ketone or dibutyl carbitol.*” > Methyl iso-butyl ketone has the
added advantage of also removing several impurities such as Fe, Te and As.
Elimination of these elements at an early stage is desirable as they tend to interfere
with other separations. Pd(II) is substitutionally labile meaning that extraction of
[PACL)* can be achieved with long chain alkyl sulfides or hydroxyoximes which
can directly coordinate to the metal centre through an inner-sphere substitution
mechanism.*® Alternatively, high molecular weight quaternary ammonium cations
(such as tetrabutylammonium chloride and decyltrimethylammonium chloride) can
be used to extract [PdCl4]2' in a solvent extraction process.so Pt is the next metal to
be separated and can be removed by ion exchange with an amine such as tri-n-

octylamine under acidic conditions.”® At this stage Rh(III), Ru(IIT) and Ir(IIl) remain
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in solution. The extraction of Ru and Os chloro species is difficult owing to the

complex series of equilibria that exist in solution (Figure 1.14).

High [HCI] [RuCl]* [Ru,0Cl,0]*

ﬂ |

Low [HCI] [RuCls(H,0)]* [Ru,0Cl,o_,(H,0),]®¥

Figure 1.14. Complex equilibria exist for Ru in chloride solution.

The removal of Ru as RuQy by distillation has been repoi'ted.s" 38 There is also work
detailing the use of mono-N-substituted amides to separate Ru in a solvent extraction
process.’” >*3* The low stability of [IrCls]*~ ion pairs results in Ir(III) being oxidised
to Ir(IV) to give [IrCl6]2‘, which can then be extracted using an amine in a similar
manner to [PtClg]*". The ability to select Ir extraction by control of the metal

oxidation state gives great flexibility in the extraction process.®
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Metal Concentrate
Pt, Pd, Rh, Ru, Ir, Au, Ag

U Complex dissolution

Solution in HCI
Py(IV), Pd(11), Rh(IIT), Ru(IIl), Ir(IV), Au(III), Ag(I)

Low chloride conc. > AgCI(s)

Solution in HC1
Pt(IV), Pd(II), Rh(III), Ru(IIl), Ir(IV), Au(1Il)

Solvent hvl-isobutvl k _ reduction
extraction methyl-1sobutyl ketone —»{AuCl,]” ——— Au

Pt(IV), Pd(IT), Rh(III), Ru(III), Ir(II)

Solvent )
extraction p-Hydroxyoxime > Complexed Pd

Pt(IV), Rh(IIT), Ru(III), Ir(III)

Solvent
extraction J

Ion-exchange with amine » Py(1V)

\/ y

Rh(III), Ru(III), Ir(11I)

Oxidative distillation » RuOy
N U y

'Rh(III), Ir(TIT)

“ Ion-exchange with amine ™Ir(IV)

Rh(III) » Rh(III)
Ion-exchange

Figure 1.15. Modemn refining method incorporating solvent extraction/ion-
exchange.’>

Solvent extraction has been tailored for a range of non-precious metals
including Cu and Co.> There is also work showing how solvent extraction can be

used for a range of other metals including Ga,”” % Te,”® In,%° and Sb.¢!
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Solvent Extraction to Separate [PtC l.g]z -

This Section provides more detail of how solvent extraction can be used to
selectively extract and transport [PtCle]*". The extractants and processes that are used
are commercially sensitive and precise details are not published. Platinum can be
removed selectively by ion exchange using amine solvents. Secondary and tertiary
amines and quaternary ammonium systems generally have acceptable distribution
characteristics (Figure 1.16) meaning that the equilibrium in Equation 5 lies well to

the right:*

2 RH' + [PtCl]* <=== (RH),[PtClg] (R = amine) ()

10000 1

1000

-
=
=
£
2 100 -
o
g Quaternary
-
é’ 10 4 Tertiary
&
'2
a
l -
Secondary
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0'1 L] 1 LJ L] L
0 2 4 6 8 10

Concentration of HC1

Figure 1.16. Distribution data for the extraction of [PtCls)>~ by typical amines.*

There is literature evidence suggesting that Alamine or Aliquat type reagents
are used to extract [PtClG]z'. 32,62 Alamines have three alkyl substituents bonded to a
tertiary amine while Aliquats are amine quaternary salts with the positive charge
counter balancing the negative charge of the anion (Figure 1.17). Extraction using
Alamines relies on the protonation of the tertiary amine nitrogen to give a mono-

cationic species [LH]" which can form an ion-pair with [PtCls]*". Aliquat extractants
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do not require protonation prior to extraction. For both classes of extractant the
organic solubility of the receptor and its complex is encouraged by hydrophobic

alkyl substituents.

J a e

Alamine 308 Aliquat 175

Figure 1.17. Example of Alamine and Aliquat extractants.

There are several literature examples of the use of Alamine type reagents to
extract [PtClg]*” in a solvent extraction process (Figure 1.18). Yoshizawa and co-
workers studied the extraction and stripping equilibrium of [PtCl¢]*” between acidic
chloride media and trioctylamine (TOA) in toluene.®® Fu and co-workers,5%
Hasegawa et al®” and Mirza® have also studied the extraction of [PtCls]*~ with TOA.
9,

Solvent extraction of [PtCle]* using N-n-octylaniline has been described by Anuse®

7 and using Alamine 304 in xylene was studied by Alguacil and co-workers.”!

N
N ¢
H)J N\W
Figure 1.18. Examples of some Alamine based extractants for [PtCl}*” a) TOA; b)
N-n-octylaniline and c) Alamine 304.547!

Yamamoto and co-workers have studied the liquid-liquid distribution of ion
pairs of [PtCls]> with quaternary ammonium counter jons.”” They found that long

chain  alkyltrimethylammonium  cations were more effective  than
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tetraalkylammonium cations for extraction of [PtCl¢)>” into CHCls. This may be due
to the alkyltrimethylammonium cations having less steric bulk enabling closer

contacts within the ion-pairs and leading to improved extraction.

1.2.4.2.3. Recovery of Platinum from [PtCl.;]z'
Following the extraction of [PtClg]>™ into an organic phase it is necessary to back
extract the chlorometallate species to enable the recovery of Pt. This can be

accomplished by treating the organic phase with strong acid or alkali. Use of acid
(HX) relies on substitution of [PtCls]z' for X~ leading to formation of [(LH)X] and
release of [PtClg]> (Equation 6):

[(LH),PtClg] +2 HX — 2 [(LH)X] + [PtCl6]2’ +2H" (6)
Strong alkali is more commonly used to achieve stripping, deprotonation of the
amine receptor removes the electrostatic attraction causing dissociation of the
complex and release of [PtCls]z' (Equation 7):

[(LH),PtCls] + 2 OH" 2 L+ [PtClg]* +2 H,0 @)

The use of base has the disadvantage that inner-sphere complexes can be formed in
which the amine nitrogen atom coordinates to the metal centre with associated loss of
chloride ligands. (Equation 8):*

[PtCl)* +nB === [P(Cl, B,]*™ +nCI ®)
The substitution of chloride ligand for amine generally decreases in the order
primary > secondary > tertiary > quaternary amine. This is why tertiary or quaternary
amines typically have found use as solvent extractants for [PtCl6]2'. Quaternary salts
are unable to form inner sphere complexes (unless degraded) but have the

disadvantage of forming very strong ion-pairs which are difficult to strip.’®
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Electrowinning can be used to obtain high purity metal from the metal
containing species.’” *"* 7 It involves the electrodeposition of metals from their
associated salts that are present in solution. It can be used on a large scale and is an
important technique for the economical and straightforward purification of non-

ferrous metals.

1.2.4.2.4. Examples of Industrial Solvent Extraction Processes
An example of an industrial solvent extraction process is the selective extraction of

copper by phenolic oxime ligands (Figure 1.19).

R\, OWH o R' ‘H
=N 0 /)R =N.. 0=\ /R
/H H /)\—‘/ + CUSO4 ,( ‘UI‘N - + HzSO4
R (0] N= R 0} :
A HO R

HO R

(R and R’ = monatomic substituents)

CuO + H,S0, o s CuSO, + H>O Leach
CuSO4 + 2LH, o Cu(LH); + H,SO4 Extraction
Cu(LH), + H>SO4 P CuSOy4 + 2LH» Strip
CuSO4 + H,O <" Cu+ 0.5 O + HySO4 Electrowin
CuO — Cu+0.50; Overall

Figure 1.19. Phenolic oxime ligands can extract copper in a solvent extraction
process.

In the first step CuO is leached from its ore using H,SOy to give a pregnant leach
solution containing a number of metal sulfates. The leached Cu(II) ions are extracted
into the organic phase by the hydrophobic ligand (LH,) to form a charge-neutral

complex [Cu(LH),]. Following extraction, Cu is stripped from the loaded organic
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phase using H,SO4 which re-protonates the ligands and releases Cu(Il) to form a
CuSO; solution. Re-protonation of the ligand to form organic soluble LH; means it
can be recycled and used in further extraction cycles. Electrolysis of the CuSO4
solution produces pure Cu metal (product) and H,SO4 (spent electrolyte) which is fed
back into the stripping stage.*> "+

The success of this system depends on the fact that the oxime ligand is pH
sensitive with the pH gradient being the driving force for the transport of the Cu(II)
across the circuit. Under basic conditions the phenol is deprotonated enabling the
formation of a pseudo-macrocyclic Cu(II) complex. The greater stability provided by
chelating and macrocyclic ligands makes them better candidates than analogous
unidentate or cyclic ligands.*

Another example of an industrial scale process is the PUREX process
(plutonium and uranium recovery by extraction) which uses solvent extraction to
extract U(VI) and Pu(IV) from spent nuclear fuel. The irradiated fuel is dissolved in
HNO; and extraction is achieved using tri-n-butyl phosphate (TBP) in kerosene. At
high concentrations of HNO3, U(VI) is extracted to form the organic soluble complex
[UO2(TBP)2(NO3);] (Equation 9 and Figure 1.20). Back extraction is achieved by
contact with dilute HNO; causing dissociation of the complex releasing U(NO;); and
TBP. Pu(IV) forms a similar complex to U(VI) but it is possible to strip the Pu by
reduction to Pu(Ill) which does not complex with TBP unless the nitrate
concentration is very high.”® "’

HNO, TBP
UO; === [UO,(NO3),] === [UO,(TBP),(NO;),] %)
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Figure 1.20. Structure of tri-n-butyl phosphate (TBP) and the [UO»(TBP)2(NO3),]
complex.”®

1.2.4.2.5. Summary of Solvent Extraction

Solvent extraction offers a number of advantages over the classical precipitation
methods. It offers higher selectivity and more complete removal of metals through
the use of multi-stage extraction. This reduces the need for excessive recycling,
shortens the refining times and lowers production costs and, as such, solvent

. . ‘ = . : . 29
extraction is being developed as an increasingly sound and diverse technique.

1.2.4.3. Other methods to separate PGMs

Solid-phase extraction methods can be used as an alternative to solvent extraction
and precipitation. Work by Koch and co-workers reports the use of silica-based
(poly)amine ion exchangers to selectively extract PGMs (Figure 1.21, a). Extraction
experiments showed high selectivity for PGMs and no detectable amounts of
transition metals were adsorbed.” Amberlite IRA 400 is another solid-phase

extractant that uses anion-exchange (Figure 1.21, b).*"®!

v

. ’—0 OMe H
SlOz :’ Sl\/\/ N\/\NHZ
;‘—0 \

CNH,'Cr

‘ J(LU-I
— J

NH;'CI

(a) (b)
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Figure 1.21. a) the structure of a silica based amine containing receptor and b)
Amberlite IRA 400.7%!

The Superlig® series are proprietary media which are thought to make use of
cation and anion selective ligands covalently-bonded to solid supports.® Their
selectivity has been attributed to a high level of molecular recognition based on the
selective fixation of certain ions as a function of their ionic radii and their chemical

preferences. (Figure 1.22).%

Pd, Pt, Rh, base metals —» “Pg” Superlig® (——» Pd

“Pt” Superlig® |—> Pt

“Rh” Superlig® ——» Rh

!

base metals

Figure 1.22. Separation of Pd, Pt and Rh from chloride media using Superlig®
media.®?

Ion-exchange chromatography uses anion-exchange groups on solid supports
for the separation of mixtures of PGMs and multiple separations are possible within a
relatively short time.** 3 For this reason the scaling up of chromatographic
separation has been proposed as an alternative refining technique.84 The Toyopearl®
range of media are based on neutral polymethacrylates which support hydrophilic

alcohols and ethers in addition to having an ester backbone.*’

1.2.5. Summary
The only cost effective method of bringing PGMs into solution is to dissolve the ore

in aqua regia to form chlorometallate anions. The predominant Pt species in chloride

solution is [PtCls]*~ which is therefore the anion that we targeted in this work. As
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solvent extraction is currently the preferred method to separate PGMs, the work
described in the subsequent chapters has focussed on the design, synthesis and
evaluation of organic receptors to selectively extract and transport [PtClg]* in a

solvent extraction process.

1.3. Anion Binding
1.3.1. Introduction
This Section provides an overview of anion coordination chemistry relevant to the
project and highlights the key binding features that could be incorporated into the
receptors for [PtCls]>". Research into anion binding has increased in the last twenty
years and a continuous effort has been applied to the problems inherent in binding
anions.®®** There are a number of reasons for the increased interest in this field of
chemistry. Chemically, anions play important roles in the area of catalysis®* and in
biology it is estimated that approximately 70% of enzyme substrates are negatively-
charged. For example adenosine triphosphate (ATP) is a tetra-anion and
deoxyribonucleic acid (DNA) is also a polyanion containing phosphate esters along
its ribose backbone.”**’ Environmentally, anions can pose pollution problems.
Nitrate anions found in fertilisers can be washed off agricultural land and into the
water supply where they can cause problems such as eutrophication of water streams
which disrupts aquatic life cycles.”®'®

For a receptor to be selective for a particular anionic guest a high degree of
design complementarity is required. Therefore, the size, geometry and charge of an
anion are features that must be addressed if it is to be strongly bound by a receptor.
The [PtCls]*" anion has an octahedral geometry with six chloride ligands bound to a

Pt(IV) centre giving the species a net charge of -2 (Figure 1.23). The Cl—Pt—Cl

distance across the anion is 4.61 A.
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ca |2
Cly,, | WCl
.
a” | Na
cl

Figure 1.23. The octahedral geometry of the hexachloroplatinate(IV) anion,
[PtCle]*".

1.3.2. Receptors for Anions

An anion receptor is a molecule that can bind to an anion via non-covalent
interactions. Useful design features to incorporate into such receptors include
electrostatic and hydrogen-bonding interactions and Lewis acid coordination.% % 7
104-197 Receptors for anions must function within the pH window of their target anion
as some anions are stable over a specific pH range and can become protonated at low

pH consequently losing their negative charge.””'"’

1.3.2.1. Electrostatic Interactions

The simplest and most obvious way of binding an anion is to use a positive charge to
provide a strong electrostatic ion-ion interaction (Figure 1.24). Electrostatic
interactions are based on the coulombic interaction between opposite charges. Ion-
ion interactions are non-directional whilst ion-dipole interactions must be suitably
aligned for optimal binding efficiency. A typical covalent bond has an energy of
around 350 kJ mol ™! whilst an ionic bond has a bond energy of 250 kJ mol™.'® The

high strength of electrostatic interactions makes them a very useful tool for achieving

OR©

Receptor Anion

strong binding.

Figure 1.24. Using an electrostatic interaction to bind anions.
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If a number of positively-charged groups are built into a receptor, they will
tend to repel one another. To overcome this problem the positive charges can be built
into a rigid system which has the added advantage of providing a binding pocket.
Schmidtchen and co-workers produced a series of receptors that use quaternary
ammonium groups arranged in a tetrahedral manner to bind anions inside a cage-like
receptor (Figure 1.25, a).'®''? The four quaternary nitrogen atoms give the receptor
a net charge of +4 and it forms 1:1 complexes with anionic guests in aqueous
solution. By altering the length of the alkyl chain between the four ammonium
groups Schmidtchen was able to tune the selectivity of the receptor for particular
halides. Thus, for X = (CH,)s the internal diameter is approximately 4.6 A which
provides a good match to the iodide anion which has a diameter of 4.12 A. The
smaller halides, whilst fitting inside the cavity of the receptor are not as strongly
bound due to a poorer size complementarity.

A problem with using receptors that have a permanent positive charge is that
they have a counter anion associated with them which may compete for the anion
binding site. To overcome this limitation Schmidtchen modified the structure of the
macrotricyclic receptor to produce a zwitterionic structure which has no net charge
and therefore no counter ion (Figure 1.25, b)."'> '"* It was found that this receptor

binds anions more strongly as there is no competition from counter anions.
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Figure 1.25. Examples of receptors that use electrostatic interactions to interact with
. 109-114
an anion.
In addition to anion receptors that utilise a permanent cationic charge it is
also possible to use a dipolar bonds to form an electrostatic interaction with an anion.
The receptor shown in Figure 1.26 has its dipoles convergently aligned providing a

halide binding site below the macrocyclic ring.'!* 116
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Figure 1.26. Views of a dipolar anion receptor. ''> "¢

The protonation of a receptor under acidic conditions facilitates anion binding
and subsequent treatment of the ion-pair with base deprotonates the receptor
reverting it back to its charge-neutral state. Consequently, the anion is decomplexed

and the uptake and release of the anion is thus controlled by variation of pH in a so
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called “pH swing mechanism”. Appropriate functional groups that can be protonated

N7,118 _ .ae 119 . 120
pyridines, ~ and imidazoles.

to form a cationic receptor include amines,

The heteroditopic receptor shown in Figure 1.27 illustrates how the
protonation of a tertiary amine facilitates anion binding."”'"** The receptor is
designed to extract metal sulfates, MSOj, and has two binding pockets: one to bind
to M*" and one for the SO,> counter ion. The receptor itself is neutral and upon
coordination of M*" a proton is transferred from each of the two hydroxyl groups to
each of the two tertiary amine groups. Thus, it is a zwitterionic form of the ligand

that binds the cation and anion at separate binding sites. The hydroxyl groups have a

—1 charge to interact with the M>* cation whilst the pendant tertiary amine groups are

protonated and bind to the SO,*~ anion.'**

/—\
N=
SO, \¥o -ha
OHHO g }—
-Mso4 §
R-N' N-R
R H, JH R
's0,%"

Figure 1.27. Metal(II) sulfate binding by a zwitterionic ligand.124

A functionalised thioether receptor capable of simultaneously binding Ag'
and NO;~ is known (Figure 1.28)."” Anion binding occurs via a switch mechanism
whereby coordination of the metal cation breaks internal hydrogen-bonds allowing
an anion to bind to the urea hydrogen sites on the attached pendant arms. No anion
binding occurs in the absence of a bound metal ion demonstrating that an

electrostatic interaction contributes to the binding of NO; by the receptor.
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Figure 1.28. Using a ditopic receptor to bind AgNO;.127

A ditopic receptor capable of binding monovalent salts is shown in Figure
1.29. Various sodium and potassium salts (NaNOj3;, NaNO,, KNO3) can be bound to
the receptor by a contact ion pair between the metal cation that is bound to the crown

ether ring, and the oxyanion that is hydrogen-bonded to the receptor NH residues. o

Figure 1.29. Using a ditopic receptor to bind metal salts.'*®

1.3.2.2. Using Electrostatics to Bind [PtClg])*

Alamine and Aliquat reagents use electrostatics to extract [PtCls])* . As protonation
of Alamines is required to enable an electrostatic interaction with [Pt(‘l(,]: , they have
the advantage that the uptake and release of the anion can be controlled by a pH
swing mechanism. In contrast, the Aliquat extractants are permanently cationic

meaning that they can extract without acid but stripping and recovery of the anion
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can be difficult. Using electrostatics is a feature to be considered in the design of our

receptor systems.

1.3.2.3. Hydrogen-bonding

A hydrogen atom attached to an electronegative element (X = fluorine, oxygen or
nitrogen) can be a hydrogen-bond donor. A hydrogen-bond acceptor (A) must have a
lone pair of electrons to interact with an X-—H bond. As anions have a lone pair of
electrons they can behave as hydrogen-bond acceptors and thus the incorporation of

hydrogen-bonds into a receptor provides a route to the binding of the target anion

o o+
X——] ]

Figure 1.30. Anions can accept hydrogen-bonds.

(Figure 1.30).

Hydrogen-bond energies extend from 60-170 kJ mol™ for strong hydrogen-
bonds, 17-60 kJ mol™ for moderate bonds and 4-17 kJ mol for weak bonds.'*’ The
strength of a hydrogen-bond is inversely proportional to the H A length and a strong
hydrogen-bond is often associated with a short H A distance. Strong hydrogen-
bonds are also associated with X—H A bond angles close to 180° and observed
downfield shifts in the '"H NMR spectrum. In contrast, weak hydrogen-bonds have
smaller X—H A bond angles and a shorter X—H distance than H A distance

(Table 1.3).'%13!
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Table 1.3. Some properties of strong, moderate and weak hydrogen-bonds
Strong Moderate Weak

X—H A interaction =~ Mostly covalent  Mostly electrostatic Electrostatic

Bond lengths X—H=H"A X—H<H"A X—H<<H"A
6(X—HA)/”° 175-180 130-180 90-150
Bond energy/kJ mol’! 60-170 17-60 4-17
Examples F~H"F O/N—H0=C C—H"O/N
O—H O—H O/N—H"n

Because hydrogen-bonds are long-range interactions, a group X—H can be
bonded to more than one acceptor. A bifurcated hydrogen-bond has two acceptors or

two donors and a trifurcated hydrogen-bond has three acceptors (Figure 1.31).

A9 xH, AR
X—HoAD X L, :f’A® X—1 Ii‘-"'“'A2®
a9 x-u “A30

Figure 1.31. Examples of different types of hydrogen-bonding geometry; a) linear
b) bifurcated donor and c) bifurcated acceptor and d) trifurcated.

X-ray diffraction is a useful tool to characterise solid-state hydrogen-bonds
and the primary information obtained is the distance and bond angle of the X—H A
moiety. The H A distance should be shorter than the sum of the van der Waals radii
of H and the acceptor."”” '** The limitation of crystallography arises as it only shows
the interactions as they are present in the solid state and it may be more suitable to
study the interactions in solution using other methods.

NMR  spectroscopy can be a useful tool for studying supramolecular
interactions in solution. The frequency at which a particular nucleus resonates is
dependent on its electronic environment, and, thus any changes to this electronic

environment will be seen as a shift in the signal in the NMR spectrum.”3 3 Other
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techniques that can be used are UV/visible spectroscopy and mass spectrometry.
UV/visible can be especially useful for the investigation of m electron systems or
transition metals as their spectra can be strongly perturbed on complex formation.'*>
1% Mass spectrometry can also be used to detect the host-guest complex although it

may be observed as its constituent fragments.

1.3.2.4. Hydrogen-bond Donor Groups
Functional groups such as amides,"””"* ureas'* and thioureas'*"'** have acidic NH
protons enabling NH anion hydrogen-bonding (Figure 1.32). To maximise the
interaction between a receptor and anion it is generally favourable to incorporate
several hydrogen-bond donors into the receptor.'™
O 0 ﬁ j\ H
\NJ\ —N-S— \N N/ \N N/ \\i/7

I w0 H H H H

(a) (b) (c) (d) (e)
Figure 1.32. Examples of hydrogen-bond donor groups a) Amide b) Sulfonamide ¢)
Urea d) Thiourea e) Pyrrole.

Amides and Sulfonamides

The amide and sulfonamide hydrogen-bond donor groups both have one acidic NH
donor per moiety which can hydrogen-bond to an anion."’” "** There are many
examples of anion receptors that utilise amide or sulfonamide groups to hydrogen-
bond to the target anion some of which are subsequently discussed.

In 1986, Pascal prepared the first amide-based receptor which interacts with
the anion solely through NH-anion hydrogen-bonds.'”® This receptor has three
amide NH groups pointing into a central cavity (Figure 1.33). The X-ray crystal
structure suggested that the dimensions of the cavity were favourable for fluoride

binding and subsequent 'H NMR titrations in dmso-ds confirmed this to be the case.
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Figure 1.33. Example of an amide hydrogen-bonding receptor.'”

Acyclic tripodal receptors containing amide or sulfonamide units have been
used to bind anions. The flexibility of such ligands allows adjustments in the size of
the cavity as well as formation of almost linear hydrogen-bonds.I3 Y The G,
symmetric tripodal amide and sulfonamide receptors (Figure 1.34 a and b,

respectively) have been shown to bind tetrahedral anions such as H,PO4, HSO4 and
VO,4* in CHCLs."® Crabtree and co-workers have shown that simple acyclic, non-
pre-organised diamide receptors (Figure 1.34, ¢) can be used to bind Br in

CH,CL.'"

R = CH,Cl, (CH,),CH;, R = p-MeOCgHs, 2-naphthyl R = Ph, p-(n-Bu)C¢H,
C6H5, p-MeOC6H5

(a) (b) (c)

Figure 1.34. Structures of some amide and sulfonamide anion hosts."** "’

Amide moieties have also been introduced into macrocyclic anion receptors.
For example, the rigid, cyclic peptide shown in Figure 1.35 contains the unnatural
amino acid 3-amino-benzoic acid which acts as a rigid element to orient the
hydrogen-bond donating amide groups to the centre of the macrocycle."™ This

receptor was found to bind to phosphomonoester ([PO4R]*) via hydrogen-bonding
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interactions between the amide protons on the peptide backbone and the phosphate

oxygen atoms. Similar peptide-based receptors for the coordination of anionic

: 137-145.
species have been reported. -

0O

e

OYNII H HNi/
@ HN 0
- NH

H
N

0)

O

Figure 1.35. An example of a cyclic amide receptor for anions."”®

Urea and Thiourea
Urea and thiourea groups have two acidic NH donors per moiety and find use in
receptors for anions owing to their ability to act as hydrogen-bond donors.'™"'*
Following the seminal papers by Wilcox'® and Hamilton'* on urea-anion
interactions, a variety of anion receptors have been reported in which one or more
urea/thiourea fragments are incorporated into an acyclic, cyclic or polycyclic
framework.'**'7®

The hydrogen-bond donating tendencies of an NH group are related to its
protonic acidity. Thiourea is a stronger acid than urea (pKa = 21.1 and 26.9,
respectively in dmso)'”’ and thus it is expected that thiourea containing receptors
establish stronger hydrogen-bond interactions with anions than their urea
counterparts. Receptors incorporating a urea or thiourea hydrogen-bond unit have

5, 159
105159 The urea and

been compared by Fabbrizzi and co-workers (Figure 1.36).
thiourea derivatives both formed 1:1 hydrogen-bonded complexes with various

anions including H,PO,*", CI” and F~ in dmso. In the presence F the urea receptor

undergoes deprotonation and HF is released to form [HF;] . In the case of the
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thiourea receptor, because it is more acidic, deprotonation takes place with each of

the anions studied.

o. /
N
N)L N [LH-XT+ X (L« Hj + [X“H"%T
H H

e

X=0,8

Figure 1.36. Comparison of urea and thiourea hydrogen-bond donor groups.' "%’

Kelly and Kim have reported the synthesis and binding studies of mono-urea
and bis-urea ligands."™ A simple urea-based receptor produced stable complexes
with mono-anionic carboxylate, mono- and di-anionic phosphate groups (Figure
1.37, a). The bis-urea was designed to serve as a receptor for dinitro substituted
benzenes and it was thought that this receptor might find use as a sensor to detect
explosives such as TNT (Figure 1.37, b). However, binding studies confirmed that it

had similar binding properties to the mono-ligands with an affinity for di-anionic

phosphate groups.
20800
| ; NE\J&/\ O\\]/NII ~ g Hﬁ\\]o
H '” fNH II‘\\“‘
(a) | / (b) \‘

Figure 1.37. Examples of urea based receptors.'*

Cyclic ureas and thioureas have also been synthesised by numerous groups
for the selective binding of anions.'* Reinhoudt and co-workers have described the

synthesis of a macrocyclic anion receptor containing four pre-organised urea

181

moieties (Figure 1.38, a).”" A study of the anion binding ability of this receptor with
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the tetrabutyl ammonium salt of HPO4 in dmso showed there to be pronounced
effects in the '"H NMR spectrum. The cyclic thiourca receptor shown in Figure 1.38b

was found to have selectivity for H,PO,™ over AcO™, ClI", HSO, and Br . UG 362

| e
-

O-_NH HN_ _O
il T NH HN
NH HN 5= =8
@[ ]@ NH HN
/J/N\H HN ﬁ)
BuO OBu

(a) (b)

Figure 1.38. Examples of cyclic urea and thiourea-based receptors.'’® '* %2

Pyrroles and Amidopyrroles

Pyrrole moieties can use their NH group to form hydrogen-bonds to anions and in

recent years pyrrole-containing entities have emerged as one of the most versatile

and useful of anion binding moieties.'™ '™ Part of the attraction of pyrrole

containing receptors unit is that they do not contain a built-in hydrogen-bond

acceptor. This means that intraligand N—H~O=C cannot be formed with pyrroles.'"
The use of pyrroles has been pioneered by Sessler and co-workers who have

185-187

incorporated these moieties into macrocycles to bind anions. The pyrrole based

receptor shown in Figure 1.39 has been shown to bind F, CI” and H,PO4 in CD,Cl,.

Figure 1.39. The structure of octamethylcalix[4]pyrrole.'™ "’
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Amidopyrrole containing receptors incorporate two NH donors arranged in a
convergent manner that can bind anions (Figure 1.40, a)."*® Gale and co-workers

have used the amidopyrrole moiety in a variety of anion receptors, an example of

189

which is shown below (Figure 1.40, b). " They found that this receptor was selective

for carboxylate oxo-anions and crystallographic analysis of the complex showed the

anion to be located in the binding pocket between the two pendant arms.'”’

) @ b) Ph_ Ph

H o U\
R- H ="

N NH y HN
T

Figure 1.40. a) Amidopyrroles providing convergent hydrogen-bonds to an anion
and b) an example of a receptor which uses amidopyrrole to bind anions. sl

0)

1.3.2.5. Using Hydrogen-bonding to Target [PtClg]*
Orpen and Brammer have carried out a study to assess the hydrogen-bonding
capabilities of the M—CI unit."”' The Cambridge Structural Database was used to
analyse 6624 crystallographically characterised hydrogen-bonds that contain M—Cl,
C—Cl or Cl and either NH or OH groups. The objective of this work was to
compare the geometry of D—H Cl interactions and to assess the relative probability
of such contacts being formed in these different environments.

The D—H " Cl intermolecular interactions were categorised as short (H "Cl <
2.52 A), intermediate (2.52 — 2.95 A) and long (2.95 — 3.15 A) (¢/. sum of van der
Waals radii for H and C1 = 1.2 + 1.75 = 2.95 A). The percentage of interactions that
fall in the various categories (in particular the ‘short’ group) were taken as an
indicator of the strength of the interaction. It was found that Cl1 forms many short
Cl'H interactions, as does the M—Cl group, whereas C—Cl moieties form almost

no short Cl'H interactions resulting in the sequence of acceptor strengths being Cl
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> M—CIl > C—Cl. The implication of these observations is that M—Cl containing
complexes have the potential to interact with hydrogen-bond donors in both a strong
(i.e. short) and anisotropic manner. It is thought that halogens bonded to transition
metals are good hydrogen-bond acceptors because of the strongly polarised character
of the M—X bond resulting in an enhanced partial negative charge of the halogen.'*>
193 The correlation of D—HCl angles with HCl distances shows a predominance

of D—HCI angles close to 180° at short H"CI” separations.'*® In contrast, the

preferred angle for D—HCl—M interactions was found to be between 90 — 130°
attributed to the contribution of the axial p orbital to the M—X bonds.'?> 1% 1%

A subsequent study of metal-assisted hydrogen-bonding was undertaken by
Brammer and co-workers who analysed hydrogen-bonds between N—H, O—H and
C—Hand X—M M =F, Cl], Br, ]) moieties.' They observed that the length of the
HX interactions increases in the order F < Cl < Br < I. Thus, hydrogen-bonds with
metal fluorides were found to be markedly shorter than those of their heavier halogen
congeners. This is in agreement with the expected trends for the strength of
hydrogen-bonds based on the polarity of the X—M bond.

The potential of chlorometallate anions to act as hydrogen-bond acceptors has
been confirmed by Orpen and co-workers who observed bifurcated N—H ' Cl—Pt

hydrogen-bonds between NH* pyridinium moieties and [PtCL]*" anions (Figure

1.41).1%

2-
I’% o — N®H \\\\\\\\ Cl//,Pt.u\\Cl‘ ”””“}-% — — IS_DH
N/ N\ Cl’ \Cl" o w ¥

Figure 1.41. Hydrogen-bonds between bipyridinium cations and [PtClg)*"."

Using hydrogen-bonds to target other chlorometallate anions is also known.

Heteroditopic azathioether macrocycles incorporating acylurea functionalised
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pendant arms can simultaneously bind the cationic and anionic moieties of a metal
salt as confirmed by the crystal structure of [CuCl(L)],CuCly (Figure 1.42).""7 The
asymmetric unit contains two [CuCIl(L)]" cations and one [CuCl])* dianion. The
[CuCly])* species is hydrogen-bonded to the acylurea NH of each arm with N2 Cl6

=3.29(2) A and N5°CI5 =3.27(2) A.

CuClz
—_—>

0
(\Sﬁ} NH
bSJ

MeCN

Figure 1.42. View of the structure of [CuCl(L)];;CuCL;.'g7

There is also work showing the incorporation hydrogen-bonds into receptors
for [PACL]I*,'"® [AuCL],"™® [CoCLJ*," ** [0sCle)* ™" [MnCl)*,"™ **
[CACL],"* 22 [PbCL]*," [FeCls]™ 2" [ZnCl]* * ** 2 and [HgCL]*." In
these systems a range of supramolecular architectures were observed in which N—

HCl hydrogen-bonds formed to the outer sphere of the chlorometallate anions.

Some examples of which are shown in Figure 1.43.

_.Cl Cl.
\N—H H—N/ \ e “, .. 2
/ ey v \ /N_Hf‘:'"Cl—_'M will-===+2H- N\
ol S e
Cl\hl/l’CI Cl Cl
c™ | o]
_Cl. \ e, Ll /
\ et e / N-H.. M _ZH-N
N—H:_ _H-N / ¢l CI \
/ T O \
‘({I'
Cl. c'\M M)

\ _r" ‘-\\ / C'“ — — /
/N—'H' ‘H—N\ Cl""H—N\ /H\ //N—H “““ Cl

Figure 1.43. Examples of connectivity motifs which use hydrogen-bonds to target
chlorometallate anions.
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1.3.2.6. Areas of High Electron Density Surrounding [PtCldz'
To enable a strong and selective interaction between a receptor and [PtClg)>, it is
important to assess the areas of high electron density around the anion which can be
targeted by hydrogen-bonds. The directional preference of hydrogen-bond donors to
terminal metal halides is governed by the electrostatic potential around the halide
ligand, which can be explained in terms of a simple orbital model of metal-halide
bonding (Figure 1.44).2%* The area between two chloride ligands is targeted by the
NH group as it is electron rich due to the two p orbitals containing lone pairs of
electrons.?®®

oglo o

9,

—Pt—ClO
0

Figure 1.44. The NH group targets the lone pairs of chloride in a [PtCl,]*~ species.2®

In addition to this simple orbital model there are reports of using

206-209 and

crystallographic analyses,?* Density Functional Theory (DFT) calculations
1Pt NMR spectroscopic studies®® to establish the areas of highest electron density
surrounding [PtClG]z'. Brammer and co-workers analysed structures in the
Cambridge Structural Database to identify close contacts between N—H groups and
octahedral [MCle]" anions.*® Although no restriction was placed on charge,
dianions were found to be the most common chlorometallate species and the
distribution of hydrogen-bond donors in the vicinity of the anion were analysed as

population density plots (Figure 1.45). The results show that the edges and faces of

the octahedron are targeted by NH groups.
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Figure 1.45. The experimental population density of hydrogen atoms from NH
groups in the vicinity of octahedral [MClg]*" anions obtained from crystal structure
data; viewed parallel to a) 4-fold molecular axis and b) 3-fold molecular axis.
Contours; blue 35%, red 55%, yellow 80% of maximum population.””

Theoretical methods have also been used to calculate the negative
electrostatic potentials of [PdCle]* (Figure 1.46).” The areas of highest negative
electrostatic potential correspond to areas in which there is the highest electron
density. These areas are located around each of the six chloride ligands and along the

edges and in the faces of the octahedron. These results correlate with the previously

described simple orbital model and the results of the crystallographic analyses.

Figure 1.46. Calculated negative electrostatic potential in the vicinity of the
Y s . . ~ . .
[PACls]” anion; viewed parallel to a) 4-fold molecular axis and d) 3-fold molecular
axis. Contours; solid at -196 kcal/mol, mesh at -194 kcal/mol. The areas of highest
: . 206
electron density are shown in red. =
Koch and co-workers have described the use of molecular dynamic

calculations alongside '"Pt NMR spectroscopy to reveal well-defined hydration

shells around [PtCI(,]Zf in H,O (Figure 1.47). Eight H,O molecules were found to be
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located in close proximity to the anion, with each H,O molecule hydrogen-bonding

to a face defined by three coordinated chloride ligands of the octahedron of the

[PtCle)* 2"

Figure 1.47. The probability density surfaces of O atoms (red) and H atoms (blue) at
100% greater than bulk solvent (H,O or MeOH) for [PtCl(,]z’.m

Compiling the results of these studies leads to the summary that the areas of
highest electron density surrounding a [PtCls]*” anion are located along the 12 edges
and within the eight faces of the octahedron. Bifurcated and trifurcated hydrogen-

bonds can be used to target these areas (Figure 1.48).

N

Figure 1.48. Bifurcated and trifurcated hydrogen-bonds can be used to address the
edges and faces of [PtCle]* .

1.3.2.7. Other Methods to bind Anions

Lewis-acidic centres can bind anions by an orbital overlap and this has led to the

219

: : 210-215 216, 217 _:1: 218,
development of anion receptors that contain boron,*'"*"> mercury,”'® *'" silicon,

24-2

220-223 : 224228
and tin centres. Organoboron compounds have only six

germanium,

valence electrons making them ideal as electron pair acceptors. The first examples of
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this type of anion receptor were reported in 1967 by Shriver and Biallis.?* The
chelating receptors illustrated in Figure 1.49 have two terminal BX; groups which
can accept an electron pair from an anion. When compared with non-chelating,

mononuclear BF3 an overall chelate effect was observed.?* #!

-
F,B BF,
\@/ MezB BMez

Figure 1.49. a) a chelating i)aczron anion receptor 2(1:21 b) Katz’s rigid preorganised
chelating ligand for anionic guests.m’ 214

Organomercury receptors have also found use as anion receptors. The Hg
centre is sp-hybridised and, therefore, contains two unfilled n-orbitals with geometric
reorganisation not required to accept electron pairs. An example of a mercury based
receptor is shown in Figure 1.50a and a crystal structure confirmed the CI™ anion to
be strongly coordinated to all four atoms of mercury.2'6' 217, 219 Although tetravalent
organotin has a full valence shell of eight electrons, it is still capable of accepting
additional electron pairs into low-lying unoccupied molecular orbitals. An example is
the organotin macrocycle shown in Figure 1.50b which can encapsulate halide anions

to form a complex with 1:1 stoichiometry.?*°

Cl Cl (CHa)n
! |
Hg Hg
@ ™ @ X*Sné(CHz)n-——-\Sn—X
I"{g &~ \Hg /
Cl Cl (CHy),
(a) (b)

Figure 1.50. Examples of a) mercury and b) tin based anion receptors.?'% 2723
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1.3.2.8. Recognition of Anions Using a Combination of Interactions
To achieve a strong and selective interaction, it is common to use a number of
different types of interaction together in one receptor. These binding features can be
incorporated onto different scaffolds such as macrocyclic'*® or acyclic ligands such
that the chelate and macrocyclic effect will contribute to the stability of the resulting
complex.??

Gale and co-workers have reported a metal-organic anion receptor containing
a urea functionalised iso-quinoline ligand that exhibits strong binding of sulfate
(Figure 1.512).2%* In this receptor hydrogen-bonds are used in combination with
electrostatic interactions to bind the target anion. A cobaltocenium system
functionalised with amide moieties binds anions via the cooperative binding forces of
mutual electrostatic attraction between the positively-charged guest and amide
NH-anion hydrogen-bonding interactions. (Figure 1.51b).2** #*° Related receptors
that do not contain amide NH donor groups do not complex anions, highlighting the
complementarity of the binding moieties. Guanidine is readily protonated to form the
guanidinium cation which is stabilised by resonance and charge-delocalisation to
provide both electrostatic and hydrogen-bonding interactions (Figure 1.51¢).2%62%
Schmidtchen and co-workers have incorporated the guanidinium group into a bicylic
ring and found that these receptors form hydrogen-bonding arrays similar to those

present in ureas.2*’
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o {(—) ® RENSNDR
N-H o, R {O) R
_\N-I:’t2+
(@) ®) (©)

Figure 1.51. a) An example of a receptor that uses a combination of electrostatic
attraction and hydrogen-bonds.?*’ b) An amide functionalised cobaltocenium receptor
binds anions.>** 2% ¢) Example of a guanidinium anion receptor.*’

1.3.4. Summary

To enable the efficient design of a receptor for [PtCls]*” we can draw upon previous
research carried out into anion binding. The size, charge and geometry of the anion
are factors to consider in the design of a receptor and proven, successful techniques
to bind anions include electrostatics, hydrogen-bonds and Lewis acid-base type
interactions. The scaffold of the receptor is also important as is the production of a

charge-neutral species to aid the dissolution of the complex in organic solvents in a

solvent extraction process.

1.4. Aims of Project

The research presented in the following Chapters is aimed at synthesising organic
receptors that can extract and transport [PtCls]*” from an aqueous phase into an
immiscible organic phase in a solvent extraction process. Improvements to the
extraction process will lead to increased materials balances and larger amounts of Pt
being recovered. The driving force for this research is that Pt is a scarce and costly
metal with a wide range of technological applications and an ever increasing

demand. Interest in this research arises both from an academic viewpoint as a proof
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of concept and also as any advancements made may be of benefit to the companies

involved in the refining of Pt-containing ores.

The aims of the work described in this thesis are:

= To design receptors with features that can interact with [PtClg]*

= To synthesise receptors, ideally in the minimum number of synthetic steps
and in high yielding reactions from commercially available starting materials

= To evaluate our receptors by forming complexes with [PtC le]*

= Develop a method for testing the extraction efficiency of our receptor systems
in a solvent extraction process and carry out solvent extraction studies with
our receptors

= Optimise the design of our receptors to achieve maximum extraction

Receptor
Synthesis

Evaluation
of Properties

Figure 1.52. Our approach to finding a successful extractant for [PtClg]” .
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2. Design and Synthesis of Tripodal Receptors

2.1. Introduction

In this Chapter the design of receptors for the extraction and transport of [PtClg]* is
discussed. The synthesis and characterisation of a series of receptors that meet our
design criteria are presented, followed by a description of the methods used to form
complexes between these ionophores and [PtClg)>".

As discussed previously in Chapter 1, current methods used to extract
[PtCls]*” in a solvent extraction process are thought to revolve around the use of long
chain alkyl amines such as TOA."® Our aims were to develop a receptor that has
improved extraction efficiency for [PtCls]> over current methods leading to an
improved materials balance. By introducing specific receptor features into our
design, it was argued that stronger interactions between ionophores and [PtClg)*”

would lead to potential improvements in extraction.

2.2. Receptor Design

2.2.1. Electrostatic Attraction

An electrostatic attraction was introduced into the design by incorporating a tertiary
amine group that can act as a protonation site in the receptor (L).7 At low pH the
amine will be protonated to form an alkylammonium cation (LH")? thus enforcing an
electrostatic ion-ion attraction with [PtCls]>". It was envisaged that two protonated

receptor molecules would be required to form an organic soluble, charge-neutral

complex with [PtCls]*~ (Scheme 2.1).°

2L + HpPtCly ——np (LH) ~[PtCls]*  (LH")

Scheme 2.1. Protonation of a tertiary amine gives a charge-neutral complex when in
a 2:1 L: [PtCl¢]* ratio.
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A second advantage of having a protonation site is that the uptake and release
of [PtClﬁ]z" can be controlled by a pH swing mechanism in a solvent extraction
process. Thus, under acidic conditions the receptor is protonated to give a charge-
neutral ion-pair complex [(LH),PtClg]. Ideally, this complex would be soluble in an
organic solvent that is immiscible with H,O to facilitate the separation of [PtCle]*
from other species that may be present in the aqueous feed (X ). Treatment of the
organic phase containing [(LH),PtCls] with base causes deprotonation of the receptor
and dissociation of the complex releasing [PtCls]* into the aqueous phase with the
free ionophore remaining in the organic phase. Thus, the overall solubility of

[PtCls]* is controlled by varying the pH in the aqueous and organic phase (Figure

2.2)

& h K X PICLJ
queous phase [PtCk] X H oH [PtCle]

Organic phase L extract | K] H),PtCls] | transport L

Figure 2.2. Separation of [PtClg]* from other species (X) by formation of an
organic soluble complex [(LH),PtClg] in a solvent extraction process.

If only electrostatics were used to bind [PtCl(,]2 we argued that any anionic
species present in the aqueous feed might be extracted.'’ To increase the strength and
selectivity of the extraction process, additional recognition elements were introduced

into the receptor design in the form of hydrogen-bond donor groups.

2.2.2. Hydrogen-bonding
The introduction of hydrogen-bond donor groups to locations complementary to the

2

areas of highest electron density in [PtClg]” will enhance the interaction between the

receptor and metalloanion. The [PtCls]*” anion is a known hydrogen-bond acceptor
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"' 12 and thus, incorporation of suitable hydrogen-bond donor groups into the

ionophore will potentially enhance the interaction with the outer-sphere of [Pt(‘l(,]3 :
Several methods have been used to determine the areas of highest electron
density in the outer sphere of [PtCl(,]2 and these were discussed in detail in Chapter

"

1. 1° These confirm that the areas of [MClg]” that are targeted by NH groups are
located along the 12 edges and eight faces of the octahedron (Figure 2.3)."® Our aim,
therefore, was to target these areas of electron density with suitable hydrogen-bond
donor groups. A variety of NH hydrogen-bond donor groups have been synthesised

and studied to enable the optimum donor group(s) to be found. These groups include

17 18 . 19,20 .1 21 - S
sulfonamide, " urea, " thiourea, amide” and pyrrole”” moieties.

Figure 2.3. The experimental population density of hydrogen atoms from N-H
groups in the vicinity of octahedral [PtCl(‘]l anions obtained from crystal structure
data; viewed parallel to a) 4-fold molecular axis and b) 3-fold molecular axis.
Contours; blue 35%, red 55%, yellow 80% of maximum popululion.“’

2.2.3. Organic Solubility
It i1s important that the extractant and its complex [(LH),PtCls] are soluble in an
organic solvent that is immiscible with H,O because, if the systems are selective, this

"

provides a route to the separation of [PtCls]” from other species present in an
, ~ o 95 23, 24 : e : : :
aqueous feed. Thus, organic-solubilising groups were included in the design to

maximise the organic solubility of both the receptor and its complex. The organic-
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solubilising groups are designed to be located in an area of the receptor such that

they do not hinder the interaction of the receptor with [PtCls]*".

2.2.4. Synthetic Accessibility

For a species to find use as a commercial extractant it needs to be synthetically
accessible on large scales and be cost-effective. The facile synthesis of a receptor
from commercially-available, cheap starting materials, produced in a high yield in a

minimum number of synthetic steps, would be a major advantage and is a target of

this work.?’

2.2.5. Receptor Design

Our approach was to combine the features described above into the design of a
receptor system. Ideally, the features would complement each other to form a strong
and selective extractant for the extraction and transport of [PtCls]*". All of the
ligands described in this Chapter use the commercially-available tripodal amine

tris(2-aminoethyl)amine (TREN) as a scaffold (Figure 2.4).

N
NH, \ NH,

NH,

Figure 2.4. Tris(2-aminoethyl)amine (TREN).

TREN has three pendant arms linked to a tertiary amine bridgehead nitrogen
and the protonation of this position can be used to provide an electrostatic ion-ion
interaction with the anion which can be utilised in a pH swing mechanism. A 2:1
receptor:[PtCl]*” complex will be charge-neutral and, therefore, organic soluble

allowing the [PtClg]*” anion to be separated from other species. TREN also has three



Chapter Two: Design and Synthesis of Tripodal Receptors 64

ethylamine groups which can be functionalised to introduce additional binding and
solubilising features. Recently, TREN-based ligands have been used to recognise
anionic species, their coordination ability depending on the binding moieties

appended to the TREN unit.* * 2

The functionalisation of the three arms of TREN with hydrogen-bond donor
groups affords receptors that have four possible sites to interact with [PtCle])* (three
hydrogen-bond donor moieties and one protonation site). Each of these binding sites
could address one of the eight faces of the octahedral metalloanion and thus two
receptors are needed to optimise the interaction. The C; geometry of the tripodal
TREN based receptors would thus present neutral hydrogen-bond donors to the edges

and/or faces of the hexachloro octahedron (Figure 2.5).

(a) (b)

Figure 2.5. Schematic representation showing the interaction of a tripodal receptor
with [PtCls]*; a) hydrogen-bond donors targeting the faces of the anion and b)
hydrogen-bond donors targeting the edges of the anion. The hydrogen-bond donor
sites shown in red, the protonation site shown in blue and the organic solubilising
moieties as R. For clarity, just one molecule of receptor is shown, however, a 2:1
receptor: [PtCl(,]Z‘ complex is required for the overall complex to be charge-neutral.

2.3. Receptor Synthesis
2.3.1. TREN-based Sulfonamide Receptors

The sulfonamide group consists of a SO, moiety bonded to an NH group which acts

as a hydrogen-bond donor due to its acidity induced from the electron withdrawing
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SO, group. The pKa of the sulfonamide group when bonded to a phenyl substituent
is 16.1; thus, the NH group is relatively acidic and thus a good hydrogen-bond donor
group.*® The treatment of sulfonyl chlorides with ammonia or amines is a common
route to sulfonamides. The reaction proceeds via a nucleophilic substitution
mechanism in which the nucleophilic NH; group attacks the sulfur atom of the SO,
group, with HCI generated as a by-product (Figure 2.6). It is thought that the reaction
proceeds via an SN2 mechanism with the formation of a trigonal bipyramidal
transition state.!’

R'

via )
RH,N--S--Cl R

ch / 2

s , O 0 NH

R‘NHz O:$:O > O—_—s:o + HCl
R' R'

Figure 2.6. Mechanism of the reaction to form a sulfonamide moiety.

2.3.1.1. Synthesis and Characterisation

The receptor L' was synthesised by the reaction of one equivalent of TREN with
three equivalents of benzene sulfonyl chloride under basic conditions in a biphasic
reaction system (Scheme 2.2).*® Basic conditions are required to neutralise the
generated HCI and to prevent the formation of the HCI salt of the amine which would
be unreactive towards electrophiles. Separation of the organic layer and removal of
solvent yielded L' as a colourless solid. Recrystallisation of this solid from MeOH
gave an analytically pure compound as colourless needles in 82% yield. Although L'
is a new ligand similar TREN-based sulfonamide ligands having different terminal

groups have been previously reported for use as anion receptors,’® 4
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Et,0/ H,0 .
N a NH
NH, H NH, *+3 0=l.§;0 — > lo=s=0
NH, R A
L!: R = Ph (82%)

Scheme 2.2. Synthesis of L.

L' was characterised by 'H NMR, 'C NMR and IR spectroscopy, mass
spectrometry and elemental analysis. The 'H NMR spectrum of L' in CDCl; shows
the NH proton of the sulfonamide group as a broad signal at 6.02 ppm consistent
with C; geometry for the molecule in solution. Confirmation that this was indeed the
NH signal was afforded by addition of one drop of D,O to a solution of L' in CDCl,
leading to exchange and the disappearance of the NH signal. The electrospray mass
spectrum showed peaks at m/z 567 and at m/z 590 assigned to [M+H]" and [M+Na]",
respectively and the formation of L' was further supported by the presence of SO,

stretching vibrations at 1150 cm™ and 1350 cm™ in the IR spectrum.

2.3.1.2. Crystal Structure of L!

Single crystals of L' suitable for X-ray crystal structure analysis were grown by
diffusion of n-hexane into a concentrated solution of the product in MeOH. L'
crystallises in the orthorhombic space group Pbca with eight molecules in the unit
cell. The molecular structure (Figure 2.7) shows intra-molecular hydrogen-bonding
between N&—H4A 02 (HA = 2.279 A), which encourages the three arms to be
orientated in a tripodal, rather than a splayed, geometry with a regular spacing
between each arm. Disorder in the phenyl group C19-C24 was modelled over two
half-occupied sites for each atom, distance restraints were applied and the structure

was refined with isotropic displacement parameters for the disordered region.
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In the extended structure there are inter-molecular hydrogen-bonds between
the sulfonamide moieties on adjacent molecules of L' between N2—H2A 03 (HA
=2.597 A) and these interactions lead to a chain of alternating molecules of L' linked
by hydrogen-bonds (Figure 2.8). The details of all hydrogen-bonds are given in
Table 2.1 and the crystallographic data and structure refinement details are given in

Appendix B.

Figure 2.7. Molecular structure of L' showing intra-molecular hydrogen-bonds. All
hydrogen atoms (except NH) are omitted for clarity. Ellipsoids set at 50%
probability. The intra-molecular hydrogen-bond is shown in green and the NH O
distance is measured in A.

Figure 2.8. View of the structure of L' showing the intra- and inter-molecular
hydrogen-bonds present in the extended structure. All hydrogen atoms (except NH)
are omitted for clarity. Hydrogen-bonds are shown in green and the NH O distances
are measured in A. For clarity, the carbon atoms belonging to the adjacent L'
molecules are in alternating shades of light and dark grey.
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Table 2.1. Intra- and inter-molecular hydrogen-bonds D—H'A in L' (D = donor

atom, A = acceptor atom, d = distance).
d(D—H)/ dH"A)Y d(DA) <(DHA)/ Symmetry

D—H"A
A A A ° Code
N4—H4A 02 0.88 2.279 2.988 138
N2—H2A 03 0.88 2.597 3.081 116 -x+1/2,y-1/2,z

* N4—H4A 02 is an intra-molecular hydrogen bond whilst N2—H2A 03 is an inter-molecular
hydrogen-bond.

2.3.2. TREN-based Urea Receptors

The urea group has two NH moieties linked by a carbonyl group and typically
behaves as a two hydrogen-bond donor. It is a particularly effective neutral
hydrogen-bonding motif for anion coordination®® and there are many examples in the
literature where urea groups have been shown to interact with anions in a strong and
selective manner, some of which were discussed in Chapter 1. It was, therefore,
decided that introducing urea functionality onto the TREN scaffold may prove useful
for targeting the [PtClg]*~ anion. The pKa of the urea group is 26.9 in dmso’' making
the NH groups less acidic than in the sulfonamide receptor (pKa 16.1)*® and
potentially a poorer hydrogen-bond donor group.

The synthesis of urea moieties is most commonly achieved by the reaction of
an amine with an isocyanate, the mechanism of which is shown below in Scheme
2.3 The nucleophilic amine attacks the positively polarised carbon of the
isocyanate to form a zwitterionic intermediate and a proton shift then leads to the

formation of a urea moiety.

R

5+ 8- ;

R-N=C=0 R.QC{P)@ HN
= _ @ g —>= [0

e R'—=N_ HN
R'—NH, H R’

Scheme 2.3. Mechanism of the reaction to form a urea moiety.
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During the synthesis of ureas and thioureas it is important to eliminate H,0O
from the reaction to avoid the production of amines via hydrolysis of isocyanates or
isothiocycanates. The addition of H,O to the carbon-nitrogen double bond of the
cyanate gives an N-substituted carbamic acid which is unstable and breaks down to
give CO; (or COS in the case of isothiocyanates) and amine (Scheme 2.4).53 All
syntheses of urea or thiourea derivatives were performed using dry solvent and under

N; to reduce the possibility of unwanted hydrolysis.

R-N=Cz0 20, RN-C0 __ grNH,+CO,
H OH

Scheme 2.4. Hydrolysis of isocyanates.

2.3.2.1. Synthesis and Characterisation

A series of urea containing receptors were synthesised following the method
published by Borovik and co-workers.”® Thus, reaction of TREN with three
equivalents of the appropriate isocyanate in dry thf and under a N, atmosphere
yielded the urea receptors L2-L* as colourless solids in yields in excess of 95%
(Scheme 2.5).55%3 It was found that L* and L*, which incorporate terminal tert-butyl

or n-butyl groups on each of the three arms were more soluble in organic solvents

than the phenyl analogue.
_ thf
K\N/\ (n) (NZ) (\N/\
C r.t. ONH HN._ O
NH, NH, + 3 —
R NH Oy _NH NH
NH, R R
NH
R

L% R =Ph (95%)

L3: R = tert-butyl (98%)

L*: R = n-butyl (96%)
Scheme 2.5. Synthesis L2-L*,
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The purity of L>-L* was confirmed by 'H NMR, "C NMR and IR
spectroscopy, mass spectrometry and elemental analysis. The 'H NMR spectrum of
L2 in CD;OD showed no NH signals due to H-D exchange whilst the mass spectrum
showed a parent ion peak at m/z 504 assigned to [M+H]" and the IR spectrum
showed a characteristic C=O stretching vibration at 1650 cm’. The "H NMR spectra
of L and L* were recorded in CDCl; and both spectra were consistent with a Cs
geometry for the molecules in solution with two resonances observed for the urea
NH groups. The IR spectra of L? and L* showed characteristic C=0 stretches at 1650
cm’ and 1652 cm", respectively, and the electrospray mass spectra and elemental

analytical data further confirmed formation of the desired products.

2.3.2.2. Crystal Structure of L?

Single crystals of L? suitable for X-ray crystal structure analysis were obtained as
colourless laths by vapour diffusion of diethyl ether into a solution of the compound
in MeOH. L? crystallises in the monoclinic space group P2,/c with four molecules in
the unit cell. The molecular structure of L? (Figure 2.9) shows an intra-molecular,
bifurcated hydrogen-bond between the urea moieties on adjacent arms of L? between
N2—H2A02 (H"A = 2.123 A) and N3—H3A02 (H"A = 2.059 A). The
extended structure reveals that there are bifurcated inter-molecular hydrogen-bonds
between the urea moieties on adjacent molecules of L? between Nd—H4A 03 and
N5—HSA"03, and also between N6—H6A Ol and N7—H7A Ol which leads to
a chain of L? molecules linked by hydrogen-bonds (Figure 2.10). The details of the
hydrogen-bonds in L? are given in Table 2.2 and the crystallographic data and

structure refinement details are given in Appendix B.
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Figure 2.9. Molecular structure of receptor L? showing intra-molecular hydrogen-
bonds. All hydrogen atoms (except NH) are omitted for clarity. Ellipsoids set at 50%
probability. The intra-molecular hydrogen-bonds are shown in green and the NH O

distances are measured in A.

X*‘ ¢
Figure 2.10. View of the structure of L’ showing the intra- and inter-molecular
hydrogen-bonds in the extended structure. All hydrogen atoms (except NH) are
omitted for clarity. Hydrogen-bonds are shown in green and the NH O distances are

measured in A. For clarity, the carbon atoms of adjacent molecules of L’ are in
alternating shades of light and dark grey.
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Table 2.2. Intra- and inter-molecular hydrogen-bonds D—HA in L2 (D = donor, A
= acceptor, d = distance).

d(D—H)/ d(H"A) d(DA) <(DHA)/
D—H"A A A A o Symmetry code

N2—H2A"02 0.88 2,123 2.901(2) 147

N3—H3A"02 0.88 2.059 2.837(2) 147

N4—H4A"03 088 1968  2.808(2) 159  -x+1,-y+l,-z+2
N5—HSA"03  0.88 2222 2999(2) 147 -x+l,-y+l,-z+2
N6—H6A"Ol  0.88 2.163  29242) 145 X, -y+1, z+1

N7—H7A"01  0.88 2019  2.846(2) 156 X, -y+1, -z+1

*N2—H2A 02 and N3—H3AO2 are intra-molecular hydrogen bonds, all others are inter-
molecular hydrogen-bonds.

2.3.3. TREN-based Thiourea Receptors

The hydrogen-bond donor properties are related to its protonic acidity and thiourea is
a stronger acid than urea (pKx = 21.1 and 26.9, respectively in dmso).** It was
therefore expected that thiourea-containing receptors might establish stronger
hydrogen-bond interactions and form more stable complexes with anions than their
urea counterparts.®’ Also, thiourea derivatives can be compared with the analogous

urea receptors to probe the effect of the nature of the heteroatom (C=X) in the group.

2.3.3.1. Synthesis and Characterisation

Thiourea moieties are synthesised by the reaction of amines with isothiocyanates in
an analogous manner to the synthesis of ureas.>* As the route used for the synthesis
of urea receptors was found to be reliable, an analogous procedure was used for the
preparation of thiourea systems. The receptors L°-L’ were synthesised by the
reaction of one equivalent of TREN with three equivalents of a substituted

isothiocyanate in dry thf under N, (Scheme 2.6).>* Phenyl, fert-butyl and methyl
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isothiocyanates were used in order to assess the effect of varying the terminal
substituents on solubility. As methyl substituents are smaller than phenyl or tert-
butyl groups it was thought that the NH donor groups may be less sterically hindered
allowing shorter and stronger hydrogen-bond interactions. The ligand L’ has been
synthesised previously and has been used as a phosphate and sulfate receptor.’® The
perchlorate salt of L7 has been reported to bind lithium® and L® has been used as a

ligand for copper.®’
thf
) NN

S
NN i rt S« NH HHN\(S
NH, \ NH, +3 8 ~—" NH S_NH NH
NH, R R NH R
R

L5: R = Ph (68%)
LS R = tert-Bu (74%)
L’: R = Me (69%)

Scheme 2.6. Synthesis of L’-L’.

The successful formation of L’-L7 was confirmed by 'H NMR, *C NMR and
IR spectroscopy, mass spectrometry and elemental analysis. The 'H NMR spectrum
of L, in CDCl; showed the thiourea NH signals as broad single resonances at 8.25
and 6.90 ppm consistent with C; symmetry of the tripodal receptor in solution. The
IR spectrum showed a C=S stretching vibration at 1551 cm™, while the electrospray
mass spectrum showed peaks at m/z 552 and m/z 574 assigned to [M+H]" and
[M+Na]’, respectively.

The '"H NMR spectrum of L® in CDCl; showed signals for the two different
thiourea NH environments at 6.48 and 6.33 ppm. Electrospray mass spectrometry
supported the formation of L’ with a peak at m/z 492 assigned to [M+H]" and the B¢
NMR spectrum along with the IR spectrum and analytical data further confirmed the

formation of the desired product.
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L’ was obtained as an oil while L° and L® were obtained as colourless solids.
Characterisation of the oil confirmed the formation of the desired product. The 'H
NMR spectrum showed broad signals at 6.88 ppm and 6.73 ppm assigned to the two
thiourea NH protons while electrospray mass spectrometry showed a peak at m/z 366

assigned to [M+H]".

2.3.3.2. Crystal Structure of L*

The receptor with terminal phenyl substituents proved to crystallise more readily
than the other derivatives. A single crystal of L’ was obtained as a colourless block
by diffusion of n-hexane into a concentrated solution of L* in MeOH. L’ crystallises
in the monoclinic space group C2/c with eight molecules in the unit cell. The crystal
structure shows no apparent intra-molecular or inter-molecular hydrogen-bonding
and the molecular structure is shown in Figure 2.10. Crystallographic data and

structure refinement details are given in Appendix B.

Figure 2.10. Molecular structure of L. All hydrogen atoms (except NH) are omitted
for clarity. Ellipsoids set at 50% probability.
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2.3.4. TREN-based Amide Receptor

The amide moiety has an acidic NH proton available to act as a hydrogen-bond
donor group and there are many examples of anion receptors that utilise this.%® ¢ For
this reason the amide group was incorporated onto the TREN scaffold with the hope
it would hydrogen-bond to the [PtClg]> anion. The pKa of the amide group is 23.3%
which means it is slightly more acidic than the analogous urea system and might be
expected to form stronger hydrogen-bonds. Comparison of urea- and amide-
containing receptors would give an important assessment of how the number of NH

hydrogen-bond donor groups effects extraction efficiency.

2.3.4.1. Synthesis and Characterisation

L® was synthesised by the reaction of one equivalent of TREN with three equivalents
of benzoyl chloride in a biphasic reaction (Scheme 2.7).** % An off-white precipitate
was formed which was collected by filtration, washed with diethyl ether and dried in
vacuo to give the product in 74% yield. The synthesis and crystal structure of L? has
been previously reported by Goldcamp and co-workers’® who prepared the product
via reaction of TREN with benzoyl chloride in the presence of triethylamine. They
were interested in the ligand as it incorporates amide moieties for the stabilisation of
high valent metal centres and also a tripodal geometry to enforce trigonal pyramidal
geometry on metal complexes.

N
Et,O/H,0 O< NH HHN\(O

Ph Oﬁ,NH Ph
Ph

L} (74%)

N
NH, \ NH, +3 Oy ©
NH, Ph - NaOH, rt.

Scheme 2.7. Synthesis of L8, 44
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L® was characterised by '"H NMR, “C NMR and IR spectroscopy, mass
spectrometry and elemental analysis. The 'H NMR spectrum of L% in CDCI; shows
three signals in the aromatic region at 7.18, 7.33 and 7.60 ppm corresponding to the
three different proton environments on the phenyl ring, with the NH resonance
observed as a broad signal at 7.18 ppm consistent with C3 symmetry of the molecule
in solution. The electrospray mass spectrum shows a peak at m/z 459 assigned to
[M+H]" and '3C NMR and IR spectroscopy alongside elemental analytical data

further confirmed the purity of the product.

2.3.4.2. Crystal Structure of L®

A single crystal of L® was grown by solvent diffusion of n-hexane into a
concentrated solution of the ligand in MeOH. The crystal structure obtained was the
same as a structure previously reported by Goldcamp and co-workers.”® However the
structure in Figure 2.11 has been re-numbered to enable ease of comparison between
this and our other tripodal systems. The molecular structure of L® shows an intra-
molecular hydrogen-bond between the amide moieties on adjacent arms of L2
between N2—H102 (H"A = 2.157 A) encouraging the tripodal geometry of the
receptor in which the three pendant arms are orientated in the same direction (Figure
2.11). The extended structure of L® also reveals two inter-molecular hydrogen bonds
N3—H2"03 (H"A = 2.150 A) and N4—H301 (H"A = 2.128 A) forming linear
chains along the ¢ axis (Figure 2.12). The full details of the hydrogen-bonds present
in the structure of L® are shown in Table 2.3 and the crystallographic data and

structure refinement details are given in Appendix B.
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Figure 2.11. Molecular structure of receptor L* showing the intra-molecular
hydrogen-bond. All hydrogen atoms (except NH) are omitted for clarity. Ellipsoids
set at 50% probability. The intra-molecular hydrogen-bond is shown in green and the

*
NH O distance measured in A.”

Figure 2.12. View of the structure of L° showing intra- and inter-molecular
hydrogen-bonds present in the extended structure. All hydrogen atoms (except NH)
omitted for clarity. The hydrogen-bonds are shown in green and measured in A. For
clarity, the carbon atoms of each L® molecule are in alternating shades of light and

dark grey.

The structure in Figure 2.11 has been renumbered compared with the published structure to enable
ease of comparison between the crystal structures of TREN receptors presented in this thesis.
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Table 2.3. Intra- and inter-molecular hydrogen-bonds D—H A present in L® (D =
donor, A = acceptor, d = distance).
d(D—H)/ dMH"A) d(D"A)Y <(DHA)  Symmetry

p—H"A A A A ° Codes
N2—H102 0.86 2.157 2.932(3) 150
N3—H203 0.86 2.150 2.896(3) 145 1-x, -y, -z
N4—H3"0Ol 0.86 2.128 2.950(3) 160 1-x, -y, 1-z

*N2—H]1+02 is an intra-molecular hydrogen bond whereas N3—H2 03 and N4—H3"0Ol are
inter-molecular hydrogen-bonds.

2.3.5. TREN-based Amido Pyrrole Receptor

Pyrroles are known hydrogen-bond donor groups with many recent reports of their
use as anion receptor motifs.”' The pKa of the NH proton of pyrrole in dmso is 23.0"
which is similar to the amide group (23.3).' Receptors with amido pyrrole moieties
have two NH donors on each of the pendant arms to give a total of six hydrogen-
bond donors per molecule of receptor. By comparison with urea receptors the effect

of the spacer between NH groups can be found.

2.3.5.1. Synthesis and Characterisation

Reaction of pyrrole-2-carboxylic acid, 1, with oxalyl chloride and a catalytic amount
of dmf under N, yielded pyrrole-2-carbonyl chloride, 2, as an off-white solid in 96%
yield (Scheme 2.8).”> 7 7° The 'H NMR spectrum of 2 in CDCl; shows a broad
signal at 9.58 ppm, assigned to the NH proton and the aromatic protons are observed

in the 7.24-7.15 ppm region consistent with the data reported in the literature for this

compound.
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Oxalyl
7\ 0 chloride 1\ 0
N -_ N
H OH DMEF, r.t. H O
1 2

Scheme 2.8. Synthesis of pyrrole-2-carbonyl chloride, 2.

Reaction of TREN with three equivalents of 2 in the presence of sodium
carbonate in CH,Cl, gave L° in moderate yield as an off-white solid (Scheme 2.9).
Work published by Sessler and co-workers reports this synthesis together with a
crystal structure of L°.7®

l) CHzClz,

N32C03,
TN M\ o
NH, & NH, 43 Oy
NH, H d n) H,0, r.t

2 L’ (60%)
Scheme 2.9. Synthesis of L.

L’ was characterised b'y 'H NMR, ®C NMR and IR spectroscopy, mass
spectrometry and elemental analysis. The 'H NMR spectrum of L’ in dmso-ds shows
the NH protons in the three pyrrole rings resonating at 11.44 ppm and the three NH
amide protons were observed as a triplet at 7.95 ppm. The electrospray mass
spectrum of the product showed a peak at m/z 426 assigned to [M+H]" and elemental
analytical data further confirmed the purity of the product. Unfortunately, at the
concentrations required for solvent extractions, the product is not very soluble in

organic solvents thus hindering its use as a receptor in solvent extractions.
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2.3.5.2. Crystal structure of L’

Single crystals of L’ were obtained as pale yellow needles by the solvent diffusion of
n-hexane into a concentrated solution of the product in MeOH. L’ crystallised in the
triclinic space group P-1 with two molecules in the unit cell. The structure analysis
shows the presence of an intra-molecular hydrogen-bond between the amide moieties
on adjacent arms of the molecule N4—H4A O3 (H A = 2.260 A) encouraging a
tripodal geometry in the structure in which the three arms are orientated in the same
direction (Figure 2.13).

In addition, there are inter-molecular hydrogen-bonds present between the
amide and pyrrolic moieties from adjacent molecules with N3—H3A 02 (H"A =
1.993 A), N5—HS5A 01 (H"A = 2.044 A) and N6—H6A Ol (H"A = 2.111 A)
(Figure 2.14). This leads to the formation of a hydrogen-bonded network of L’
molecules in which the receptors have alternating orientation. The full details of the
hydrogen-bonds present in L’ are given in Table 2.4 and crystallographic data and

structure refinement details are given in Appendix B.

Figure 2.13. Molecular structure of receptor L.’ showing intra-molecular hydrogen-
bonds. All hydrogen atoms (except NH) are omitted for clarity. Ellipsoids set at 50%
probability. The intra-molecular hydrogen-bond is shown in green and the NH O
distance is measured in A.
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Figure 2.14. View of the structure of L’ showing the intra- and inter-molecular
hydrogen-bonding in the extended structure. All hydrogen atoms (except NH) are
omitted for clarity. The hydrogen-bonds are shown in green and the NH O distances
are measured in A. For clarity, the carbon atoms of each molecule are in alternate
different shades of light and dark grey.

Table 2.4. Intra- and inter-molecular hydrogen-bonds D—H A in L’ (D = donor, A
= acceptor, d = distance).

d(D—H) dH"A) d(D"A) <(DHA)

D—H"A /A /A /A T Symmetry Codes
N4—H4A"03 0.86 2.260 2.935(3) 135
N3—H3A"02 0.86 1.993 2.796(3) 155 -Xx+1, -y+l1, -z+1
N5—H5A"Ol1 0.86 2.044 2.853(3) 156 -X+l1, -y+l1, -z+1
N6—H6A Ol 0.86 2.111 2.919(3) 156 -X+2, -y+1, -z+1

*N4—H4A 03 is an intra-molecular hydrogen bond whereas N3—H3A 02, N5—HS5A 'Ol and
N6—H6A Ol are inter-molecular hydrogen-bonds.

2.4. Complexation Reactions

Following the synthesis of receptors complexation reactions were performed.
Hexachloroplatinic acid (H,PtCls) was used throughout this work as a source of the
[PtCls]*” anion. It was chosen because it is commercially available and is soluble in

MeCN, H,O and acetone. Also, by using H,PtCly the two protons can protonate two



Chapter Two: Design and Synthesis of Tripodal Receptors 82

TREN-based receptors to give the charge-neutral ion-pair [(LH),PtCl¢] with no by-

products. (Scheme 2.9).

2L + HyPtCly —— [(LH);PtCl¢]

Scheme 2.9. Synthesis of a charge-neutral complex.

A general method for the formation of complexes was developed in which
two equivalents of the receptor were dissolved in MeCN and added to one equivalent
of H,PtClg, also dissolved in MeCN. If necessary, the solutions of ligands were
gently heated to aid dissolution. The complexation reactions that were carried out

with the receptors L'-L° are now discussed in turn and the evidence for the

formation of complex products presented.

2.4.1. Synthesis of a Sulfonamide Complex

2.4.1.1. Synthesis of [(L"H),PtCl]

Two equivalents of L' were added to one equivalent of H,PtCls in MeCN. The
receptor L' was only partially soluble in MeCN which hindered the complexation
reaction. No precipitate formed in this reaction although not all of the receptor was

soluble which prevented analysis of the resulting solution by 'H NMR spectroscopy.

2.4.1.2. Crystal Structure of [(L'H);PtClg)

The complex [(L'H),PtClg] crystallised as pale yellow laths following the mixing of
an aqueous HCI solution containing K,PtCls with a solution of two equivalents of L'
in MeOH. The structure determination of [(L'H)thCl6] revealed one [PtCl(,]Z' anion
lying on a centre of inversion with both sulfonamide receptors protonated at their

bridgehead nitrogen atom (N1) to give an overall charge-neutral complex (Figure
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2.15). Disorder involving the atoms C3—C8 in a terminal phenyl ring was modelled
by allowing two half-occupied sites for each atom. Distance restraints were applied
and the structure refined with isotropic atomic displacement parameters for the
disordered region.

The definition of what constitutes a hydrogen-bond is based upon the distance
between the hydrogen-bond donor and acceptor atoms which should be less than or
equal to the sum of the van der Waals radii for these two atoms. In the case of
hydrogen-bonds of the type N—HCl—Pt the HCl distance should be less than
2.95 A, and this general criterion has been used in all structures of complexes that are
presented throughout this thesis.

Each [L'H'] cation is involved in three hydrogen-bonds to two separate
[PtCl¢]* anions with a bifurcated interaction to one [PtCls]>™ anion and a single
hydrogen-bond to another [PtClg]*” anion. Figure 2.15 shows the bifurcated
hydrogen-bonding interactions N4—H4B'CI3 (H"A = 2.609 A) and N4—
H4B'CI2 (HA = 2.889 A) between two [L'H*] receptors and a central [PtCle)>
anion. The extended structure (Figure 2.16) reveals that, in addition to the bifurcated
interaction shown in Figure 2.15, a second arm of each tripod interacts with a
different [PtCls]*™ unit N2—H2CCI3 (HA = 2.790 A).

The areas of [PtCls]*" that are bound by the NH donor groups are highlighted
in Figure 2.17. The hydrogen-bond donor group H4B forms a bifurcated hydrogen-
bond with CI2 and CI3 and is located slightly out of the triangular plane define<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>