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Abstract

This thesis presents research into the binding, extraction and transport of the

hexachloroplatinate anion, [PtCI6f-, 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 [PtCI6]2- to

optimise the recovery of platinum.

Chapter One outlines reasons for the interest in [PtCI6]2-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 [PtCI6]2-. 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

H2PtCl6to form [(LH)2PtCI6]ion pairs are discussed. Crystallographic analysis of the

[(LH)2PtCI6]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 [PtCI6]2-.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

[PtCI6]2-complexes. In these "second generation" receptors the terminal substituents

assessed include 3, 5-dimethylphenyl, 4-iso-propylphenyl, 4-tert-butylphenyl, 3, 5-

dimethoxyphenyl, 3, 4-dimethoxypheynl and 3, 4, 5-trimethoxyphenyl. Through
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reaction of the receptors with H2PtCl6the 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 [PtCI6]2-.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 [PtCI6]2-.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)2PtCI6] 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

[PtCI6]2-.
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Chapter One: Introduction 1

1. Introduction

This thesis presents research into the binding, extraction and transport of the

hexachloroplatinate anion, [PtCI6]2-, 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 [PtCI6]2- to optimise the

recovery of Pt. This Chapter outlines the reasons why our research focussed on

[PtCI6]2- 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.

roo-; Periodic Table of the Elements 1""""2
H He

3 4 • hydrooen • poor" metals ~ e 7 8 9 10
Be .lk.1I metets • nonmetals: B C N 0 F Ne

11 12 • alkali earth metals • noble gases 13 14 ,. I. 11 1.
Mg • transition metals • rare earth metals AI SI P S Cl Ar

19 20 21 22 23 2 2 26 27 28 29 30 31 iI2 33 5: 36 3!1
Ca Se 11 V Cr Mn Fe Co NI Cu Zn Ga Ge As Br Kr

37 S~ 39 40 " 42 43
R~ Rh' Pd"" 47 48 In"" iIO 61 62 ea 64

Y Zr Nb Mo Tc Ag Cd Sn Sb Te I Xe
56 51! 57 72 7J 7 7 78 78 79 80 8' 11:2 83 84 86 Rn'"Ba La Ht Ta W Re Os Ir Pt Au Hg TI Pb BI Po AI
87 51! 89 104 '0:> '(1&

U~~ uA'; U~eRa Ae Unq Unp Unh Unn.
•.

C: P';" 80 .,
S; E~

64 T:5 D~ H~' E~ T;
0 1Nd Pl'1 Gd Yb Lu.

T::' - ., 92 .'" 94 A,;;' C: Bk" Cr ES
OO .'OG 1".' N'~ L;"'Pa U ~p Pu Fm Md

·••· 44
Ru

••••
45 46

Rh Pd

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 auto catalysts and jewellery (Figure 1.2).1,2

Other (16%)

Jewellery (24 %)

Figure 1.2. Pt use by application in 2006.1,2

Autocatalyst(60%)

Autocatalysts convert over 90% of harmful emissions into less harmful products. A

reduction catalyst uses Pt and Rh to convert nitrogen oxide emissions into N2 and O2

and an oxidation catalyst based on Pt and Pd to oxidise hydrocarbons into C02 and

H20 and CO (produced from the incomplete combustion of petrol or diesel) into

CO2.
3
, 4 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.6-9

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.'!' 12 The PGMs find use as

catalysts as the stable oxidation states for these elements have a d8 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.l3-IS

Platinum diphosphine complexes containing a trifluoromethylligand 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.16-20

, ...•'"n
Ph2P"... ..••,PPh2

~Pt,
F3C C12CH2

H202\), ...•'"_n
Ph2P"".. ..•"PPh2 R"lll

'Pt' "F3C" "OOH'- I

"" '>-<',.
Ph2P""'Pt" ..·"PPh2 -OOH

F3C" ~fJ
R

'>-<'..Ph2P"".. ..••,PPh2'Pt" K
FC" ~
3 a-OH

Figure 1.3. An example of using a platinum-based catalyst.16-20
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Adams catalyst (Pt02) 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 Pt02 is the reduction of alkenes where the Pt02

catalyst can be recycled for over 10 cycles without loss of activity (Figure 1.4).21-23

5 mol % Pt02
H2 (1 atm)

PEG
r.t., 2-5 h

Figure 1.4. An example ofa hydrogenation reaction using Pt02.21-23

Cis-platin, [cis-PtCh(NH3)2], is a platinum-based chemotherapy drug.

Following administration in vivo, a chloride ligand is substituted by H20 to form

[PtCI(H20)(NH3)2t 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).25

(a) (b)

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.i" 27 Due to its
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relative scarcity platinum IS seen as a good investment with examples including

. db II· . 28ingots an u Ion 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 l.6, a).28 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.

soo

(6%)

Others
(4%)

......
.,~ 400
:l•rl 300..co
;-200
-8...
:I

~ 100
Cl.

North

Russian
Federation
(14%)

America

South Africa (76%)

Figure 1.6. a) Pt supply by regions % 2002-2006 and b) worldwide growth In

platinum production from 1800-2000.29
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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. 30 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
(0,0005-0,0008% POMs)

Crushing
Ore extraction _,. and _,. small rock particles

CONCENTRATION ••••••••••••••••••••••• ~:I.~~ •••••••••••••••• ~ ~.~t~~.~~••••
(60% POMs) unwanted minerals ._ smelting in furnace ._ flotation concentrate

/ ~ironvaluable metals matte _,. air blowing
sulfur

converter matte

.:;~:~~~:~~:~;~;i~~·········~~~ t·······
- solvent extraction b I finidi 'II ' .__ concentrated r=v+ ase meta s re uung- Ish anon

REFINING

-ion-exchange residues

Figure 1.7. Overview of the stages involved in the refining ofPGMs.

1.2.2. Mining of Platinum Containing Ores

The ores obtained from mining can contain PGMs alloyed with iron, arsemc,

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). 31 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 H20 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."

RSH
o

RO~
S-

S
II

RO-P-S-
I

OR

Figure 1.8. Structures of some froth flotation agents.32

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 S02 and

Fe02. A disadvantage of this process is the production of polluting S02 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)

ill) Crushing
2) Froth flotation

Flotation concentrate (contains 0.01-0.015% PGM)

ill) Smelting
2) Slow cooling

0.15% PGMil Magnetic Separation --- .... Cu-Ni sulfide Matte

Magnetic PGM-rich Ni-Cu-Fe phaseil Dissolution ------ ... Cu-Ni-Fe solution

60% PGM Concentrate

Figure 1.9. Concentration process for PGMs from sulfide ores.26

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.i" 35

The hexachlorometallate anions [PtCI6]2-, [RuCI6]2- and [IrCI6]2- are

separated by precipitation as their ammonium salts via reaction with ammonium

chloride (Equation 1)_29

2 NH4CI + [MCI6]2- [(NH4hMCI6] (s) + 2 cr (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 > I >Br >Cl >N > 0 > F and this

applies particularly to Pt and Pd.36 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." 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 SC~ 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.i"

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 3rd row> 2nd row> Is1 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.39

Both Ru and Os form volatile tetroxides under strongly oxidising conditions

which enables their separation from the other PGMs by distillation. OS04 is more

stable than RU04 and selective reduction of RU04 by dissolution in HCI enables

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

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

Metal Concentrate

PUd

, ~_:: :~::~, (Of Cl,) undissolved

Ptli' P:~:~ A;:~_'_A_g(_I) ~ AgCl(s)

Pt(lV), Pd(II), Au(III)li SO,iFeSO, --------- .. Au (s)

pr'P:~CI _..(NH4MPtCI6] (s)

Ru,Rh,Ir,Os----,

Pd(II)

II ~ HCl
NH3 [Pd(NH3)4]. [Pd(NI13hCI2J (s)

----- -----------------------------------------------------------

RUij'Rh'~: ~:.gc,smelt A NO AgCl (s)
2) RN0

3
___.. g 3 ___..

Ru,Rh,Os,If

ij

Na2C03/ Na202

600-700oC

Rhilf HCI

1trRh;~CI
Rh(III)------------ ... [Rh(NH3)sCl]CI2 (s)

Figure 1.10. Classical refining for the separation ofPGMs_29
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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.f 29, 36, 40 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 1.1.29With

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, [PtCI6]2-, 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 H20, but this is inhibited in

stronger chloride media."

Table 1.1. PGM species found in aqueous chloride media.i"
Ruthenium Rhodium Palladium

Ru(III) Rh(III) Pd(II)

[RuCI6]3- [RhCI6]3- [PdC4]2-

[RuCIs(H20)]2- [RhCIs(H20)]2-

[RUC4(H2O)2r [RhC4(H2O)2]-

[RuCI3(H20)3]

Ru(IV) Rh(lV) Pd(lV)

[RuCI6]2- [RhCI6]2- [PdCI6]2-

[Ru2OCl1o]4-

[Ru20CIg(H20)2]2-

Osmium Iridium Platinum

Os(IV) Ir(I1I) Pt(H)

[OsCI6]2- [IrCI6]3- [PtCI4]2-

[IrCIs(H20)]2-

[IrCI4(H2O)2]-

Ir(IV) Pt(lV)

[IrCI6]2- [PtCI6]2-
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1.2.4.2.2. Extraction

There are two types of liquid-liquid extraction that are frequently encountered.Y' 43

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: 43,44

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

• Selective ion complexation

• 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/" 36, 39 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): 39
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(2)

Pd(II) is sufficiently labile to make this approach viable for which coordinating

solvents such as dialkyl sulfides45 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.38 Using inner-sphere coordination to extract

POMs has limited use because of the relatively slow substitution kinetics leading to

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

processes.

R N,OH

~R2 OH R3

R= H, alkyl R= alkyl

Figure 1.11. Structure of a hydroxyoxime and dialkylsulfide. 38.45

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 3.39

(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 [AUC4r and as POMs are not extracted to any appreciable extent

by solvating systems, it provides a method of separating Au.36, 38

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):

(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.i" Some

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

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

[MCI6f-
[AuC4]2-

Anion Exchange

Anion Exchange

Anion Exchange

Strong base

Dialkyl sulfides
Hydroxyoximes
Tri-n-octylamine

Weak base Dibutyl carbitol
Isodecanol

Methyl-iso-butyl ketone
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 [MCI6]3-

anion requires three cations to be charge-neutral, while [MCI6]2- needs two cations,

and [MC4r 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.Y' 48An example of

how solvent extraction can be used to separate PGMs is shown in Figure 1.15.29

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 [AuC14r is achieved with solvating reagents such as

methyl iso-butyl ketone or dibutyl carbitol.t" 38 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

[PdCI4]2- 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 [PdC4]2- in a solvent extraction process." 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(III) and Ir(III) 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]

Low [HCI]

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

The removal of Ru as RU04 by distillation has been reported.": 38There is also work

detailing the use of mono-N-substituted amides to separate Ru in a solvent extraction

process. 52,53,54The low stability of [IrCI6]3- ion pairs results in Ir(III) being oxidised

to Ir(IV) to give [IrCI6f-, which can then be extracted using an amine in a similar

manner to [PtCI6]2-. The ability to select Ir extraction by control of the metal

oxidation state gives great flexibility in the extraction procesa."
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Metal Concentrate
Pt, Pd, Rh, Ru, Ir, Au, Agil Complex dissolution

Solution in HCI
Pt(IV), Pd(II), Rh(In), Ru(III), Ir(IV), Au(IU), Ag(I)il Low chloride cone, ---------~AgCI(s)

Solution in HCI
Pt(IV), Pd(U), Rh(UI), Ru(IU), Ir(IV), Au(IU)

Solvent II. reduction
extraction ..u methyl-Isobutyl ketone ~[AuCI4r Au

Pt(IV), Pd(U), Rh(In), Ru(In), Ir(UI)

Solvent II .
extraction ..u ~-Hydroxyoxlme -----------..Complexed Pd

Pt(IV), Rh(IU), Ru(UI), Ir(UI)

Solvent II
extraction ..u Ion-exchange with amine---------t .. Pt(IV)

Rh(UI), Ru(IU), Ir(UI)il Oxidative distillation ----------.. Ru04

.Rh(III), Ir(III)il Ion-exchange with amine---------I .. lr(IV)

Rh(IU) ------------- ....Rh(III)
Ion-exchange

Figure 1.15. Modem refining method incorporating solvent extractionlion-
exchange.55,36

Solvent extraction has been tailored for a range of non-precious metals

including Cu and CO.56There is also work showing how solvent extraction can be

used for a range of other metals including Ga,57,58Te,59 In,60and Sb.61
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Solvent Extraction to Separate [PtClil2-

This Section provides more detail of how solvent extraction can be used to

selectively extract and transport [PtCI6]2-. 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."

(R= amine) (5)

10000

1000..=Q,I'M
Ue 100Q,Ieu
= Quaternarye
'M...= 10 Tertiary.c.........
"'"'M
Q

.-=--=---:..:.:--..:.:.--:.:.:---:.::--.:.:---:.:.:--:--:---~--~--:---~--.:_-_-- Secondary

~--._---------- Primary
0_1+--------r------~--------r_------~------~

o 2 4 6
Concentration of HCI

8 10

Figure 1.16. Distribution data for the extraction of [PtC16]2-by typical amines.l"

There is literature evidence suggesting that Alamine or Aliquat type reagents

are used to extract [PtCI6]2-. 32,62Alamines 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 [LHt which can form an ion-pair with [PtCI6f-.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.

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 [PtCI6]2- in a solvent extraction process (Figure 1.18). Yoshizawa and co-

workers studied the extraction and stripping equilibrium of [PtCI6]2- between acidic

chloride media and trioctylamine (TOA) in toluene.f Fu and co-workers,64-66

Hasegawa et al67 and Mirza68 have also studied the extraction of [PtCI6]2- with TOA.

Solvent extraction of [PtC16f- using N-n-octylaniline has been described by Anuse69,

70and using Alamine 304 in xylene was studied by Alguacil and co-workers."

Q
N

Figure 1.18. Examples of some Alamine based extractants for [PtCI6]2- a} TOA; b}
N-n-octylaniline and c} Alamine 304.64-71

Yamamoto and co-workers have studied the liquid-liquid distribution of ion

pairs of [PtCI6]2- with quaternary ammonium counter ions.72 They found that long

chain alkyltrimethylammonium cations were more effective than
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tetraalkylammonium cations for extraction of [PtCI6]2- into CHCh. 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 [PtCI612-

Following the extraction of [PtCI6]2- 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 [PtCI6]2- for X- leading to formation of [(LH)X] and

release of [PtCI6]2- (Equation 6):

[(LHhPtCI6] + 2 HX -_ (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 [PtCI6f- (Equation 7):

(7)

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):39

- [PtCI B ](2-n)- + n cr6-n n (8)

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 [PtCI6]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

. . . 32 41 73 I' I hid . . f I c. h .contammg species. " t mvo ves tee ectro eposition 0 meta Strom t err

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 and R' = monatomic substituents)

CuO + H2SO4 ~ ~ CUS04 + H2O Leach

CUS04 + 2LH2 . ~
Cu(LH)2 + H2SO4 Extraction

Cu(LHh + H2SO4 . ~ CUS04 + 2LH2 Strip

CUS04 + H2O ~ ~ Cu + 0.5 O2 + H2SO4 Electrowin

CuO ~ ~ Cu + 0.5 O2 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 H2S04 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 (LH2) to form a charge-neutral

complex [Cu(LHhl Following extraction, Cu is stripped from the loaded organic
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phase using H2S04 which re-protonates the ligands and releases Cu(II) to form a

CUS04 solution. Re-protonation of the ligand to form organic soluble LH2 means it

can be recycled and used in further extraction cycles. Electrolysis of the CUS04

solution produces pure Cu metal (product) and H2S04 (spent electrolyte) which is fed

back into the stripping stage.42,74,75

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.f

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(JV) from spent nuclear fuel. The irradiated fuel is dissolved in

HN03 and extraction is achieved using tri-n-butyl phosphate (TBP) in kerosene. At

high concentrations ofHN03, U(VI) is extracted to form the organic soluble complex

[U02(TBP)2(N03h] (Equation 9 and Figure 1.20). Back extraction is achieved by

contact with dilute HN03 causing dissociation of the complex releasing U(N03)2 and

TBP. Pu(lV) forms a similar complex to U(VI) but it is possible to strip the Pu by

reduction to Pu(III) which does not complex with TBP unless the nitrate

concentration is very high.76,77

HN03 TBP
UOz [UOZ(N03)z] ~ [U02(TBP)z(N03h] (9)
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Figure 1.20. Structure of tri-n-butyl phosphate (TBP) and the [U02(TBP)2(N03)2]
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

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.i" Amberlite IRA 400 is another solid-pha e

extractant that uses anion-exchange (Figure 1.21, b). 80, 81

(a) (b)
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Figure 1.21. a) the structure of a silica based amine containing receptor and b)
Amberlite IRA 400.79-81

The Superlig® series are proprietary media which are thought to make use of

cation and anion selective ligands covalently-bonded to solid supports.f 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).81

Pd, Pt, Rh, base metals "I "Pd" Superlig®

1 "Pt" Superlig®

1---..... Pd

1---..... Pt

"Rh" Superlig® Rh

base metals

Figure 1.22. Separation of Pd, Pt and Rh from chloride media using Superlig®
media.82

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.83, 84 For this reason the scaling up of chromatographic

separation has been proposed as an alternative refining technique.f" 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 [PtC16f- 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 [PtCI6]2- 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 [PtCI6f-. 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.86-93There 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.9s-97 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.98-lo3

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 [PtCI6]2- 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 CI-Pt-CI

distance across the anion is 4.61 A.
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C112-
CII11 I ,\,CI

"p(
Cl" I 'Cl

Cl

Figure 1.23. The octahedral geometry of the hexachloroplatinate(IV) anion,

[PtCI6]2-.

1.3.2. Receptors for Anions

An anion receptor is a molecule that can bind to an amon via non-covalent

interactions. Useful design features to incorporate into such receptors include

I . d h dr b di , d L ' id di 86 9097e ectrostatic an y ogen- on mg interactions an ewis act coor mation.": ,

104-107 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.": 107

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 mOrl.I08 The

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

strong binding.

Receptor Anion

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).109-112The 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 = (CH2)6 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).113.114It was found that this receptor

binds anions more strongly as there is no competition from counter anions.
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(a) (b)

Figure 1.25. Examples of receptors that use electrostatic interactions to interact with
an anion.I09-114

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. IIS,116

Figure 1.26. Views of a dipolar anion receptor. 115,116

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

c. .. . Id . 117118 idi 119 d imid 1120to rorm a canonic receptor me u e ammes, ' pyn mes, an mu azo es.

The heteroditopic receptor shown in Figure 1.27 illustrates how the

protonation of a tertiary amine facilitates anion binding.121-126The receptor is

designed to extract metal sulfates, MS04, and has two binding pockets: one to bind

to M2+ and one for the sol- counter ion. The receptor itself is neutral and upon

coordination of M2+ 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 M2+cation whilst the pendant tertiary amine groups are

protonated and bind to the S042- anion.124

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

A functionalised thioether receptor capable of simultaneously binding Ag+

and N03 - is known (Figure 1.28).127Anion binding occurs via a switch mechani m

whereby coordination of the metal cation breaks internal hydrogen-bonds allowing

an anion to bind to the urea hydrogen sites on the attached pendant arm, No anion

binding occurs in the absence of a bound metal. ion demon trating that an

electrostatic interaction contributes to the binding ofN03 - by the receptor.
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[;S /fO"H

(

SrN N N'R
'~~ ) H 'II
Ag " 0
/:" "S'N I

\_:_/ N' OHI I /"

I I "

: " NyN-R
I " H' IIo ",,' 0
ON-O (R = tBu, Ph)

Figure 1.28. Using a ditopic receptor to bind AgN03.127

A ditopic receptor capable of binding monovalent salts is shown in Figure

1.29. Various sodium and potassium salts (NaN03, NaN02, KN03) 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 r idu .12

Figure 1.29. Using a ditopic receptor to bind metal alt .128

1.3.2.2. Using Electrostatics to Bind rpt 1612-

Alamine and Aliquat reagent u electro tatic tra t [Pt 16]2-. A pr t nati n

of Alamines is required to nable an el tro tati

the advantage that the uptake and rei a of th ani n an b ntr II d by a pH

wing mechani m. In contra t, th Aliquat tra tant are p rman ntly ati ni

meaning that they can extract without acid but tripping and r v ry f th ani n
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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

(Figure 1.30).

s- b+ 8
X--HIIIIIIIII -

Figure 1.30. Anions can accept hydrogen-bonds.

Hydrogen-bond energies extend from 60-170 kJ mol" for strong hydrogen-

bonds, 17-60 kJ mol" for moderate bonds and 4-17 kJ mOrl for weak bond .129 The

strength of a hydrogen-bond is inversely proportional to th R'"A length and a trong

hydrogen-bond is often associated with a short H"'"A distance. Strong hydrogen-

bonds are also associated with X-H""A bond angle clo e to 1 0° and b rved

downfield shifts in the IH NMR spectrum. In contra t, weak hydrogen-bond have

smaller X-H"A bond angles and a shorter X-H di tance than R"A di tance

(Table 1.3).129-131
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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

8(X-H"A)/o 175-180 l30-180 90-150

Bond energy/kJ morl 60-170 17-60 4-17

Examples P-"'H"'P- OIN-H"'O=C C-H"'OIN

O-H"O-H OIN-H"'Jt

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).

X-H"""'A8

,A18
,.:""",

X-H
""""A28

X-H

::,,).8
X-H

A18
X-I (:~"'~""A28

""""A38

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-bond

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 Waal radii

of H and the acceptor.P?: 132 The limitation of crystallography arises as it only shows

the interactions as they are present in the solid state and it may be more uitable to

study the interactions in solution using other methods.

NMR spectroscopy can be a useful tool for studying upramolecular

interactions in solution. The frequency at which a particular nucleus re onate i

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.l33, 134 Other
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techniques that can be used are U'V/visible spectroscopy and mass spectrometry.

UVzvisible can be especially useful for the investigation of 7t electron systems or

transition metals as their spectra can be strongly perturbed on complex formation.P"

136 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,I37-145ureasl46 and thioureasl47-152have acidic NH

protons enabling Nflvanion 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.P'

0 0 0 S II
'N~ " 'NAN/' 'NAN/' N-N-S-

H HO H H [J II 0
(a) (b) (c) (d) (e)

Figure 1.32. Examples of hydrogen-bond donor groups a) Amide b) Sulfonamide c)

Urea d) Thiourea e) Pyrrole.

Amides and Sulfonamides

The amide and sulfonamide hydrogen-bond donor group both have one acidic NH

donor per moiety which can hydrogen-bond to an anion.' 7. 14Th r are many

examples of anion receptors that utilise amide or ulfonamide group to hydr g 11-

bond to the target anion some of which are sub equently di cu ed.

In 1986, Pascal prepared the first amide-ba ed receptor which interact with

the anion solely through Nllvanion hydrogen-bonds.P'' Thi r c pt r ha three

amide NH groups pointing into a central cavity (Figure 1.33). Th X-ray cry tal

structure suggested that the dimensions of the cavity were favourabl for fluoride

binding and subsequent IH NMR titrations in dmso-zz, confirmed thi to be the ea e.
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Figure 1.33. Example of an amide hydrogen-bonding receptor. 155

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.l+' The C3

symmetric tripodal amide and sulfonamide receptors (Figure 1.34 a and b,

respectively) have been shown to bind tetrahedral anions such as H2P04-, HS04 - and

vo," in CHCh.1S6 Crabtree and co-workers have shown that simple acyclic, non-

pre-organised diamide receptors (Figure 1.34, c) can be used to bind Br" in

rN:i
qS,NH )I!N-..,p

R/ S.
"HN II R010

O=S=O
I

R

R = CH2Cl, (CH2)4CH3,
C6Hs, p-MeOC6Hs

(a)

R = p-MeOC6Hs, 2-naphthyl R = Ph, p-(n-Bu) 6H4

(b) (c)

Figure 1.34. Structures of some amide and sulfonamide anion ho tS.156, 157

Amide moieties have also been introduced into macrocyclic anion recept r .

For example, the rigid, cyclic peptide shown in Figure 1.35 contain the unnatural

amino acid 3-amino-benzoic acid which act a a rigid element to orient the

hydrogen-bond donating amide groups to the centre of the macrocycle." Thi

receptor was found to bind to phospho monoester ([P04R]2-) 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

. h b d 137-145,species ave een reporte .

Figure 1.35. An example of a cyclic amide receptor for anions.158

Urea and Thiourea

Urea and thiourea groups have two acidic NH donors per moiety and find use in

f . . hei bili h dr b d d 159-162receptors or anions OWIng to t err a 1 tty to act as y ogen- on onors.

Following the seminal papers by Wilcox 163 and Hamilton 143 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. 164-178

The hydrogen-bond donating tendencies of an NH group are related to it

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 receptor

establish stronger hydrogen-bond interaction with anion than their urea

counterparts. Receptors incorporating a urea or thiourea hydrogen-bond unit hay

been compared by Fabbrizzi and co-workers (Figure 1.36).105. 15 The urea and

thiourea derivatives both formed 1:1 hydrogen-bonded complexe with variou

anions including H2Pol-, er and F- in dmso. In the presence F- the urea receptor

undergoes deprotonation and HF is released to form [HF2r. In the ea e of the
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thiourea receptor, because it is more acidic, deprotonation takes place with each of

the anions studied.

0i X lio
VNANU

H H
x=o, S

LH + X" ~ [LH··Xr

[LH··Xr + x- ~ [L - Hr + [X··H··Xr

Figure 1.36. Comparison of urea and thiourea hydrogen-bond donor groups. lOS, 159

Kelly and Kim have reported the synthesis and binding studies of mono-urea

and bis-urea ligands. ISO 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.

~o
~NAN~

H H

(a)

Figu re 1.37. Examples of urea based receptors.180

Cyclic ureas and thioureas have also been synthesised by numerou group

for the selective binding of anions.l'" Reinhoudt and co-worker have de cribed the

synthesis of a macrocyclic anion receptor containing four pre-organi ed urea

moieties (Figure l.38, a).181A study of the anion binding ability of this receptor with
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the tetrabutyl ammonium salt of H2P04 - in dmso showed there to be pronounced

effects in the IH NMR spectrum. The cyclic thiourea receptor shown in Figure 1.38b

was found to have selectivity for H2P04 - over AcO-, CC HS04 - and Br-.176,182

NH HNS=< >=S
NH HN

.cBuO ~ OBu

(a) (b)

Figure 1.38. Examples of cyclic urea and thiourea-based receptors.I'" 181,182

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.183, 184 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-a"o=c cannot be formed with pyrrole .183

The use of pyrroles has been pioneered by Sessler and co-worker who have

incorporated these moieties into macrocycles to bind anion .185-187The pyrrole ba ed

receptor shown in Figure 1.39 has been shown to bind F-, CI- and H2P04 - in D2 h.

Figure 1.39. The structure of octamethylcalix[ 4]pyrrole.1 5-187
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Amidopyrrole containing receptors incorporate two NH donors arranged in a

convergent manner that can bind anions (Figure lAO, a).188 Gale and co-workers

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

which is shown below (Figure lAO, b). 189They 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.190

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. 189,190

1.3.2.5. Using Hydrogen-bonding to Target [PtCI6]2-

Orpen and Brammer have carried out a study to assess the hydrogen-bonding

capabilities of the M-Cl unit.!" The Cambridge Structural Database was used to

analyse 6624 crystallographically characterised hydrogen-bonds that contain M-Cl,

C-CI or Cl and either NH or OH groups. The objective of this work wa to

compare the geometry of D-H"'CI interactions and to assess the relative probability

of such contacts being formed in these different environments.

The D-R"CI intermolecular interactions were categorised a hort (R" I ~

2.52 A), intermediate (2.52 - 2.95 A) and long (2.95 - 3.15 A) (f. urn of van d r

Waals radii for H and Cl = l.2 + l.75 = 2.95 A). The percentage of interaction that

fall in the various categories (in particular the 'short' group) were taken a an

indicator of the strength of the interaction. It was found that Cl form many hart

CI'''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 trengths being Cl"



Chapter One: Introduction 40

> M-Cl ~ 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.192,

193The correlation of D-RooCI angles with RooCI distances shows a predominance

of D-RooCI- angles close to 1800 at short RooCI- separations.l'" In contrast, the

preferred angle for D-RooCI-M interactions was found to be between 90 - 130°

attributed to the contribution of the axial p orbital to the M-X bonds.192,195,196

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-H and X-M (M = F, Cl, Br, I) moieties. 195They observed that the length of the

RoX 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 con finned by Orpen and co-workers who observed bifurcated N_HoooCI_Pt

hydrogen-bonds between NH+ pyridinium moieties and [PtCI4]2- anions (Figure

1.41):96

0Q-G@[.CIC1].2-<±>D--Gc±)HN NH",'/I\ll\ ,\ II'Pf"'\ II"::::HN NH
\ /; ~ I. """'Cl..... ""'-Cl" "" \ /; ~ I.

Figure 1.41. Hydrogen-bonds between bipyridinium cations and [PtCI4]2-.196

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

Heteroditopic azathioether macrocycles incorporating acyl urea 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 [CuCI(L)]2CuCI4 (Figure 1.42).197The

asymmetric unit contains two [CuCI(L)t cations and one [CuC14]2- dianion. The

[CuCI4]2- species is hydrogen-bonded to the acylurea NH of each ann with N2"'CI6

= 3.29(2) A and N5"'CI5 = 3.27(2) A.

o Y--
("'S) O~~NH
S N_/~S-J

CuCh
~

MeCN

Figure 1.42. View of the structure of [CuCI(L)]zCuCI4.197

There is also work showing the incorporation hydrogen-bonds into receptors

these systems a range of supramolecular architectures were observed in which N-

H"CI hydrogen-bonds formed to the outer sphere of the chlorometallate anion.

Some examples of which are shown in Figure 1.43.

\ I
N-H, -H-N
I ' \

'Cl'
Cl, I.."CI

.M.
Cl"" I "'CI
,,-CI-'

\ I
N-H:: :H-N
I \

'Cl'
Cl......\ .."CI

.M.,er- I Cl

\
___' ,Cl""

I
N-H' 'H-N
/ \

__,C~ /CL,
\ ,, , "'. ' , , /
N-H~-- ---Cl-M· "ICI- - - - -;H-N
I ' ." __", \........ ".... .... - -

'Cl CI-

CI----H-NJ-CN-H-----CI
Cl..... / \ ~CI
CI,,·..M M"'CI\ f=\_1' /CI-- - -H-N~N-H-----CI

Figure 1.43. Examples of connectivity motifs which u e hydrog n-bond to target
chlorometallate anions.
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1.3.2.6. Areas of High Electron Density Surrounding (PtCI6J2-

To enable a strong and selective interaction between a receptor and [PtCI6]2-, 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).204The 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.i"

Figure 1.44.The NH group targets the lone pairs of chloride in a [PtClx]2- species.20s

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

crystallographic analyses.i'" Density Functional Theory (OFT) calculations206-209and

195PtNMR spectroscopic studies209 to establish the areas of highest electron density

surrounding [PtCI6]2-. Brammer and co-workers analysed structures in the

Cambridge Structural Database to identify close contacts between N-H groups and

octahedral [MCI6]n- anions.206 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 [MCI6]2- 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.t'"

Theoretical methods have also been used to calculate the negative

electrostatic potentials of [PdCl6]2- (Figure 1.46).206 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 electro tatic potential in the vicinity f th
[PdCI6]2- anion; viewed parallel to a) 4-fold molecular axi and d) 3-fold m I ular
axis. Contours; solid at -196 kcal/mol, mesh at -194 kcal/mol. Th area f high t
electron density are shown in red. 206

Koch and co-workers have de cribed th u e of molecular dynamic

calculations alongside 195Pt NMR spectroscopy to reveal well-defin d hydration

shells around [PtCI6]2- in H20 (Figure 1.47). Eight H20 mol cule were found to be
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located in close proximity to the anion, with each H20 molecule hydrogen-bonding

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

Figure 1.47. The probability density surfaces ofO atoms (red) and H atoms (blue) at
100% greater than bulk solvent (H20 or MeOH) for [PtCI6]2-.209

Compiling the results of these studies leads to the summary that the areas of

highest electron density surrounding a [PtCI6f- 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).

Figure 1.48. Bifurcated and trifurcated hydrogen-bond can bud to addr the
edges and faces of [PtCI6]2-.

1.3.2.7. Other Methods to bind Anions

Lewis-acidic centres can bind anions by an orbital overlap and thi ha led to the

development of anion receptors that contain boron,210-215m rcury,216,217 ilicon 218,219

gerrnanium,22o-223 and tin centres.224-228Organoboron compound have nly IX

valence electrons making them ideal as electron pair ace ptor . Th fir t xampl of
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this type of anion receptor were reported in 1967 by Shriver and Biallis.229 The

chelating receptors illustrated in Figure 1.49 have two terminal BX2 groups which

can accept an electron pair from an anion. When compared with non-chelating,

mononuclear BF3 an overall chelate effect was observed.213.214

(a) (b)
Figure 1.49. a) a chelating boron anion receptor and b) Katz's rigid preorganised
chelating ligand for anionic guests.213.214

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 Cl" anion to

be strongly coordinated to all four atoms of mercury.i": 217.219Although 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 I.SOb which can encapsulate halide anions

to form a complex with 1:1 stoichiometry.P''

Cl Cl
I I

~Hg,~HgY)

~H/~"HA?,g ~
Cl Cl

(a) (b)

Figure 1.50. Examples of a) mercury and b) tin based anion receptors.216.217.230
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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 macrocyclict'" or acyclic ligands such

that the chelate and macrocyclic effect will contribute to the stability of the resulting

complex.232

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 1.51a).233 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

Nllvanion hydrogen-bonding interactions. (Figure 1.51b).234,235Related 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 1.51c).236-239

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.240
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~N-H
o=< >8N-H :

CCN-L+
(a) (b) (c)

Figure 1.51. a) An example of a receptor that uses a combination of electrostatic
attraction and hydrogen-bonds.P'' b) An amide functionalised cobaltocenium receptor
binds anions.234.235c) Example of a guanidinium anion receptor.240

1.3.4. Summary

To enable the efficient design of a receptor for [PtCI6]2- 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 [PtCI6]2- 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 ofPt-containing ores.

The aims of the work described in this thesis are:

• To design receptors with features that can interact with [PtCI6]2-

• 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 [PtCI6]2-

• 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

Improved
Design

Receptor
Design

Evaluation
of Properties

Receptor
Synthe is

Figure 1.52. Our approach to finding a successful extractant for [Pt 16]2-.
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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 [PtCI6]2- 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 [PtCI6f-.
As discussed previously in Chapter 1, current methods used to extract

[PtC16]2- in a solvent extraction process are thought to revolve around the use of long

chain alkyl amines such as TOA.I-6 Our aims were to develop a receptor that has

improved extraction efficiency for [PtCI6]2- 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 [PtCI6]2-

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).' At low pH the

amine will be protonated to form an alkylammonium cation (LH+)8 thus enforcing an

electrostatic ion-ion attraction with [PtCI6]2-. It was envisaged that two protonated

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

complex with [PtCI6]2- (Scheme 2.1).9

Scheme 2.1. Protonation of a tertiary amine gives a charge-neutral complex when in
a 2: 1 L: [PtCI6]2- ratio.
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A second advantage of having a protonation site is that the uptake and release

of [PtCI6f- 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)2PtCI6]. Ideally, this complex would be soluble in an

organic solvent that is immiscible with H20 to facilitate the separation of [PtCI6]2-

from other species that may be present in the aqueous feed (X} Treatment of the

organic phase containing [(LH)2PtCI6] with base causes deprotonation of the receptor

and dissociation of the complex releasing [PtCI6]2- into the aqueous phase with the

free ionophore remaining in the organic phase. Thus, the overall solubility of

[PtCI6]2- is controlled by varying the pH in the aqueous and organic phase (Figure

2.2)

Organic phase L L

Figure 2.2. Separation of [PtCI6]2- from other species (X-) by formation of an
organic soluble complex [(LH)2PtCI6] in a solvent extraction proce s.

If only electrostatics were used to bind [PtCI6]2- we argued that any anionic

species present in the aqueous feed might be extracted." To increa e th tr ngth and

selectivity of the extraction process, additional recognition elern nt wer intr du ed

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

2.2.2. Hydrogen-bonding

The introduction of hydrogen-bond donor group to location complementary to th

areas of highest electron density in [PtCI6f- will enhance the interaction betwe n the

receptor and metalloanion. The [PtCI6]2- anion is a known hydrogen-bond a ceptor
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II, 12 and thus, incorporation of suitable hydrogen-bond donor groups into the

ionophore will potentially enhance the interaction with the outer-sphere of [PtCI6]2-.

Several methods have been used to determine the areas of highest electron

density in the outer sphere of [PtCI6]2- and these were discussed in detail in Chapter

1.13,14,15These confirm that the areas of [MCI6f- that are targeted by NH groups are

located along the 12 edges and eight faces of the octahedron (Figure 2.3).16 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

sulfonamide, 17urea, 18thiourea, 19,20amide'" and pyrrole22 moieties.

Figure 2.3. The experimental population den ity of hydrog n atom fr m N-H
groups in the vicinity of octahedral [PtCI6]2- anion obtained from cry tal tructure
data; viewed parallel to a) 4-fold molecular axis and b) 3-fold mole ular a .i .
Contours; blue 35%, red 55%, yellow 80% of maximum population.l''

2.2.3. Organic Solubility

It is important that the extractant and its complex [(LH)2Pt I] are oluble in an

organic solvent that is immiscible with H20 because, if the sy t m

provides a route to the separation of [PtCI6]2- from other p cie pr ent in an

aqueous feed." 23,24Thus, organic-solubilising groups were included in the de ign to

maximise the organic solubility of both the receptor and it compl x. The organi -
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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 [PtCI6f-.

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.2s

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 [PtCI6]2-. 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).

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: I

receptor:[PtCI6f- complex will be charge-neutral and, therefore, organic soluble

allowing the [PtCI6]2- anion to be separated from other species. TREN also has three
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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." 22, 26-45

The functionalisation of the three arms of TREN with hydrogen-bond donor

groups affords receptors that have four possible sites to interact with [PtCI6]2- (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 C3 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).

R

(a)

R

(b)

Figure 2.5. Schematic representation showing the interaction of a tripodal receptor
with [PtCI6]2-; a) hydrogen-bond donors targeting the faces of the anion and b)
hydrogen-bond donors targeting the edges of the anion. The hydrog n-bond donor
sites shown in red, the protonation site shown in blue and the organic olubili ing
moieties as R. For clarity, just one molecule of receptor i hown, howev r a 2: I
receptor: [PtCI6]2- complex is required for the overall compl x to be charge-n utral.

2.3. Receptor Synthesis

2.3.1. TREN-based Sulfonamide Receptors

The sulfonamide group consists of a S02 moiety bonded to an NH group which act

as a hydrogen-bond donor due to its acidity induced from the electron withdrawing
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S02 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 NH2 group attacks the sulfur atom of the S02

group, with Hel 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.47

via R'
I

RH N--S.--el
2 ~ "o b R'NH

I

O=S=O
I
R'

-uci·C'\cr9
R-NH2 O=S=O

I

R'

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

2.3.1.1. Synthesis and Characterisation

The receptor L 1 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).48 Basic conditions are required to neutralise the

generated Hel and to prevent the formation of the Hel salt of the amine which would

be unreactive towards electrophiles. Separation of the organic layer and removal of

solvent yielded r,' as a colourless solid. Recrystallisation of this solid from MeOH

gave an analytically pure compound as colourless needles in 82% yield. Although L 1

is a new ligand similar TREN-based sulfonamide ligands having different terminal

groups have been previously reported for use as anion receptors.'?' 45, 49
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Cl
I

+ 3 O=S=O
I

Ph

Et20/ H20
NaOH
r.t.

Scheme 2.2. Synthesis of LI.

LI was characterised by IH NMR, 13CNMR and IR spectroscopy, mass

spectrometry and elemental analysis. The 'a NMR spectrum of LI in CDCh shows

the NH proton of the sulfonamide group as a broad signal at 6.02 ppm consistent

with C3geometry for the molecule in solution. Confirmation that this was indeed the

NH signal was afforded by addition of one drop of D20 to a solution of L1 in CDCh

leading to exchange and the disappearance of the NH signal. The electrospray mass

spectrum showed peaks at mlz 567 and at mlz 590 assigned to [M+Ht and [M+Na]+,

respectively and the formation of L1 was further supported by the presence of S02

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

2.3.1.2. Crystal Structure of L1

Single crystals of Lt suitable for X-ray crystal structure analysis were grown by

diffusion of n-hexane into a concentrated solution of the product in MeOH. L1

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 N4-H4A'''02 (H"'A = 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 ofLI between N2-H2A""03 (H"'A

= 2.597 A) and these interactions lead to a chain of alternating molecules of L I 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.

C9

C1S

C13

,
'2279

C>--\ N2 ~

\ /~02

0
",,51

01

CS
CB

CSC7

Figure 2.7. Molecular structure of LI showing intra-molecular hydrogen-bonds. All
hydrogen atoms (except NH) are omitted for clarity. Ellip oid t at 50%
probability. The intra-molecular hydrogen-bond is hown in green and the NH'"
distance is measured in A.

Figure 2.S. View of the structure of LI howing the intra- and int r-rn I cular
hydrogen-bonds present in the extended tru tur . All hydr gen at m ( pt NH)
are omitted for clarity. Hydrogen-bond are hown in green and the N ... di tan
are measured in A. For clarity, the carbon atom b I ngin t the adjacent . I
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 LI (D = donor
atom, A = acceptor atom, d = distance).

D-H"'A
d(D-H)/ d(H'''A)/

A A
d(D'''A)/

A
«DBA)/ Symmetry

o Code

N4-H4A"'02 0.88 2.279 2.988 138

N2-H2A'''03 0.88 2.597 3.081 116 -x+ 112, y-l/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 [PtCI6]2- 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 )46 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

2.3.52 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.

s+ s-
R-N=C=O
(U
••R'-NH2

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 H20

from the reaction to avoid the production of amines via hydrolysis of isocyanates or

isothiocycanates. The addition of H20 to the carbon-nitrogen double bond of the

cyanate gives an N-substituted carbamic acid which is unstable and breaks down to

give C02 (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

N2 to reduce the possibility of unwanted hydrolysis.

R-N=C=O R-N-C=O
I I
H OH

---'l"~RNH2 + CO2

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. 54 Thus, reaction of TREN with three

equivalents of the appropriate isocyanate in dry thf and under a N2 atmosphere

yielded the urea receptors L2_L4 as colourless solids in yields in excess of 95%

(Scheme 2.5).55-63 It was found that L3 and L4
, 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.

o
"C+ 3 II

N
I

R

thf
(N2)
r.t.

rNl
0yNH ~HNyO

~H 0yNH ~H
R NH R

I

R

LZ: R = Ph (95%)
L3: R = tert-butyl (98%)
L4; R = n-butyl (96%)
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The purity of L2-L 4 was confinned by IH NMR, I3C NMR and IR

spectroscopy, mass spectrometry and elemental analysis. The IH NMR spectrum of

L2 in CD30D showed no NH signals due to H-D exchange whilst the mass spectrum

showed a parent ion peak at mlz 504 assigned to [M+Ht and the IR spectrum

showed a characteristic C=O stretching vibration at 1650 em-I. The IH NMR spectra

of L3 and L4 were recorded in CDCh and both spectra were consistent with a C3

geometry for the molecules in solution with two resonances observed for the urea

NH groups. The IR spectra of L3and L4 showed characteristic C=O 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 L2

Single crystals of L2 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. L2crystallises in the monoclinic space group P2l/c with four molecules in

the unit cell. The molecular structure of L2 (Figure 2.9) shows an intra-molecular,

bifurcated hydrogen-bond between the urea moieties on adjacent arms of L2between

N2-H2A"02 (H""A = 2.123 A) and N3-H3A"02 (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 L2between N4-H4A"03 and

N5-H5A"'03, and also between N6-H6A"OI and N7-H7A"OI which leads to

a chain of L2molecules linked by hydrogen-bonds (Figure 2.10). The details of the

hydrogen-bonds in L2 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 L2 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 NR"O
distances are measured in A.

Figure 2.10. View of the structure of L2 howing the intra- and int r-m Ie ular
hydrogen-bonds in the extended structure. All hydr gnat m ( c pt NH) ar
omitted for clarity. Hydrogen-bond are hown in gr en and th NH'" di tan r
measured in A. For clarity the carbon atom of adja ent m I ul f 2 ar in
alternating shades of light and dark gr y.
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Table 2.2. Intra- and inter-molecular hydrogen-bonds D-R"A in L2(D = donor, A
= acceEtor, d = distance}.

D-H"'A
d(D-H)/ d(H"'A)/ d(D"'A)/ «DHA)/

Symmetry code
A A A 0

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 0.88 1.968 2.808(2) 159 -x+l, -y+l, -z+2

N5-H5A"03 0.88 2.222 2.999(2) 147 -x+l, -y+l, -z+2

N6-H6A"OI 0.88 2.163 2.924(2) 145 -x, -y+l, -z+I

N7-H7A"OI 0.88 2.019 2.846(2) 156 -x, -y+l, -z+l

*N2-H2A"02 and N3-H3A"02 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 (pKA = 21.1 and 26.9, respectively in dmsoj." 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 L5_L7 were synthesised by the

reaction of one equivalent of TREN with three equivalents of a substituted

isothiocyanate in dry thf under N2 (Scheme 2.6).54Phenyl, ferf-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 LS has been

synthesised previously and has been used as a phosphate and sulfate receptor. ss The

perchlorate salt of L7 has been reported to bind lithium66 and L6 has been used as a

ligand for copper.f"

S
II

C+ 3 II

N
I

R

thf
(N2)
r.t

rNl
SyNH ~HNyS

~H SyNH ~H
R NH R

I

R
L5: R = Ph (68%)
L6: R = tert-Bu (74%)
L7: R =Me (69%)

Scheme 2.6. Synthesis of LS_L7.

The successful formation of LS_L7was confirmed by IH NMR, I3CNMR and

IR spectroscopy, mass spectrometry and elemental analysis. The IH NMR spectrum

of LS, in CDCh showed the thiourea NH signals as broad single resonances at 8.25

and 6.90 ppm consistent with C3 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 mlz 552 and mlz 574 assigned to [M+Ht and

[M+Na]\ respectively.

The IH NMR spectrum of L6 in CDCh showed signals for the two different

thiourea NH environments at 6.48 and 6.33 ppm. Electrospray mass spectrometry

supported the formation ofL6 with a peak at m/z 492 assigned to [M+Ht and the l3C

NMR spectrum along with the IR spectrum and analytical data further confirmed the

formation of the desired product.
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L7 was obtained as an oil while L5 and L6 were obtained as colourless solids.

Characterisation of the oil confirmed the formation of the desired product. The IH

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 mlz 366

assigned to [M+Ht.

2.3.3.2. Crystal Structure of LS

The receptor with terminal phenyl substituents proved to crystallise more readily

than the other derivatives. A single crystal of L5 was obtained as a colourless block

by diffusion of n-hexane into a concentrated solution of L5 in MeOH. L5 crystallises

in the monoclinic space group C2/c with eight molecules in the unit cell. The cry tal

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 ofL5
. All hydrogen atom (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.6s,69 For

this reason the amide group was incorporated onto the TREN scaffold with the hope

it would hydrogen-bond to the [PtCI6]2- anion. The pKa of the amide group is 23.351

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

LS was synthesised by the reaction of one equivalent ofTREN with three equivalents

of benzoyl chloride in a biphasic reaction (Scheme 2.7).4S, 45An 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 LS has

been previously reported by Goldcamp and co-workers 70 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.

rNl
Et20/ H20 0'rNH ~HNyO

Ph O~NH Ph
NaOH, r.t. I

Ph

L8 (74%)Scheme 2.7. Synthesis ofLs. 4S,45
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L8 was characterised by IH NMR, I3C NMR and IR spectroscopy, mass

spectrometry and elemental analysis. The IH NMR spectrum of L8 in CDCh 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 mlz 459 assigned to

[M+Ht and I3C NMR and IR spectroscopy alongside elemental analytical data

further confirmed the purity of the product.

2.3.4.2. Crystal Structure of L8

A single crystal of L8 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.i" 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 L8 shows an intra-

molecular hydrogen-bond between the amide moieties on adjacent arms of L2

between N2-Hl'''02 (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 ofL8 also reveals two inter-molecular hydrogen bonds

N3-H2'''03 (H"A = 2.150 A) and N4-H3"'OI (H"'A = 2.128 A) forming linear

chains along the c axis (Figure 2.12). The full details of the hydrogen-bonds present

in the structure of L8 are shown in Table 2.3 and the crystallographic data and

structure refinement details are given in Appendix B.
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C1

Figure 2.11. Molecular structure of receptor L8 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.70*

Figure 2.12. View of the structure of L8 hawing intra- and inter-m I ular
hydrogen-bonds present in the extended tructure. All hydr gnat m (ex pt NH)
omitted for clarity. The hydrogen-bonds are hown in gre n and mea ur d in . or
clarity, the carbon atoms of each L8 molecule are in alt mating had f light and
dark grey .

• The structure in Figure 2,11 has been renumbered compared with th published tructur t nable
ease of comparison between the crystal structure ofTREN receptors presented in this thesis,
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Table 2.3. Intra- and inter-molecular hydrogen-bonds D-H"A present in L8 (D =
donor, A = acceptor, d = distance).

D-H"'A
d(D-H)! d(H"'A)!

A A
d(D"'A)!

A
«DHA)!

o

Symmetry

Codes

N2-Hl'''02 0.86 2.157 2.932(3) 150

N3-H2'''03 0.86 2.150 2.896(3)

2.950(3)

145 I-x, -y, -z

N4-H3"'OI 0.86 2.128 160 l-x, -y, l-z

*N2-HI"'02 is an intra-molecular hydrogen bond whereas N3-H2'''03 and N4-H3'''Ql 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.' 1The pKa of the NH proton ofpyrrole in dmso is 23.072

which is similar to the amide group (23.3).51 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 N2 yielded pyrrole-2-carbonyl chloride, 2, as an off-white solid in 96%

yield (Scheme 2.8).73, ?4, 75 The 1H NMR spectrum of 2 in CDCh 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
chloride r;N0

H Cl

2

DMF, r.t.

Scheme 2.B. Synthesis ofpyrrole-2-carbonyl chloride, 2.

Reaction of TREN with three equivalents of 2 in the presence of sodium

carbonate in CH2Ch gave L9 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 ofL9.76

rNl
NH2 \ NH2

NH2

+3r;N0
H Cl

i) CH2Ch,
Na2C03,

r.t.

2 L9(60%)

Scheme 2.9. Synthesis ofL9.

L9 was characterised by IH NMR, I3C NMR and IR spectroscopy, mass

spectrometry and elemental analysis. The IH NMR spectrum of L9 in dmso-z, shows

the NH protons in the three pyrrole rings resonating at 11.44 ppm and the three NB

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+Ht 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 L9

Single crystals of L9 were obtained as pale yellow needle by the olvent diffu ion of

n-hexane into a concentrated solution of the product in MeOH. L9 crystalli d in the

triclinic space group P-I with two molecules in the unit cell. The tructure analysis

shows the presence of an intra-molecular hydrogen-bond between the amide moietie

on adjacent arms of the molecule N4-H4A03 (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-bond pre ent between th

amide and pyrrolic moieties from adjacent molecules with N3-H3A"02 (H"'A =

1.993 A), N5-H5A"OI (R"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 L9

molecules in which the receptors have alternating orientation. The full details of the

hydrogen-bonds present in L9 are given in Table 2.4 and cry tallographic data and

structure refinement details are given in Appendix B.

Figure 2.13. Molecular structure of receptor L9 h wing intra-m Ie ular hydr g n-
bonds. All hydrogen atoms (except NH) are omitt d for larity. llip ids tat 50%
probability. The intra-molecular hydrogen-bond i hown in gr nand th NB'''
distance is measured in A.
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Figure 2.14. View of the structure of L9 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 distance
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-bond D-H"A in L9 (D = donor, A
= accel2tor, d = distance).

D-H"'A d(D-H) d(H"'A) d(D"'A) «DHA) ymmetry CodelA lA lA 10

N4-H4A"03 0.86 2.260 2.935(3) 135

N3-H3A"02 0.86 1.993 2.796(3) 155 -x+I -y+ I, -z+ I

N5-H5A"01 0.86 2.044 2.853(3) t56 -x +I -y+ t, -z+ I

N6-H6A"01 0.86 2.111 15

*N4-H4A"03 is an intra-molecular hydrogen bond wher asN -H3A'"
N6-H6A"Ol are inter-molecular hydrogen-bonds.

2.4. Complexation Reactions

Following the synthesis of receptors compl xati n r a ti n w r p rf r111 d.

Hexachloroplatinic acid (H2PtCI6) was u ed thr ugh ut thi w rk a a f th

[PtC16]2- anion. It was chosen because it is commercially availabl and i III Ie in

MeCN, H20 and acetone. Also, by using I-hPtC16 the two proton can prot nat two
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TREN-based receptors to give the charge-neutral ion-pair [(Lll)2PtCI6] with no by-

products. (Scheme 2.9).

2L + H2PtCI6

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 H2PtCI6, 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 LI_L9 are now discussed in tum and the evidence for the

formation of complex products presented.

2.4.1. Synthesis of a Sulfonamide Complex

2.4.1.1. Synthesis of [(L1HhPtCI6)

Two equivalents of LI were added to one equivalent of H2PtCI6 in MeCN. The

receptor LI 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 III NMR spectroscopy.

2.4.1.2. Crystal Structure of [(L IHhPtCI6)

The complex [(L1ll)2PtCI6] crystallised as pale yellow laths following the mixing of

an aqueous HCI solution containing K2PtCl6 with a solution of two equivalents of L I

in MeOH. The structure determination of [(L1HhPtCI6] revealed one [PtCI6]2- anion

lying on a centre of inversion with both sulfonamide receptors protonated at their

bridgehead nitrogen atom (NI) 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-H""CI-Pt the H'''CI 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 [LIH+] cation is involved in three hydrogen-bonds to two separate

[PtCI6]2- anions with a bifurcated interaction to one [PtCI6]2- anion and a single

hydrogen-bond to another [PtCI6]2- anion. Figure 2.15 shows the bifurcated

hydrogen-bonding interactions N4-H4B"'CI3 (H"'A = 2.609 A) and N4-

H4B"'CI2 (H""A = 2.889 A) between two [LIH+] receptors and a central [PtCI6]2-

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 [PtCI6f- unit N2-H2C'''C13 (H"'A = 2.790 A).

The areas of [PtCI6]2- 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 Cl2 and Cl3 and is located slightly out of the triangular plane defined by

Ptl, Cl2 and C13. The H2C donor is located in the plane defined by Ptl, Cl2 and C13.

Although H2C is located between Cl2 and Cl3 there is only a hydrogen-bond to Cl2

as the H2C'''CI3 distance is too long.
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The extended structure reveals N-H"'O, N-H"'N and N-H"'S hydrogen-

bonds however, for clarity, these interactions have been omitted from Figure 2,16,

The details of all the hydrogen-bonds present in the structure are given in Table 2.5

and the crystallographic data and structure refinement details for the [(LIH)2PtCI6]

complex are given in Appendix B.

Figure 2.15. Molecular structure of [(LIH)2PtCI6] showing hydrogen-bonding
between the receptors and [PtCI6]2- anions. All hydrogen atoms (except NH) omitted
for clarity. Ellipsoids set at 50% probability. Hydrogen-bonds are shown in green
and the NH"'CI distances are measured in A. One of the disorder components has
been omitted for clarity.

Figure 2.16. View of the structure of [(L1H)2PtCI6] howing the hydr g n-bond
between LI and [PtCI6]2- in the extended structure. All hydrogen atom (except NH)
are omitted for clarity. Hydrogen-bonds are shown in green and the NH'" 1di tance
are measured in A. For clarity, the carbon atoms of each [(L1HhPtC16] unit are
shown in different shades of grey.
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N4
2.609 .......

CI3 ,'H4B
1.J=__ .,..=wll'2.889

, "
2.889' , .' 2.609

}' H4B
.N4

Figure 2.17. Highlighting the location of the NH groups relative to [PtC16]2-.

Table 2.5. Intra- and inter-molecular hydrogen-bonds D-H"'A in [(LIH)2PtCI6] (D
= donor, A = acceQtor, d = distance).

d(D-H)/ d(H"'A)/ d(D""A)/ «DHA)/ Symmetry
D-H"'A

A A A 0 Codes

* 2.790N2-H2C'''C13 0.88 3.570 148 x, y+1, Z

* 0.88 2.609 3.460N4-H4B"'C13 163

* 0.88 2.889N4-H4B"'CI2 3.422 121 -x, -y, -z

NI-HIC"'03# 0.93 2.082 2.957 156

NI-HI C'''N3# 0.93 2.530 2.991 111

NI-HIC'''S2# 0.93 2.789 3.584 114

N3-H3A"05# 0.88 2.490 3.190 137 -x, y+ 112, -z+ 1/2

N3-H3A"'04# 0.88 2.600 3.214 128 -x, y+1I2, -z+1/2

N3-H3A"'S3# 0.88 2.989 3.627 131 -x, y+ 112, -z+ 112

* hydrogen-bonds between L I and [PtC16]2- #hydrogen-bonds between LImolecules

2.4.2. Synthesis of Urea Complexes

2.4.2.1. Synthesis of [(L2H)2PtCI6]

Two equivalents ofL2 were added to MeCN and heated to aid dissolution ofL2. The

solution was mixed with one equivalent of H2PtC16, also dissolved in MeCN, and a

yellow precipitate formed immediately which was collected by filtration and dried in
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vacuo. The IH NMR spectrum of the product in dmso-zs, shows a signal which

integrates in a 1:3 ratio with each of the two NH urea resonances (He and H, in

Figure 2.18) at 9.65 ppm and is assigned to the protonated tertiary amine position

(N+HR3). Also, a downfield shift is observed for both NH resonances; thus, in the

free receptor the NH resonances occur at 6.20 and 8.52 ppm, whereas in the complex

they are observed at 6.45 and 8.80 ppm. These shifts indicate that hydrogen-bonding

interactions are present between the urea NH groups of L2 and [PtCI6]2-. When a

hydrogen-bond is formed it has an electron-withdrawing effect on the donor proton,

and the associated signal in the NMR spectrum often shifts downfield." It is

significant that the effects of hydrogen-bonding are apparent in this spectrum since it

was recorded in dmso-zs; which is a highly competitive hydrogen-bonding solvent.

Hd

j Hc

JL l~ ,
I I
I I
I I

I

N+HR3
I

L_11

9.5 9.0 8.5 8.0 7 r: 7.0 6.5 6.0

Figure 2.18. IH NMR spectra [dmso-zs, 300 MHz] of i) L2 and ii) [(L2HhPtCI61

Elemental analysis of the precipitate further confirmed the formation of the

expected product, and IR spectroscopy showed a carbonyl stretching vibration at

1650 ern". Both e and [(L2HhPtC16] have low solubilities in organic solvents and

consequently the use of L2 as a receptor in solvent extraction studies was limited.

The work carried out to improve the organic solubility of urea receptors and their

complexes is presented in Chapter 3.
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2.4.2.2. Synthesis of [(L3H)2PtCI6]

Two equivalents of L3 were dissolved in MeCN and added to one equivalent of

H2PtCl6 in MeCN. When the two solutions were mixed, a precipitate formed which

was collected by filtration and dried in vacuo. The 'H NMR spectrum of the product

showed a signal at 10.05 ppm assigned to WHR3 and the IR spectrum showed a

characteristic carbonyl stretching vibration at 1632 cm". Elemental analytical data

for the product confirmed the 2: 1 (LHt:[PtCI6]2- stoichiometry. Although L3 with

terminal tert-butyl substituents is more soluble than the analogous phenyl receptor

L2, it still forms a complex that is only soluble in dmso preventing the use of the

receptor in solvent extraction studies.

2.4.2.3. Crystal Structure of [(L3H)2PtCI6]

Single crystals of the complex [(L3HhPtCI6] suitable for X-ray diffraction were

grown by repeating the reaction above with lower concentrations of reactants. Slow

evaporation of the resulting solution for 2 days led to the formation of crystals as

yellow tablets. The complex crystallised in the tric1inic space group P-I with one

[(L3HhPtCI6] species in the unit cell, the [PtCI6]2- anion lies on a centre of inversion

and the two receptor cations are related by the inversion centre. Both urea receptors

are protonated at their bridgehead position (NI) to give a [L3H+] cation resulting in

the complex having a net charge of zero (Figure 2.19). There is significant hydrogen-

bonding between [PtCI6]2- and the urea moieties in [L3H+]. A bifurcated hydrogen-

bond is observed between N2-H2A"Cll (H""A = 2.805 A) and N2-H2A"'C13

(H'A = 2.799 A) and with additional bonding between N2-H3A,ooC13 (H"ooA=

2.664 A) and N4-H4AooCI2 (Hoo'A= 2.791 A). Figures 2.20 and 2.21 highlight the

location of the urea NH groups that hydrogen-bond to [PtCI6]2-.
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The extended crystal structure shows that there is a hydrogen-bonded chain

arrangement of the type ,..{[L3H+l"[PtCI6]2-"'[L3H+]} ". {[L3H+r'[ptCI6]2-"'[L3H+]} ,'.

(Figure 2,22) with each [L3H+] cation using two arms to interact with [PtCI6f- and

the third arm to interact with another [L3H+] cation through a bifurcated hydrogen-

bond, The structure reveals that although two pendant arms of the receptor hydrogen-

bond to [PtC16f-, the anion is not encapsulated as proposed from the receptor design.

This is thought to be because the oxygen atoms of the urea moieties are competitive

for the NH donor groups and, thus, there are interactions of the type N-H"'O

alongside the desired N-H'''CI interactions in the solid state. The details of all the

hydrogen-bonding interactions in [(L3H)2PtCI6] are shown in Table 2.6 and

crystallographic data and structure refinement details for the complex are given in

Appendix B.

Comparison of the crystal structures of [(L1HhPtCI6] with [(L3H)2PtCI6]

shows that there are more hydrogen-bonds present between the urea receptor

molecules and [PtCI6f- than with the sulfonamide receptors. If the number of

hydrogen-bonds determines the strength of the interaction between a receptor and

anion then this infers a stronger interaction between urea receptors and [PtCI6]2-.

This is interesting as the sulfonamide NH donor groups are more acidic and it was,

therefore, predicted they would form a stronger interaction. This suggests that the

number of hydrogen-bond donor groups is perhaps more significant than the acidity

of individual NH donor groups.
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Figure 2.19. Molecular structure of [(L3H)2PtC16] showing hydrogen-bonds between
L3 and [PtC16]2-. All hydrogen atoms (except NH) omitted for clarity. Ellipsoids set
at 50% probability. Hydrogen-bonds are shown in green and the NH"'Cl distances
are measured in A.

2.791

" " -,

H3Ay'
3

~
2.664 I'

CI3 1':~8~ 1- N2

/ H2A
CI2 /2.799

2.799/
/

H2A, 2.805- - - -
" " 2.791

"

I'
/

I' 2.664
.;H3A

Figure 2.20. Highlighting how four urea groups are orientated around [PtC16]2-.
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i = 2.664
ii = 2.805
iii = 2.799

2 791 ~
~? CI1N;r 3037

~

Figure 2.21. Highlighting the location of NH hydrogen-bond donor groups III

relation to the [PtC16]z- anion.

Table 2.6. Hydrogen-bonds D-R"A present in [CL3H)zPtC16] CD = donor, A =
acce_Qtor,d = distance).

D-H"'A
d(D-H)/ d(H'''A)/ d(D'''A)/ «DHA)/ Symmetry

A A A 0 Code

N2-H2A"Cll 0.86 2.799 3.4390 132

N2-H2A"C13 0.86 2.805 3.5778 150

N3-H3A"C13 0.86 2.664 3.4951 163

N4-H4A"C12 0.86 2.791 3.3629 125

N6-H6A"Ol 0.86 2.096 2.832 143 -x+l, -y+l,-z

N7-H7A"OI 0.86 2.180 2.951 149 -x+1, -y+l, -z

* Interactions between [L3H+] and [PtCI6]2- are shown above the horizontal line whilst interligand
hydrogen-bonds are below the line.
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2.4.2.4. Synthesis of [(L4H)2PtCI6)

Reaction of two equivalents of L4 with H2PtCl6 in MeCN gave a yellow-orange

precipitate which was collected by filtration and dried in vacuo. The 'H NMR

spectrum of the product in dmso-a, shows a broad signal at 10.07 ppm, integrating in

a 1:3 ratio with each of the urea NH signals, and assigned to N+HR3. Elemental

analytical data confirmed the 2: 1 (L4Ht:[PtCI6]2- stoichiometry of the product.

Unfortunately the receptor L4 is not useful as an extractant in solvent extraction

studies due to the limited solubility of both the receptor and its complex in organic

solvents.

2.4.3. Synthesis of Thiourea Complexes

For each of the thiourea receptors (LS_L7) two equivalents of ligand were dissolved

in MeCN and added to one equivalent of H2PtCl6 also dissolved in MeCN. For each

receptor, on the mixing of reactants a yellow-orange precipitate formed immediately

which was collected by filtration and dried in vacuo. Unfortunately, each product of

the three complexation reactions was completely insoluble, even in dmso, and this

prevented analysis by 'H NMR spectroscopy but elemental analytical data did

confirm the stoichiometry of the complexes as [(LHhPtCI6]. The infrared spectrum

of each product shows signals characteristic of the N-H and C=S groups at around

3200cm-' and 1560 cm", respectively.

2.4.4. Synthesis of an Amide Complex

2.4.4.1. Synthesis of [(L8HhPtCI6)

Two equivalents of L8 were dissolved in MeCN and added to fhPtCl6 in MeCN. A

yellow precipitate was formed and this was collected by filtration and dried in vacuo.

The 'H NMR spectrum of the product in dmso-d, shows a signal which integrates in
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a l:3 ratio with the amide NH signal at 9.87 ppm assigned to the N"HR3 proton

(Figure 2.23). Upon complexation there is a downfield shift of the urea NH signal

(He) indicating the presence of hydrogen-bonding interactions between L8H+ and

[PtCl6]2-.77 The IR spectrum of the product showed characteristic N-H bands at

3371 cm', 3221 cm-land and C=Q 1637 cm', respectively while elemental analytical

data confirmed the 2:1 (L8Ht:[PtCI6]2- stoichiometry of the complex.

i)

/
/
/
/

ii)

CHN(S0
d::/' d
e::::::..... le

f 3

10.0 9.5 9.0 8.5 8.0 7.5 7.0

Figure 2.23. IH NMR spectra [dmso-za, 300 MHz] of i) L8 and ii) [(L8H)2PtC16].

2.4.5. Synthesis of an Amido Pyrrole Complex

2.4.5.1. Attempted synthesis of r(L9H)2PtCI6]

The pyrrole-containing receptor L9 was found to be insoluble in MeCN, even when

heated. However, reaction of a suspension of L9 with H2PtCI6 in MeCN afforded an

insoluble yellow solid. As the receptor was not completely soluble, it proved difficult

to separate the two solids (undissolved receptor and the complex product). The

reaction was also attempted in acetone but L9 remained insoluble and the same

observation was made. Characterisation of a pure product was thus not pos ible in

this case.
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2.5. Summary of Results

The key design features for the target receptors described in this Chapter are i) a

tripodal geometry, ii) a protonation site, iii) hydrogen-bond donor groups, iv) organic

solubilising groups and v) synthetic accessibility. A series of TREN-based receptors

have been successfully synthesised incorporating sulfonamide, urea, thiourea, amide

or pyrrole hydrogen-bond donor moieties and phenyl, tert-butyl, n-butyl or methyl

organic solubilising groups. Inmost cases the target receptor was synthesised in one

synthetic step. Full characterisation of these products by IH NMR, 13C NMR and IR

spectroscopy, mass spectrometry and elemental analytical data confirmed their

formation and purity. Crystals of those receptors containing terminal phenyl groups

(LI, L2, LS, L8 and L9) were successfully obtained and in each case (except for the

thiourea ligand LS) both intra- and inter-molecular hydrogen-bonds were observed to

give interesting chain-type structures.

Reaction of two equivalents of a receptor with one equivalent of l~hPtCl6in

MeCN gave, in most cases, a yellow precipitate. Generally, these products were

found to have low solubility, but, where possible, IH NMR spectra were recorded

which confirmed the protonation of the bridgehead N-centre in the receptor.

Elemental analytical data for the products confirmed the 2:1 (LH)+:[PtCI6]2-

stoichiometry of the complexes. Single crystal X-ray structures were obtained for

[(LIHhPtCI6] and [(L3HhPtCI6]which showed that the bridgehead nitrogen position

was indeed protonated and that the two protonated receptor molecules interact with

[PtCI6]2- through hydrogen-bonding interactions thus confirming our basic design

strategy.

The low solubility of the receptors and complexes synthesised in this Chapter

means that they have limited use in solvent extractions. However, the complexes do

provide us with very useful information about how these receptors interact with
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[PtCI6f-. The next step was to modify the receptor design by improving the

solubility of the complexes in organic solvents, and this is discussed in Chapter

Three.

2.6. Experimental

2.6.1. Synthesis of Receptors

2.6.1.1. Synthesis of N,N' ,N"-(nitrilotri-2,1-ethanediyl)tris-benzenesulfonamide,

L1. 45,48

Benzene sulfonyl chloride (4.10 cm", 32 mmol) was dissolved in EbO (15 ern') and

added dropwise to a solution of TREN (1.50 cnr', 10 mmol) in fhO (20 cm')

containing NaOH (1.28 g, 32 mmol). The reaction was stirred for 2 h and then

allowed to stand for 2 h. The reaction mixture was filtered by gravity and the solid

collected and recrystallised from MeOH to give LI as a colourless, crystalline solid.

Yield: 4.65 g, 82%. IH NMR (300 MHz, CDCh): o/ppm 7.92 (m, 6H, fur),

7.90-7.51 (rn, 9H, fur), 6.02 (br, 3H, NH), 2.97 (br, 6H, NClli), 2.66 (br, 6H,

Nelli)· I3c NMR (68 MHz, CDCh): o/ppm 140, 133, 129, 127, 54,41. MS (ES+):

mlz 567 [M+H]+, 590 [M+Na( IR (KBr, cm'"): 3297 (V(NH», 1619 (V(C-C.Ar», 1350

(V(S02», 1150 (V(S02». Anal. calc. for C24H30N406S3:C, 50.87; H, 5.34; N, 9.89.

Found: C, 50.85; H, 5.34; N, 9.73%.
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2.6.1.2. Synthesis ofN,N',N"-(nitrilotri-2,I-ethanediyl)tris[N'-phenylurea], Ll.S4

Phenyl isocyanate (0.46 cnr', 4.20 mmol) was added dropwise to a solution of TREN

(0.20 cm", 1.35 mmol) in dry thf (30 cm') under N2• The reaction was stirred at room

temperature for 2 h during which time a colourless precipitate formed which was

collected by filtration and dried in vacuo. No further purification was required.

Yield: 0.65 g, 95%. IH NMR (270 MHz, CD30D): 8/ppm 7.26 (d, 6H, 3JHH= 8 Hz,

fur), 7.21-7.16 (m, 6H, fur), 6.95 (t, 3H, 3JHH = 8 Hz, fur), 3.54-3.48 (m, 6H,

Cfu), 2.68 (t, 6H, 3JHH= 5 Hz, Cfu). I3C NMR (68 MHz, dmso-ca): 8/ppm 156, 141,

129, 122, 118, 55, 37. MS (ES+): mlz 504 [M+Ht, 526 [M+Nat. IR (KBr, cm-I):

3334 (V(NH», 1650 (v(c=o». Anal. calc. for C27H33N703:C, 64.40; H, 6.60; N, 19.47.

Found: C, 64.29; H, 6.78; N, 19.11%.

2.6.1.3. Synthesis of N,N',N"-(nitrilotri-2,I-ethanediyl)tris[N'-tert-butylurea],

L3.S4

L3 was prepared in an analogous way to L2 by the reaction of TREN with tert-

butylisocyanate to give a colourless solid. Yield: 0.58 g, 98%. IH NMR (300 MHz,

CDCh): 8/ppm 5.79 (br, 3H, NH), 5.15-5.13 (m, 3H, NH), 3.13 (br, 6H, Cfu), 2.46

(br, 6H, Cfu), 1.33 (s, 27H, tBu). I3C NMR (68 MHz, CDCh): 8/ppm 160, 56, 50,
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49, 30. MS (ES+): 444 [M+Ht, 467 [M+Nat. IR (KBr, cm"): 3350 (V(N-H»,1650

(V(c=o». Anal. calc. for C2IRtsN703: C, 56.86; H, 10.22; N, 22.10. Found: C, 56.50;

H, 10.24; N, 20.58%.

2.6.1.4. Synthesis of N,N' ,N"-(nitrilotri-2,1-ethanediyl)tris(N' -butylurea), L4•S4

L4 was prepared in an analogous way to L2 by the reaction of TREN with

butylisocyanate to give a colourless solid. Yield: 0.57 g, 96%. IH NMR (300 MHz,

CDCh): o/ppm 6.00 (br, 3H, NH), 5.54 (br, 3H, NH), 3.17-3.10 (m, 6H, Cfu), 2.53

(br, 6H, Cfu), 1.98 (br, 6H, Cfu), 1.53-1.30 (m, 12H, Cfu), 0.92 (t, 9H, 3JHH=7 Hz,

CH3). I3CNMR (68 MHz, CDCb): o/ppm 160,55,40,39,33,21, 14. MS (ES+): m/z

C, 56.86; H, 10.22; N, 22.10. Found: C, 56.77; H, 10.22; N, 21.96%.

2.6.1.5. Synthesis of N,N' ,N"-(nitrilotri-2,1 -ethanediyl)tris(N'-phenylthiourea),

LS•S4

Phenyl isothiocyanate (0.49 cm', 4.15 mmol) was added to a solution ofTREN (0.20

cm", 1.34 mmol) in dry thf (30 cm') under N2• The reaction stirred at room

temperature for 16 h following which the solvent was removed in vacuo to give an
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off-white solid which was recrystallised from MeOH to give the receptor as a

colourless crystalline solid. Yield: 0.50 g, 68%. IH NMR (270 MHz, CDCh): <>/ppm

8.25 (s, 3H, NH), 7.32-7.15 (m, ISH, .fur), 6.90 (br, 3H, NH), 3.81-3.78 (m, 6H,

e!h), 2.73 (t, 6H, 3JHH = 6 Hz, C!h). "c (75 MHz, dmso-za): <>/ppm181, 140, 129,

126, 124, 53,43. MS (ES+):mlz 552 [M+Ht, 574 [M+Nat. IR (solid, cm'"): 3345

(V(NH», 3286 (V(NH», 1551 (v(c=S». Anal. calc. for C27H33N7S3:C, 58.86; H, 6.04; N,

17.79. Found: e, 58.54; H, 6.00; N, 17.56%.

2.6.1.6. Synthesis of N,N' ,N" -(nitrilotri-2,I-ethanediyl)tris [N'-tertbutylthiourea)

L'.54

L6 was prepared in an analogous manner to L5 by the reaction of TREN with tert-

butyl isothiocyanate to give a colourless solid. Yield: 0.48 g, 74%. IH NMR (270

MHz, coci,» <>/ppm6.48 (br, 3H, NH), 6.33 (br, 3H, NH), 3.58-3.54 (m, 6H, e!h),

2.66 (t, 6H, 3JHH = 6 Hz, C!h), 1.42 (s, 27H, IBu). I3C (68 MHz, CDCh): S/ppm 181,

54, 53, 43, 30. MS (ES): mlz 492 [M+Ht. IR (solid, cm"): 3300 (V(NH», 1650

(v(c=S». Anal. calc for C21H45N7S3:e, 51.28; H, 9.22; N, 19.94. Found: e, 51.23; H,

9.07; N, 18.94%.
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2.6.1.7. Synthesis of N,N' ,N"-(nitrilotri-2,1-ethanediyl)tris[N'-methylthiourea),

L'.54

L' was prepared in a similar manner to LS by the reaction of TREN with methyl

isothiocyanate to give a colourless oil. Yield: 0.34 g, 69%. IH NMR (300 MHz,

CDCh): o/ppm 6.88 (br, 3H, NH), 6.73 (br, 3H, NH), 3.72-3.69 (m, 6H, C!h), 3.05

(d, 9H, 3JHH = 4 Hz, Cfu), 2.64 (t, 6H, 3JHH = 5 Hz, C!h). "c NMR (68 MHz,

CDCh): o/ppm 172, 68, 53, 26. MS (ES+): found mlz 366.1556, calc. mlz 366.1563

for [M+Ht Anal. calc. for C12H27N7S3:C, 39.42; H, 7.44; N, 26.82. Found: C,

42.06; H, 7047; N, 23.85%.

2.6.1.8. Synthesis of N,N' ,N"-(nitrilotri-2,I-ethanediyl)tris-benzamide, L8.45.48

Benzoyl chloride (0.90 cnr', 7.66 mmol) dissolved in diethyl ether (10 cnr') was

added slowly to TREN (0040 cm', 2.70 mmol) in H20 (20 cnr') containing NaOH

(0.33 g, 8.25 mmol). The reaction stirred at room temperature for 48 h and then the

off-white solid that had formed was collected by filtration, washed with a portion of

diethyl ether (10 cm') and dried in vacuo to give a colourless solid. Yield: 0.92 g,

74%. IH NMR (300 MHz, CDCh): o/ppm 7.60 (d, 3H, 3JHH = 6 Hz, fur), 7.33-7.30

(m, 6H, fur), 7.18 (br, 3H, NH), 7.07 (t, 6H, 3JHH = 9 Hz, !:!Ar),3.60-3.55 (m, 6H,

C!h), 2.76 (t, 6H, 3JHH = 6 Hz, C!h). l3CNMR (68 MHz, CDCh): o/ppm 168, 134,
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131, 128, 127, 54, 38. MS (ES+):mlz 459 [M+Ht. IR (solid, cm'"): 3345 (V(NH)'

Found: C, 70.86; H, 6.61; N, 12.24%.

2.6.1.9. Synthesis of pyrrole-2-carbonyl chloride.7307s

fJ--fO
H Cl

An excess of oxalyl chloride (0.60 crrr') was added to pyrrole-2-carboxylic acid (0.70

g, 6.30 mmol) in benzene (30 cnr') under N2.To this mixture was added two drops of

dmf to catalyse the reaction. The reaction was stirred at room temperature for 16 h

during which time all the starting material dissolved to give a colourless solution.

The solvent was then removed in vacuo to give the product as a pale yellow powder.

Yield: 0.78 g, 96% yield. IH NMR (270 MHz, CDCh): B/ppm 9.58 (br, IH, NH),

7.24-7.15 (m, 2H, 2 x CID, 6.40-6.32 (m, IH, CH). I3CNMR (68 MHz, CDCh):

B/ppm 170, 131, 128, 123, 112.

2.6.1.10. Synthesis ofN,N' ,N"-(nitrilotri-2,I-ethanediyl)tris-pyrrole, L9.76

TREN (0.07 cm", 0.51 mmol) was dissolved in CI-hCh (20 cm') and Na2C03 was

added to give a basic solution. Pyrrole-2-carbonyl chloride (0.20 g, 1.54 mmol) was

added to the stirring solution and a precipitate was formed in an exothermic reaction.

The reaction mixture was stirred at room temperature for 3 h and H20 (10 cm') was

added to dissolve the Na2C03 and form a biphasic system. The precipitate was
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insoluble in both the organic and aqueous layers and was collected by filtration and

washed with a portion of diethyl ether (10 crrr') to give the product as an off-white

solid which was dried in vacuo. Yield: 0.13 g, 60%. IH NMR (270 MHz, dmso-es):

o/ppm 11.44 (br, 3H, NID, 7.95 (br, 3H, NID, 6.85 (br, 3H, fur), 6.74 (br, 3H, fur),

6.07 (br, 3H, fur), 3.33-3.18 (m, 6H, Cfu), 2.68 (t, 6H, 3JHH= 7 Hz, Cfu). I3C

NMR (68 MHz, dmso-es): o/ppm 161, 127, 122, 111, 110, 54,47. MS (ES+); found

mlz 426.2262, calc. mlz 426.2253 for [M+Ht. IR (solid, cm"): 3221 (V(N-H»,1602

(v(c=O», 1570 (v(c=c, Ar»' Anal. calc. for C21H27N703: C, 59.28; H, 6.40; N, 23.04.

Found: C, 59.37, 6.40, 22.93%.

2.6.2. Synthesis of Complexes

2.6.2.1. Attempted Synthesis of [(L IH)zPtCI6]

LI was insoluble in MeCN, even when heated, which prevented the reaction with

H2PtCI6.

2.6.2.2. Synthesis of [(LzH)zPtCld

L2 (0.02 g, 0.04 mmol) in MeCN (2 cm") was added to H2PtCI6 (0.01 g, 0.02 mmol)

in MeCN (1 crrr'). An orange precipitate formed immediately which was collected by

filtration and dried in vacuo. IH NMR (300 MHz, dmso-es): o/ppm 9.61 (br, IH,

NH+), 8.80 (s, 3H, NID, 7.40 (d, 6H, 3JHH= 8 Hz, fur), 7.19-7.14 (m, 6H, fur), 6.92

(t, 3H, 3JHH= 8 Hz, fur), 6.45 (t, 3H, 3JHH= 6 Hz, NH), 3.51 (m, 6H, Cfu), 3.37 (m,

6H, Clli). IR (solid, cm"): 3358 (V(N-H», 1650 (v(c=O». Anal. calc. for

CS4H68Cl6NI406Pt+1.4 H20: C, 44.97; H, 4.95; N, 13.60. Found: C, 44.97; H, 4.71;

N,13.56%.
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2.6.2.3. Synthesis of [(L3H)2PtCI6]

This compound was prepared in a similar manner to [(L2H)2PtCI6] and precipitated

as a yellow solid. IH NMR (270 MHz, dmso-es): o/ppm 10.05 (br, IH, NH+), 6.05

(br, 3H, NID, 4.31 (br, 3H, NI!), 3.31 (br, 6H, Cfu), 3.20 (br, 6H, Cfu), 1.25 (s,

27H, (Bu). IR (solid, ern"): 3342 (v(N-H), 1632 (v(c=O». Anal. calc. for

C42H92C~NI406Pt: C, 38.89; H, 7.15; N, 15.12. Found: C, 38.82; H, 7.09; N,

15.03%.

2.6.2.4. Synthesis of [(L4H)2PtCI6]

This compound was prepared in a similar manner to [(L2H)2PtCI6] and precipitated

as a yellow powder. IH NMR (270 MHz, dmso-zk): o/ppm 10.07 (br, IH, NH+), 6.26

(t, 3H, 3JHH = 5 Hz, NH), 6.18 (t, 3H, 3JHH= 5 Hz, NH), 3.32 (br, 6H, Cfu), 3.23 (br,

6H, C!b), 1.41-1.20 (m, 18H, C!b), 0.88 (t, 9H, 3JHH= 7.0 Hz, Cfu). Anal. calc. for

C42H92C16N1406Pt:C, 38.89; H, 7.15; N, 15.12. Found: C, 38.94; H, 6.94; N,

14.97%.

2.6.2.5. Synthesis of [(L5H)2PtCI6]

This compound was prepared in a similar manner to [(L2H)2PtCI6] and precipitated

as a yellow powder. The product was completely insoluble hence no IH NMR

spectrum could be recorded. IR (solid, cm"): 3175 (V(N-H», 1562 (v(c=S». Anal. calc.

for CS4H6SCI6NI4PtS6:C, 42.86; H, 4.53; N, 12.96. Found: C, 42.69; H, 4.51; N,

12.89%.



Chapter Two: Design and Synthesis of Tripodal Receptors 103

2.6.2.6. Synthesis of [(L6H)2PtCI6]

This compound was prepared in a similar manner to [(L2HhPtCI6] and precipitated

as a yellow powder. The product was completely insoluble hence no IH NMR

spectrum could be recorded. IR (solid, cm"): 3227 (V(N-H», 1566 (v(c=S». Anal. calc.

for C42H92C16N14PtS6:C, 36.20; H, 6.65; N, 14.07. Found: C, 35.80; H, 6.51; N,

13.89%.

2.6.2.7. Synthesis of [(L7H)2PtCI6]

This compound was prepared in a similar manner to [(L2H)2PtCI6] and precipitated

as a yellow powder. The product was completely insoluble hence no IH NMR

spectrum could be recorded. IR (solid, cm"): 3211 (V(N-H», 1594 (v(c=S». Anal. calc.

for C24Hs6C16N14PtS6:C, 25.26; H, 4.95; N, 17.19. Found: C, 25.16; H, 4.82; N,

17.03%.

2.6.2.8. Synthesis of [(L8H)2PtCI6]

This compound was prepared in a similar manner to that described for [(L2H)2PtCI6]

and precipitated as a yellow powder. 'H NMR (300 MHz, dmso-es): 8/ppm 9.87 (br,

IH, NH+), 8.81 (t, 3H, 3JHH= 5 Hz, NH), 7.81 (d, 6H, 3JHH= 7.10 Hz, fur), 7.54 (t,

3H, 3JHH = 7.3 Hz, fur), 7.47-7.41 (m, 6H, fur), 3.72 (d, 6H, 3JHH= 5 Hz, CHz),

other CHz obscured by H20 signal. IR (solid, cm"): 3371 (V(N-H», 3221 (V(N-H», 1637

(v(c=O». Anal. calc. for CS4H62CI6Ns06Pt: C, 48.88; H, 4.71; N, 8.44. Found: C,

49.15; H, 4.63; N, 8.37%.

2.6.2.9. Attempted Synthesis of [(L9H)2PtCI6)

L9 was insoluble in MeCN, even when heated, which prevented the reaction with

H2PtCI6•
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3. Improving the Solubility of Complexes

3.1. Introduction

It is a key requirement of this work that both the receptor and its complex are soluble

in an organic phase that is immiscible with H20 to facilitate the separation of

[PtCI6]2-from other species present in the aqueous feed.I The receptors in Chapter 2

that have terminal phenyl substituents display low solubility in organic solvents.

Receptors with tert-butyl terminal groups were, in general, more soluble; however,

their complexes [(LH)2PtCI6]were either completely insoluble or only soluble in

dmso. This Chapter describes the attempts that were made to increase the organic

solubility of the receptors and of their corresponding [PtCI6]2-complexes.

3.2. Design Modifications

The receptors discussed in this Chapter have a TREN scaffold functionalised with

hydrogen-bond donor groups to allow both electrostatic and hydrogen-bonding

between the receptor and [PtCI6]2-.The previous results presented in Chapter 2

confirm this approach to be successful in targeting [PtCI6]2-. To improve and

optimise the organic solubility of the receptors and their complexes the terminal R

groups on each of the three arms of the receptor were varied. This approach was

chosen as it allowed the key binding sites of the receptor to remain unaffected.

More specifically, the phenyl group was chosen as a starting point for these

"second generation" receptors for two reasons. Firstly, the phenyl group is a stronger

electron withdrawing group than an alkyl group such as tert-butyl, n-butyl or

methyl? This means that NH moieties bonded to phenyl groups are more acidic than

their alkyl counterparts and consequently may be better hydrogen-bond donors

leading to stronger hydrogen-bonds being formed and potential improvements in

extraction. Secondly, the introduction of varying substituents onto the aromatic ring
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at ortho, meta and para positions is a synthetically accessible and thus a convenient

route to improve solubility. The receptors presented in this Chapter have terminal

phenyl groups with alkyl or methoxy substituents of varying number and ring

positions and, in the first instance, this approach was applied to TREN-based

receptors containing urea, thiourea or amide hydrogen-bonding moieties.

3.3. Urea Receptors

3.3.1. Synthesis and Characterisation

Second generation TREN-based urea receptors were prepared from a range of

commercially-available substituted phenyl isocyanates including 3, 5-

dimethylphenyl, 4-tert-butylphenyl, 4-iso-propylphenyl and 3, 5-dimethoxyphenyl

isocyanate. In each case TREN was reacted with three equivalents of the appropriate

isocyanate to give the receptors LIO-Ll3 as colourless precipitates in good yields

(Scheme 3.1).3 The products were characterised by IH NMR, l3C NMR and IR

spectroscopy, mass spectrometry and elemental analysis which confirmed the

formation of analytically pure compounds. The IH NMR spectrum of each receptor

shows two signals due to the urea NH protons thus confirming C3 symmetry in

solution. No previous reports of the synthesis of LIO-LI3were found although

structures with 4-nitrophenyl, azobenzene, 3, 4-dichlorophenyl and 4-cyanophenyl

terminal groups have been prepared.t"

thf
(N2)
r.t.

R-N=C=O

Scheme 3.1. Synthesis ofLIO-Ll3.

LIO: R = Ph(3, 5-Me) (97%)
LII: R = Ph(4-iso propyl) (78%)
LIZ: R = Ph(4-tert butyl) (59%)
LI3: R = Ph(3, 5-0Me)(81%)
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3.3.2. Crystal Structure of LII

Single crystals of LII were obtained by the slow evaporation of a concentrated

solution of the product in MeOH. L" crystallises in the orthorhombic space group

Pbca with 8 molecules in the unit cell. The molecular structure shows intra-

molecular, bifurcated hydrogen-bonding between N4-H4""OI (H""A = 2.032 A)

and NS-HSA"OI (R"'A = 2.027 A) stabilising a tripodal conformation (Figure

3.1). Disorder in the iso-propyl group CIO-CI2 was modelled over two sites with an

occupancy of 0.S71 0.43 and refined with isotropic absorption displacement

parameters. The H6A and RSA protons were geometrically placed and the other

hydrogen atoms of the NR groups were defined by the difference map.

The extended structure of LII shows that there are also inter-molecular

hydrogen-bonds present between the urea moieties of adjacent molecules (Figure

3.2). There are inter-molecular, bifurcated hydrogen-bonds between N2'-H2"'03

(R"A = 1.964A) and N3-H3"'03 (H"'A = 2.003 A), N6-H6A"02 (H""A= 2.334

A) and N7-H7A"'02 (H'''A = 2.233 A) leading to a chain ofL" molecules. One of

the three pendant arms use their urea NR hydrogen-bond donor groups in intra-

molecular hydrogen-bonds with the remaining two arms participating in inter-

molecular hydrogen-bonding thus, every urea moiety in each receptor participates in

hydrogen-bonding interactions. The full details of all of the hydrogen-bonds present

in the structure of L" are shown in Table 3.1 and the crystallographic data and

structure refinement details are given in Appendix C.
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Figure 3.1. Molecular structure of LII showing the intra-molecular hydrogen-bonds.
All hydrogen atoms (except NH) are omitted for clarity. Ellipsoids set at 50%
probability. The intra-molecular NH' "0 hydrogen-bonds are shown in green and
measured in A. One of the disorder components has been removed and Cl O-C 12
remain isotropic.

Figure 3.2. View of the structure of LII 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 measured in A. For
clarity, the carbon atoms of each LII molecule are shown in different shades of light
and dark grey. The interactions between N7-H7"'02 and N6-H6A"'02 are
indicated but the complete molecule is not shown.
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Table 3.1. Intra- and inter-molecular hydrogen-bonds D-H"'A in L II (D = donor, A
= acceEtor, d = distance),

D-H"'A d(D-H)/ d(H"'A)/ d(D"'A)/ «DHA)/ Symmetry
A A A 0 Codes

N4-H4""OI 0.900(19) 2.032(19) 2.867(2) 154(2)

N5-H5A"OI 0.88 2.027 2.817(2) 149

N2-H2""03 0.912(19) 1.96(2) 2.817(2) 155(2) -x,-y,-z

N3-H3"'03 0.92(2) 2.00(2) 2.859(2) 154(2) -x, -y, -z

N6-H6A''02 0.88 2.334 3,031(2) 136 -x, -y+ I,-z

N7-H7'''02 0.816(18) 2.232(19) 2.939(2) 145(2) -x, -y+I,-z

·N4-H4··..01 and N5-H5A"Ol are intra-molecular hydrogen-bonds whilst all other hydrogen-
bonds are inter-molecular hydrogen-bonds.

3.3.3. Crystal Structure of Lu

Crystals of L 12 were obtained by the slow evaporation of a concentrated solution of

the product in MeOH. LI2 crystallised in the triclinic space group P-I with two

molecules in the unit cell. The molecular structure shows an intra-molecular,

bifurcated hydrogen-bond between N6-H6A"02 (H"'A = 2.206 A) and N7-

H7A"02 (H'''A = 2.033 A) encouraging a tripodal conformation (Figure 3.3).

Disorder present in a terminal tert-butyl group C36-C39 was modelled over two

sites with an occupancy 0.64/0.36 and refined with isotropic atomic displacement

parameters.

The extended structure of LI2 shows two bifurcated inter-molecular

hydrogen-bonds between the urea moieties on adjacent molecules N2-H2A'''03

(H"'A = 2.463 A) and N3-H3A"03 (H"'A = 2.092 A), N4-H4A"OI (H"'A =

2.052 A) and N5-H5A'''OI (H"'A = 2.071 A) giving rise to a chain of LI2

molecules (Figure 3.4). One of the three arms participates in intra-molecular

hydrogen-bonding whilst the other two arms are involved in inter-molecular
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hydrogen-bonding. The details of the hydrogen-bonds present in the structure of L 12

are shown in Table 3.2 and the crystallographic data and structure refinement details

are given in Appendix C.

Figure 3.3. Molecular structure of L 12 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. One of the disorder components has been removed and
thus C36-C39 remain isotropic.

Figure 3.4. View of the structure of LI2 showing the intra- and inter-molecular
hydrogen-bonds present in the extended structure. All hydrogen atoms (exc pt NH)
are omitted for clarity. Hydrogen-bonds are shown in green and measured in A. The
carbon atoms of the two molecules of L 12 are in different hade of grey.
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Table 3.2. Intra- and inter-molecular hydrogen-bonds D-H"'A in L12(D = donor, A
= acceEtor, d = distance}.

D-H"'A d(D-H)! d(H'''A)! d(D'''A)! «DHA)! Symmetry
A A A 0 Codes

N6-H6A"02 0.88 2.206 3.005(2) 151

N7-H7A"02 0.88 2.033 2.873(2) 159

N2-H2A"03 0.88 2.463 3.173(2) 138 -x+l, -y+l, -z+l

N3-H3A"03 0.88 2.092 2.917(2) 157 -x+l, -y+l, -z+1

N4-H4A"OI 0.88 2.052 2.850(2) 150 -x, -y+2, -z+ 1

N5-H5A"OI 0.88 2.071 2.888(2) 154 -x, -y+2, -z+ 1

*N6-H6A"02 and N7-H7 A"'02 are intra-molecular hydrogen-bonds, all others are hydrogen-
bonds are inter-molecular.

3.3.4. Complexation Reactions

Two equivalents of each of the urea receptors L10_L13were reacted with one

equivalent of H2PtCl6 in MeCN. Yellow precipitates formed immediately for the

reaction with LIOand LII, but with L12,containing 4-tert-butylphenyl groups, it took

over 16 hours for a precipitate to form and for L13,with 3, 5-dimethoxyphenyl

substituents, no precipitation was observed even after several days.

The precipitates that formed with L10-L 12were collected by filtration and

dried in vacuo. The IH NMR spectrum of each product, recorded in dmso-ss, showed

a peak which integrated in a 1:3 ratio with the urea NH signals in the region 9.50-

9.75 ppm and was assigned to the protonated bridgehead nitrogen position N+HRJ. A

downfield shift of the urea NH signals was also observed consistent with hydrogen-

bonding interactions between the receptors and [PtCI6]2-.8,9 Elemental analytical data

on each of the products confirmed the formation of a 2: 1 (LHt[PtCI6]2- complex

while IR spectroscopy showed characteristic NH and c=o stretches in the regions

3333-3365 cm-I and 1651-1673 cm", respectively.
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The reaction of L 13with H2PtCl6 formed a clear yellow solution and after

several days at room temperature there was still no precipitate. To confirm the

formation of the soluble complex [(L13HhPtCI6] the reaction was repeated in MeCN-

d3 and the IH NMR spectrum of the resulting solution recorded. A signal was

observed at 9.25 ppm assigned to the protonated bridgehead nitrogen position,

N+HR3 and there was a downfield shift of each of the urea NH protons indicating

hydrogen-bonding interactions had fonned.8,9 Positive electrospray mass

spectrometry of the reaction solution showed a peak at mlz 684 assigned to [LI3Ht.

The negative electrospray spectrum showed a peak at mlz 718 due to [L13+Clr. Most

significantly a peak was also observed at mlz 1772 assigned to [LI3(L13H)PtCI6r

suggesting the presence of the desired 2:1 (LI3Ht:[PtCI6]2- complex. Peaks were

also observed at mlz 981 and 1089 assigned to [(L13-2H)ptChr and [(LI3H)PtCI6L

respectively, in which other chloroplatinate species are observed.

The results of the IH NMR spectroscopy and mass spectrometry experiments

con finn that the MeCN solution resulting from the mixing of LI3 with H2PtCl6 does

contain the desired complex [(LI3H)2PtCI6]. Therefore, by incorporating 3, 5-

dimethoxyphenyl groups into the receptor the organic solubility of the complex had

been established. This allowed the extraction efficiency of LI3 to be assessed in

solvent extraction experiments the results of which are discussed in Chapter 4.

3.3.5. Synthesis of Other Methoxy Urea Receptors

To assess if other methoxyphenyl moieties could be used to increase organic

solubility two new TREN-based urea receptors were prepared. LI4 and LIS were

synthesised by the reaction of TREN with 3, 4-dimethoxyphenyl isocyanate and 3, 4,

5-trimethoxyphenyl isocyanate, respectively (Scheme 3.2).3 LI4 formed as a

colourless precipitate and was collected by filtration and dried in vacuo to give the
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product in 86% yield. LIS did not precipitate from the reaction solution but removal

of the solvent in vacuo and column chromatography (3% MeOH, 97% CHCb) gave

analytically pure LIs. By comparing the extraction results for L13, LI4 and LIS the

effects of the substitution pattern and number of methoxy groups on extraction

ability can be assessed. To probe the effect of alkyl chain length on solubility a

receptor with octylphenyl substituents was synthesised. Thus, TREN was reacted

with 4-octylphenyl isocyanate to give LI6 in moderate yield (Scheme 3.2).

thf
(N2)
r.t.

R-N=C=O

L14:R = Ph(3, 4-0Me) (86%)
LIs: R = Ph(3, 4 ,5-0Me) (74%)
L16: R = Ph(4-octyl) (61%)

Scheme 3.2. Synthesis ofLI4 _L16.

3.3.6. Complexation Reactions

Two equivalents of LI4 and LIS were reacted with H2PtCl6 in MeCN and no

precipitate formed in either reaction indicating the formation of soluble products.

The reactions were repeated in MeCN-d3 and the IH NMR spectrum of each of the

resulting solutions recorded. In both cases a signal in the range 9.65-9.87 ppm was

observed assigned to the protonated bridgehead nitrogen (NH+R3). No complexation

reaction was performed with LI6 as there was only a limited amount of the product

and it was decided it would be of more interest to use it in solvent extraction studies.

The 195Pt NMR spectrum of [(L14HhPtCI6] in MeCN-dJ shows one signal at

247 ppm confirming only one Pt environment in solution. This is a downfield shift of

23 ppm compared to the signal observed for lhPtCl6 (224 ppm) indicating that the

environment of Pt changes upon complexation. 195pt signals observed are very

sensitive to changes in conditions and so both spectra were recorded at the same
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temperature, concentration and frequency and in the same solvent.'? This suggests

that the shift is due to a change in the outer coordination sphere of [PtCI6]2-resulting

from the interaction with the receptor molecules.

3.3.7. Summary

The required solubility of the urea complexes has been achieved by incorporating

methoxy substituents onto the terminal phenyl groups of the receptors, and

characterisation of the products revealed the expected 2: 1 (LHt:[PtCI6]2- complex

stoichiometry. The three TREN-based urea receptors L13, L14, and LIS formed

MeCN-soluble complexes and these were then assessed in test extraction

experiments to determine if they could be used as practical extractants for [PtCI6]2-.

The results of these experiments are described and discussed in Chapter 4.

3.4. Thiourea Receptors

3.4.1. Synthesis and Characterisation

Since the organic solubility of urea receptors was increased by introducing

methoxyphenyl terminal substituents a similar route was chosen in an attempt to

improve the solubility of thiourea receptors and their complexes. The ligands L17 and

LI8 were synthesised by the reaction of TREN with three equivalents of 3, 5-

dimethoxyphenyl or 3, 4, 5-trimethxoyphenyl isothiocyanate, respectively (Scheme

3.3).3 Both products formed as colourless precipitates in high yields and were

characterised by IH NMR, I3CNMR and IR spectroscopy, mass spectrometry and

elemental analysis.
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thf
(N2)
r.t.

R-N=C=S

L17: R = Ph(3, 5-0Me) (96%)
LIs: R = R = Ph(3, 4, 5-0Me) (98%)

Scheme 3.3. Synthesis ofLI7 and LI8

3.4.2. Complexation Reactions

The reaction of L17and L18with H2PtCl6 in MeCN afforded, in both cases, insoluble

orange products which prevented characterisation by IH NMR spectroscopy.

Elemental analytical data confirmed the formation of the desired 2: 1 (LHt: [PtCI6]2-

complexes and the IR spectra showed characteristic N-H bands in the region

3231-3287cm-1 and C=S stretching vibrations at 1596 ern".

For the thiourea receptors, incorporation of methoxyphenyl substituents did

not lead to improved solubility of the complexes. This means that these thiourea

systems could not be studied in solvent extraction studies and comparisons between

urea and thiourea moieties could not be made. The insolubility of the complexes may

arise from sulfur having a strong affinity for Pt-centres with direct coordination of

the S-donors of thiourea to the metal centre. There are examples in the literature of

the CI- ligands of [PtCI6]2- being substituted for sulfur atoms from thiourea

moieties. II. 12For example, the reaction of K2PtCl6 in HCI with a solution of thiourea

(tu) in MeOH leads to the formation of a series complexes Pt(tu)4Ch type (Figure

3.6).13. Work published by Koch and co-workers shows that the direct coordination

of thiourea S-donors has been used in platinum extraction.14-23
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Cl
Ch., I ""Cl'Pot'
Cl'" I 'Cl

Cl

+4cr

Figure 3.6. Thiourea moieties directly coordinated to a platinum centre.13

3.4.3. Summary

The thiourea receptors were initially studied as it was thought that they would be

good hydrogen-bond donors and form strong hydrogen-bonds to [PtCI6]2- leading to

high extraction efficiency.i" Although introducing methoxyphenyl substituents

improved the solubility of the receptors LI7 and LI8 the complexes they form with

H2PtCl6 remain insoluble. The use of these thioureas in solvent extraction studies

was not possible and no further work was carried out to improve the solubility of

these systems.

3.5. Amide Receptors

3.5.1. Synthesis and Characterisation

When the TREN-based amide receptor, L8, was reacted with H2PtCl6 a precipitate

formed which was only soluble in dmso. As introducing methoxyphenyl substituents

into the urea receptors improved the organic solubility of their H2PtCl6 complexes

the same approach was applied to amide receptors. The receptors L19_L21 were

synthesised by reaction of TREN with three equivalents of the 3, 5-dimethoxy, 3, 4-

dimethoxy or 3, 4, 5-trimethoxy benzoyl chloride, respectively (Scheme 3.4).25 Each

product was obtained as a colourless powder and was characterised by IH NMR, 13C

NMR and IR spectroscopy, mass spectrometry and elemental analysis, which showed

them to be analytically pure. Similar 2, 3, 4-trimethoxyphenyl substituted amides

have been previously synthesised by Raymond and co-workers via reaction of TREN
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with a 2-mercaptothiazoline derivative of 2, 3, 4-trimethoxybenzoic acid." L19is a

new ligand but there are reports of both L20and L21in the literature.27,28

L19: R = Ph(3, 5-0Me) (74%)
L2o: R = Ph(3, 4-0Me) (66%)
L21: R = Ph(3, 4, 5-0Me) (73%)

Scheme 3.4. Synthesis ofL19_L21.

3.5.2. Crystal structure of L 19

Single crystals of Lt9 suitable for X-ray diffraction were obtained by the slow

evaporation of a concentrated solution containing the product in MeOH. L19

crystallises in the triclinic space group P-l with two receptors in the unit cell. The

structure has intra-molecular hydrogen-bonds between amide moieties on adjacent

arms of the tripod N2-H2A'''07 (H""A = 2.040 A) (Figure 3.5). The extended

structure shows that there are also inter-molecular hydrogen-bonds present in the

structure between N3-H3A"OI (H"'A = 2.250 A) giving a chain-like structure of

L19molecules (Figure 3.6). The full details of the two types of hydrogen-bonds

present in the structure are given in Table 3.3 and the crystallographic data and

structure refinement details are given in Appendix C.
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C21

C32

Figure 3.5. Molecular structure of LI9 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 3.6. View of the structure of LI9 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 NR"O di tance
are measured in A. The carbon atoms of the two molecule of L19 are shown in
different shades of grey.
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Table 3.3. Intra- and inter-molecular hydrogen-bonds D-H"'A in L19(D = donor, A
= acceptor, d = distance).

D-H"'A d(D-H)! d(H"'A)! d(O"'A)! «DHA)! Symmetry
A A A 0 Codes

N2-H2A"'07 0.88 2.040 2.910(2) 170

N3-H3A"'01 0.88 2.250 2.913(2) 132
-x, -y+l, -z+l

*N2-H2A"07 is an intra-molecular hydrogen-bond whereas N3-H3A"OI is an inter-molecular
hydrogen-bond.

3.5.3. Complexation Reactions

Reaction ofeo-L21 with H2PtCl6in MeCN afforded soluble products. To confirm the

formation of the desired complexes in solution the reactions were repeated in MeCN-

d3 and the 1HNMR spectrum of each solution recorded. Both spectra showed a signal

due to the protonated bridgehead position (NH+R3) which integrated in a 1:3 ratio

with each of the urea NH signals. The 13CNMR spectrum of [(L21HhPtCI6] was

recorded to monitor the effect of complexation on the carbon environments of L21.A

small downfield shift for the carbonyl signal (C=O) was observed consistent with the

adjacent amide NH moiety participating in hydrogen-bonding interactions. A shift in

the signal assigned to carbon atoms adjacent to the bridgehead nitrogen (N(Cfu)3)

was also observed corresponding with protonation of the bridgehead nitrogen.

After mixing L19with H2PtCl6 in MeCN yellow crystals formed and these

were collected by filtration and dried in vacuo (see Section 3.5.4.). The IH NMR

spectrum of the crystals dissolved in dmso-z, showed a resonance at 9.68 ppm which

integrated in a 1:3 ratio with the amide NH signal and was assigned to the protonated

bridgehead nitrogen WHR3. Elemental analytical data confirmed the formation of

the complex [(LI9HhPtCI6]. The negative electrospray mass spectrum on the

remaining solution showed a peak at mlz 673 assigned to [LI9+Clr and, more

interestingly, peaks were also observed at mlz 936, 972, 1044, 1378 and 1682 with
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the correct isotope distribution for [(LI9_2H)PtChL [(LI9_H)PtCI4r, [(LI9H)PtCI6r,

[(LI9H)(PtCI5)2r and [LI9(LI9H)PtCI6r. respectively. The peak at mlz 1682 is of

particular interest as it suggests the formation of a 2: 1 (L 19Ht: [PtCI6]2- complex.

Fragmentation of the [PtCI6]2- anion is also observed in these mass spectrometry

experiments and other complexed chloroplatinate species are evident in the spectrum

such as [Pt(IV)Cht, [Pt(IV)CI4] and [Pt(IV)CI5r.

The 195PtNMR spectrum of eo and H2PtCI6 in MeCN-d3 shows one signal at

244 ppm indicating that there is a single platinum environment present in solution.

The 35Cl;37Cl isotopomer distribution characteristic of the 195Ptresonance in [PtCI6]2-

species (Figure 3.7) is preserved confirming that Cl- substitution by MeCN solvent

molecules does not take place during the experiment on the NMR timescale.1O For

comparison, the 195ptNMR spectrum of H2PtCl6 in MeCN-d3 was also recorded and

one signal at 224 ppm observed. These results show that on formation of the complex

there is a downfield shift of 20 ppm indicating that the environment of the platinum

centre of [PtCI6]2- changes when it is complexed with (L20Ht.

(Pt(lSC')fCW·

[Pt<,sCI).("CI~]2·

-----
IPt(l'CI}z(31CI)4JZ•

/
121 11jI US

Figure 3.7. 195PtNMR spectrum of H2PtC16.H20 (recorded at 303 Kat 600 MHz in
ethylene glycol-ss) illustrating the resolution of the 35Cl and 37CIisotopomers.29
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3.5.4. Crystal Structure of [(L 19H)2PtCI6)

Crystals of [(LI9H)2PtCI6] suitable for X-ray diffraction were obtained within 30

minutes of mixing an MeCN solution containing two equivalents of L19with an

MeCN solution containing one equivalent of H2PtCI6. The structure determination of

[(LI9HhPtCI6] revealed one [PtCI6]2- anion lying on a centre of inversion and two

receptor cations related by the inversion centre (Figure 3.8). Both amide receptors

are protonated at their bridgehead nitrogen atom (NI) to give an overall charge-

neutral complex. One of three amide NH donors of (LI9H)+ hydrogen-bonds to

[PtCI6f- forming a bifurcated interaction N2-H2A'''Cll (H···A = 2.952 A) and

N2-H2A"'CI2 (R"A = 2.832 A).

In addition to these NH"'CI hydrogen-bonds there is an intra-ligand

hydrogen-bond N3-H3A"'OI (R"A = 2.128 A) and an inter-ligand hydrogen-bond

N4-H4A"'04 (H"'A = 2.151 A). Each (LI9H+) cation uses one of its amide moieties

to hydrogen-bond to one [PtCI6]2- anion while the remaining two amide groups

hydrogen-bond to another (LI9H+) cation to give a chain arrangement

·"«LI9H+)""[PtCI6f-···(LI9H+»"··«LI9H+)···[PtCI6f-···(LI9H+»"" (Figure 3.9).

The structure also contains two molecules of MeCN which are disordered

over two sites with an 0.65/ 0.35 occupancy and refined with isotropic displacement

parameters. The details of the hydrogen-bonds present in the structure of

[(LI9H)2PtCI6] are given in Table 3.4 and the crystallographic data and structure

refinement details are given in Appendix C.
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Figure 3.8. View of the structure of [(LI9H)2PtCI6] showing the intra- and inter-
molecular hydrogen-bonds present. All hydrogen atoms (except NH) are omitted for
clarity. Ellipsoids set at 50% probability. The hydrogen-bonds between (L 19H+) and
[PtCI6]2- are shown in green and the NH"··CI distances are measured in A.

Table 3.4. Intra- and inter-molecular hydrogen-bonds in [(LI9H)2PtCI6] (D = donor,
A = acceQtor, d = distance 2.

D-H··A
d(D-H)/ d(H···A)/ d(D···A)/ «DHA)/ Symmetry

A A A 0 Codes

N2-H2A ...CI2 0.86 2.832 3.438(3) 128.90

N2-H2A ...Cll 0.86 2.952 3.618(3) 135.70

N3-H3A. ..Ol 0.86 2.128 2.868(4) 143.80

N4-H4A. ..04 0.86 2.151 2.950(4) 154.80 -x+ 1, -y, -z+ 1

*N3-H3AOl is an intra-ligand hydrogen-bond whilst N4-H4A··04 is an inter-ligand hydrogen-
bond.
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3.5.5. Summary

The incorporation of terminal methoxyphenyl substituents into TREN-based amide

receptors has been successful in improving the organic solubility of receptors and

their [PtCI6]2- complexes. Once the solubility of the complexes had been increased it

was then possible to carry out test extractions with these amide receptors.

3.6. Potentiometry *

To provide an insight into the mechanism of extraction, it is important to know the

number of sites that can be protonated in the receptor molecules under acidic

conditions. From the design of the receptors it was expected that the bridgehead

nitrogen position would be protonated to form a mono-cationic species. Indeed,

evidence from the three complex crystal structures indicates the bridgehead tertiary

amine position is protonated and, therefore, two molecules of receptor are required to

generate a charge-neutral complex. Under the acidic conditions used in a solvent

extraction process there exists the possibility that the urea or amide moieties within

the receptors could become protonated to give a multiply charged cationic receptor

(Figure 3.10).

Figure 3.10. Possible protonation sites of a urea receptor under acidic conditions.

To determine the number of protonation sites in the receptors and the pH at

which they become protonated potentiometry experiments were performed as

• The potentiometry experiments presented here were carried out by Professor Antonio Bianchi and
his group at the University of Florence, Italy.
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described in Appendix D.3o The protonation equilibria were determined for the urea

receptor L14and the amide receptors L20and L21(Table 3.5).

Table 3.5. Protonation constants determined in MeCNIH20 50:50 (v/v) (0.1 M
NMe4CI, 298.1 ±0.1 K).

HNyO

~

HN'C(0Me
1.0

MeO OMeOMe3
OMe 3

Equlibrium L + H=F= LH=F L +H=F= LH=F L + H=F= LH=F

pKa 6.43(7) 5.94(2) 5.93(5)

Values in parentheses are the standard deviations on the last significant figure.

These results confirm that there is only one protonation site for each receptor

represented by the equilibrium L + H = LH+ and the pKa values obtained are

consistent with the tertiary amine bridgehead nitrogen position being proronated."

Thus, our receptors are monobasic over the pH range studied and will form a charge-

neutral complex will form when the (LHt[PtCI6]2- ratio is 2: 1. This is an excellent

result for our receptor design and is also consistent with the previously discussed

spectroscopic and crystallographic results.

By comparing the potentiometry results for LI4, L20and L21it was possible to

assess whether the type of hydrogen-bond donor and the number of methoxy

substituents has an effect on the basicity of the amine nitrogen. The receptor L 14

contains urea moieties while L20 incorporates amides with both ligands having 3, 4-

dimethoxyphenyl substituents. The pKa values differ by 0.5 indicating that the type

of hydrogen-bond donor group has relatively little effect on the basicity of the

bridgehead nitrogen.
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The receptors L20 and L21 both have amide hydrogen-bond groups but contain

a different number of methoxy substituents. The pKa values for these two receptors

are very similar (5.94 and 5.93, respectively) indicating that the number of methoxy

substituents on the terminal phenyl group does not affect the basicity of the

bridgehead nitrogen.

3.7. NMR Spectroscopic Titrations

NMR spectroscopic titrations can be used to determine the binding constant and

binding stoichiometry between a receptor (host) and anion (guest).32-37The frequency

at which a particular nucleus resonates in an NMR spectrum is dependant on its

electronic environment and therefore NMR spectroscopy is a sensitive technique for

monitoring the interactions between molecules.

In an NMR titration the spectrum of the receptor is recorded and aliquots of

the anion added. The NMR spectrum is recorded after each aliquot has been added

meaning that resonances of the receptor are monitored as a function of anion

concentration." If there is an interaction between receptor and anion the environment

of the NH protons in the receptor will be perturbed and a shift of the corresponding

resonance in the NMR spectra will be observed. Protons which form specific

hydrogen-bonds to the anion or are in close contact with the anion will have their

resonances most strongly perturbed which will give information on where the

hydrogen-bonding is occurring."

The choice of deuterated solvent used in the titrations is an important factor

to consider as the signal(s) of the receptor needs to be clear and in a region that is

free from residual solvent resonances. It is also important to use a non-competitive

solvent as the solvent should not compete with the anion for hydrogen-bonding to the
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receptor. This is necessary to ensure that any shifts in the resonances of the receptor

are due to interactions with the anion rather than a solvent effect.

3.7.1. Experiment Design

There are different methods to perform NMR titrations depending on whether or not

the concentration of the receptor affects the observed chemical shift. If the receptor

has hydrogen-bond donor and acceptor groups then intra- and/or inter-ligand

hydrogen-bonds may form and variation in the receptor concentration will affect the

observed chemical shifts of the NH resonances. Two methods that can be used for

NMR titrations are discussed below;

Method A :32 This method can be used if the concentration of the receptor has

no effect on the observed chemical shift. A stock solution containing a known

concentration of the host and a stock solution of the guest are prepared in a non-

competitive deuterated solvent. A IH NMR spectrum of the host stock solution is

recorded and as there is no guest present the signals observed in the spectrum are the

start point of the experiment. A series of NMR tubes containing successively

decreasing volumes of host are prepared from the stock solution. Increasing volumes

of guest are added keeping the total volume in each of the NMR tubes constant. A

typical experimental set-up is shown below (Table 3.6).

Table 3.6. NMR titration experimental design, method A.
Host Volume! Guest Volume! (Host]!

pL pL mM
(Guest]!
mM

A 500 0 5.0
B 450 50 4.5
C 400 100 4.0
D 350 150 3.5
E 300 200 3.0
F 250 250 2.5
G 200 300 2.0
H 100 400 1.0
I 50 450 0.5

0.0
0.5
1.0
1.5
2.0
2.5
3.0
4.0
4.5
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Method B:32 This method is used when the concentration of the receptor does effect

the observed chemical shift meaning it is crucial that the concentration of receptor is

constant in each of the 1H NMR spectra recorded. A series of NMR tubes containing

the same volume of host are prepared. To these solutions varying amounts of the

anion solution are added. The total volume in each NMR tube is made equal by

addition of solvent. An example of an experimental design is shown below in Table

3.7.

Table 3.7. NMR titration experimental design, method B.

Host Volume/ Guest Volume/ Solvent added! [Host)! [Guest]/
fll fll fll mM mM

A 200 30 370 2 0.3
B 200 60 340 2 0.6
C 200 100 300 2 1.0
D 200 150 250 2 1.5
E 200 200 200 2 2.0
F 200 250 150 2 2.5
G 200 300 100 2 3
H 200 400 0 2 4

3.7.2. Data Analysis

After the 1H NMR spectra have been recorded a titration curve can be plotted which

is a plot of the concentration of the guest versus the change in the observed chemical

shift (Figure 3.10).35 In the example below, the graph shows a plateau indicating that

the maximum shift for the host system has been attained and that there is no more

binding of the guest to further perturb the signal.
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Figure 3.13. Theoretical shape of a titration curve.

The stoichiometry of the complex can be determined from a Job plot which is

a graph of the mole fraction against the concentration of the complex.f

The mole fraction is found from Equation 1;

mole fraction = volume of host / (volume of host + volume of guest) (1)

The concentration of complex is calculated using Equation 2;

(2)

Where:

[Cl Concentration of complex

[R] Concentration of the receptor (in mM)

Oobs Observed chemical shift

00 Chemical shift when there is no guest present

OE Chemical shift when there is a large excess of guest present

The method of continuous variation is used in Job's method. In this method

equal concentration solutions of two species, A and B, are mixed in varying ratios
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and a property characteristic of the complex formed is measured. Because the total

concentration, [A] + [B], is constant in all solutions, the concentration of an AB

complex will reach a maximum value when [A] = [B]. The concentration of an A2B

complex will reach a maximum when [A] = 2[B]. Thus, a plot of the concentration of

complex as a function of the mole fraction of A in solution can be constructed. The

maximum of the graph corresponds to the mole fraction of A in the complex which

indicates the complex stoichiometry (Figure 3.11).36

.0 0.2 0.4 0.6 0.8 1.0 .0 0.2 0.4 0.6 0.8 1.0 .0 0.2 0.4 0.6 0.8 1.0
mole fraction mole fraction mole fraction

Maximum of
Job Plot 0.33 0.50 0.66

Complex
stoichiometry 1 H:2G 1 H: 1 G 2H: I G

Figure 3.11. The maxima of a Job plot indicates complex stoichiometry (H = host, G
= guest)."

Once the stoichiometry of the complex has been determined then a computer

program can be used to obtain a value for the binding constant. Examples of such

programs that can be used for this purpose include EqNMR38 and HypNMR.39•40

3.7.3. Results

3.7.3.1. Receptor Considerations

The TREN-based urea, thiourea and amide receptors contain hydrogen-bond donor

and acceptor sites. The solid state structures show intra-molecular and inter-

molecular hydrogen-bonding and it is possible that similar interactions occur in

solution (Figure 3.12). The self-association of receptor molecules is concentration



Chapter Three: Improving Complex Solubility 135

dependant, that is, the more concentrated the solution of the receptor, the greater

degree of interaction occurring between molecules.

I
HN>=0
HN

I

IHN>=0HN
I

I
HN>=0HN

I

Figure 3.12. Example of the self-association that may occur between urea moieties.
(The hydrogen-bond donor groups are shown in red and the hydrogen-bond acceptor
groups in blue).

To assess how the concentration of receptor affects the observed NH shift(s)

in IH NMR spectra a series ofNMR experiments were performed. The TREN-based

urea receptor LIO and the amide receptor LI9 were both studied and the IH NMR

spectrum of each receptor at concentrations of 2 mM, 3 mM, 4 mM, 5 mM and IO

mM in CDCh was recorded. For both LIOand LI9 there was a downfield shift in the

NH resonance( s) as the concentration of the receptor increased suggesting the

formation of intra- or inter-ligand hydrogen-bonds. Therefore in the subsequent

NMR titrations the concentration of the receptor was kept constant.

3.7.3.2. Anion Considerations

H2PtCl6 is a source of [PtCI6f- along with two protons which can protonate the

bridgehead nitrogen atoms of two receptors to give a charge-neutral product

titrations as it is an accurate representation of the complexation r action. The

problem arises as H2PtC16 is commercially obtained as H2Pt 16.xH20 and the

presence of H20 molecules broadens the NH signal(s) of the receptor in the IH NMR

spectrum. It is also hygroscopic and as the number of H20 molecules a ociated with

H2PtCl6 is unknown the precise concentration of the gue t solution cannot be

calculated. To enable the stoichiometry to be determined it is nece sary to know the
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number of equivalents of anion added in each experiment to obtain a value for the

binding constant.

Alternative sources of [PtCI6]2- were considered. K2PtCl6 is only soluble in

D20 and is not suitable for use in 1H NMR titrations as it causes the NH signal of the

receptor to be very broad. To improve the organic solubility of K2PtCl6 it was reacted

with (B14N)HS04 to form (B14N)2PtCI641which was soluble in both CH2Clz and

MeCN. If (B14N)zPtCI6 is used there are no protons available and the receptors

remain charge-neutral. Protons could be introduced into the solution through addition

of acid (HX) however, the counter-anion of the acid (X-) will then be competitive for

the receptor meaning an accurate binding constant may not be obtained.

3.7.3.3. NMR Titration Results

An NMR titration of L19 with (B14N)2PtCI6 in CD2Clz was performed following

Method B (Section 3.7.1). The amide NH signal of the receptor showed the largest

shift indicating it is this group which forms hydrogen-bonds with [PtCI6]2- which

correlates with the complex crystal structure [(LI9H)2PtCI6]. The IH NMR titration

plot for the experiment is shown in Figure 3.13. As the concentration of [PtCI6]2-

increases there is a down field shift in the NH signal although the graph does not

show a plateau as expected. This may be because the bridgehead nitrogen positions

are not protonated and the 2: 1 receptor-to-anion stoichiometry is not enforced by

charge. As the Job plot gave no clear value for the complex stoichiometry no

equilibrium constant could be found (Figure 3.14).



Chapter Three: Improving Complex Solubility 137

7.6~---------------------------------------------'

•e=-_:; 7.5 +-------------------
Q,j
u=ellg 7.4 +--------------.--------------

E= . .
~ 7.3 +------11.-·------------------
c ••4: •••• •-=~- 7.2ell
u..
S
Q,j-=U 7.1 +-----~----~----~----~----~--~----~----~

•
•

••

f--c-II------------------------1••

o 1 2 3 4 5 6 7 8
Equivalents of anion

5

4 ------• •• •• •• •
3 • _._--_._----------U •-
2 --_._-- ---_-•

•
1 .._--_._._--- • • •
0
0.4 0.5 0.6 0.7 0.8 0.9

mole fraction

Figure 3.14. Job plot for the titration ofLI9 with (B\4NhPtCI6 in CD2Ch.

3.B. UVIvis Spectroscopic Titrations

There are several examples in the literature where DV/vis spectroscopy has been

used as an alternative to IHNMR spectroscopy to probe host-guest interactions.42-44
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It was thought that UV/vis spectroscopy might be a useful tool to assess the

interactions taking place between the receptors and [PtCI6]2-. If significant changes

are observed between the spectra of the receptor, [PtCI6]2- and a solution resulting

from their mixing then UV/vis titrations could be performed enabling an assessment

of the strength of interaction between receptor and anion.

The UV/vis spectra of H2PtCI6,the receptor LI7 and the solution resulting

from the mixing of L17 with H2PtCl6were recorded in MeCN in the range 190 - 900

nm at 298 K (Figure 3.15). The receptor has Amax= 219 and 257 (e = 573834 and

169316, respectively), H2PtCl6 has Amax= 221 (e = 25148), the complex has Amax=

220 and 260 (e = 573834 and 284333, respectively). The spectra of the ligand and the

complex are fairly similar indicating the transitions are ligand based (rather than

metal based), presumably due to 1t-1t* and n-1t* transitions due to the aromatic

groups present in the receptor. The difference between these two spectra possibly

arises from the fact that the receptor solution is colourless whereas the complex

solution is yellow.

The changes seen on the formation of the complex are not indicative of the

interaction occurring between the receptor and [PtCI6]2- and it was therefore not

possible to use UV/vis as a tool to probe this interaction. No further use of UV/vis

spectroscopy was made.
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3.9. Summary of Results

This Chapter presents the work undertaken to increase the organic solubility of

receptors and their complexes [(LR)2PtCI6] in CRCI3. Various substituted terminal

phenyl groups were assessed and it was found that by incorporating methoxyphenyl

or octylphenyl groups into TREN-based urea and amide receptors organic soluble

complexes formed allowing the study of these systems in olvent extraction

experiments. Characterisation of the complexes by IH NMR and IR spectro copy,

mass spectrometry and crystallographic analysis further confirmed the uccess of our

approach and the crystal structure of [(LI9RhPtC16] provide an in ight into the

interactions in the solid state. Unfortunately, the introduction of m thoxyphenyl

groups did not improve the solubility of the TREN-ba ed thiourea complexe and

insoluble complexes still formed in the complexation r action . Potentiom tric

experiments on TREN-based urea and amide receptor

and under acidic conditions the bridgehead nitrogen position i protonated which i

consistent with spectroscopic and crystallographic ob ervation . The u flHNMR
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and UV/vis spectroscopic titrations to assess the receptor-anion interaction were

attempted but the results were of little use.

3.10. Experimental

3.10.1. Receptor Synthesis

3.10.1.1. Synthesis of

dimethylphenyl urea), LID. 3

N,N' ,N" -(nitrilotri-2,1-ethanediyl)tris[N' -3,5-

To TREN (0.20 cm', 1.34 mmol) in dry thf (30 cnr') was added 3, 5-dimethylphenyl

isocyanate (0.56 cm', 4.00 mmol) under a N2 atmosphere. The reaction was stirred at

room temperature for 3 h during which time a colourless precipitate formed which

was collected by filtration and dried in vacuo to give a colourless powder. No further

purification was carried out. Yield: 0.76 g, 97%. IH NMR (300 MHz, CDCh): 8/ppm

7.15 (br, 3H, NH), 6.70 (s, 6H, fur), 6.60 (s, 3H, fur), 5.98 (br, 3H, NH), 3.22 (br,

6H, CIb), 2.35 (br, 6H, CIb), 2.13 (s, 18H, CH3). I3C (68 MHz, dmso-d6): 8/ppm

156, 141, 138, 124, 116,67,55,21. MS (ES+): m/z 588.36 [M+Ht, IR (solid, cm'"):

3302 (V(N-H», 1654 (v(C~C), 1645 (vrc-oi . Anal. calc. for C33H4sN703: C, 67.44; H,

7.72; N, 16.68. Found: C, 67.18; H, 8.08; N, 14.91%.
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3.10.1.2. Synthesis of N,N' ,N"-(nitrilotri-2,1-ethanediyl)tris[N' -4-iso-

propylphenyl urea], L 11 .3

This was prepared in a similar manner to L10 by the reaction of TREN with 4-iso-

propylphenyl isocyanate to give the product as a colourless powder. Yield: 0.58 g,

69%. IH NMR (300 MHz, CDCh): o/ppm 7.43 (s, 3H, NH), 6.97 (s, 12H, fur), 6.10

3 .(br t, 3H, NH), 3.13 (br, 6H, C!h), 2.80 (septet, 3H, JHH= 7 Hz, lPrCH), 2.23 (br,

3 . 136H, C!h), 1.19 (d, 18H, JHH = 7 Hz, lprCfu). C NMR (75 MHz, CDCb): o/ppm

156, 142, 139, 123, 119, 55, 48, 44, 25. MS (ES+): mlz 630.41 [M+Ht, IR (solid,

68.65; H, 8.16; N, 15.57. Found: C, 68.05; H, 8.11; N, 15.43%.

3.10.1.3. Synthesis of N,N' ,N"-(nitrilotri-2,I-ethanediyl)tris[N' -4-tert-

butylphenyl urea], L12.3

This was prepared in a similar manner to L10 by the reaction of TREN with 4-tert-

butylphenyl isocyanate. Yield: 0.53 g, 59%. 'H NMR (300 MHz, CDCh): o/ppm

7.56 (br, 3H, NH), 7.14 (d, 6H, 3JHH = 8 Hz, fur), 7.03 (d, 6H, 3JHH = 8 Hz, fur),

6.18 (br, 3H, NID, 3.16 (br, 6H, C!U), 2.27 (br, 6H, C!U), 1.25 (s, 27H, 'Bu). I3C

NMR (75 MHz, dmso-d6): o/ppm 156, 144, 138, 126, 117,54,48,34,32. MS (ES+):
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mlz 672.46 [M+Ht IR (solid, cm'"): 2997 (V(N-H), 1640 (vrc-oi), 1590 (vrc-c, Ar).

Anal. calc. for C39Hs7N703:C, 69.71; H, 8.55; N, 14.59. Found: C, 69.23; H, 8.47; N,

14.35%.

3.10.1.4. Synthesis of N,N' ,N"-(nitriiotri-2,I-ethanediyl)tris[N' -3,5-

dimethoxyphenyl urea), L13.3

HNr~~.o
HN'l(Y0Mey

OMe

This was prepared in a similar manner to L10 by the reaction of TREN with 3, 5-

dimethoxyphenyl isocyanate to give the product as a colourless solid. Yield: 0.74 g,

81%. IH NMR (300 MHz, CDCh): o/ppm 7.39 (s, 3H, NH), 6.44 (s, 6H, fur), 6.10

(br t, 3H, NH), 6.06 (s, 3H, fur), 3.64 (s, 18H, OMe), 3.22 (br, 6H, C!!2), 2.38 (br,

6H, C!!2). I3CNMR (75 MHz, CDCh): o/ppm 162, 156, 142,96,93,56,55,48. MS

(ES+):mlz 684.34 [M+Ht IR (solid, cm'"): 3333 (V(N-H), 2942 (V(C-H), 2836 (V(C-H),

1647 (v(c=O), 1148 (v(c-o). Anal. calc. for C33H4SN709:e, 57.97; H, 6.63; N, 14.34.
Found: C, 57.74; H, 6.61; N, 14.10%.

3.10.1.5. Synthesis of N,N' ,N" -(nitrilotri-2,1-ethanediyl)tris[N' -3,4-

dimethoxyphenyl urea), L14.3
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This was prepared in a similar manner to L10 by the reaction of TREN with 3, 4-

dimethoxyphenyl isocyanate to give the product as a colourless solid. Yield: 0.79 g,

86%. IH NMR (300 MHz, CDCh): a/ppm 7.50 (s, 3H, NH), 6.91 (s, 3H, fur), 6.57

(d, 3H, 3JHH = 9 Hz, fur), 6.49 (d, 3H, 3JHH= 9 Hz, fur), 6.14 (br t, 3H, NH), 3.76 (s,

9H, OMe), 3.68 (s, 9H, OMe), 3.08 (br, 6H, Cfu), 2.35 (br, 6H, Cfu). 13CNMR (68

MHz, dmso-ea): a/ppm 156, 149, 144, 135, 113, 110, 104, 56, 55, 54, 37. MS (ES+):

mlz 684.33 [M+Ht. IR (solid, cm'"): 3299 (V(N-H», 2935 (V(C-H», 2834 (V(C-H», 1627

Found: C, 58.07; H, 6.69; N, 14.36%.

3.10.1.6. Synthesis of N,N' ,N"-(Nitriiotri-2,I-ethanediyl)tris(N' -3,4,5-

trimethoxyphenyl urea) L15.3

HNyO

HNnOMe

~OMe
OMe 3

This was prepared in a similar manner to LIOby the reaction of TREN with 3, 4, 5-

trimethoxyphenyl isocyanate and purified by column chromatography on silica gel

using 7% MeOH, 93 % CHCh to give the product as a colourless solid. Yield: 0.77 g,

74%. IH NMR (300 MHz, dmso-es): o/ppm 8.50 (s, 3H, NB), 6.72 (s, 6H, fur), 6.12

(br t, 3H, NID, 3.68 (s, 18H, OMe), 3.57 (s, 9H, OMe), 3.18-3.16 (m, 6H, Cfu),

2.57 (br, 6H, Cfu). 13CNMR (75 MHz, dmso-d6): 156, 154, 138, 133, 96, 61, 56, 54,

37. IR (solid, cm"): 3336 (v (N-H», 1650 (v (c=O», 1603 (v (CcC), Ar), 1122 (v (CoO», MS

(ES+):mlz 774 [M+Ht.



Chapter Three: Improving Complex Solubility 144

3.10.1.7. Synthesis of N,N',N"-(Nitrilotri-2,I-ethanediyl)tris(N'-4-octylphenyl

This was prepared in a similar manner to L10 by the reaction of TREN with 4-

octylphenyl isocyanate to give the product as a colourless solid. Yield: 0.56 g, 61%.

IH NMR (270 MHz, CDCh): 8/ppm 7.40 (s, 3H, NH), 6.93 (d, 6H, 3JHH = 6 Hz,

fur), 6.51 (d, 6H, 3JHH = 6 Hz, fur), 6.00 (br t, 6H, NH), 3.13 (br, 6H, C!:h), 3.00

(br, 6H, C!:h), 2.48 (t, 6H, 3JHH = 7 Hz, C!:h), 2.24 (br, 6H, C!:h), 1.28 (br, 30H,

C!:h), 0.87 (d, 9H, 3JHH = 6.2 Hz, Me). 13CNMR (68 MHz, dmso-es): 8/ppm 157,

138, 137, 129, 120, 55, 38, 36, 32, 31, 30, 29, 28, 25, 15. MS (ES+): mlz 840.65

[M+Ht IR (solid, cm"): 3316 (V(N-H», 1640 (v(c=O», 1597 (v(c=c. Ar». Anal. calc. for

C33~5N709: C, 72.88; H, 9.73; N, 11.67. Found: C, 72.88; H, 9.68; N, 11.48%.

3.10.1.8. N,N' ,N" -(nitrilotri-2,I-ethanediyl)tris(N' .3,5-dimethoxyphenyl

thiourea), L17.3

HNyS

HNilYOMey
OMe

To TREN (0.20 cnr', 1.34 mmol) in dry thf (30 cnr') was added 3, 5-

dimethoxyphenyl isothiocyanate (0.78 g, 4.00 mmol) under a N2 atmosphere. The

reaction was stirred at room temperature for 18 h and the colourless solid that formed

was collected by filtration and dried in vacuo. Yield: 0.94 g, 96 %. IH NMR (270
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MHz, CDCh): 8/ppm 8.28 (br, 3H, NH), 6.82 (br, 3H, NH), 6.40 (s, 6H, fur), 6.24

(s, 3H, fur), 3.70 (s, 18H, OMe), 3.62 (br, 6H, Cfu), 2.67 (br, 6H, Cfu). I3C NMR

(68 MHz, dmso-za): 8/ppm 180, 161, 141, 101,97,67,56,25. MS (ES+): mlz 732.26

[M+Ht. IR (solid, cm'"): 3231 (V(N-H», 2936 (V(C-H», 2836 (V(C-H», 1596 (v(c=S»,

54.24; H, 6.28; N, 13.48%.

3.10.1.9. Synthesis of N,N',N"-(nitriiotri-2,I-ethanediyl)tris[N'-3,4,S-

trimethoxyphenyl thiourea], LIS .3

HNyS

HN~OMe

~OMe
OMe 3

This was prepared in a similar manner to L20 by the reaction of TREN with 3, 4, 5-

trimethoxyphenyl isothiocyanate to give the product as a colourless solid. Yield:

1.08g, 98%. IH NMR (270 MHz, CDCh): 8/ppm 8.33 (br, 3H, NH), 6.74 (br, 3H,

Nll), 6.52 (s, 6H, fur), 3.79 (s, 18H, OMe), 3.78 (s, 9H, OMe), 3.57 (br, 6H, Cfu),

2.65 (br, 6H, Cfu). 13CNMR (68 MHz, CDCh): 8/ppm 181, 154, 136, 133, 103,68,

61,56,26. MS (ES+): mlz 822.30 [M+Ht. IR (solid, cm'"): 3287 (V(N-H», 2937 (v(C-

11.93. Found: C, 52.71; H, 6.27; N, 11.95%.
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3.10.1.10 N,N' ,N"-(nitrilotri-2,I-ethanediyl)tris-3,5-dimethoxybenzamide, L19. 25

~eO ~ OMe 3

TREN (0.40 crrr', 2.70 mmol) was dissolved in H20 (20 crrr') containing NaOH (0.33

g, 8.25 mmol), 3, 5-Dimethoxybenzoyl chloride (1.53 g, 7.66 mmol) dissolved in

Et20 (10 cnr') was added slowly and the reaction stirred at room temperature for 2

days. The off-white solid that formed was collected by filtration, washed with a

portion of EtzO (10 crrr') and dried in vacuo. Yield: 1.27 g, 74%. IH NMR (270

MHz, CDCh): o/ppm 7.57 (br t, 3H, NI:!), 6.87 (s, 6H, fur), 6.38 (s, 3H, fur), 3.63

(s, 18H, OMe), 3.47-3.44 (m, 6H, Cfu), 2.66 (t, 6H, 3JHH= 5 Hz, Cfu). I3CNMR

(68 MHz, CDCh): o/ppm 168, 161, 159, 105, 103,55,54,39. MS (ES+):mlz 639.30

[M+Ht IR (solid, cm-I): 3304 (V(N-H»,2938 (V(C-H»,2837 (V(C-H»,1637 (v(c=O»,

1151 (v(C-O».Anal. calc. for C33H42N409:C, 62.06; H, 6.63; N, 8.77. Found: C,

61.98; H, 6.81; N, 8.59%.

3.10.1.11. Synthesis of N,N' ,N" -(nitrilotri-2, l-ethanediyl)tris-3,4-

dimethoxybenzamide, L2o.25

HN~O
~I
~ OM
OMe 3

This was prepared in a similar manner to LI7 by the reaction of TREN with 3, 4-

dimethoxybenzoyl chloride to give the product as a colourless solid. Yield: 1.14 g,

66%. IH NMR (270 MHz, CDCh): o/ppm 7.37 (br, 3H, NH), 7.28 (s, 3H, fur), 7.12
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(d, 3H, 3JHH= 8 Hz, fur), 6.31 (d, 3H, 3JHH= 8 Hz, fur), 3.81 (s, 9H, OMe), 3.79 (s,

9H, OMe), 3.60-3.58 (m, 6H, Cfu), 2.77 (t, 6H, 3JHH= 5 Hz, Cfu). I3C NMR (68

MHz, CDCb): 8/ppm 168, 155, 153, 147, 126, 120, 110, 109,56,54,39. MS (ES+):

mlz 639.30 [M+Ht. IR (solid, cm"): 3291 (V(N-H»,2936 (V(C-H»,2836 (V(C-H»,1628

(v(C=O»,1264 (v(C-O».Anal. calc. for C33H42N409:C, 62.06; H, 6.63; N, 8.77. Found:

C, 61.85; H, 6.23; N, 8.26%.

3.10.1.12. Synthesis of N,N' ,N" -(nitrilotri- 2, l-ethanediyl)tris-3,4,5-

trimethoxybenzamide, L 11. 15

HN;(
MeOYOMe

OMe 3

This was prepared in a similar manner to LI? by the reaction of TREN with 3, 4, 5-

trimethoxybenzoyl chloride to give the product as a colourless solid. Yield: 1.43 g,

73%. IH NMR (270 MHz, CDCh): 8/ppm 7.77 (br t, 3H, NH), 7.00 (s, 6H, fur),

3.78 (s, 9H, OMe), 3.63 (s, 18H, OMe), 3.44 (br, 6H, Cfu), 2.61 (br, 61f, Cfu). I3C

NMR (68 MHz, CDCh): 8/ppm 168, 153, 141, 129, 105, 61, 56, 55, 39. MS (ES+):

mlz 729.33 [M+Ht. IR (solid, cm'"): 3304 (V(N-H»,2939 (V(C-H»,2836 (V(C-H»,1636

(V(C=O»,1120 (v(C-O».Anal. calc. for C36H4sN4012:C, 59.33; H, 6.64; N, 7.69. Found:

C, 59.21; H, 6.58; N, 7.71%.
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3.10.2. Complexation Reactions

3.10.2.1. Synthesis of [(L lOH)2PtCI6]

Two equivalents of LIOwere dissolved in MeCN (2 cnr') to which one equivalent of

H2PtCl6 also dissolved in MeCN (2 cnr') was added. A yellow precipitate formed

which was collected by filtration and dried in vacuo. IH NMR (270 MHz, dmso-es):

o/ppm 9.54 (br, IH, NH+), 8.65 (s, 3H, NH), 7.03 (s, 6H, fur), 6.58 (s, 3H, fur), 6.43

(br t, 3H, NH), 3.46 (t, 6H, 3JHH = 6 Hz, Cfu), 3.37 (br, 6H, Cfu), 2.20 (s, ISH,

Cfu). IR (solid, cm"): 3365 (VCN-H», 1673 (vrc-oi). Anal. calc. for C66H92N1406PtCk

C, 50.00; H, 5.85; N, 12.37. Found: C, 49.7S; H, 5.S2; N, 12.39%

3.10.2.2. Synthesis of [(L llH)2PtCld

This compound was prepared in a similar manner to that described for [(L I°H)2PtCI6]

and precipitated as a yellow powder. IH NMR (270 MHz, dmso-d6): o/ppm 9.71 (br,

IH, NH+), S.72 (s, 3H, NH), 7.30 (d, 6H, 3JHH = 8 Hz, fur), 7.04 (d, 2H, 3JHH = 8 Hz,

fur), 6.43 (br t, 3H, NID, 3.52 (br, 6H, Cfu), 2.80 (m, 3H, iprCH), 2.30 (br, 6H,

Cfu), (1.18 (d, 6H, iprCfu). IR (solid, cm"): 3347 (VCN-H», 1660 (v(c=O». Anal. calc.

for CnHI04CI6NI406Pt: C, 51.80; H, 6.28; N, 11.75. Found: C, 51.80; H, 6.17; N,

11.71%.

3.10.2.3. Synthesis of [(L12H)2PtCI6)

This compound was prepared in a similar manner to that described for [(LloH)2PtCI6]

and precipitated as a yellow powder. IH NMR (270 MHz, dmso-es): o/ppm 9.74 (br,

IH, NH+), 8.74 (s, 3H, NID, 7.30 (d, 6H, 3JHH = 9 Hz, fur), 7.19 (d, 6H, 3JHH = 9 Hz,

fur), 6.44 (br t, 3H, NID, 3.51 (br, 6H, Clli), 3.46 (br, 6H, C!h), 1.24 (s, 27H, tBu).

IR (solid, cm"): 3333 (VCN-H», 1651 (v(c=O». Anal. calc. for C78HI16CI6N1406Pt: C,

53.42; H, 6.67; N, 11.18. Found: C, 53.32; H, 6.53; N, 11.08%.
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3.10.2.4. Synthesis of [(L13H)2PtCI6]

This compound was prepared in a similar manner to that described for [(LIOHhPtCI6]

but no precipitate was seen to form and the reaction was repeated in MeCN-d3. IH

NMR (270 MHz, MeCN-d3): 8/ppm 9.12 (br, IH, NH+), 6.56 (s, 6H, fur), 6.15 (s,

3H, fur), 3.67 (br, 18H, OMe), 3.55 (br, 6H, C,lli), other CH2 under broad H20

signal, NH signals not observed. MS (ES+): mlz 684 [LI3Ht. MS (ES-): mlz 718

[L13+Clr, 981 [(L13-2H)PtChr, 1089 [(L13H)PtCI6r , 1772 [LI3(L13H)PtCI6r.

3.10.2.5. Synthesis of [(L14HhPtCl6]

This compound was prepared in a similar manner to that described for [(LI°HhPtCI6]

but no precipitate was seen to form and the reaction was repeated in MeCN-d3. IH

NMR (270 MHz, MeCN-d3): 8/ppm 9.65 (br, IH, NH+), 7.73 (s, 3H, NH), 6.93 (s,

3H, fur), 6.83 (br, 3H, fur), 6.59 (br, 3H, fur), 6.19 (br t, 3H, NH), 3.65 (s, 18H,

OMe), 3.56 (br, 6H, C,lli), 3.40 (br, 6H, C,lli). 195ptNMR (500 MHz, MeCN-d3):

8/ppm 247.

3.10.2.6. Synthesis of [(L1SHhPtCI6]

This compound was prepared in a similar manner to that described for [(LloH)2PtCI6]

but no precipitate was seen to form and the reaction was repeated in MeCN-d3• IH

NMR (300 MHz, MeCN-d3): 8/ppm 9.87 (br, IH, NH+), 8.81 (br t, 3H, NH), 7.81 (s,

6H, fur), 7.00 (br, 3H, NH), 3.72 (s, 18H, OMe), 3.52 (s, 9H, OMe), 2.55 (d, 6H,

3JHH = 5.5, C,lli), other CH2obscured by H20 signal.

The synthesis of [(L16H)2PtCI6]was not attempted as the small amount of receptor

synthesised was thought to be of more use in solvent extraction studies.
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3.10.2.7. Synthesis of [(L17H)2PtC16]

This compound was prepared in a similar manner to that described for [(LloHhPtCI6]

and precipitated as a yellow powder. No NMR spectra were recorded as the complex

was insoluble. IR (solid, cm"): 3201 (V(N-H», 1600 (v(c=q), 1562 (v(c=S». Anal. calc.

for C66H92C16N14012PtS6:C, 42.31; H, 4.95; N, 10.52. Found C, 42.01; H, 4.86 ; N,

10.43%

3.10.2.8. Synthesis of [(L18HhPtCl6]

This compound was prepared in a similar manner to that described for [(LloHhPtCI6]

and precipitated as a yellow powder. No NMR spectra were recorded as the complex

was insoluble. IR (solid, cm"): 3178 (V(N-H», 1598 (v(c=C», 1568 (v(c=S». Anal. calc.

for CnH104C16N14018PtS6:C, 42.10; H, 5.10; N, 9.55. Found C, 41.96; H, 5.26; N,

9.56%

3.10.2.9. Synthesis of [(L19H)2PtC16]

This compound was prepared in a similar manner to that described for

[(LloH)2PtCI6]. Although no precipitate was seen to form immediately, crystals of the

complex formed and were characterised. IH NMR (300 MHz, dmso-es): 8/ppm 9.68

(br, IH, NH+), 8.79 (t, 3H, 3JHH= 4.9 Hz, NH), 7.00 (s, 6H, fur), 6.68 (s, 3H, fur),

3.78 (s, I8H, OMe), 3.70 (br, 6H, Cfu), 3.50 (br, 6H, Cfu). IR (solid, cm"): 3368

(V(N-H», 1641 (v(c=O», 1592 (v(c=q), 1155 (v(c-o». Anal. calc. for C66H86C16Ns018Pt:

C, 46.98; H, 5.14; N, 6.64. Found C, 47.05; H, 5.11; N, 6.57%. MS (ES-): mlz 673

[LI9+Clr, 936 [(LI9-2H)PtCbr, 972 [(LI9-H)PtCI4r, 1044 [(LI9H)PtCI6r , 1378

[(LI9H)(PtCIs)2r, 1682 [LI9(LI9H)PtCI6r. 195ptNMR (500 MHz, MeCN-d3): 8/ppm

244.
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3.10.2.10. Synthesis of [(L2oH)2PtCI61

This compound was prepared in a similar manner to that described for [(L10HhPtCI6]

but no precipitate was seen to form and the reaction was repeated in MeCN-d3• IH

NMR (300 MHz, MeCN-d3): o/ppm 9.83 (br, IH, NH\ 7.87 (br, 3H, NH), 7.31 (d,

3H, 3JHH= 6 Hz, fur), 7.18 (s, 3H, fur), 6.73 (d, 3H, 3JHH= 6 Hz, fur), 3.81 (s, 9H,

OMe), 3.65 (s, 9H, OMe), 2.39 (br, 6H, Clli), 2.07 (br, 6H, Clli).

3.10.2.11. Synthesis of [(L2IH)2PtC41

This compound was prepared in a similar manner to that described for [(LloHhPtCI6]

but no precipitate was seen to form and the reaction was repeated in MeCN-d3• IH

NMR (300 MHz, MeCN-d3): o/ppm 9.96 (br, IH, NH+), 8.34 (br, 3H, NH), 7.03 (s,

6H, fur), 4.01 (br, 6H, Cfu), 3.90 (br, 6H, Cfu), 3.73 (s, 18H, OMe), 3.72 (s, 9H,

OMe). 13C NMR (75 MHz, MeCN-d3): 170, 153, 128, 117, 105,60,56,55,36.

3.10.3. Synthesis of Tetrabutylammonium Hexachloroplatinate, (BU4N)lPtCI6• 42

K2PtCl6 (0.12 g, 0.25 mmol) was dissolved in H20 (ca. 20 crrr') to give a yellow

solution to which (Bll4N)HS04 (0.17 g, 0.50 mmol) in CH2Ch (ca. 80 cm') was

added. The resulting two-phase system was stirred at room temperature until

complete decolourisation of the aqueous layer was observed. The organic layer was

separated and dried over MgS04, the solvent was removed and the residue was dried

in vacuo to give an orange powder. Yield: 85%. Anal. calc. for C24Hs4C16N2Pt:C,

43.05; H, 8.13; N, 3.14. Found; 42.53; H, 7.84; N, 3.04%.



Chapter Three: Improving Complex Solubility 152

3.11. References

1. Rosenqvist T., Principles of Extractive Metallurgy, McGraw-Hill, Tokyo,

1983.

2. Clayden J.; Green N.; Warren S.; Wothers P., Organic Chemistry, Oxford

University Press, Oxford, 2000, pp 378.

3. Zart M. K.; Sorrell T. N.; Powell D.; Borovik A. S., Dalton Trans., 2003, 1986-

1992

4. Jose D. A.; Kumar D. K.; Ganguly B.; Das A., Inorg. Chem., 2007,46, 5817-

5819.

5. Zhou Y.; Yi T.; Li T.; Zhou Z.; Li F.; Huang W.; Huang C., Chem. Mater.,

2006, 18,2974-2981.

6. Clark A. J.; Geden 1. V.; Thorn S., 1. Org. Chem., 2006, 71, 1471-1479.

7. Custelcean R.; Moyer B. A.; Hay 8. P., Chem. Commun., 2005, 48,5971-5973.

8. Liddell U.; Ramsay N. F., 1. Chem. Phys., 1951, 19, 1608-1609.

9. Jeffrey G. A., An Introduction to Hydrogen Bonding, Oxford University Press,

Oxford, 1997, 9th edition, pp 228.

10. Pregosin P.S., Coord. Chem. Rev., 1982,44,247-291.

11. Kovacova J.; Melnik M.; Gazo 1., Conference on Coordination Chemistry,

Slovak Tech. Univ. 1976,6, 143-148.

12. Bret J. M.; Castan P.; Commenges G.; Laurent JP., Polyhedron, 1983,2,901-

905.

13. Kovacova J., Gazo J., Collection Czechoslov. Chem. Commun., 1980,45,1331-

1335.

14. For a review of S-Pt coordination chemistry being used in solvent extractions

see Koch K. R., Coord. Chem. Rev, 2001,216-217,473-488.

15. Kumakow N., J. Prakt. Chem., 1898,50,234.

16. Koenig K. H.; Schuster M.; Steinbrech 8.; Schneeweis G.; Schlodder R.,

Fresenius Z., Anal. Chem., 1985,321,457-460

17. Vest P.; Schuster M.; Koenig K. H; Fresenius Z., Anal. Chem., 1989,335,759-

763.

18. Koch K. R., Coord. Chem. Rev., 2001,216-217,473-488.

19. Vest P.; Schuster M.; Koenig K. H.; Fresenius Z., Anal. Chem., 1991,339, 142-

144.

20. Vest P.; Schuster M.; Koenig K. H.; Fresenius Z., Anal. Chem., 1991,341,566-

568.



Chapter Three: Improving Complex Solubility 153

21. Koch K. R; Bourne S.; J. Chem. Soc. Dalton Trans., 1993,2071-2072.

22. Koch K. R; Coetzee A.; Wang Y.; J. Chem. Soc. Dalton Trans., 1999, 1013-

1016.

23. Koch K. R; du Toit J.; Caira M. R.; Sacht C., J. Chem. Soc. Dalton Trans.,

1994, 785-786.

24. Gomez D. E.; Fabbrizzi L.; Licchelli M.; Enrico M., Org. Biomol. Chem.,

2005,3,1495-1500.

25. Following the method of Geraldes C. F. G. C.; Brucher E.; Cortes S.; Koenig S.

H.; Sherry A. D.; J. Chem. Soc., Dalton Trans., 1992, 2517-2522.

26. Bulls A. R; Pippin G.; Hahn F. E.; Raymond K. N., J. Am. Chem. Soc., 1990,

112,2627-2632.

27. Beer P. D.; Hopkins K.; McKinney J. D., Chem. Commun., 1999, 13, 1253-

1254.

28. Bulls A. R.; Pippin G.; Hahn F. E.; Raymond K. N., J. Am. Chem. Soc., 1990,

112,2627-2632.

29. Koch K. R.; Burger M. R.; Kramer J.; Westra A. N., Dalton Trans., 2006,

3277-3283.

30. Rossotti H., Chemical Applications of Potentiometry, van Nostrand-Reinhold,

London, 1969, 1st edition.

31. Taylor P. D., Talanta, 1995,42, 845-850.

32. Connors K. A., Binding Constants, John Wiley and Sons, 1987, 1st edition, pp

21-31.

33. Schneider H. J.; Durr H., Frontiers in Supramolecular Organic Chemistry and

Photochemistry, VCH, 1991, pp 129.

34. Beer P.; Gale P.; Smith D.; Supramolecular Chemistry, Oxford University

Primer Series, Oxford University Press, 1999, pp 8-11.

35. Steed J. W., Atwood J. L., Supramolecular Chemistry, Wiley, 2000, pp 15-19.

36. Blanda M. T., Homer 1.H., Newcomb M., J. Org. Chem., 1989,54,4626-4636.

37. Kavallieratos K., Bertao C.M., Crabtree RH., J. Org. Chem., 1999,64, 1675-

1683.

38. Hynes M. J., J. Chem. Soc., Dalton Trans., 1993,311-312.

39. Frassinieti C., Ghelli S., Gans P., Sabatini A., Moruzzi M. S., Vacca A., Anal.

Biochem., 1995,231,374 - 382.

40. Frassinieti C., Alderighi L., Gans P., Sabatini A., Vacca A., Ghelli S., Anal.

Bioanal. Chem., 2003, 376, 1041 - 1052.



Chapter Three: Improving Complex Solubility 154

41. Iovel I. G., Goldberg Y. S., Shymanska M. V., Lukevics E., Organometallics,

1987,6, 1410-1413.

42. Miyaji H.; Collinson S. R.; Prokes I.;Tucker J., Chem. Commun., 2003, 64-65.

43. Stulz E.; Scott S. M.; Bond A. D.; Otto S.; Sanders 1. K. M., Inorg. Chem.,

2003,42,3086-3096.

44. Halouani H.; Dumazet-Bonnamour I.; Perrin M.; Lamartine R., J. Org. Chem.,

2004,69,6521-6527.



Chapter Four: Solvent Extraction Studies 155

4. Solvent Extraction Studies

Following the synthesis of a series of organic soluble receptors and complexes their

extraction efficiency was assessed. This Chapter describes the development of a

method that has been used to analyse and compare TOA and TREN-based

sulfonamide, urea and amide receptors.

4.1. Principles of Extraction

The aim of a solvent extraction process is to selectively extract the desired species

from an aqueous phase into an immiscible organic phase providing a route to

separation. I, 2 The flowchart and equations in Figure 4.1 represent the processes

involved in purifying [PtCI6]2-. The first step is leaching in which the Pt-containing

ore is dissolved in aqua regia to produce H2PtCl6 in an acidic, aqueous solution.'

Separation of [PtCI6]2- is achieved by mixing an organic phase containing two

equivalents of a receptor (L) with an aqueous solution of H2PtCl6 to form an organic

soluble complex [(LH)2PtCI6]. Mixing the organic phase containing [(LHhPtCI6]

with an aqueous solution of base leads to the back extraction and recovery of

[PtCI6]2-. Finally, an electrorefining technique such as electrowinning can be

employed to recover pure metallic Pt from [PtCl6]2-.4

[PtC1
6
]2- [(LHhPtC16] (org) [PtC16]2-

2 H+
X-

EXT CT SI P

X- 2L (org) 20H-

Figure 4.1a. Flowchart representing the solvent extraction of [PtCI6]2-
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LEACH Pt + 6HCI + 4HN03 4 .. H2PtCl6 + 4N02 + 4H20

EXTRACT H2PtCl6 + 2L 4 .. [(LH)2PtCI6]

STRIP [(LH)2PtCI6] + 20H- 4 .. 2L + [PtCI6]2- + 2H20

ELECTRO WIN [PtC16f- 4 .. Pt + 6Cr

Figure 4.tb. Equations representing the solvent extraction process.

Commercially obtained H2PtCkxH20 (x = 1 or 6) was used throughout this

work as a source of the [PtCI6]2- anion. In this research the extract and strip stages

were studied as these involve our synthesised receptor systems (L). Ideally, the

ionophores will form an interaction with [PtCI6]2- that is strong enough to extract and

stabilise it in the organic phase. However, it also important that these interactions are

reversible to allow recovery of free [PtCI6]2-.

4.2. Current Methods Used to Extract [PtCI6]2-

There is literature evidence suggesting that current methods to extract [PtCI6]2-

involve long chain alkylamines such as Alamine type reagents."!' A variety of

investigations detailing the solvent extraction of [PtCI6]2- with long chain

alkylamines have been reported and form the basis for developing a strategy for

studying the extractive ability of our receptors." 12-14 In this work trioctylamine

(TOA) has been used (Figure 4.2) as a model in order to benchmark against the new

TREN-based reagents.!" 15-19 Extraction studies were carried out with TOA and the

results are discussed in Section 4.6.1.

Figure 4.2. Trioctylamine (TOA).
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4.3. Method Development

There are a number of factors that were considered in order to develop an optimised

extraction process. These include the choice of organic solvent, the mixing time

between phases and pH of extraction systems; these and other factors are discussed

in the subsequent Sections.

4.3.1. Production of [PtCI6)2-

It is important to know the conditions under which [PtCI6]2- is produced and is

stable. Hydrochloric acid is an effective medium into which the PGMs in a

concentrate can be brought into solution and thus, chlorometallate complexes are the

most commonly encountered species." Platinum(IV) reacts with cr to form

[PtCI6]2- which can undergo stepwise aquation to give the diaquatetrachloro

complex, [PtC4(H20)2] and the aquapentachloro complex, [PtCls(H20)r.13,20 The

proportions of the chloro-complexes formed varies with cr concentration (Figure

4.3)13 and the aquation of [PtCI6]2- is inhibited in strong chloride media. Thus, as Cl-

concentration increases the proportion of [PtCI6]2- increases while the amount of

[PtCIs(H20)r and [PtC4(H20h] present decrease.i" To ensure that Pt is present

exclusively as [PtCI6]2-, extraction studies were undertaken using Cl- solutions.

Indeed, work published by Anuse and co-workers reports higher extraction of

[PtCI6]2- using TOA in HCI than in H2S04, HN03, HBr or HCI04. 14
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Figure 4.3. Proportion of chloro-complexes of Pt(IV) as a function of CI-
concentration. 13

4.3.2. Choice of Solvent

In a solvent extraction process it is critical for the receptor and its [PtCI6]2- complex

to be soluble in an organic solvent that is immiscible with water. If a receptor is

selective for [PtCI6]2- then this provides a route for separating [PtCI6]2- from other

species present in the aqueous phase such as CI-.21 In each of the extraction studies

CHCh was used as the organic phase for three reasons. Firstly, CHCl3 i immiscible

with H20 and secondly the organic and aqueous phases eparate rapidly following a

period of mixing.l ' Thirdly, our receptors and their complexes are oluble in H 13

meaning that the procedure is not complicated by the formation of in oluble

precipitates.

4.3.3. Measurement of Pt Extraction

Throughout this work ICP-OES and ICP-MS analysis has been u ed to mea ure th

Pt content of the solution samples. These techniques are highly en itive, reliabl and

a relatively quick way of analysis and was thus the method of choice for m a uring
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the Pt content in extraction experiments. Atomic absorption spectroscopy and flame

photometry were also considered as alternatives. Trials using these methods found

them to be unsuitable because there are limits as to the measurement of low levels of

Pt « 20ppm) and the methods were also time-consuming.

4.3.4. Mixing Time Studies

Previous studies of the equilibrium time for [PtCI6]2- extraction by long chain

alkylamines have shown that mixing periods from several minutes (between 1-5 mins

for Alamine 304 and N-n-octylaniline)7,t4 to several hours (overnight for

trioctylaminej'r' may be necessary to achieve equilibrium. To determine the optimum

mixing time a CHCh phase containing L 13 and an acidic, aqueous phase containing

H2PtCl6 were stirred at room temperature for varying periods of time. The Pt content

of the organic phase was assessed at regular intervals using ICP-MS and it was found

that after four hours the maximum level of extraction was achieved suggesting that

equilibrium had been established.

4.3.5. Chloride Selectivity

The presence of HCI in the processing of Pt-containing ores is necessary for the

production of [PtCI6]2-. However, Cl" anions may be competitive for the receptor

since Cl" is a hydrogen-bond acceptor and may form a charge-neutral complex

[(LH)CI].22, 23,24 The selective extraction of [PtCI6]2- over Cl", which is present in

substantial excess in industrial feed streams, is essential for an efficient process and

is, therefore, a key design requirement for our receptors.

To assess whether our systems will extract Cl", extractions using Lt3 were

performed using either 0.1 M HCI or 0.6 M HCt. For both HCl concentrations

studied the results showed that as the receptor concentration increased the amount of
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Cl" extracted increased. Also, more cr is extracted at higher HCI concentration;

thus, in the presence of 0.1 M HCI the maximum amount of Cl- extracted was 88%

compared to 100% Cl extraction from 0.6 M HCI (Figure 4.3). These results

confirm that under certain conditions the receptor L13
, and potentially other tripodal

receptors discussed in this thesis, can extract CI- to form organic soluble complexes.

100 •••
••

~ •
e 80- • •OJ)=..
"t:I~
Q 60 •~
~
"t:I..
J.
Q- 40.c •U .0.1 M HCI

·0.6MHCI

20
0 0.002 0.004 0.006 0.008 0.01

[L13
] / M

Figure 4.3. Plot of % cr extracted from 0.1 M or 0.6 M HCI into CHCI as a
function of [LI3

].

4.3.6. pH of Extractions

It is necessary to add acid to the solvent extraction experiment to accurately

represent the conditions used in the processing of Pt-containing ore .20.22,25 De pite

preliminary extraction experiments showing that the TR N-ba d r ept r can

extract Cl", HCI was chosen because [PtCI6]2- i produced and stabl III thi

di 13 22 E . f d' . HIt'me rum.": xpenments were per orme with varying concentra Ion t

determine the effect on extraction efficiency. In each ea e L 13 wa u d a the H

soluble receptor and the aqueous phase contained H2PtCl6 di olved in either H2

(with no HCI added), 0.1 M HCI or 0.6 M HCI. The results are hown a a plot f
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[Receptor]:[PtCI6]2- ratio against the percentage of platinum extracted and

throughout this work graphs of this type have been used to make comparisons

between different systems (Figure 4.4).

In each extraction it was observed that as the [Receptor]:[PtCI6]2- ratio

increased, the amount of [PtCI6]2- extracted increased. Each of the plots is seen to

plateau after a [Receptor]: [PtCI6]2- ratio of approximately 3: 1 indicating that the

system has achieved maximum loading. There is a marked difference between the

results in the absence of HCI compared to samples with 0.1 M and 0.6 M HCI. For

example, at an arbitrary [L13]:[PtCI6f- ratio of 3: 1, 63% of the anion was extracted

when there was no HCI added compared to >98% extraction in 0.1 M and 0.6 M HCl

(Table 4.1).

100 •• •• ••
~ •=- 80
"C •QJ •.....
Cj • • •~ 60 •I. •.....
~ •
QJ •e 40 ,
= • • no H Ic •.... 20 ,.....

• 0.1 MH~- ,=-- • 0.6M H
0

0 1 2 3 4 5 6

[Receptor]: [PtCI6]2-

Figure 4.4. Plot of % Pt extracted as [PtCI6f- from aqu ou 0.0, 0.1 or O. M H I
into CHCh as a function of [Receptor]: [PtCI6]2- ratio.

Table 4.1. % of Pt extracted as [PtCI6]2- into CHCb from aqueou H I in th
presence of a 3 molar excess of L

HCI concentration! M 0.0 0.1 0.6

% Pt extracted at 3 molar excess of L 63 100
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It was expected that as the cr concentration increased the amount of

[PtCI6]2- extracted would decrease due to competition from cr anions. Alguacil and

co-workers carried out extractions of [PtCI6f- using Alamine 304 in xylene and

report that as HCI concentration increases the extraction of [PtCI6]2- falls which is

attributed to the formation of amine HCI complexes.' For L13, the presence of HCI

increased the extraction efficiency presumably due to the protonated ionophores

affording a greater number of electrostatic interactions with [PtCI6]2-. Another

possible reason is that at higher Cl" concentrations the predominant Pt species is

[PtCI6]2- 13, 20 and the receptors are designed with hydrogen-bond donor groups to

target the areas of highest electron density surrounding this anion. Previous

extraction experiments have shown LI3 can extract Cl" (Section 4.3.5) and the results

presented in this Section show that extraction of [PtCI6]2- is, in fact, more efficient in

the presence of cr. This confirms the selectivity of the receptors for [PtCI6]2- over

CI- under acidic conditions which is a significant result. All subsequent extractions

were thus carried out in 0.6 M HCI; it is thought also that this most accurately

represents the acidic conditions used in the processing of Pt-containing ores.20,22,2S

4.3.7. Control Experiments

A control experiment was performed to ensure that the solubility of [PtCI6]2- in the

organic phase remains negligible in the absence of receptor over a four hour period

of mixing. It was found that the amount of [PtCI6f- extracted was 0% confirming

that transfer of the anion into the organic phase only takes place only in the presence

of receptor.
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4.3.8. Back Extractions

Following the extraction of [PtCI6f- to form an organic-soluble complex

[(LHhPtCI6] it is necessary to recover the anion into an aqueous phase in a back

extraction process (Figure 4.4). This enables Pt to be recovered from [PtCI6]2- in the

aqueous solution through a process such as electrowinning and regenerates the

extractant for further use."

H+ (load)
2 L + H2PtCl6 [(LH)2PtCI6]

OH- (strip)

Figure 4.4. pH swing mechanism to control the uptake and release of [PtCI6]2-.

In this work back extractions were performed for additional reasons. Firstly,

to establish the use of a pH swing mechanism to control the uptake and release of the

[PtCI6]2- anion. Secondly, it is not possible to directly analyse the Pt content of

organic phases using ICP-OES or ICP-MS as there is no organic platinum standard to

calibrate the instrument. It is, therefore, necessary to back extract the [PtCI6]2-

complexed in the organic phase into a "fresh" aqueous phase (that contains no Pt) to

determine the amount of platinum that was present in the organic phase. Finally,

although the concentration of Pt in an organic phase can be found from the difference

of initial and the equilibrium aqueous phase values," 26.27analysis of both phases is

preferable to confirm the mass balance. The amount of [PtCI6]2- extracted and

[PtCI6]2- not extracted should sum to 100%.

Yoshizawa and co-workers have reported solvent extraction experiments with

TOA and [PtCI6]2- in toluene.i'' They investigated the stripping of [PtCI6]2- from an

organic phase containing [(TOA+HhPtCI6] using two different approaches. The first

involved the use of aqueous HCl solution and stripping of [PtCI6]2- was considered

to proceed by breaking the ion-pair through the preferential binding of (TOA+Ht to
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CL The second method used aqueous NaOH solution which proceeded by

deprotonation of the tertiary amine in (TOA+Ht removing the electrostatic

attraction between receptor and anion. The stripping of [PtCI6]2-with aqueous HCI

was only possible at low TOA and high HCI concentrations, whereas with aqueous

NaOH solution it was found to be readily performed and complete stripping was

achieved.

Experiments were performed to assess if [PtCI6]2-recovery from the organic

phase containing [(LHhPtCI6] was possible by addition of NaOH and to identify the

volume required for such a process. A CHCh phase containing [(LI3H)2PtCI6]was

contacted with a 0.05 M NaOH solution. This concentration of NaOH was chosen

because it allowed a sensible range of volumes to be used for the test back

extractions. The OIr: receptor ratio was varied and the amount of [PtCI6]2-

recovered measured. In the presence of two equivalents of OH- quantitative back

extraction of [PtCI6f- was achieved and a mixing time of 30 minutes was found to

be sufficient. These experiments confirmed that complexation and decomplexation of

[PtCI6f- is reversible and pH dependent.

4.3.9. Method of Extraction

Following the development and optimisation of each step of the process an extraction

method was produced which was then used to assess each of the receptors. The

method is described with the full protocol and data analysis being given in Appendix

E.
A stock solution of H2PtCkH20 in 0.6 M HCI was prepared with [Pt] ....270

ppm (approximately 0.0332 g in 50 cm' of 0.6 M HCI). A stock solution of the

required receptor in CHCh was also prepared from which nine 5 crrr' samples of

varying concentration were prepared. These samples were mixed with an equivolume
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of the [PtC16]2- stock solution and the two phases vigorously mixed for four hour at

room temperature. The phases were then separated and 4 cm ' aliquot of the organic

phase were mixed at room temperature for 30 mins with 4 cm ' of freshly prepared

basic aqueous solutions in which the hydroxide concentration was twice the receptor

concentration. The Pt content of the aqueous phases, the back extracted aqueous

phases and the [PtCI6f- stock solution were determined by ICP-OES or ICP-MS

(Figure 4.5).

Measure Pt content of H2PtCh stock solution

L

EXTRACTION; 0.6MHCI
4h
r.t.

x

x
Measure Pt content
of aqueous phase

BACK EXTRACTION; 20H-
30 min
r.t.

L Measure Pt content of ba k
extra ted aqueou phas

Figure 4.5. Flowchart showing the method of extraction.
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4.4. Treatment of Results

4.4.1. Extraction Graph

The data from the ICP-MS measurements were used to determine the amounts of

[PtCI6]2- extracted and the mass balance of the experiment. There was a small

amount of solvent loss observed following extraction which is thought to result from

either evaporation or the manual separation and transfer of phases. The extractive

behaviours of the receptors are shown as graphs of [Receptor]: [PtCI6]2- ratio against

percentage of [PtCI6]2- extracted where;

% Pt extracted =

Amount of [PtCI6]2- in aqueous phase
following back extraction

x 100
Amount of [PtC16]2- in original aqueous feed

4.4.2. Confirming the Stoichiometry of the Complex

Yoshizawa made attempts to confirm the 2:1 [TOA]:[PtCI6f- stoichiometry of the

complex in solution and to obtain an estimate of the equilibrium constant of the

reacnon." The calculations used by Yoshizawa for these analyses are outlined

below.

Under acidic conditions the receptor is first presumed to form a complex with HCI as

shown in Equation 1 (the overbar refers to the organic phase).

L+HCI .. KCI .. [(LH)CI] (1)

The extraction of [PtCI6]2- with a receptor, L, from aqueous HCI solutions can be

expressed by Equation 2.
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The equilibrium constant, KptCI6, can then be expressed as:

[(LH)2 PtCI
6
] [Cr]2

KptCI6 = ---=----:=====
[(PtCl6 ) 2- ][ (LH)CI] 2

(3)

The distribution coefficient, Dpt for the extraction process is defined in Equation 4

where [Pt] is the concentration of [PtCI6]2- extracted into the organic phase and [Pt]

is that in the aqueous phase after equilibration.

D - [Pt]
Pt - [Pt]

(4)

Substituting Equation 4 into Equation 3 and simplifying gives Equation 5 in which

[(LH)CI] can be estimated from the difference between the initial concentration of L

and the equilibrium concentration of [(LHhPtCI6].

[(LH)CI]2
Dpt= KptCI6 . 2

[CI-]

(5)

Hence;

log Dpt= logKptCI6+ 2logA (6)

where A = ([(LH)CI])
[Cl-]

For a particular set of extraction data a plot of log A against log Dpt should give a

straight line graph with a gradient of two inferring a 2: 1 L:[PtCI6]2- ratio.

Furthermore, a value of log KptCI6 can be determined from the y-intercept and this

can be used as a measure of the strength of interaction between ligand and anion. The

log KptCI6 values for a series of receptors can be compared and a relative scale of

extraction efficiencies constructed.
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4.5. Test Extractions

A test extraction method was developed as a quick and simple way to assess the

extraction potential of the receptors. Two equivalents of the receptor were dissolved

in CHCh in a vial onto which an aqueous, acidic solution containing one equivalent

of H2PtCl6 was layered. The two-phase system is shaken for a few seconds to enable

the mixing of the two phases. As [PtCI6f- is orange, a colour change of the organic

phase indicates extraction of the target anion (Figure 4.6). Receptors which gave rise

to a colour change were subsequently studied in more detail.

!lliillllillllil~""""""
2Lorganic phase

shake
) "::;:.,:;

;,;.·ttt~~~~t~]~J,jiilli.
aqueous phase

Figure 4.6. Representation of the test extraction process.

4.5.1. Test Extraction Results

Test extractions were carried out with those receptors which had good CHCb

solubility including urea (L13
, L14

, LI5 and LI6
), amide (LI7

, LI8and L19
) and thiourea

receptors (L2o and L21). For all of the urea and amide receptors the organic phase

became orange and consequently these receptors were fully investigated in solvent

extraction studies. All three thiourea receptors formed insoluble precipitates of the

type [(LH)2PtCI6] meaning that no solvent extraction studies were pos ible with these

extractants (Table 4.2).
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Table 4.2. Summary of the test extraction experiments.

Urea Amide Thiourea

/HN
)=0

HN

/HNf=o
/HN>=sHN

oMeO h- OMe

x

N/A

OMe

x

MeO
OMe

¢ N/A N/A

CSH17.

*v = colour change in organic phase, x = complex is CHCIl insoluble, N/A = receptor was not

synthesised

4.6. Extraction Results

4.6.1. TOA

Solvent extractions with TOA were performed in a range of Hel concentrations (no

added net, 0.1 M Hel or 0.6 M ncn The results show that extraction of [PteI6f-
with TDA is higher in 0.0 M or 0.1 M Hel than in 0.6 M Het (Figure 4.7). An

arbitrary [TOA]:[PtC16]2- ratio of 3: 1 was chosen as a point at which the sets of

extraction data could be compared. In 0.6 M HCt only 4% of [PtCI6]2- is extracted
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while the extraction efficiency in 0.0 M and 0.1 M HCI is significantly higher at 62%

and 57%, respectively (Table 4.3).

100
~ • •Q •-- 80 • •
"'0 • •CIJ.... •~ •~ 60 • no HCt"" •....

.0.1 MHCI~ •CIJ •
8 40 ·0.6MHCI• •== • •....

20.... •~ • • •-=-- •• •0
0 2 4 6 8 10

[TOA]: [PtCI6]2-

Figure 4.7. Plot of % Pt extracted as [PtCI6]2- from aqueous HCI into CHCI3 as a
function of [TOA]: [PtCI6]2- ratio.

Table 4.3. % of Pt extracted as [PtCI6]2- into CHCh from aqueous 0.6 M HCI in the
presence of a 3 molar excess of TOA

HCI concentration / M 0.0 0.1 0.6

% Pt extracted at 3 molar excess of TOA 62 57 4

As the HCI concentration increases the extraction efficiency for [PtCI6]2- with

TOA is observed to fall. This has been attributed to competition from CI- and means

that TOA has optimal performance at low HCI concentration. A imilar ob rvation

was made in work carried out by Alguacil who carried out extraction of [Pt 16]2-

with Alamine 304.7 The extraction results for our receptor are pres nted in th

subsequent Sections 4.6.2-4.6.4 and compari ons between the differ nt types of

receptor are made in Section 4.7.
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4.6.2. Sulfonamide Receptor

In a test extraction with the sulfonamide receptor LI, no colour change was observed

in the organic phase and a small amount of insoluble precipitate formed. Despite this

LI was studied and the results show 0% extraction consistent with the lack of colour

change of the organic phase in the test extraction.

The crystal structure of [(LIH)2PtCI6] shows that the tertiary amine position is

protonated and that there is hydrogen-bonding between [LIH+] and [PtCI6]2-. As this

structure confirms the success of our design features some extraction of [PtCI6]2- was

expected. The low level of extraction displayed by LI can be attributed to the poor

organic solubility of the resulting complex.

4.6.3. Urea Receptors

Solvent extractions were performed with the urea receptors L13_L16 for which a

colour change of the organic phase was observed in a test extraction. For L16,during

the period of mixing a colourless emulsion formed which was attributed to the

hydrophobic octyl tails ofLl6. As the organic and aqueous phases became mixed and

were inseparable this prevented ICP analysis.

For L13_LIS the aqueous and organic phases remained transparent and were

separable following the period of mixing. The extractions with LI3_LIS were

performed twice to verify the results and for each extraction series the mass balance

was found to be quantitative. The results are shown below in Figure 4.8. The results

show that the maximum extraction occurs at [Receptor]:[PtCI6]2- ratios greater than
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or equal to three meaning a slight excess of receptor is needed which may suggest

that there is a competition from Cl- anions.

LIS has lower extraction efficiency than LI3 or LI4 and at a

[Receptor]:[PtC4]2- ratio of three achieves 37% extraction while LI3 and LI4 extract

greater than 96% (Table 4.4). The additional methoxy substituent on the phenyl

groups in LIS may increase the aqueous solubility of the complex (compared to LI3

and L14) resulting in it having a lower extraction efficiency. As discussed previously

urea receptors with terminal phenyl or tert-butyl substituents form insoluble

complexes and LI6 with octyl groups forms an emulsion. These results show that the

nature of the substituents at the terminal position of the pendant arms of the tripodal

receptor has an effect on the extraction efficiency and highlights the importance of

finding a receptor system in which the organic solubility of the complex is optimised.

The extraction results for LI3 and LI4 suggest that the complexes have similar

organic solubility and indicate that the position of methoxy substituents (3, 4-

dimethoxy and 3, 5-dimethoxy, respectively) on the phenyl ring does not effect the

overall extraction ability. The methoxy groups are not thought to sterically hinder the

approach of the receptor to [PtCI6]2- as they are located in a region of the receptor

which is not involved in direct interaction with the anion.

HNyO HNyO HNyO
HNqoMe HN'QoMe HN'Qr-oMe

Ih- ~ OM ~ OMe
OMe 3 OMe 3

LI3 L14 LIS

HN~O 16
I L

HN~
~ CSH17

3
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[Receptor]: [PtCI6]2-

Figure 4.8. Plot of % Pt extracted as [PtCI6]2- from aqueous 0.6 M HCI into CHC13
as a function of [Receptor] :[PtCI6f- ratio.

Table 4.4. % of Pt extracted as [PtCI6]2- into CHCh from aqueous 0.6 M HCI in the
presence of a 3 molar excess of L

Receptor L

% Pt extracted at 3 molar excess of L 96 97 37

Following the method of Yoshizawa, attempts were made to confirm the

stoichiometry of the extracted species in solution and to obtain value for the

equilibrium constant KptC16.13 For L13_L15 the data form a rea onably traight line

although for both LI3 and LI4 there is significant deviation of th gradi nt from the

theoretical value of two (Figure 4.9). Yoshizawa ugg t that deviation of th

gradient from the theoretical value of two i due to the formation of ther xtra ted

species. For our systems it is possible that [(LH) I] or {(LHt[Pt 16]2-(r-l f}

complexes are also present which may effect th re ult f the Yo hizawa naly i .

Also, in the derivation of equations, it is assumed that fir tly a [(LH) I] pe i

formed which then participates in an anion exchange reaction with [Pt 16]2- to form

[(LHhPtC16]. Each component of the extraction i in equilibrium betwe n aqu u
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and organic phases and the model postulated assumes that each component i either

soluble in the aqueous or organic phase, but in reality it may be partially oluble in

both. The data for LIS gives a straight line with a gradient of 2.0882 which is very

close to the theoretical value. All of the receptors which produce a straight line graph

with a gradient that approximates to two are compared in Chapter 7 of thi the i .

4

3

2

...~ 1
~
OJ:)
Q 0-

-1

-2

-3

-4

• LI3 y = 1.6118x + 5.2772 (R2 = 0.9602)

/.
/

//.

• LIS y = 2.0882x +4.6175 (R2 = 0.9771) ./ / ..... - ...~-:::::._-
-?.......... -/_- . //--- /. _- ../.--. //

/ .
/

• LI4 y=3.4762x+ 10.289(R2=0.8986)

...............-.......-~ ............,.. ......-............
• •

-3.5 -3

log ([Receptor]/[Cl])

-2.5 -2

Figure 4.9. Plot oflog ([Receptor]/[CI)) against log D for LI3_LI5.

4.6.4. Amide Receptors

Solvent extractions with the amide receptors L17, LI8 and LI9 give imilar re ult

(Figure 4.10) and at a [Receptor]:[PtCI6f- ratio of 3: 1 they extract 4%, 7 % nd

79%, respectively (Table 4.5). In contra t to the re ult obtained for the ur a

receptors, the number of methoxy substituents on th terminal ph nyl gr lip d e

not significantly affect the extraction efficiency ugge ting that all thre c mpl x

have similar organic solubility.
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[Receptor]: [PtCI6]2-

Figure 4.10. Plot of% Pt extracted as [PtC16f- from aqueous 0.6 M HCI into H 13
as a function of [Receptor]: [PtCI6] 2- ratio.

Table 4.5. % of Pt extracted as [PtCI6]2- into CHCh from aqueou 0.6 M H 1 in th
presence of a 3 molar excess of L

Receptor L L L

% Pt extracted at 3 molar excess of L 84 76 79

A Yoshizawa analysis was carried out on the xtraction r ult f r L17_L19

(Figure 4.11).13 For each receptor a straight line graph with a gradient that

approximates to two and a high R2 value was plotted indicating an verall 2: 1

L:[PtC16]2- stoichiometry of the extracted complex in olution. The e re ult ar

consistent with previously discussed spectroscopic and cry tallographic analy i of



Chapter Four: Solvent Extraction Studies 17

the complexes with these ionophores. For L17-L 19, the values of the intercept are

similar which correlates with the extraction results for these systems.

2
• LI7

• LI8

• L19

- 0c..
~
~
Q -1 -- --•

-2

y = 1.9886x + 5.8554 (R2 = 0.985) --_rr-_' ....
- rr_.,- tf'
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Figure 4.11. Plot of log ([Receptor]/[CI]) against log D for LI7_LI9.

4.7. Comparisons

4.7.1. Hydrogen-bond Donor Type

The data show that the urea receptor LI4 extracts more [Pt 16]2-than it analogou

amide receptor LIB across all [Receptor]:[PtCI6]2- ratios (Figure 4.12). When there i

a three molar excess of LI4 93% of [PtCI6f- is extracted wherea for I th valu

76% (Table 4.6). The same trend is observed on comparing urea and amide recept r

with 3, 5-dimethoxyphenyl terminal substituents.

HN~O
'/"'1
~ OM
OM
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Figure 4.12. Plot of % Pt extracted as [PtC16f- from aqueous 0.6 M HCI into CHCb
as a function of [Receptor]: [PtCI6] 2- ratio.

Table 4.6. % of Pt extracted as [PtCI6f- into CHCh from aqueous 0.6 M HCI in the
presence of a 3 molar excess of L

Receptor L L

% Pt extracted at 3 molar excess of L 93 76

The reason for the urea-containing receptors outperforming the analogou

amide systems can be attributed to there being more NH hydrogen-bond donor

groups. In each molecule ofTREN-based urea receptor there are six acidic NB donor

units compared with three in an analogous amide receptor. As ther are more NH

donor groups in a urea receptor there is a higher probability they will be in a uitable

location to interact with an area of high electron density on th out r f

[PtCI6]2-, leading to an enhanced interaction and improved extraction.

This is also consistent with the ob ervation made fr m th complex ry t I

structures containing the TREN-based urea receptor [(L H)2Pt 16] and amid

receptor [(LI7HhPtCI6]. There are four hydrogen-bond from each ur a receptor t

[PtCI6]2- anion, while in the amide complex there are only two. An increased number
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of hydrogen-bonds would be expected to give stronger overall interactions and thus

improved extraction.

4.7.2. Comparisons with TOA

In the presence of 0.6 M HCI all of the TREN-based urea and amide receptors that

were studied show increased extraction compared to TOA confirming that the

presence of hydrogen-bond donor groups leads to a more effective extraction of

[PtCI6]2-. The results for the urea receptor L 13 are compared with TOA in Figure 4.16

and, across all [Receptor]: [PtCI6f- ratios, L 13 shows significantly higher extraction

of [PtCI6f-(Figure 4.13). At a 3:1 [Receptor]:[PtCI6]2- ratio LI3 extracts 97% whilst

TOA extracts only 4% (Table 4.7). Thus, one of the project aims has been achieved

and the extraction efficiency of [PtCI6]2- from acidic chloride media has been

increased compared with long chain alkylamines that are thought to be currently used

in the processing and refining of Pt-containing ores.7• 28-31 As this approach of

introducing hydrogen-bonds onto the tripodal scaffold has proved successful, further

work was carried out in which hydrogen-bond moieties were introduced onto other

tripodal and non-tripodal scaffolds and this is discussed in Chapters 5 and 6.

HNyO

HNnOMey
OMe

TOA



Chapter Four: Solvent Extraction Studies 179

100 • ••
~ • Ll3e- 80 • TOA
"C •~.....~ •~ 60
"".....
~~
5 40 •
= •=.. 20..... •~ •- •~ • ••0

0 1 2 3 4 5 6 7

[Receptor]: [PtCI6]2-
Figure 4.13. Plot of% Pt extracted as [PtCI6]2- from aqueous 0.6 M HCI into CHCl3
as a function of [Receptor]: [PtC16]2- ratio.

Table 4.7. % of Pt extracted as [PtCI6]2- into CHCh from aqueous 0.6 M H I in the
presence of a 3 molar excess of L

R~~~r L TOA

% Pt extracted at 3 molar excess of L 97 4

4.8. Other Experiments

4.8.1. Receptor Selectivity

If the ores in which Pt is found contain other metals then additional hlorometallate

anionic species (such as [PdCI4f- and [IrCI6]3-) may be produ d wh n the or i

dissolved in aqua regia. 22,20,25One of the long term goal in thi ar f rear h i

to be able to separate platinum and palladium chloro-anion . Th pref rr d idation

state for palladium is +2 and typically form qual" planar [Pd 14]2- pecie in a idi

chloride media. Ideally, the different geometry betwe n [Pt I ]2- and [Pd 14]2-may

provide a route to the separation of the anion .

The selectivity of LI3 for [PtC16]2- over [Pd 14f-wa a e ed in a Iv nt

extraction experiment in which the aqueou pha e contained both m talloani n .

[PdCI4]2- was introduced into the aqueous pha e a K2Pd 14 with the relative
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amounts of platinum and palladium being representative of the ratio found in a

typical PGM feedstock. 32 The results of the experiment are shown in Figure 4.14 and

compare:

• The amount of Pt extracted when there IS only H2PtCI6 and HCI In the

aqueous phase (blue points).

• The amount of Pt extracted when there is H2PtCI6, K2PdCl4 and HCI in the

aqueous phase (red points).

• The amount of Pd extracted when there is H2PtCI6, K2PdCl4 and HCl in the

aqueous phase (green points).

100 • •
;;!f. • ••Q- 80
"C • •~- • •CJ
~ 60
'"" •-iI<~ 40 • •
"C • •
~ •
'"" •0 20 • • • only Pt pre ent- • Pt in pre ence of Pd~ • • • • Pd in pre ence of Pt• • •0

0 2 3 4 5

[Receptor]: [PtC16]2-

Figure 4.14. Plot of % platinum or palladium extracted (a [Pt 16]2- or [Pd 14]2-
respectively) from aqueous 0.6 M HCI into CH h a a functi n of
[Receptorj'[Ptf.kj'" ratio. The % plotted in the graph wer calculated r lative to the
amount of H2PtCl6 or K2PdCl4 present in the initial aqueou pha e of the xtra ti n.

When [PdC14]2- is present alongside [PtCI6]2- ther I a In th

amount ofPt extracted. This suggests that some of the L' mol ule form mpl x

with [PdC4f-. At a [Receptor]: [PtCI6]2- ratio of2:1, % of[Pd 14]2- i e tra t din

contrast to 64% of [PtC16]2-. At [Receptor]:[PtCI6]2- ratio of Ie than 2: I the

amount of Pd extracted is lower compared to the amount of Pt extracted, indicating
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that [PtCI6]2-is preferentially extracted. As the [Receptor]:[PtCI6]2-ratio increases

the amount of palladium extracted increases as there are more non-coordinated

receptors resulting in complexes with [PdCI4]2- being formed. This indicates

selective extraction of [PtCI6f- before [PdC4]2- suggesting that the differences in

electron density on the outer-sphere of the chlorometallate anions can be recognised

by Ll3. The difference in Pt and Pd extraction at low [Receptor]:[PtCI6]2-ratios may

provide a route to separate these chlorometallate anions.

4.8.2. Extractions in Toluene

Throughout this work CHCh was used as the immiscible, organic phase into which

the complexes [(LH)2PtCI6]were extracted. As the extractions are on a small scale

the toxicity and volatility of the CHCh solvent has not been treated as a significant

problem. In a larger, industrial scale solvent extraction process it is unlikely that

CHCb would be used and a cheaper, less toxic solvent may be preferred."

Toluene was chosen as a suitable hydrocarbon alternative in which the

extractive behaviour of the receptors could be studied. The urea receptors L13_L16

and the amide receptors LI7_LI9 are all insoluble in toluene and are therefore

unsuitable extractants for a toluene/Hjf) extraction. As such, the design of the

sulfonamide receptor LI was modified to incorporate octylether substituents onto the

4 position of the terminal phenyl groups with the aim of improving the toluene

solubility.

To synthesise the sulfonamide receptor L22it was first necessary to synthesise

the sulfonyl chloride precursor and this was achieved by following the method of

Kajimoto and co-workers." Octylphenyl ether 1was reacted with sulfuric acid to

form the sulfinic acid 2 which was converted to the sodium sulfonate salt 3 by

reaction with NaCI. Subsequent treatment with thionyl chloride gave the sulfonyl
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chloride 4 which was then reacted with TREN under basic conditions to give L22in

80% yield (Figure 4.15).

O~S~OH

Q H2SO4 ¢ NaCI

HzO

O'CSH17
O'CgH17

1 2

O~S/CI

SOClz ¢ TREN
!l. thf, Et3N, (Nz)

O'CgH17

4

Figure 4.15. Synthesis of L22

3

L22was soluble in toluene and in a test extraction showed there was a colour

change of the organic phase and consequently full extractions were performed. The

extraction experiments were performed in duplicate to confirm the results and the

mass balance was found to be quantitative confirming that back extraction with

NaOH can be used in a toluene/Hjf) extraction system. The maximum amount of

platinum extracted is 70% which occurs at a [Receptor]:[PtCI6]2- ratio of

approximately 2: 1 (Figure 4.16). From the design of the receptor it was expected that

the maximum extraction would occur at this ratio as it results in charge-neutral

species being formed.
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Figure 4.16. Plot of % Pt extracted as [PtCI6]2- from aqueous 0.6 M HC! into toluene
as a function of [Receptor]: [PtCI6] 2- ratio.

This result further confirms that varying the terminal R groups of a receptor

can significantly affect the solubility of the extractant and its complex. It also shows

that by incorporating organic solubilising moieties into the design a TREN-ba ed

sulfonamide receptor can be an effective extractant. These result also prove that the

solvent extraction method is transferable between different two phase olvent

systems giving this method a possible future use in similar proce ses.

4.8.3. Recycling Receptors

To be commercially viable, the efficiency of a receptor ne d to be maintain d

during several repeat cycles of the extraction. The acidic and ba ic ondition u d in

a solvent extraction may degrade receptors preventing th m fr m bing r yid. T

study the effect of these conditions, a solution of L' in 0 I wa pr pared nd it

'H NMR spectra recorded before, during and after extraction.

Following extraction the 'H NMR spectra how d a ignal a ign d to th

protonated tertiary amine nitrogen position (NH+R3) and there wa a d wnfi Id hift

in the urea NH signals indicating the formation of hydrog n-bonding int fa ti n . .
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36 The IH NMR spectrum of the CDCh phase after back extraction showed the

structure of LI3 was preserved. The back extracted CDCh phase was then

subsequently mixed with an acidic, aqueous solution of [PtCI6]2- to represent a

second 'extraction cycle'. The organic phase became coloured indicating the

extraction of [PtCI6]2- and indicating that LI3 retains its extraction efficiency for at

least two extraction cycles. This gives our newly developed receptor systems the

potential to be used in an industrial solvent extraction process although it would first

be necessary to fully establish, amongst other factors, the lifetime of the receptors

and whether the process could be scaled-up.

4.9. Summary of Results

Each stage in the extraction process was evaluated and developed to give an

optimised methodology. The extractive ability of TDA and our TREN-based

sulfonamide, urea and amide receptors were assessed. The thiourea receptors L20and

L21 formed insoluble complexes in the test extractions and therefore could not be

studied.

The most significant result of this Chapter is the efficacy of the TREN-based

urea and amide ligands in a pH-swing controlled process to recover platinum from

acidic, chloride-containing feed solutions when compared with TDA. Receptors

containing urea moieties extracted more [PtCI6]2- than analogous amide receptors,

which has been attributed to an increased number of NH hydrogen-bond donors. The

extraction results have also highlighted the importance of optimising the organic

solubility of the complexes and how seemingly slight modifications to the design can

have a significant effect on the organic solubility of the resulting complex and thus

the extraction efficiency.
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4.10. Synthesis

4.10.1. Synthesis of octylphenyl ether sulfonyl chloride34

Cl
I

O~S,O

¢
O'CsH17

Sulfuric acid (5.0 cnr') was added to octylphenyl ether (5.0 g, 24.2 mmol) and the

mixture stirred for 30 mins. The mixture was poured into a saturated aqueous

solution of NaCI and the resulting precipitate collected by filtration. The solid was

dried and then refluxed with thionyl chloride (11.25 cnr', 0.15 mmol) for 2 d and

following cooling to r.t. the resulting colourless precipitate was collected by

filtration. Yield: 0.45 g, 63%. IHNMR (CDCh, 300 MHz): 7.98 (d, 2H, 3JHH= 7 Hz,

fur), 7.04 (d, 2H, 3JHH= 7 Hz, fur), 4.07 (t, 2H, 3JHH = 6 Hz, OClli), 1.93-1.89 (m,

2H, Cfu), 1.48-1.31 (m, lOH, C!:h), 0.90 (t, 3H, 3JHH = 4 Hz, CH3).

4.10.2. Synthesis of N, N', N"-(nitrilotri-2, l-ethanediyl)tris-octylphenyl ether

sulfonamide, L22

solution of the previously prepared sulfonyl chloride (1.0 g, 3.28 mmol) was also

dissolved in dry thf (15 cm') with Et3N (033 g, 3.28 mmol). The two solutions were

added together and stirred at room temperature overnight. The resulting precipitate

was filtered and the solvent removed from the filtrate to give the crude product

which was purified by column chromatography with 97% hexane/ 3% EtOAc and
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then 70% hexane/ 30% EtOAc to give analytically pure L22.Yield: 0.34 g, 80%. IH

NMR (CDCh, 270 MHz): 7.85 (d, 6H, 3JHH= 7 Hz, fur), 6.97 (d, 6H, 3JHH= 7 Hz,

fur), 5.80 (br t, 3H, N!!), 3.99 (br, 6H, OCfu), 2.90 (br, 3H, CfuN), 2.49 (s, 6H,

CfuN), 1.31-1.26 (m, 30H, Cfu), 0.89 (t, 9H, 3JHH= 7 Hz, CH3). I3CNMR (CDCb,

69 MHz): 163, 131, 130, 115, 69, 32, 30, 29, 28, 26, 23, 21, 20, 15. MS (ES+): mlz

951 [M+Ht. IR (solid, cm"): 3280 (VCN-H»),1595(v(c=c,Ar»),1150 (v(C-O»).Anal. calc.

for C48H78N409S3:C, 60.69; H, 8.28; N, 5.89. Found: C, 60.96; H, 8.30; N, 5.85%.
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5. Alternative Tripodal Systems

5.1. Introduction

With the aim of improving extraction, this Chapter describes the design and synthesis

of TREN-based receptors which have hydrogen- and halogen-bond donors and also

tripodal systems with longer pendant arms. As the tertiary amine protonation site,

hydrogen-bond donor moieties and organic solubilising groups are proven design

features they have been incorporated into these new classes of receptor.

5.2. Incorporating Halogen-bonding into the Receptor Design

Halogen-bonds have been recognised as offering many of the same opportunities as

hydrogen-bonds for forming reliable interactions between molecules and ions." 2 The

recognition of their potential strength and directionality has led to a number of

potential applications which includes anion binding.' The use of halogen-bonds has

been studied to try and enhance the interaction between the TREN-based receptors

and [PtCI6f-.
Halogen-bonding IS a non-covalent interaction that is, in some ways,

analogous to hydrogen-bonding. In the latter, a hydrogen atom is shared between an

atom, group or molecule that "donates" it and another that "accepts" it. In halogen-

bonding, it is a halogen atom (X) that is shared between a donor (0) and acceptor

(A). Thus the two types of interaction can be defined by; O-H"'A and D-X'''A,

respectively.

In hydrogen- and halogen-bonding both the donor and especially the acceptor

tend to be electronegative and the acceptor is often a Lewis base with an available

pair of electrons. Since hydrogen atoms are usually considered to have a partial
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positive charge when bonded to an electronegative acceptor atom it is understandable

that they interact attractively with electronegative atoms. However, it is surprising

that halogen atoms participate in such interactions as they are typically viewed as

having a partial negative charge."

An important advance in understanding the non-covalent interactions of

halogen atoms came through the analysis of crystal structures from the Cambridge

Structural Database in which short intermolecular distances (less than the sum of the

van der Waals radii of the atoms involved) were interpreted as indicating strong

interactions.i" For halogens linked to carbon atoms it was observed that close

contacts with nucleophiles, such as oxygen and nitrogen atoms, were formed with

angles primarily between 160° and 180°. These near linear interactions between

carbon bound halogens and centres of electron density is what has come to be known

as halogen-bonding."

The combination of C-X moieties with M-X groups has been shown to

lead to a number of directional interactions in the solid state." Brammer and co-

workers report a class of highly directional halogen-bonds of the type M-X"X'-C

and there are several examples in the literature confirming the formation of such

halogen-bonding interactions+ 8, 10, II For example, there are published crystal

structures which show C-Br'''r 12 and C-Cl'''Cr interactions.V Figure 5.1 shows

part of one of these structures and in this example the halogen-bonding interaction is

between the bromo substituents of 3, 5-dibromopyridine and iodide anions.
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Bry~'H
1-&
Br Br

\ ..~.>: --Brn
r ~~

\

H

(b)

Figure 5.1. a) Structure of 3, 5-dibromopyridine interacting with T through halogen-
bonds.l'' and b) highlighting the nature of the halogen-bond.

Of more relevance to this work are crystal structures that show C-X··Cl-Pt

interactions' Figure 5.2 shows halogen-bonding interactions between the chloro

substituents on 4-chloropyridine and Pt-Cl moieties.f

Cl

6
(a) NJ--CI----Cl ~ CI----CI-cN

y
Cl

(b)

Figure 5.2. a) Structure ofPtCh(4-chloropyridine)2 and b) highlighting th natur f
the interaction."

As the [PtC16]2-anion has metal-bound CI- in it inn r rdinati n ph r it

could behave as a halogen-bond acceptor. It wa propo ed that a Pt 1··· -

halogen-bond could be utilised to enhance the interaction betw n th r ept rand

anion. Thus, C-X moieties were introduced into the receptor d ign ( igur 5. ).
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ClsPt-CI······X-C

Figure 5.3. The proposed halogen-bonding interaction between [PtCI6]2- and C-X.

5.2.1. Design of Receptors

Two novel TREN-based receptors were synthesised in which each of the three

pendant arms was functionalised with urea or amide hydrogen-bond donor groups

and bromophenyl terminal groups for halogen-bonding to [PtCI6]2-. Bromophenyl

substituted isocyanates and acid chlorides were used to synthesise the receptors as

they are commercially available and the positioning of the bromo substituents was

considered. If the bromo substituent is in the ortho-position then 5-membered

intramolecular hydrogen-bonded rings (N-H""Br) may be formed reducing the

possibility of the desired interactions. The para-position was also discounted as it

would cause the halogen-bond and hydrogen-bond donor groups to be pointing in

different directions. The optimal position is the meta-position which was chosen as,

though not ideal for the urea receptor, it looked promising for an amide system

(Figure 5.4).4

Urea

Amide
I

¥:CN 0
Br s-:

::::,...1

Figure 5.4. Variation in the position of bromo substituents for urea and amide
receptors.
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5.2.2. Synthesis of Receptors

5.2.2.1. Urea Receptor

L23 was synthesised by the reaction of TREN with three equivalents of 3-

bromophenyl isocyanate (Scheme 5.1):4 The product precipitated as a colourless

solid which was collected by filtration and dried in vacuo to give the receptor in 90%

yield. The !H NMR spectrum of L23, recorded in dmso-zs; showed a triplet and

singlet signal for the two urea NH protons confirming the C3 symmetry of the

molecule in solution. Electrospray mass spectrometry showed a peak at mlz 738

assigned to [Mt whilst IR spectroscopy showed a carbonyl stretch at 1650 cm" and

a band at 768 cm-! assigned to the C-Br stretch. The IJC NMR spectrum and

elemental analytical data further confirmed the purity of the product.

+ 3AO
VBr

thf
(N2)
r.t.

L13 (90%)

Scheme 5.1. Synthesis ofL23•
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5.2.2.2. Amide Receptor

L24 was synthesised by the reaction of TREN with three equivalents of 3-

bromobenzoyl chloride in basic conditions (Scheme 5.2).15 In contrast to the

analogous urea receptor, L24was soluble in CHCb. The IH NMR spectrum of L24in

CDCb showed a triplet signal for the NH amide protons indicating C3 symmetry in

solution. The IR spectrum has a band at 1630 cm-I assigned to the carbonyl stretch

and a band at 747 cm-I assigned to C-Br. Electrospray mass spectrometry on the

product showed a peak at mlz 695 assigned to [Mt and elemental analytical data

further confirmed the purity of the product.

+ 3

DOCI

I~
.0 Br

i) CH2Clz,
NaOH, r.t.

Scheme 5.2. Synthesis ofL24.

5.2.3. Complexation Reactions

The urea receptor L23was insoluble in MeCN, even when heated, thus preventing its

reaction with H2PtCk The reaction was also attempted in acetone but L23 remained

insoluble and therefore unreactive towards H2PtCI6. The insolubility of this receptor

prevented the formation of complexes with [PtCI6f- and also meant that it could not

be studied in solvent extraction experiments.

The amide receptor L24,when heated, was soluble in MeCN and when mixed

with H2PtCl6 a yellow precipitate formed immediately. The IH NMR spectrum of the

product in dmso-zi, has a broad signal at 9.66 ppm assigned to the protonated tertiary

amine position WHR3 and the amide NH signal shifts downfield by 0.47 ppm
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indicating the formation of hydrogen-bonding interactions. There was no evidence

for halogen-bonding as the aromatic protons in the positions ortho to the bromo

substituent do not shift in the IHNMR spectrum nor does the C-Br band in the IR

spectrum. The low organic solubility of L24and its complex [(L24H)2PtCI6]prevents

the study of the system in solvent extraction studies. Attempts were made at

obtaining a crystal structure showing the interaction of L24with [PtCI6]2- in the solid

state but proved unsuccessful.

5.2.4. Summary of Results

By introducing bromophenyl substituents into the receptors it was hoped halogen-

bonds would form between the receptors and [PtCI6]2- to enhance the interaction

leading to improved extraction. L23and L24and their complexes had low organic

solubility preventing the study of these systems in solvent extraction studies. In

addition, there was no evidence to suggest halogen-bonding interactions had formed

and therefore no further work was carried out into this area of work.

5.3. Extended Tripodal Receptors

By increasing the length of the pendant arms it was thought that the areas of highest

electron density surrounding [PtCI6]2-could be targeted more easily by hydrogen-

bond donor groups. The additional flexibility may also allow the receptor to

encapsulate the anion more leading to a stronger interaction and improved extraction.

The receptors presented in this Section of work all have a tripodal scaffold in which

each of the pendant arms is one carbon atom longer than in the previously presented

TREN-based receptors.
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5.3.1. Design of Receptors

Tris(3-aminopropyl)amine (TRPN) was chosen as the scaffold to this serie of

receptors because, analogous to TREN, it has a tertiary amine protonation site and

three primary amine groups which can be functionalised with hydrogen-bond donor

and organic solubilising groups. Whilst TREN has ethyl spacers between the tertiary

nitrogen amine and the terminal primary amine positions, TRPN has propyl spacer

units (Figure 5.5).

1
H2N~N~NH2

~ 2
NH2

I 3

H2N~N~NH2

NH2

(a) (b)

Figure 5.5. The structures of the tripodal amines a) TREN and b) TRPN.

TRPN was prepared via a two-step synthetic route (Scheme 5.3). Following

the method of van Winkle and co-workers acrylonitrile 1 was reacted with NH) in

H20 to give the tris(cyanoethyl)amine intermediate 2.16 Reduction of the nitril

functionality using BH3/ thf gave TRPN as a viscous oil in 56% yield.17

Characterisation of the amine by IH and I3C NMR pectro c py and rna

spectrometry corresponded with the literature value and confirmed th f rmati n f

the desired product.l'" 19
BHJ/ thf

NH3
rNl

Dioxane

Nr.HJH2O (Ar)
~CN CN ~ CN

85°C eN 700

1 2 TRPN
(74%) (5 %)

Scheme 5.3. Synthesis oftris(3-aminopropyl)amine (TRPN).
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5.3.2. Synthesis of Receptors

5.3.2.1. Urea Receptors

The novel ligands L2Sand L26were synthesised by the reaction of TRPN with three

equivalents of 3, 5-dimethoxyphenyl or 3, 4, 5-trimethoxyphenyl isocyanate,

respectively (Scheme 5.4).14 Both products formed as colourless solids in yields in

excess of 78% and characterisation of the products by IH NMR, I3C NMR and IR

spectroscopy, mass spectrometry and elemental analytical data showed them to be

analytically pure.rN~
NH2 \ NH2

NH2

R-N=C=O
N

thf
(N2)
r.t.

HNyO

HN'R
3

LlS: R = Ph(3, 5-0Me) (81%)
Ll6: R = Ph(3, 4, 5-0Me) (78%)

Scheme 5.4. Synthesis ofL2s and L26

A potentiometry experiment with L26 showed it to have one protonation site

as described by the equilibrium L + H = LH+ with a log K value of 8.74(8). The

tertiary amine position in L26 is more basic than the tertiary amine position in the

analogous TREN-based urea receptor L14because the propyl group can donate more

electron density than the ethyl group to stabilise the ammonium cation that is formed

upon protonation."

5.3.2.2. Thiourea Receptor

The TREN-based thiourea receptors formed insoluble complexes with H2PtCI6

preventing them being studied in solvent extraction studies. Despite this result,

thiourea moieties were incorporated onto a TRPN scaffold as it was thought that the
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longer aliphatic chain of the scaffold may improve the organic solubility of the

complexes.

The novel receptor L27was synthesised by the reaction of TRPN with three

equivalents of 3, 4, 5-trimethoxyphenyl isothiocyanate (Scheme 5.5).14 The product

formed as a colourless solid which was collected by filtration and dried in vacuo to

give L27in 87% yield. Characterisation of the product was achieved by IHNMR, I3C

NMR and IR spectroscopy, mass spectrometry and elemental analysis which showed

it to be analytically pure.

MeO~oMe
OMe

thf
(N2)
r.t.

HNyS

HN~OMe

~OMe
OMe 3

L27 (87%)
Scheme S.S. Synthesis ofL27.

S.3.2.3. Amide Receptor

The novel amide receptor L28was synthesised by the reaction of TRPN with three

equivalents of 3, 4, 5-trimethoxybenzoyl chloride under basic conditions (Scheme

5.6).15The product was obtained as a colourless solid in 64% yield and characterised

by IH NMR, I3C NMR and IR spectroscopy, mass spectrometry and elemental

analysis.
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CH2Ch
Na2C03

r.t.

HN~O
~\
:::::-.... OMe

MeO
OMe 3

L2B (64%)

Scheme 5.6. Synthesis of L28.

5.3.3. Complexation Reactions

5.3.3.1. Urea Complexes

L25 and L26 were reacted with H2PtCl6 in MeCN to give a transparent, orange

solution. The reactions were repeated in CD3CN and the IH NMR spectra of the

resulting solutions recorded. In both cases a signal was observed at 9.1S or 9.12 ppm

(for L25 and L26, respectively) which integrated in a 1:3 ratio with each of the urea

NH protons and was assigned to the protonated bridgehead nitrogen position N+HR3.

Negative electrospray mass spectrometry on the solution resulting from the mixing of

L26 with H2PtCl6 showed a peak at mlz 2036 assigned to [(L26H)(L26)PtCI6r

suggesting the formation of the desired complex [(L26HhPtCI6]. Other peaks in the

mass spectrum were observed at mlz 8S0, 4411 and 4480 assigned to [L26+Clr,

[4(L26H)+2(PtCI6)+PtCI4+Hr and [4(L26H)+3(PtCI6)]2-, respectively. Attempts were

made at growing crystals of the complexes [(L2sH)2PtCI6] and [(L26HhPtC16] but

were unsuccessful possibly due to the high solubility displayed by these complexes.
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5.3.3.2. Thiourea Complex

Two equivalents of L27 were dissolved in MeCN and added to one equivalent of

H2PtCl6 resulting in a yellow-orange precipitate being formed. Attempts made to

isolate the solid by filtration gave a small amount of insoluble waxy solid meaning

characterisation was not possible in this case.

5.3.3.3. Amide Complex

Two equivalents ofL28 were added to one equivalent ofH2PtC16, dissolved in MeCN,

to give a transparent, orange solution. The reaction was repeated in CD3CN and the

IH NMR spectrum recorded. A signal at 8.96 ppm was assigned to the protonated

bridgehead nitrogen position N+HR3 and there was a down field shift in the signal for

the amide NH proton indicating the formation of hydrogen-bonds. Negative

electrospray mass spectrometry on the solution resulting from the mixing of L28with

H2PtCl6 showed a peak at mlz 805 assigned to [L28+Clr. No peak due to the 2: 1

L28:[PtCI6f- complex was observed in the spectrum despite the same experimental

conditions being used as for the observation of [(L26HhPtC16]. This suggests that the

interaction between [PtCI6]2-and L28may be weaker than in [(L26HhPtC16]. Attempts

were made at growing crystals of the complex [(L28H)2PtCI6]but were unsuccessful.

5.3.4. Extraction Studies

5.3.4.1. Test Extractions

In the test extraction with the urea receptors L2Sand L26and the amide receptor L28

the organic layer became coloured suggesting uptake of [PtCI6]2-. For the thiourea

receptor L27 an insoluble precipitate formed preventing it being studied. Solvent
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extraction studies were thus undertaken with the urea receptor L26 (as it was more

soluble than L25) and the amide extractant L28.

5.3.4.2. Effect of Hydrogen-bond Donor Group

The urea receptor, L26, extracts more [PtCI6f- than its amide analogue, L28, across all

[Receptor]: [PtCI6]2- ratios (Figure 5.6). For example, at an arbitrary

[Receptor]:[PtCI6]2- ratio of 3:1 L26 extracts 74% whilst L28 extracts 55% (Table

5.1). This trend is consistent with the results observed for the TREN-based

extractants and is thought to be because the urea receptors have more NH donor

groups enabling more hydrogen-bond interactions to form with [PtCI6]2- thus leading

to enhanced extraction.

HNyO

HN'(YoMe

~OMe
OMe 3

HN¢-O
~\
~ OMe

MeO
OMe 3

Table 5.1. % of Pt extracted as [PtCI6]2- from aqueous 0.6 M Hel into CHCh in the
presence of a three molar excess of L

Receptor L26 L28

% Pt extracted at 3 molar excess of L 74 55
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100

~- 80
"C • •~ • •....
r..J •~ 60.. •....
~ • •~
8 40 ••:== •...

20.... • • L26~ •- •~ • • L28
0

o 1 2 345 6
[Receptor]: [PtCI6]2-

Figure 5.6. Plot of% Pt extracted as [PtCI6]2- from aqueous 0.6 M HCI into CHCh
as a function of [Receptor]:[PtCI6]2- ratio.

A Yoshizawa analysis'" was performed with the extraction results for L26 and

L28 and in each case a straight line graph was plotted (Figure 5.7). The gradient for

L26 is 1.0704 thus showing significant deviation from the theoretical value of two

while for L28 the straight line has a gradient of l.7688 .

• L26 y = 1.0704x + 2.9947 (R2 = 0.9225)

0

c::
~ -1ell ."

."
C -- •

-2

."
."

.L28 y=1.7688x+4.1786(R2=O.9871) • .,,-. ~,_.".".....4. ." ....... .,,'" ......
.s-: ,."'"..,,'" .....

."

.!J.- ....."'".......................................•
-3 +-------~------~------~------~-------,
-4.5 -4 -3.5 -3 -2.5 -2

log ([Receptor]/[CI])

Figure 5.7. Plot oflog ([Receptor]/[CI]) against log D for L26 and L28.
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5.3.4.3. Effect of Receptor Scaffold

To assess the affect of receptor scaffold the extraction results for LI9 and L28 were

compared. LI9 extracts more [PtCl6]2- than L28 across all [Receptor]:[PtCI6]2- ratios

and at an arbitrary ratio of three the TREN receptor LI9 is 76% whilst the TRPN

receptor L28 extracts 55% (Figure 5.8 and Table 5.2).

HN~O
{I ~
_ OMe

MeO OMe
3

HNq_0
-;/'\
::::--._ OMe

MeO
OMe 3

100 • •
~ •e- 80
"0~ •.....~ • •~ 60
"'".....
~ • •~
e 40 •= •c •
~ 20 • L19~-~ • L28

0
0 1 2 3 4 5 6

[Receptor]: [PtCI6]2-

Figure S.S. Plot 0[% Pt extracted as [PtCI6]2- from aqueous 0.6 M HCI into CHCI3
as a function of [Receptor] :[PtCI6]2- ratio.

Table 5.2. % of Pt extracted as [PtCI6]2- from aqueous 0.6 M HCI into CHCI3 in the
presence of a three molar excess of L

Receptor L

% Pt extracted at 3 molar excess of L 76 55
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These results show that systems with ethyl spacers give improved extraction

over those with propyl units. The ethyl group is more rigid which may enforce a

tripodal geometry and make the receptor more pre-organised meaning that the

hydrogen-bond donor groups may already be in a position to target the areas of

highest electron density on the outer-sphere of [PtCI6]2-. Although the TRPN systems

extract less than their TREN analogues they still extract more than TOA confirming

that incorporating hydrogen-bond donor groups into the design enhances extraction.

5.3.5. Summary of Results

Four receptors were synthesised which have a TRPN scaffold and either urea,

thiourea or amide hydrogen-bond donor groups with terminal methoxyphenyl

substituents. The complexes formed with the urea and amide systems were CHCh

soluble allowing them to be studied in solvent extractions whilst the thiourea

receptor L27 formed an insoluble complex [(L27H)2PtCI6]. The urea receptor L26was

found to have higher extraction efficiency and the amide receptor L28.Comparison of

the extraction results for TREN and TRPN-based ami des showed the TREN receptor

to have higher extraction efficiency.
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5.4. Experimental

5.4.1. Synthesis of Hydrogen- and Halogen-bonding Receptors and Complexes

5.4.1.1. Synthesis of N,N" ,N'" -(nitrilotri-2,1-ethanediyl)tris[N' - 3-bromophenyl

urea), L23. 14

To TREN (0.1 cm', 0.68 mmol) in dry thf (20 crrr') was added 3-bromophenyl

isocyante (0.25 cm3, 2 mmol) under N2. A colourless precipitate formed immediately

and the reaction was stirred at room temperature for a further 20 h. The precipitate

was collected by filtration and dried in vacuo. Yield: 0.45 g, 90%. IH NMR (270

MHz, dmso-ze): o/ppm 8.77 (s, 3H, NH), 7.83 (s, 3H, fur), 7.23 (d, 3H, 3JHH = 8 Hz,

fur), 7.16 (dd, 3H, 3JHH = 8 Hz, fur), 7.06 (d, 3H, 3JHH = 8 Hz, fur), 6.26 (t, 3H,

3JHH = 5 Hz, NH), 3.22-3.19 (m, 6H, Cfu), 2.62 (t, 6H, 3JHH = 6 Hz, Clli). I3CNMR

(68 MHz, dmso-cs): 8/ppm 156, 143, 131, 124, 122, 120, 117, 54, 38. MS (ES+):

calc mlz 738.0032 for [M+Ht, found mlz 738.0038. IR (solid, cm"): 3292(v(NH),

H, 4.08; N, 13.24. Found: C, 43.35; H, 4.44; N, 13.14%.
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5.4.1.2. Synthesis of N,N" ,N'" -(nitrilotri-2, l-ethanediyl)tris[3-

bromobenzamide), L24.15

HN2)0
~I

Br ~

To TREN (0.1 cm', 0.68 mmol) in CH2Ch (20 cnr') was added NaOH (ca. 0.1 g) and

3-bromobenzoyl chloride (0.26 cnr', 2 mmol). The reaction formed a colourless

precipitate immediately and was stirred at room temperature for 20 h. H20 (10 cm')

was added to the reaction to dissolve the NaOH and the layers were separated and the

aqueous layer washed with CH2Ch (2 x 15 cnr'), The organic washings were

collected, dried with MgS04 and the solvent removed from the filtrate to give an off-

white powder. Yield: 0.34 g, 72%. IH NMR (270 MHz, CDC h): B/ppm 7.85 (s, 3H,

fur), 7.66 (d, 3H, 3JHH= 8 Hz, fur), 7.47 (d, 3H, 3JHH= 8 Hz, fur), 7.44 (dd, 3H,

3JHH= 8 Hz, fur), 6.87 (t, 3H, 3JHH= 7 Hz, NH), 3.50 (br, 6H, Clli), 2.69 (br, 6H,

Clli). 13CNMR (68 MHz, CDCh): o/ppm 167, 136, 134, 131, 130, 125, 123,54,38.

MS (ES+): mlz 695 [Mt IR (solid, cm-I): 3305(v(NH», 1630(v(c=O», 1542(v(c-c, Ar»,

46.51; H, 3.79; N, 7.98%.

5.4.1.3. Synthesis of [(L24H)2PtCI6)

The receptor L24(2 equivalents) was dissolved in MeCN (it was necessary to heat the

solution to ensure complete solubility of the solid) and added to H2PtC16 (1

equivalent) dissolved in MeCN. On the mixing of the two solutions a yellow
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precipitate formed which was collected by filtration and dried in vacuo. IH NMR

(270 MHz, dmso-za): 8/ppm 9.66 (br, IH, NH+), 8.95 (t, 3H, 3JHH = 5 Hz, NH), 7.95

(s, 3H, fur), 7.82-7.74 (m, 6H, fur), 7.43 (d, 3H, 3JHH = 8 Hz, fur), 3.73 (m, 6H,

Anal. calc. for CS4Hs6Br6CI6Ng06Pt:C, 36.03; H, 3.14; N, 6.22. Found: C, 35.97; H,

3.26; N, 6.23%.

5.4.2. Synthesis of Extended Tripodal Receptors and Complexes

5.4.2.1. Synthesis of Tris(cyanoethyl)amine, 2 16

Acrylonitrile (55 g, 1.00 mol) was added dropwise to a stirred solution of 28%

ammonium hydroxide at 30 QC.Stirring was continued for 2 h and then H20 (175

crrr') and more acrylonitrile (55 g, 1.00 mol) were added. The mixture was then

stirred at 75-80 QCfor 48 h and then the H20 and excess acrylonitrile removed by

distillation under reduced pressure. The residual liquid formed a solid on standing

which was then recrystallised from EtOH to give a colourless solid. Yield: 74%. IH

NMR (300 MHz, CDCh): 8/ppm 2.94 (t, 6H, 3JHH = 6 Hz, Cfu), 2.52 (t, 6H, 3JHH = 6

Hz, Cfu). I3CNMR (75 MHz, CDCh): 119,50, 17.MS (ES+):mlz 177 [M+Ht.
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5.4.2.2. Synthesis of Tris(3-aminopropyl)amine (TRPN) 17

To a solution oftris(cyanoethyl)amine 2 (2.80 g, 15.50 mmol) in thf(IOO cnr') was

added BH3/ thf (1 M, 100 cnr') under an Ar atmosphere. The reaction was heated

under reflux for 16 h then cooled to room temperature. The reaction was quenched

with MeOH causing a white solid to precipitate. The reaction was stirred at room

temperature until the precipitate re-dissolved. The solvent was removed under

reduced pressure and the residue was dissolved in 6 M HCI (125 ern") and

subsequently heated under reflux for 1h. The H20was removed in vacuo to give the

amine acid salt. The free amine was obtained by a DOWEX ion exchange column as

a colourless oil. Yield: 1.64 g, 56%. IHNMR (300 MHz, CDCh): B/ppm2.69 (t, 6H,

3JHH = 7 Hz, Cfu), 2.42-2.39 (m, 6H, Cfu), 1.60-1.50 (m, 6H, Clli), 1.22 (br, 6H,

NH2). 13CNMR (75 MHz, CDCh): B/ppm51, 40,29. MS (ES+):mlz 189 [Mt.

5.4.2.3. Synthesis of N,N' ,N"-(nitrilo-2,I-propanediyl)tris(N'-3,5-

dimethoxyphenyl urea), L25. 14

HNyO

HNnOMey
OMe

3, 5-Dimethoxyphenyl isocyanate (0.57 g, 3.19 mmol) was dissolved in dry thf (20

cnr'), TRPN (0.20 g, 1.06 mmol) was added and the reaction stirred at room
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temperature for 16 h. The colourless precipitate that formed was collected by

filtration and dried in vacuo. Yield: 0.62 g, 81%. IH NMR (270 MHz, CDCh):

8/ppm 8.11 (s, 3H, NH), 6.71 (s, 6H, fur), 6.31 (t, 3H, 3JHH = 6 Hz, NH), 6.08 (s, 3H,

fur), 3.72 (s, 18H,OMe), 2.52 (br, 6H, Cfu), 2.20 (br, 6H, Cfu), 1.72 (br, 6H, Cfu).

I3CNMR (68 MHz, CDCh): 8/ppm 162, 157, 141,96,95,55,51,37,28. MS (ES+):

calc. for C36HS2N709mlz 726.3826, found mlz 726.3809, corresponds to [M+Ht. IR

(solid, cm"): 3304 (V(N-H», 1606 (v(c=o», 1557 (v(c=c,Ar», 1157 (v(c-o», Anal. calc.

for C36HSIN709:C, 59.57; H, 7.08; N, 13.51. found: C, 59.38; H, 6.96; N, 13.17%.

5.4.2.4. Synthesis of N,N',N"-(nitrilo-2,1-propanediyl)tris[N'-3,4,5-

trimethoxyphenyl urea), L26. 14

HNyO

HNyyOMe

~OM
OMe

3, 4, 5-Trimethoxyphenyl isocyanate (0.66 g, 3.19 mmol) was dissolved in dry thf

(20 cnr') under a N2 atmosphere. To this was added TRPN (0.20 g, 1.06mmol). The

reaction was stirred at room temperature for 16 h. During this time a colourless

precipitate formed which was collected by gravity filtration, washed with diethyl

ether (2 x 5 cnr') and then dried in vacuo. Yield: 0.67 g, 78%. IH NMR (270 MHz,

CDCh): 8/ppm 8.08 (s, 3H, NH), 6.80 (s, 6H, fur), 6.27 (br t, 3H, NH), 3.78 (s, 18H,

OMe), 3.77 (s, 9H, OMe), 2.55 (br, 6H, Cfu), 2.18 (br, 6H, Cfu), 0.97 (br, 6H,

Cfu). I3CNMR (68 MHz, CDCh): 8/ppm 157, 154, 136, 133,94,68,56,55,51,28.
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MS (ES+): calc. For C39HssN7012 mlz 816.4143, found mlz 816.4114, corresponds to

[M+Ht. IR (solid, cm"): 3318 (V(N-H), 1637 (v(c~), 1604 (v(c=c, Ar), 1128 (v(C-O).

Anal. calc. for C39Hs7N7012: C, 57.41; H, 7.04; N, 12.02. Found: C, 56.98; H, 6.97;

N,I1.74%.

5.4.2.5. Synthesis of N,N' ,N" -(nitrilo-2, I-propanediyl)tris [N'-3,4,5-

trimethoxyphenyl thiourea], L17. 14

HNyS

HNnOMe

"('OMe
OMe 3

3, 4, 5-Trimethoxyphenyl isothiocyanate (0.36 g, 1.59 mmol) was dissolved in dry

thf (30 cnr') under N2.To this was added TRPN (0.10 g, 0.53 mmol) and the reaction

stirred at room temperature for 16 hours. The product precipitated from solution as a

colourless solid which was collected by filtration and dried in vacuo. Yield: 0.40 g,

87%. IHNMR (270 MHz, CDCh): 8/ppm 7.01 (br, 3H, NH), 6.75 (br, 3H, NH), 6.51

(s, 6H, fur), 3.78 (s, 18H, OMe), 3.76 (s, 9H, OMe), 3.59-3.48 (t, 6H, 3JHH= 6 Hz,

C!:h), 2.33-2.22 (m, 6H, C!:h), 1.58-1.51 (m, 6H, C!:h). I3C NMR (68 MHz,

CDCh): 8/ppm 181, 154, 137, 132, 103, 61, 52, 45, 41, 29. MS (ES+): Calc for

C39Hs8N709S3mlz 864.3458, found mlz 864.3429 corresponds to [M+Ht. IR (solid,

cm"): 3384 (V(N-H), 1587 (v(c=S). Anal. calc for C39Hs7N7S309:C, 54.22; H, 6.65; Nt

11.35. Found: C, 53.99; H, 6.42; N, 11.31%.
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5.4.2.6. Synthesis of N,N',N"-(nitrilo-2,1-propanediyl)tris[N'-3,4,5-

trimethoxyphenyl benzamide), L28.15

HNp_0
~ ~_ OMe

MeO OMe
3

TRPN (0.20 g, 1.06mmol) was dissolved in CH2Ch containing Na2C03 (0.34 g, 3.19

mmol). 3,4, 5-Trimethoxybenzoyl chloride (0.73 g, 3.19 mmol) was added and the

reaction was stirred at room temperature for 16 h. H20 (15 cnr') was added slowly to

dissolve the Na2C03 and the reaction stirred for a further hour. The layers were

separated and the aqueous layer washed with CH2Ch (2 x 10 ern'). The organic

fractions were collected and dried over MgS04• The solvent was removed to give an

off-white foam which was dried in vacuo. Yield: 0.52 g, 64%. IH NMR (270 MHz,

CDCh): o/ppm 7.67 (br t, 3H, NH), 7.09 (s, 6H, fur), 3.81 (s, 18H, OMe), 3.76 (s,

9H, OMe), 3.36 (br, 6H, Clli), 2.30 (br, 6H, Clli), 1.61 (br, 6H, Cfu). I3CNMR (68

MHz, CDCh): o/ppm 167, 153, 141, 130, 105, 61, 52, 39, 27. MS (ES+): calc for

C39H55N4012mlz 771.3811, found mlz 771.3778, corresponds to [M+Ht. Anal. calc.

for C39Hs4N4012:C, 60.77; H, 7.06; N, 7.27. Found: C, 60.39; H, 6.92; N, 7.00%.

5.4.2.7. Synthesis of [(L15H)2PtCI6)

The receptor L25(2 equivalents) was dissolved in CD3CN to which lhPtCl6 (1

equivalent) was added. A transparent orange solution was formed. IH NMR (300

MHz, CD3CN): o/ppm 9.12 (br, IH, NH+), 7.79 (s, 3H, NH), 6.65 (s, 6H, fur), 6.61
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(s, 3H, fur), 5.98 (t, 3H, 3JHH= 6 Hz, NH), 3.68 (s, 18H, OMe), 3.26 (br, 6H, Clli),

3.13 (br, 6H, Cfu), 1.88 (br, 6H, Cfu).

5.4.2.8. Synthesis of [(L26H)2PtCI61

This was prepared in an analogous manner to that described for [(L2sH)2PtC16]. IH

NMR (300 MHz, CD3CN): 0/ ppm 9.15 (br, IH, NH+), 7.59 (br, 3H, NH), 6.78 (s,

6H, fur), 6.30 (br, 3H, NID, 3.74 (s, 18H, OMe), 3.64 (s, 9H, OM e), 3.30 (t, 6H,

3JHH=6 Hz, Cfu), 3.20-3.18 (m, 6H, Clli), 1.94-1.90 (m, 6H, Cfu). MS (ES+): mlz

850 [M+Clr, mlz 2036 [(L)(L+H)PtCI6r, mlz 4411 [4(L+H)+2(PtCI6)+PtCI4+Hr,

mlz 4480 [4(L+H)+3(PtCI6)]2-.

5.4.2.9. Synthesis of [(L28H)2PtCI6]

This was prepared in an analogous manner to that described for [(L2sHhPtCI6]. IH

NMR (300 MHz, CD3CN): o/ppm 8.96 (br, IH, NH+), 7.58 (t, 3H, 3JHH= 5 Hz, NH),

7.11 (s, 6H, fur), 3.85 (s, I8H, OMe), 3.76 (s, 9H, OMe), 3.50 (t, 6H, 3JHH= 6 Hz,

Cfu), 3.25-3.22 (m, 6H, Cfu), 2.07 (br, 6H, Cfu). MS (ES+): mlz 805 [M+Clr.
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6. Bipodal and Monopodal Receptors

6.1. Introduction

Although the TREN- and TRPN-based urea and amide receptors are successful

extractants for [PtCI6f- the crystal structures of the complexes show that not all of

the functionalised arms hydrogen-bond to the anion. To investigate whether receptors

with fewer hydrogen-bond donor groups were as efficient as the tripodal extractants

bipodal and monopodal systems were designed, synthesised and evaluated.

6.2. Bipodal Receptors

The amines N-methyl-2, 2'-diaminodiethylamine (Figure 6.1a) and N-methyl-3, 3'·

diaminodipropylamine (Figure 6.1b) were used in the synthesis of a series of bipodal

receptors as they have a tertiary amine protonation site and two primary amine

positions that can be functionalised with hydrogen-bond donor and organic

solubilising groups. Also, they have ethyl or propyl aliphatic linkers analogous to the

tripodal TREN- and TRPN-based receptors, respectively, allowing a direct

comparison between tripodal and bipodal systems.

Mer~1
NH2 NH2

(b)

Figure 6.1. Structures of a) N-methyl-2, 2'-diaminodiethylamine and b) 3, 3'·
diamino-N-propyldiamine.

The success with tripodal urea and amide receptors meant these hydrogen-

bond donor groups were incorporated into the bipodal ionophores. Bipodal thiourea

systems were also synthesised' with the aim that they would be more soluble than

their tripodal analogues to allow their study in solvent extraction experiments. The
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proposed interactions between bipodal urea and amide receptors and [PtCI6f- are

shown in Figure 6.2 and a 2: 1 L:[PtCI6f- ratio is required for the complex to be

charge-neutral.

(a) (b)

Figure 6.2. The proposed interaction of a) urea and b) amide bipodal receptors with
[PtCI6]2- (represented by an octahedron). The protonation sites are shown in blue and
the hydrogen-bond donor groups are in red. The length of the alkyl spacer unit has
not been specified in these diagrams and they are therefore applicable to receptors
with an ethyl or propyl spacer.

6.2.1. Synthesis of Bipodal Receptors

6.2.1.1. Urea Receptors

The novel receptors L29_L31 were synthesised by the reaction of 3, 3'-diamino-N-

propyldiamine with three equivalents of phenyl, tert-butyl or 3, 4, 5-

trimethoxyphenyl isocyanate, respectively (Scheme 6.1).1 The product were

obtained as colourless solids in good yields and were characterised by IH NMR, 13

NMR and IR spectroscopy, mass spectrometry and elemental analy i whi h

confirmed them to be analytically pure.
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Me(~)
NH2 NH2

NCO
I
R

Me(~1
0yNH HNyO

KNH HN'R

L19: R = Ph (80%)
L30: R = fert-butyl (82%)

L31: R = 3, 4, S-(OMe)3Ph (S9%)

thf
(N2)
r.t.

Scheme 6.1. Synthesis ofL29_L31•

6.2.1.2. Crystal Structure of L 29

Single crystals of L29 suitable for X-ray crystal structure analysis were grown by the

vapour diffusion of Et20 into a concentrated solution of the product in MeOH. The

receptor crystallised in the monoclinic space group P2I1e with two independent and

non-interacting molecules ofL29 in the asymmetric unit (L29aand L29bin Figure 6.3).

In L29a there are intra-molecular bifurcated hydrogen-bonds between the urea

moieties on each of the two arms between N4-H4A"OI (H"'A = 2.087 A) and

NS-HSA"OI (H""A = 2.l27 A) (Figure 6.4). Analogous interactions are observed

in L29bwith NIO-HI0A"-03 (H""A = 2,204 A) and N9-H9A"03 (H"'A = 2.161

A).

The extended structure shows inter-molecular hydrogen-bonding in L29awith

N2-H2A"02 (H"'A = 2.l21 A) and N3-H3A'''02 (H""A = 2.092 A) (Figure 6.S).

The molecules of L29ahave an alternating orientation and form a chain with each

molecule ofL29abeing linked to the next through bifurcated hydrogen-bonds between

the urea moieties. There are analogous inter-molecular interactions between the L29b

molecules with N7-H7A"04 (H"'A = 2.0S6 A) and N8-H8A"04 (H"'A = 2.140

A). The full details of the hydrogen-bonding interactions present in the structure of
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L29 are shown in Table 6.1 and the crystallographic data and structure refinement

details are given in Appendix F.

Figure 6.3. Molecular structure of L29 showing the two independent molecules L29a

and L29b (shown in black and grey, respectively) in the asymmetric unit. All
hydrogen atoms (except NH) are omitted for clarity. The intra-molecular hydrogen-
bonds are shown in green and the NB··O distances are measured in A.

Figure 6.4. Molecular structure of L29a showing intra-molecular hydrogen-bonds. All
hydrogen atoms (except NH) are omitted for clarity. Ellipsoid et at 50%
probability. The intra-molecular hydrogen-bonds are shown in green and the NB··O
distances are measured in A.
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H5A
2127 ~ ...

-e:"
01 "
2,087 H'4A

Figure 6.5. View of the structure of L29a 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 measured in A. The
carbon atoms of the alternate molecules of L29a are shown in alternating shades of
light and dark grey.

Table 6.1. Intra- and inter-molecular hydrogen-bonds D-H"A in L29 (D = donor, A
= acceptor, d = distance)

D-U"A
d(D-H) d(H"'A) d(D"'A) «DHA) Symmetry

lA lA lA 10 Code

N4-H4A"Ol 0.86 2.087 2.8821 (14) 153.5

N5-H5A'Ol 0.86 2.127 2.9144(14) 152.1

-x+ lI2,
11 N2-H2A"02 0.86 2.121 2.9044( 14) 151.2 y+lI2,

-z+ lI2
-x+ 1.12,

11 N3-H3A'02 0.86 2.092 2.8868(14) 153.4 y+1/2
-z+ lI2

111 N9-H9A"03 0.86 2.161 2.9281(14) 14 .3

111 NlO-H10A"03 0.86 2.204 2.9404(14) 143.6

-x+3/2,
IV N7-H7A"04 0.86 2.056 2.85 3(14) 154.8 y-1I2,

z+112
-x+3/2,

IV N8-H8A"04 0.86 2.140 2.9099(13) 14 .9 y-1I2,
z+1I2

*Class i are intra-molecular hydrogen-bonds in L29n, cIa s ii are inter-molecular hydrogen-b nd In
L29a,

Class iii are intra-molecular hydrogen-bonds in L29b, clas iv are inter-molecular hydrog n-b nds in
L29b,
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6.2.1.3. Urea Receptors (part 2)

L32 and the novel receptor L33were synthesised by the reaction of N-methyl-2, 2'-

diaminodiethylamine with two equivalents of phenyl or 3, 4, 5-trimethoxyphenyl

isocyanate, respectively (Scheme 6.2). 1,2 The products of both reactions precipitated

as colourless solids in yields in excess of 61% and were characterised by 1H NMR,

Be NMR and IR spectroscopy, mass spectrometry and elemental analysis which

showed them to be analytically pure.

R-N=C=O

thf,
(N2)
r.t.

Scheme 6.2. Synthesis of L32and L33.

Mer~l
OyNH HNyO

/NH HN,R R
L32: R = Ph (98%)

L33: R = 3, 4, 5-(OMe)3Ph (61%)

To enable a more accurate comparison between a bipodal receptor and TOA

L34 was designed which has one octyl substituent and two urea functionalised

pendant arms (Figure 6.6). In addition, the comparison of L34with L33will allow the

effect of the alkyl substituent to be found.

Figure 6.6. Structure ofL33 and L34.
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The amine precursor 4 was synthesised following the method of Miranda and

co-workers (Scheme 6.3).3 The primary amine groups of diethylenetriamine 1were

protected by reacting with phthalic anhydride to give 2 which is then alkylated using

octyl bromide under basic conditions. The subsequent deprotection of 3 is achieved

with hydrazine to give the amine precursor 4. Following a similar method as used for

the synthesis of our other urea receptors the amine 4 was reacted with 3, 4-

dimethoxyphenyl isocyanate to give the novel receptor L34.1 The product was

obtained as an off-white powder in a moderate yield and characterisation of the

product by IH NMR, "c NMR and IR spectroscopy and mass spectrometry

confirmed the formation of the desired receptor.

Phthalic
anhydride o 0t?~ ,1

~N/"...._N
o H 0

Acetic acid

1
2

o 0t?~ ,1
~N/"...._N

o 0
Hydrazine
EtOH

(61%) (77%)

3

(84%)

OCN-Ph(3,4-0Me)
thf
(N2)

Scheme 6.3. Synthesis of L34
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6.2.1.4. Thiourea Receptors

The tripodal TREN- and TRPN-based thiourea receptors formed insoluble complex

products which prevented them being studied in solvent extractions. With the aim of

synthesising an organic soluble thiourea complex bipodal thiourea receptors were

synthesised. The novel receptors L35_L37were synthesised by the reaction of 3, 3'-

diamino-N-propyldiamine with phenyl, tert-butyl or 3, 4, 5-trimethoxyphenyl

isothiocyanate, respectively (Scheme 6.4): The products were obtained as a

colourless powders and characterisation by IH NMR, l3C NMR and IR spectroscopy,

mass spectrometry and elemental analysis confirmed the products to be analytically

pure.

thf, r.t.
(N2)

Me(~l
SyNH HNyS

R_'NH HN'R

L35: R = Ph (89%)
L36: R = tert-butyl (82%)

L37: R = 3, 4, 5-(OMe)3Ph (71%)

Me(~)
NH2 NH2

R-N=C=S

Scheme 6.4. Synthesis ofL35_L37

6.2.1.5. Crystal Structure of L35

Single crystals of L35suitable for X-ray crystal structure analysis were grown by the

vapour diffusion of Et20 into a solution of the product in MeOH. L35crystallises in

the monoclinic space group P2l1c with four receptors in the unit cell. The structure

of L35 shows a hydrogen-bond N4-H4A"'NI (H"'A = 2.151 A) to form an intra-

molecular six membered ring (Figure 6.7). In all of our other crystal structures the

NH groups of urea and thiourea moieties are orientated in the same direction and

plane but this is not seen in the structure of L35.The extended structure of L35shows
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inter-molecular hydrogen-bonds N5-H5A"SI (R·A = 2.432A) and N3-H3A··S2

(R·A = 2.554 A) giving a chain of L35 molecules (Figure 6.8). The details of the

hydrogen-bonds present in this structure are given in Table 6.2 and the

crystallographic data and structure refinement details are given in Appendix F.

C1

Figure 6.7. Molecular structure of L35 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 NR··N
distance is measured in A.

S1

Figure 6.8. View of the structure of L35 showing the intra- and int r-m lecular
hydrogen-bonds present in the extended structure. All hydrogen-atom (exc pt NH)
are omitted for clarity. Hydrogen-bonds are shown in green and measured in A. The
carbon atoms of the L35 molecules are in different shades of light and dark grey.
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Table 6.2. Intra- and inter-molecular hydrogen-bonds D-H"'A in L3S (D = donor, A
= acceptor, d = distance)

D-H"'A
d(D-H) d(R"'A)

lA lA
d(D"'A)
lA

«ORA)
1°

Symmetry
Code

N4-H4A"NI 0.86 2.151 2.8103(13) 133

N3-H3A"'S2 0.86 2.554 3.3541(10) 155 -x+2,y+ 1/2,-
z+1/2

N5-H5A'"S1 0.86 2.432 3.2604(10) 162 -x+2,y-1I2,-
z+1/2

*N4-H4A"NI is an intra-molecular hydrogen-bond, all other hydrogen-bonds are inter-molecular,

6.2.1.6. Amide Receptors

The novel receptor L38 was synthesised by the reaction of 3, 3' -diamino-N«

propyldiamine with two equivalents of 3, 4, 5-trimethoxybenzoyl chloride under

basic conditions (Scheme 6.5).4 The product was obtained as a colourless solid in

62% yield and characterisation by IH NMR, I3CNMR and IR spectroscopy, mass

spectrometry and elemental analysis.

Mer~~
NH2 NH2

L3B: R = 3, 4, 5-(OMe)3Ph(62%)

Scheme 6.5. Synthesis ofL38,

Following a similar method N-methyl-2, 2'-diaminodiethylamine was reacted

with 3, 4, 5-trimethoxybenzoyl chloride (Scheme 6.6).4 In previous reactions used to

synthesise amide receptors H20 was added to dissolve NaOH and the desired product

was extracted into CH2Ch. During the synthesis of L39after washing the aqueous

phase with CH2Ch and removing the solvent no product was evident. Extraction into

CHCb and toluene was also tried but with no success. It is suggested that the product
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is more soluble in H20 than the organic phase or that the amide product is

hydrolysed. No further work was carried out to isolate the desired product as, to be a

successful extractant, it is necessary for the receptor to be soluble in an organic

solvent.

r~~COCl-P~;~~ S-~Me) ~O ~~~~~~: 01

NH2 NH2 ,'-
CH2Ch MeO OMe MeO OMe

r.t. OMe OMe

Scheme 6.6. Attempted Synthesis ofL39

6.2.2. Potentiometry of Bipodal Receptors"

The number of protonation sites in the bipodal receptors L31,L33and L38and the pH

at which they become protonated was determined through potentiometry

experiments. The results are shown in Table 6.3.

• Potentiometry experiments were carried out by Professor Antonio Bianchi and his group at the
University of Florence, Italy.
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Table 6.3. Protonation constants determined in MeCNIH20 50:50 (v/v) (0.1 M
NMe4CI, 298.1 ± 0.1 K}

Receptor Equilibrium pKa

Me(~)
L31

01"NH HNyO
L+ H+= LH+ 8.56(1)MeOx:;:rNH HNqoMe

MeO ~ ~ OMe
OMe OMe

Mer~1
NH HN

L33 O=< )=0 L+H+=LH+ 7.61(1)NH HN

Me0-Q Q-0Me
MeO OMe MeO OMe

Me(~)
L38

~H ~ L+H+= LH+ 8.53(1)

MeO OMe MeO ~ OMe
OMe OMe

Values in parentheses are the standard deviations on the last significant figure.

For each of the three receptors shown in Table 6.3 there is one protonation

site as described by the equilibrium L + H = LH+ and the pKa values indicate that it

is the tertiary amine nitrogen position that is protonated.i The pKa's of the bipodal

urea receptor L31 and the amide receptor L38differ by 0.03. This suggests that the

type of hydrogen-bond donor group does not significantly affect the pH at which the

tertiary amine nitrogen is protonated.

L33 has an ethyl spacer whilst L31 has a propyl spacer and the difference in

pKa between these bipodal urea receptors is 0.95. This suggests that the length of the
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spacer unit affects the pH at which the tertiary amine position is protonated. The

tertiary amine position in L31 is more basic than in L33 because the propyl

substituents can more effectively stabilise the alkylammonium cation than ethyl

substituents.

L21and L38have different numbers of amide functionalised pendant arms and

the difference in pKa for these receptors is 3.6. L21is more basic which suggests that

having more functionalised arms bonded to a tertiary amine position increases the

basicity.

6.2.3. Complexation Reactions

6.2.3.1. Urea Complexes

Two equivalents ofL29_L31 were dissolved in MeCN and added to one equivalent of

H2PtCk For L29(R = Ph) and L30 (R = tert-Bu) a suspension of precipitate formed in

solution. Attempts to isolate the solids by filtration were unsuccessful as the

precipitate was very fine and in a small quantity. This also prevented analysis of the

reaction solution by NMR spectroscopy or mass spectrometry.

The complexation reaction with L31formed no precipitate and therefore was

repeated in CD3CN. In the IH NMR spectrum of the resulting solution a signal at

9.12 ppm was assigned to the protonated bridgehead position (N+HR3) and there was

a downfield shift in the urea NH resonances of 0.41 ppm and 0.30 ppm. Negative

electrospray mass spectrometry showed a peak at mlz 1532 assigned to

[(L3IH)(L3I)PtCI6r suggesting the formation of the desired complex. There was also

a peak at mlz 3471 assigned to [4(L3IH)+3(PtCI6)]2- suggesting that other

aggregation species formed under the conditions of the experiment.
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Complexation reactions were also attempted with the urea receptors L32 and

L33. L32 (R = Ph) was only partially soluble in MeCN which hindered its reaction

with H2PtCI6. For L33 (R = Ph(3, 4, 5-0Me» a soluble complex [(L33HhPtCI6]

formed meaning solvent extraction studies could be performed. Due to the small

amount of L34that had been synthesised it was decided to use the sample in solvent

extraction studies rather than in complexation reactions.

6.2.3.2. Crystal Structure of [(L29H)2PtCI6]

L29was dissolved in MeOH and mixed with H2PtCl6 dissolved in 2M HCl. The slow

evaporation of the resultant solution produced yellow needle-like crystals of

[(L29HhPtCI6]. The structure crystallised in the monoclinic space group P2l/c and

revealed one [PtCI6]2- anion lying on a centre of inversion and two receptor cations

related by the inversion centre (Figure 6.9). The L29molecules are protonated at the

bridgehead position (N 1) to give the receptor a +1 charge and for each [PtCI6]2-

anion present there are two (L29Ht cations giving the structure a net charge of zero

and confirming the expected 2: 1 (L29Ht:[PtCI6f- stoichiometry of the complex.

Disorder around the NMe fragment involving NI, Cl and C2 was modelled over two

half-occupied sites with distance restraints and was refined with isotropic atomic

displacement parameters.

The structure reveals extensive hydrogen-bonding between the urea moieties

of (L29Ht and [PtCI6]2- and also between the (L29Ht cations themselves. Each

[PtCI6]2- anion accepts three hydrogen-bonds from two (L29H+)cations giving a total

of six NH"'Cl interactions per anion with N4-H4A'''CI2 (H"'A = 2.604 A), N4-

H4A'''C13 (H"'A = 2.745 A) and N5-H5A'''CI2 (H"'A = 2.729 A) (Figure 6.12).
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The N4-H4A donor group is located between the Cl2 and Cl3 atoms (Figure 6.10)

and the N5-H5A group is located approximately in the middle of a triangular face

defined by Cll, Cl2 and Cl3 (Figure 6.11). These correspond to areas of highest

electron density surrounding [PtCI6f- and are locations predicted to be targeted by

NH 6-9groups.

There are also intra- and inter-ligand NH""O interactions N1-HID"02

(H"A = 2.103 A), N2-H2A"'OI (H"'A = 2.069 A) and N3-H3A"'OI (H"'A =

2.141 A). The extended structure shows that one urea group in each (L29H+)cation

hydrogen-bonds to [PtCI6]2- while the other hydrogen-bonds to an adjacent (L29H+)

details of the hydrogen-bonds present in this structure are given in Table 6.4 and the

crystallographic data and structure refinement details are given in Appendix F.

CI1 Cl3
,~ 745

CI3

Figure 6.9. View of the structure of [(L29HhPtCI6] showing the N-H"'CI-Pt
hydrogen-bonds to one [PtCI6]2- anion. All hydrogen atoms (except NH) arc omitted
for clarity. Hydrogen-bonds are shown in green and measured the NH'" I di tance
are measured in A.
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(a) CI3 (b)

..... N4

H4A

" 2.745
"
"~N4
/ H4A

/
/ 2.604

Figure 6.10. a) Highlighting the bifurcated nature of the NR··CI hydrogen bonds
formed from H4A and b) the H4A group is almost in the same plane as the C12, Cl3
edge.

CI3

Figure 6.11. Highlighting how the H5A atom targets a triangular face (shown in red)
of the octahedron.

Figure 6.12. View of the structure of [(L29HhPtCI6] showing the NH··CI and NH··
hydrogen-bonds in the structure. AU hydrogen atoms (except NH) are omitted for
clarity. Hydrogen-bonds are shown in green and measured the NR·A (A = I or 0)
distances are measured in A. The carbon atoms of each [(L29H)2PtCI6]unit are hown
in different shades of light and dark grey.
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Table 6.4. Inter-molecular hydrogen-bonds in [(L29H)2PtCI6](D = donor, A =
acceEtor, d = distance}.

D-H'''A d(D-H) d(H"'A) d(D'''A) «DHA) Symmetry
lA lA lA 1° Code

NI-HID"'02 0.93 2.103 2.912(13) 145

N2-H2A"'OI 0.88 2.069 2.885(7) 154 X, -y+1/2, z-1/2

N3-H3A"Ol 0.88 2.141 2.937(7) 150 x, -y+1I2, z-1/2

N4-H4A"'CI2 0.88 2.604 3.411(7) 153 -x+l, -y+I,
-z+2

N4-H4A"'C13 0.88 2.745 3.386(9) 131
-x+l, -y+l,

-z+2

N5-H5A"'CI2 0.88 2.729 3.521(5) 151 -x+l, -y+l,
-z+2

• The NH""Cl and NH""O interactions are separated by a horizontal line.

The conformation of the receptor changes between L29and [(L29H)2PtCI6].In

the crystal structure ofL29 (see Section 6.2.2.2) the two pendant anus have a parallel

orientation with a bifurcated intra-ligand hydrogen-bond between the urea moieties

on the pendant anus. The anus are aligned less in [(L29H)2PtCI6]and there are no

intra-ligand hydrogen-bonds between the urea moieties.

It was thought that a bipodal receptor would form fewer hydrogen-bonds to

[PtCI6]2- than a tripodal urea receptor because there are fewer NH donor groups

available. The structure [(L29H)zPtCI6] shows that two out of four functionalised

arms interact with the anion and there are six NH'''CI hydrogen-bonds to each

[PtCI6]2-.In contrast, the structure with the tripodal urea receptor [(L3H)2PtCI6]has

two out of six urea groups interacting with [PtCI6]2-and a total of eight NH"'CI

hydrogen-bonds to each [PtCI6]2-.This suggests that the number of functionalised

pendant arms does not playa significant part in the number of hydrogen-bonds that

are formed to [PtCI6f- in the solid state.
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6.2.3.3. Thiourea Complexes

In the complexation reactions between L3S_L37 and H2PtCl6 yellow-orange

precipitates formed. The products were insoluble in all common solvents meaning it

was not possible to record their IH NMR spectra. IR spectroscopy showed bands due

to N-H and C=S stretches and alongside elemental analysis suggested the formation

of the desired complexes [(LHhPtCI6]. Varying the receptor scaffold of the thiourea

receptors from tripodal to bipodal was unsuccessful in improving their organic

solubility and prevented their analysis in solvent extractions.

6.2.3.4. Amide Complex

Two equivalents of L38 were reacted with H2PtCl6 in MeCN to give a transparent

orange solution. To confirm the formation of a soluble complex the reaction was

repeated in CD3CN and the IH NMR spectrum of the resulting solution recorded. A

signal at 8.87 ppm was assigned to the protonated bridgehead nitrogen position and

there was a downfield shift of 0.14 ppm for the amide NH signal.

Mass spectrometry on the reaction solution suggested fragmentation of a

NH-CO bond in L38to form L38b(Figure 6.13). A peak at mlz 1279 was assigned to

[(L38H)(L38b)PtCI6r and although one of the receptor molecules has fragmented the

ratio of the complex remains as 2:1 L:[PtC16]2-. There were also peaks at mlz 1849

and mlz 2419 assigned to and
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Figure 6.13. The fragmentation ofL38 to form L38b.

6.2.3.5. Crystal Structure of (L38H)zPtCI6]

Two equivalents of L38were mixed with one equivalent of H2PtCl6in MeCN. The

solution was left at room temperature for several weeks during which time yellow

needles of the complex [(L38H)2PtCI6]crystallised. The L38molecules present in the

structure are protonated at the tertiary amine position (N I) giving them a +1 charge

and as the (L38Ht:[PtCI6]2- ratio is 2:1 the crystal has a net charge of zero. The

structure also contains four molecules of disordered MeCN in the unit cell however

these have been omitted from the subsequent Figures.

There are N-H·"CI-Pt interactions between both amide NH groups in

(L38H+)and two separate molecules of [PtCI6]2-with N2-H2A···CI2 (H""A = 2.464

A) and N3-H3A··C13 (H"."A = 2.581 A) (Figure 6.14). There is a centre of

inversion at Ptl which means that each [PtCI6]2-anion accepts one hydrogen-bond

from four different (L38H+)cations. The H3A atom hydrogen-bonds to Cl3 but the

H3A···Cll distance (H"."A = 2.990 A) is slightly too long to be classed as a close

interaction (Figure 6.15a). The H3A atom is located between the CII and Cl3 atoms

but slightly out of the plane defined by Pt I, Cll and Cl3 (Figure 6.ISb). There arc

also inter-ligand interactions NI-HI···05 (H·"A = 2.038 A) and NI-Hl"·OI



Chapter Six: Bipodal and Monopodal Receptors 233

(R'A = 2.569 A) however, for clarity, these interactions are not shown in Figure

6.14.

Discrete [(L38H)2PtCI6] entities are not present despite being observed in all

other complex structures. Instead, there is an extended hydrogen-bonded network

linking (L38H+) cations with [PtCI6f- anions (Figure 6.16). Each [PtCI6]2- anion in

accepts a total of four hydrogen-bonds which is the same number as were observed

in the complex structure with tripodal amide L 17. This infers that the number of

amide functionalised pendant arms does not effect the amount of hydrogen-bonds

formed to [PtCI6]2- in the solid state. The details of the hydrogen-bonds present in

this structure are given in Table 6.5 and the crystallographic data and structure

refinement details are given in Appendix F.

Pt1

.,.
CI2

Figure 6.14. Part of the molecular structure of [(L38H)2PtCI6] highlighting the N-
H"'CI-Pt hydrogen-bonds from one [L38H+] cation. All hydrogen-atom (except
NH) and solvent molecules are omitted for clarity. Ellipsoids are et at 50%
probability. The hydrogen-bonds are shown in green and NH"'CI distances are
measured in A.
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Figure 6.15. a) Highlighting the location of H3A and b) the orientation of H3A
relative to the Cll, Cl3 edge.

Table 6.5. Inter-molecular hydrogen-bonds In [(L38H)2PtCI6] (D = donor, A =

accel2tor, d = distance).

D-H···A d(D-H) d(H···A) d(D···A) «DHA) Symmetry Code
lA lA lA 10

N2-H2A··CI2 0.880 2.464 3.310 161.61

N3-H3A··CI3 0.880 2.581 3.365 148.84 -x+l, -y+l, -z+1

NI-HI···05 0.845 2.038 2.751 141.67

NI-HI···OI 0.845 2.569 3.154 127.26 -x, -y+ 1, -z+2

*A horizontal line separates the NH"·Cl and NHO interactions

Figure 6.16. View of the structure of [(L38H)2PtCI6] showing the N-R·· I-Pt
hydrogen-bonds to [PtC16]2-. All hydrogen atoms (except NH) are omitted for clarity.
Hydrogen-bonds are shown in green and measured the NH"··Cl di tance are
measured in A. The carbon atoms belonging to each (L38H+) cation are hown in
different shades of grey.



Chapter Six: Bipoda/ and Monopoda/ Receptors 235

From the crystallographic analyses of complexes an estimated scale of

extraction efficiency was constructed. Receptors which form the most hydrogen-

bonds to [PtCI6]2- in the solid state are assumed to form similar interactions in

solution and the more hydrogen-bonds formed the stronger the interaction and the

higher the extraction. Thus, the expected order of extraction is: tripodal urea >

bipodal urea e tripodal sulfonamide> tripodal amide e bipodal amide.

6.2.4. Extraction Studies

6.2.4.1. Test Extractions

Test extractions with the urea receptors L31 and L34 and the amide receptor L38

showed a colour change of the CHCh phase indicating uptake of [PtCI6]2- and

consequently were studied in more detail. L33 showed only a negligible colour

change however full extraction studies were still performed to quantitatively assess

the amount of [PtC16]2- extracted. In the test extraction with the thiourea receptor L37

an insoluble precipitate formed preventing analysis of this system.

6.2.4.2. Urea vs Amide

Extraction results for the bipodal urea receptor L31 and amide system L38 are

compared in Figure 6.17. At an arbitrary [Receptor]:[PtCI6]2- ratio of 3:1 L31 extracts

28% of [PtC16f-while L38 extracts 13% (Table 6.6). This observation is consistent

with previous results which show that ureas outperform analogous amide systems.
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Figure 6.17. Plot of % Pt extracted as [PtCI6]2- from aqueous 0.6M HCI into CHCl3
as a function of [Receptor]: [Pt] ratio.

Table 6.6. % of Pt extracted as [PtCI6]2- into CHCb from aqueous 0.6M HCI in the
presence of a 3 molar excess of L

Receptor L L

% Pt extracted at 3 molar excess ofL 1328

The proposed reasons for ureas outperforming amide include the number of

hydrogen-bonds, selectivity and solubility. As there are more acidic NH donor

groups per arm in a urea receptor than in an amide receptor thi increa e the

probability of the NH donor being in a suitable location to form a hydrogen-bond to

[PtC16]2-. This hypothesis correlates with the crystal structures of the complexes
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which show that there are more hydrogen-bonds between the bipodal urea receptor

L29and [PtC16]2- than with the analogous amide receptor L38.

Urea receptors may also be more selective than amide receptors for

[PtCI6]2-.10Reduced selectivity means complexes with cr may also form leading to

lower extraction of [PtCI6]2-. Alternatively, urea receptors may form a complex with

higher organic solubility. This is supported by the attempted synthesis of the amide

receptor L39which could not be isolated due to the preferred solubility of the product

in H20 rather than an immiscible organic phase.

Following the method ofYoshizawa, the extraction data for L31and L38were

analysed." Both L31 and L38 produce a straight line graph with gradients of 2.1731

and 1.7968, respectively, suggesting 2: 1 (LHt:[PtC16]2- complex stoichiometries in

solution (Figure 6.18). This is consistent with the spectroscopic and crystallographic

data of the complexes.

Yoshizawa reports that the intercept of these graphs is representative of KptC16

giving a measure of the strength of interaction and allowing a relative scale of

extraction efficiencies to be constructed. A larger value for the intercept infers a

higher value of KptC16 and thus, a more stable complex. The urea receptor L31has an

intercept of 4.2808 whilst the amide receptor L38 has an intercept of 3.017 which

correlates with the observed extraction efficiencies.
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Figure 6.18. Plot of log OPt against log ([Receptor]/[CI]).

6.2.4.3. Tripodal vs Bipodal Receptors

The extraction results for tripodal urea receptor L26and the bipodal analogue L31are

compared in Figure 6.19. Across all [Receptor]: [PtCI6]2- ratios e6 outperforms L31

and at an arbitrary [Receptor]:[PtCI6]2- ratio of 3:1 L26 extracts 74% whilst L31

extracts only 28% (Table 6.7).

rNl
0yNH ~ HNyO

MeOnNH NJ HNrt°Me
MeOY O.J-NH YOMe

OMe * OMe
~I

MeO OMe
OMe
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Figure 6.19. Plot of % Pt extracted as [pteI6]2- from aqueous 0.6M HCI into ClfCl,
as a function of [Receptor]:[Pt] ratio.

1 5 6

Table 6.7.% of Pt extracted as [PtCI6]2- into cnct, from aqueous 0.6M HCI in the
presence of a 3 molar excess of L

Receptor L L

% Pt extracted at 3 molar excess of L 74 28

These results indicate having more hydrogen-bonds increa es extraction

efficiency. This correlates with the complex crystal structures which show that the

tripodal urea receptor L3 forms eight hydrogen-bonds to each [PtCI6]2- anion while

the bipodal urea receptor L29 only forms six.

Monopodal receptors were predicted to have lower extraction efficiency than

tripodal and bipodal systems as they have fewer hydrogen-bond donor group. With

the aim of further improving extraction efficiency, tetrapodal system are being

synthesised and evaluated in the Schroder group.



Chapter Six: Bipodal and Monopoda/ Receptors 240

6.2.4.4. Geometry vs Hydrogen-bends

If the only factor affecting extraction efficiency is the number of hydrogen-bond

donor groups then it would be expected that a bipodal urea receptor which has 4 NH

donor groups would extract more than a tripodal amide which has 3 NH donor

moieties. The extraction results for tripodal and bipodal urea and amide results are

compared in Table 6.8.

Table 6.8. Relationship between number ofNH donor groups and % of extraction.
R t Number of NH % Extraction
ecep or donor groups

6 74%
HNyO

HNilY
oMe

~oMe
OMe 3

Mer~l
0yNH HNyO

MeoiIYNH HNilYoMe

MeOY ~OMe
OMe OMe

4 28%

¢-?/\ L28 3 55%
:::,.... OMe

MeO
OMe 3

MerJl
~H ~

L38 2 13%

~I
MeO OMeMeO OMe

OMe OMe
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Despite L31 having more NH donors than L28 it extracts less [PtCI6]2-. A possible

explanation for this observation is that L28 forms a complex that has higher organic

solubility than L31 which leads to higher extraction efficiency. As there are more

functionalised arms in L28 the receptor may also be more selective for the target

amon,

Predicting extraction efficiency is, therefore, not as simple as counting

individual NH groups in a receptor molecule. A more accurate method to predict

extraction efficiency is to count the number of urea or amide moieties thus, tripodal

ureas and amides both have three while bipodal ureas and amides both have two

donor units. When two receptors have the same number of donor units (for example,

three in tripodal systems) it is then useful to count each NH donor group and use this

as a secondary indicator of extraction efficiency.

6.2.4.5. Effect of Spacer Unit

The extraction results for L31 and L33 are compared in Figure 6.20. Test extractions

with L33 showed a negligible colour change of the organic phase suggesting little

uptake of [PtCI6]2- and this was verified quantitatively in the extraction studies. In

the presence of a three molar excess of receptor L31 extracts 32% compared with

only 0.7% for L33 (Table 6.9).

MerNl
0'rNH HN'f0

Me0I(YNH HNI(Y0Me

MeOA( ~OMe
OMe OMe
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Figure 6.20. Plot of% Pt extracted as [PtCI6f- from aqueous 0.6 M HCl into CHCh
as a function of [Receptor] :[Pt] ratio.

Table 6.9. % of Pt extracted as [PtCI6]2- into CHCh from aqueous 0.6 M HCl in the
presence of a 3 molar excess of L

Receptor L L

% Pt extracted at 3 molar excess of L 32 0.7

These results show that higher extraction is achieved with bipodal urea

extractants with propyl spacers. This is in contrast to tripodal receptors which show

higher extraction with ethyl spacer units. For the bipodal structures a longer and

more flexible propyl backbone may be preferred because it allows the NH donor

groups to target [PtCI6]2- more effectively. The low extraction for L33 may be due to

the complex being more soluble in the aqueous phase than the organic pha e while

the propyl spacer in L31 may encourage the organic solubility of the cornple

resulting in higher extraction.

A Yoshizawa analysis II with the extraction data for L33 how poor

correlation between the data points and the line of best fit; the gradient of which i
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not near to the theoretical value of two (Figure 6.21). This is thought to be because

the complex that forms has very low solubility in the CHCh phase of the extraction

and thus the calculations and assumptions used to construct the plot are invalid .

-2

• L33 y = 1.0297x - 0.0532 (R2 = 0.8238) •

-3

-4+-------.--------.------~-------.-------.
-4 -3.5 -3 -2.5 -2 -1.5

log ([Receptor]/[CI])

Figure 6.21. Plot of log Dp! against log ([Receptor]/[CID.

6.2.4.6. Effect of Alkyl Substituent

The extraction results for L33 and L34 are compared in Figure 6.22. These receptor

differ in the type of alkyl substituent on the tertiary amine bridgehead nitrogen and

the difference in the number of methoxy substituents is not thought to be significant

in this case. Across aU [Receptor]:[PtCI6]2- ratios L34 significantly outperform L3

and at an arbitrary ratio of 3:1 L33 extracts 0.3% whilst L34 extract 41% (Table

6.10).
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Figure 6.22. Plot of % Pt extracted as [PtCI6]2- from aqueous 0.6 M HCI into CHCl3
as a function of [Receptor]:[Pt] ratio.

Table 6.10. % ofPt extracted as [PtCI6]2- into CHCh from aqueous 0.6 M HCI in the
presence of a 3 molar excess of L

Receptor L L

% Pt extracted at 3 molar excess of L 0.3 41

These results suggest that the nature of the alkyl substituent does affect

extraction efficiency. It is thought that the octyl substituent in L34 incrca c the

organic solubility of the resulting complex compared with L33. This illu tratc that

slight design modifications can play a significant part in the ob erved extraction

efficiency and that optimising the organic solubility of our complexes is vital.



Chapter Six: Bipodal and Monopodal Receptors 245

A Yoshizawa analysis II was performed with the extraction data for L34 and

the results are shown in Figure 6.23. The data points fit well to the line of best fit (R2

= 0.971) however, the gradient shows deviation from the theoretical value of two

which has been attributed to other species being formed such as [(L34H)CI] due to

lower selectivity ofbipodal receptors for [PtCI6]2-.

1
• L34 y = 1.2575x + 2.6975 (R2 = 0.971)
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Figure 6.23. Plot of log Dpt against log ([Receptor]/[CIJ).

6.2.4.7. Effect of Hydrogen-bonds

The extraction results for TOA, the tripodal receptor LI4 and the bipodal receptor L34

are compared in Figure 6.24. The extraction efficiency increases in the order TOA <

L34 < LI4 which correlates with the number of hydrogen-bond donor group (Table

6.11). This result shows that pendant arms containing hydrog n-bond donor group

are better than alkyl chains for targeting [PtCI6]2- and by introducing hydrogen-bond

donor groups into the receptors the extraction efficiency of [PtCI6]2- has been

increased.
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Figure 6.24. Plot of % Pt extracted as [PtCI6]2- from aqueous 0.6 M HCl into CHCl3
as a function of [Receptor]:[Pt] ratio.

Table 6.11. % ofPt extracted as [PtCI6]2- into CHCl3 from aqueou 0.6 M HCl in the
presence of a 3 molar excess of L

Receptor TOA L L

% Pt extracted at 3 molar excess of L 4 41 92
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6.2.5. Summary of Results

The design, synthesis and evaluation of bipodal urea, thiourea and amide receptors

has been presented. Unfortunately aU of the thiourea receptors formed insoluble

complexes preventing the study of these systems by solvent extraction. The bipodal

urea and amide receptors that formed soluble complexes were studied in solvent

extractions and show that:

• Bipodal urea systems extract more than analogous bipodal amide systems.

• Bipodal extractants show lower extraction than the analogous tripodal

systems.

These two observations were attributed to the fact that more NH donors leads to

higher extraction efficiencies. It was also found that:

• Bipodal receptors with a propyl spacer extract more than those with an ethyl

spacer.

• The nature of the alkyl substituent on the tertiary amine position of the

receptors affects extraction efficiency.

These two observations have been attributed to the improved organic solubility of

receptors with propyl spacer units or with octyl, rather than methyl, substituents

which leads to higher extraction efficiencies.

Crystal structures of [(L29H)2PtCI6] and [(L38HhPtCI6] provide an insight into

the interactions between the bipodal receptors and [PtCI6]2- in the solid state. Both

structures show protonation of the bridgehead nitrogen positions, a 2: 1 L:[PtCI6]2-

ratio and hydrogen-bonds between the receptors and [PtCI6]2-, Although the bipodal

receptors are not as successful extractants as the tripodal receptors they have



Chapter Six: Bipodal and Monopodal Receptors 248

furthered our understanding of the features required to obtain high extraction

efficiencies.

6.3. Monopodal Receptors

To further probe the effect of receptor scaffold on extraction efficiency the design of

the receptor was modified and monopodal systems were designed, synthesised and

evaluated. These receptors have a tertiary amine protonation site linked, through an

aliphatic chain, to one hydrogen-bond donor group. It was hypothesised that

monopodal receptors would show lower extraction than tripodal and bipodal systems

as they have fewer NH hydrogen-bond donor groups. However, it was also argued

that as there is less steric bulk and no pre-organised orientation the hydrogen-bond

donor groups could more easily target [PtCI6]2- to give a stronger interaction and

improved extraction.

N, N' -dimethylethylamine (Figure 6.25). was used as a scaffold in this

Section of work for three reasons. Firstly, it has a tertiary amine protonation site,

secondly there is one primary amine site available from which hydrogen-bond donor

groups are synthetically accessible and thirdly the ethyl spacer is analogous to some

of the previously described tripodal and bipodal receptors.

Me
I

Me....N~NH2

Figure 6.25. Structure ofN, N'-dimethylethylamine.

The previous success with the urea moiety meant it was incorporated into the

monopodal system and the proposed interaction with [PtCI6f- is shown in Figure



Chapter Six: Bipodal and Monopodal Receptors 249

6.26. A charge-neutral complex will be formed when two protonated receptor

molecules interact with [PtCI6]2- to ideally give an organic soluble product.

R, "",_NH '

OJ__NH H
~N~

MeMe

Figure 6.26. The proposed interaction of monopodal receptors with [PtCI6f-.

6.3.1. Synthesis of Monopodal Receptors

L40 and the novel receptor L41 were prepared by the reaction of N, N'-

dimethylethylamine with phenyl isocyanate or 3, 4, 5-trimethoxyphenyl isocyanate,

respectively (Scheme 6.7).1 The products were obtained in high yields as colourless

powders and characterisation by IH NMR, I3C NMR and IR spectroscopy, rna s

spectrometry and elemental analytical data showed them to be analytically pure.

NCO
I
R

Me 0
Me/N~NJlN/R

H H
L 40: R = Ph (82%)

L 41: R = 3, 4, 5-(OMehPh (76%)

CH2CI2
r.t.
(N2)

Scheme 6.7. Synthesis ofL 40 and L41.

6.3.2. Complexation Reactions

For L40 and L41 two equivalents of receptor were dissolved in Me N and mixed with

H2PtCk L40 had very low solubility in MeCN which hindered the reaction with
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H2PtCI6• L41was more soluble and when reacted with H2PtCl6 a clear orange solution

formed. This reaction was repeated in CD3CN and the IH NMR spectrum recorded

which had a signal at 9.10 ppm which integrated in a 1: 1 ratio with each of the NH

urea signals and was assigned to the protonated tertiary amine nitrogen N+HR3.

Negative electrospray mass spectrometry on the solution showed peaks assigned to

[L41-Hr and [PtCI6]2- but no isotope pattern due to any complexes was observed.

6.3.3. Solvent Extractions

As L40had low organic solubility it could not be studied in solvent extractions. A test

extraction with L41showed uptake of colour in the CHCh phase and as this method

has been proven to be a qualitative indicator of extraction a full study was not

performed.

It was initially thought that the key features needed in a receptor to extract

[PtCI6f- were a protonation site, a hydrogen-bond donor group and organic

solubility. Potentiometry experiments, 1H NMR spectra and crystal structures have

confirmed the protonation of the tertiary amine positions in complexes proving the

success of this feature. Crystallographic analyses of complexes has confirmed that

hydrogen-bonds are formed between the urea and amide NH donors of the tripodal

and bipodal receptors and [PtCI6]2- proving the success of this design feature.

Therefore, it is suggested that the complex [(L41HhPtCI6] has low organic

solubility leading to poor extraction. To overcome this problem the methyl

substituents in L41could be replaced with octyl groups as for the bipodal systems the

nature of the alkyl substituents affected extraction efficiency. Other explanations for

the low extraction displayed by L41are that inter-ligand hydrogen-bond interactions
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N-H""O form preferentially (Figure 6.27) or that the receptor has low selectivity for
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Figure 6.27. Possible inter-molecular hydrogen-bonds that may form in monopodal
receptors.

6.3.4. Summary of Results

To evaluate the effect of scaffold on extraction efficiency two monopodal urea

receptors were designed, synthesised and evaluated. A complexation reaction with

L40 was unsuccessful due to the low solubility of the receptor and L41 produced a

soluble product [(L4IH)2PtCI6]. A test extraction with L41showed no colour change

of the CHCl3 phase indicating no uptake of [PtCI6]2- which has been attributed to the

low organic solubility of the complex.
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6.4. Experimental

6.4.1. Receptor Synthesis

6.4.1.1. Synthesis of N,N"-(methylimino)di-2,1-propanediyl)bis(N'-

phenylurea), L29. I

To 3, 3-diamino-N-methyldipropylamine (0.20 cm', 1.24 mmol) in dry thf (30 cnr')

was added phenyl isocyanate (0.30 g, 2.48 mmol) under N2. The reaction stirred at r.t

for 2h and the solvent removed in vacuo to give an oily residue which was washed

with a portion of Et20 and MeOH to give a colourless solid which was dried in

vacuo. Yield: 0.38 g, 80%. IH NMR (270 MHz, CDCh): B/ppm 7.90 (br, 2H, NH),

7.31 (d, 4H, 3JHH = 8 Hz, fur), 7.16 (dd, 4H, 3JHH = 8 Hz, fur), 6.88 (t, 2H, 3JHH = 8,

fur), 6.35 (br, 2H, NH), 3.20 (t, 4H, 3JHH = 6 Hz, C,lli), 2.48-2.45 (m, 4H, C,lli),

2.23 (s, 3H, NClli), 1.60-1.56 (m, 4H, C!i2), l3C NMR (75 MHz, CD30D): B/ppm

156, 140, 127, 122, 118, 56,40,36,25. MS (ES+): mlz 384 [M+Ht, IR (solid cm"):

3319 (V(N-H», 2963 (V(N-H», 1637 (v(c=O»), 1571 (v(C~C, Ar», 752 (V(C-H. Ar»' Anal. calc.

for C2IH29NS02: C, 65.76; H, 7.64; N, 18.26. Found: C, 65.77; H, 7.60; N, 18.18%.
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6.4.1.2. Synthesis of N,N"-[(methylimino )di-2,1-propanediylJbis(N'-tert-

butylurea], L30. I

L30was prepared following a similar method to L29using tert-butyl isocyanate

instead of phenyl isocyanate to give the product as a colourless solid. Yield: 0.35 g,

82%. IHNMR (270 MHz, CDCh): o/ppm 5.75 (br, 2H, NH), 4.91 (br, 2H, NW, 3.13

(t, 4H, 3JHH = 5 Hz, Cfu), 2.35-2.28 (m, 4H, Cfu), 2.11 (s, 3H, ClL), 1.68-1.59 (m,

4H, Cfu), 1.26 (s, 18H, tBu). l3CNMR (68 MHz, CDCh): o/ppm 159,55,50,42,39,

30,28. MS (ES+):mlz 344 [M+Ht. IR (solid cm"): 3301 (V(N-H», 2945 (V(N-H», 1632

(v(c=O». Anal. calc. for C17H37Ns02:C, 59.42; H, 10.88; N, 20.39. Found: C, 59.19;

H, 10.99;N, 20.18%.

6.4.1.3. Synthesis of N,N"-[(methylimino)di-2,1-propanediylJbis[N'-3,4,S-

trimethoxyphenyl urea], L31. I

(~~
0yNH HNyO

MeO~NH HN~OMe

MeOY "('OMe
OMe OMe

3, 3-Diamino-N-methyldipropylamine (0.15 cm', 0.96 mmol) was dissolved in

CH2Ch (30 crrr') under N2. 3, 4, 5-Trimethoxyphenyl isocyanate (0.40 g, 1.91mmol)

was added and the reaction stirred at r.t. for 24 h. H20 (15 ern') was added to the

reaction to remove the unreaeted amine and isoeyante and the aqueous layer was
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washed with CH2Clz (3 x 10 cm"), The organic fractions were collected, dried over

MgS04, filtered and the solvent removed to give a colourless foam. Yield: 0.32 g,

59%. 'H NMR (270 MHz, CDCh): o/ppm 8.26 (s, 2H, NH), 6.66 (t, 2H, 3JHH = 6 Hz,

NID, 6.61 (s, 4H, fur), 3.69 (s, 6H, OMe), 3.56 (s, 12H, OMe), 3.30 (br, 4H, Cfu),

2.31 (br, 4H, Cfu), 2.11 (s, 3H, Clli), 1.57 (br, 4H, Cfu). I3C NMR (68 MHz,

CDCh): o/ppm 157, 153, 136, 133, 96, 61, 56, 54, 42, 38, 27. MS (ES+): calc for

C27142NsOgmlz 564.3033, found mlz 564.3032 corresponds to [M+Ht. IR (solid em-

'): 3328 (V(N-H», 1652 (v(c=O», 1603 (v(c=c. Ar», 1123 (v(C-O». Anal. calc for

C27H41NSOg:C, 57.54; H, 7.33; N, 12.43. Found: C, 57.47; H, 7.18; N, 12.32%.

6.4.1.4. Synthesis of N,N"-[(methylimino)di-2,1-ethanediyIJbis[N'-phenylurea),

N-methyl-2, 2'-diaminodiethylamine (0.2 cm', 1.55 mmol) was dissolved in thf (30

cm') to which phenyl isocyanate (0.34 cm", 3.11 mmol) was added under N2 and the

reaction stirred at r.t. for 18 h. No precipitate formed during the reaction and the

solvent was removed in vacuo to give a colourless solid. Yield: 0.54 g, 98%. 'H

NMR (270 MHz, dmso-es): o/ppm 8.60 (s, 2H, NH), 7.38 (d, 4H, 3JHH = 7 Hz, fur),

7.21 (dd, 4H, 3JHH = 7 Hz, fur), 6.89 (t, 2H, 3JHH = 7 Hz, fur), 6.16 (t, 2H, 3Jmf = 5

Hz, NID, 3.20-3.17 (m, 4H, Cfu), 2.44 (t, 4H, 3JHH = 6 Hz, Cfu), 2.26 (s, 3H. Me).

I3CNMR (68 MHz, dmso-cs): o/ppm 156, 141, 129, 121, 118,57,41,38. MS (ES+):

calc mlz 356.2081, found mlz 356.2098, corresponds to [M+Ht, IR (solid, cm"):
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3319 (V(N-H», 1644 (v(c=O», 1601 (V(c=c, Ar»' Anal. calc. forCl9H2sNs02: C, 64.20; H,

7.09; N, 19.70. Found: C, 64.27; H, 7.13; N, 19.73%.

6.4.1.5. Synthesis of N,N" -[(metbylimino )di-2,I-ethanediyl) bis [N'-3,4,5-

trimethoxyphenyl urea), L33. I

MerNl
O~rNH HNr~.o

MeO~NH HN~OMe

MeOY "(-OMe
OMe OMe

N-methyl-2, 2-diaminodiethylamine (0.2 cm', 1.55 mmol) was dissolved in thf (30

ern"). To this was added 3, 4, 5-trimethoxyphenyl isocyanate (0.65 g, 3.11 mmol) and

the flask was flushed with N2 and the reaction stirred at room temperature for 3 h.

During this time a colourless precipitate formed which was collected by filtration.

Yield: 0.51 g, 61%. IH NMR (270 MHz, CDCh): 8/ppm 7.47 (s, 2H, NH), 6.63 (s,

4H, fur), 5.83 (t, 2H, 3JHH = 5 Hz, NH), 3.82 (s, 6H, OMe), 3.77 (s, 12H, OMe),

3.30-3.28 (m, 4H, ClL), 2.49 (t, 4H, 3JHH = 5 Hz, ClL), 2.28 (s, 3H, Me). I3CNMR

(68 MHz, dmso-d6): 8/ppm 153, 135, 130,98,61,58,57,56,41,38. MS (ES+): calc.

mlz 536.2715, found mlz 536.2709, corresponds to [M+Ht. IR (solid, cm"): 3337

56.09; H, 6.97; N, 13.08. Found: C, 56.19; H, 7.04; N, 13.03%.
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6.4.1.6.1. Synthesis of N,N'-(iminodiethylene)bisphthalimide, 2. 3

o 0rp~ /;
~N~N

o H 0

Diethylenetriamine (103 g, 0.10 mmol) and phthalic anhydride (33.2 g, 0.20 mmol)

were added to acetic acid (160 cnr') and heated to reflux for 4 h. The solvent was

then removed under reduced pressure, hot EtOH (160 cm') added with stirring and

the solution cooled until a solid appeared. This yellow solid was collected by

filtration and washed with cold EtOH, diethyl ether and then dried in vacuo. Yield:

0.30 g, 82%. IH NMR (dmso-zs; 270 MHz): 8.12 (d, 4H, 3JHH = 9 Hz, fur), 7.49 (d,

4H, 3JHH= 9 Hz, lk'), 3.74 (t, 4H, 3JHH = 6 Hz, C!b), 3.03-2.98 (m, 4H, C!b), 2.53

(br, nr, NID. MS (ES+): mlz 364 [M+Ht.

6.4.1.6.2. Synthesis of 3. 3

o 0rp~ /;
~N~N

o 0

Previosuly synthesised N, N'-(iminodiethylene)bisphthalimide 2 (2.90 g, 7.98

mmol), octylbromide (4.62 g, 23.94 mmol) and K2C03 (3.30 g, 23.94 mmol) were

heated to reflux in MeCN (120 cnr'). The solvent was removed under reduced

pressure and H20 (40 cm') added to the residue. The product was extracted with

CH2Ch (3 x 20 cm') and the organic phases were collected and dried with MgS04•
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Following filtration the solvent was removed to give a colourless solid which was

purified by column chromatography (75/25 hexanelEtOAc). Yield: 2.31 g, 61%. IH

NMR (CDCh, 270 MHz): 7.85 (d, 4H, 3JHH = 9 Hz, fur), 7.70-7.53 (d, 4H, 3JHH = 9

Hz, fur), 3.74 (t, 4H, 3JHH = 6 Hz, NClli), 2.78-2.70 (m, 4H, NClli), 2.52 (t, 2H,

3JHH = 6 Hz, NCHz), 1.32-1.09 (m, 12H, CHz), 0.86 (t, 3H, 3JHH = 7 Hz, CH3). MS

(ES+): mlz 476 [M+Ht, 498 [M+Nat.

6.4.1.6.3. Synthesis of 43

A solution of 3 (1.50 g, 3.15 mmol) and hydrazine monohydrate (3.15 g, 63 mmol)

were dissolved in EtOH (131 cnr') under an Ar atmosphere and heated at reflux for

36 h. The mixture was cooled to r.t., filtered and washed with EtOH. The solvent was

removed from the filtrate and CHCh (80 cnr') added to the residue. This mixture was

stirred overnight at r.t. and then the insoluble phthalhydrazine removed by filtration.

The CHCh was removed from the filtrate under reduced pressure to give the product

as a yellow oil. Yield: 0.52 g, 77%. IH NMR (CDCh, 270 MHz): B/ppm 2.67 (t, 4H,

3JHH = 6 Hz, NCHz), 2.45-2.39 (m, 4H, NClli), 2.39 (t, 2H, 3JHH = 6 Hz, Clli),

1.24-1.18 (m, 12H, Clli), 0.84 (t, 3H, 3JHH = 7 Hz, C!:b). MS (ES+): mlz 216

[M+Ht
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6.4.1.6.4. Synthesis of N,N"-[(octylimino)di-2,1-ethanediyllbisfN'-3,4-dimethoxy

phenylurea), L34. 1

To 3, 4-dimethoxyphenyl isocyanate (0.31 g, 1.74mmol) in thf(30 crrr') was added 4

(0.17 g, 0.79 mmol) under a N2 atmosphere and the mixture stirred at r.t. for 18 h.

The solvent was removed from the reaction under reduced pressure and the product

purified by column chromatography (97/3 MeOHlCHCh and then 100% MeOH).

Yield: 0.34 g, 84%. IH NMR (CDCb, 270 MHz): cS/ppm7.53 (s, 2H, NH), 7.09 (5,

2H, fur), 6.73-6.65 (m, 4H, fur), 6.05 (br, 2H, NH), 3.84 (br, 12H, OMe), 3.27 (br,

4H, NClli), 2.56 (br, 4H, NCfu), 2.46 (t, 2H, 3JHH = 6 Hz, Cfu), 1.27-1.15 (m, 12H,

Clli), 0.84 (t, 3H, 3JHH = 6 Hz, CH3). l3CNMR (CDCh, 68 MHz): 157, 149, 132,

113, 112, 106,56,55,54,38,32,30,29,27,22, 14.MS (ES+):mlz 574 [M+H]\ 596

[M+Nat. IR (solid, cm"): 3326 (V(N-H», 1645 (v(c=O», 1509 (vrc-c, Ar) , 1210 (v(C-

6.4.1.7. Synthesis of N,N"-[(methylimino)di-2,1-propanediyllbis[N'-

phenylthiourea), L3S• I
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3, 3'-Diamino-N-methyldipropylamine (0.20 cnr', 1.24 mmol) was dissolved in thf

(30 cnr') to which phenyl isothiocyanate (0.31 cm', 2.60 mmol) was added under N2.

The reaction was stirred at r.t. for 2 h to give the product as a colourless precipitate

which was collected by filtration and dried in vacuo. Yield: 0.46 g, 89%. IH NMR

(270 MHz, CDCh): o/ppm 7.70 (br, 2H, NH), 7.33 (d, 4H, 3JHH= 8 Hz, fur), 7.25

(dd, 4H, 3JHH= 8 Hz, fur), 7.14 (t, 2H, 3JHH= 8 Hz, fur), 6.86 (br, 2H, NH), 3.58 (t,

4H, 3JHH= 6.5 Hz, Cfu), 2.21-2.15 (m, 4H, Cfu), 1.89 (s, 3H, Me), 1.47-1.40 (m,

4H, Cfu). I3C NMR (68 MHz, CDCh): o/ppm 180, 137, 130, 127, 125, 56, 45, 42,

25. MS (ES+): mlz 416 corresponds to [M+Ht. IR (solid cm"): 3162 (V(N-H»,1597

(V(c=c,Ar», 1531 (v(c=S». Anal. calc. For C2IH29NSS2:C, 60.68; H, 7.05; N. 16.85.

Found: C. 60.41; H, 6.95; N, 16.11%.

6.4.1.8. Synthesis of N,N"-[(methylimino)di-2,I-propanediyl)bisIN'-tert-

butylthiourea), L36. I

This was prepared in a similar way to L3Susing tert-butyl isothiocyanate to give the

product as a colourless solid. Yield: 0.38 g. 82%. IH NMR (300 MHz, CDCb):

o/ppm 6.80 (br, 2H, NID. 5.95 (br, 2H, NID, 3.50 (t, 4H, 3JHH = 7 Hz, Clli).

2.45-2.37 (m, 4H, C!:h), 2.17 (s, 3H, Me), 1.74-1.66 (m, 4H, C!:h). I3C NMR (68

MHz, CDCh): o/ppm 181,56,54,45,42,29,25. MS (ES+): mlz 376 corresponds to
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54.34; H, 9.95; N, 18.64. Found: C, 54.20; H, 9.95; N, 18.58%.

6.4.1.9. Synthesis of N, N"-[(methylimino)di-2,1-propanediyl)his[N'-3, 4, 5-

trimethoxyphenyl thiourea), L371

Me(~~
S~NH HNyS

MeO~NH HN~OMe

MeOY YOMe
OMe OMe

This was synthesised using a similar method to that used for L3S using 3, 4, 5-

trimethoxyphenyl isothiocyanate to give the product as a colourless solid. Yield: 0.52

g, 71 %. IH NMR (270 MHz, CDCh): 8/ppm 7.73 (br, 2H, NH), 7.21 (s, 4H, fur),

6.72 (br, 2H, NW, 3.88 (s, 6H, OMe), 3.71 (s, 12H, OMe), 3.45 (t, 4H, 3JHH = 6 Hz,

Cfu), 2.56-2.51 (m, 4H, Cfu), 1.86 (s, 3H, Me), 1.76-1.70 (rn, 4H, C,lli). l3C NMR

(68 MHz, CDCh): 182, 135, 132, 128, 125,64,62,55,47,44,24. 8/ppm MS (ES\

mlz 596 [M+Ht. IR (solid cm"): 3180 (V(N-H», 1607 (vrc-c, Ar», 1525 (v(C-S». Anal.

calc. For C27H41Ns06S2: C, 54.43; H, 6.94; N, 11.76. Found: C, 54.37; H, 6.88; N,

11.70%.
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6.4.1.10. Synthesis of N,N' -r(methylimino )di-2, l-ethanediyl )bls-3,4,5-

trimethoxybenzamide, L38.4

r~~
~NH m;~

MeOYOMe MeOYOMe
OMe OMe

3, 3'- Diamino-N-methyldipropylamine (0.19 cnr', 1.15 mmol) was dissolved in

CH2Ch containing NaOH (0.10 g, 2.30 mmol). 3, 4, 5-Trimethoxybenzoyl chloride

(0.53 g, 2.29 mol) was added and the reaction was stirred at r.t. for 20 h. H20 (20

cnr') was added to dissolve the NaOH and the reaction stirred for a further hour. The

layers were separated and the aqueous layer washed with CH2Ch (3 x 10 cm'). The

organic fractions were combined, dried over MgS04, filtered and then the solvent

removed in vacuo to give a colourless foam. Yield: 0.38 g, 62%. IH NMR (270

MHz, CDCh): O/ppm7.69 (t, 2H, 3JHH = 5 Hz, NH), 7.00 (s, 4H, fur), 3.82 (s, 6H,

OMe), 3.77 (s, 12H, OMe), 3.40-3.35 (m, 4H, C!h), 2.40 (t, 4H, 3JHH= 6 Hz, C!h),

2.20 (s, 3H, ClL), 1.74-1.66 (m, 4H, C!h). I3c NMR (68 MHz, CDCb): a/ppm 167,

153, 141, 130, 104, 61, 56, 55, 42, 39, 29. MS (ES+): calc. for C27H40N30Smlz

534.2822, found mlz 534.2815 corresponds to [M+Ht IR (solid, cm"): 3289 (V(N-H»,

7.27; N, 7.87. Found: C, 60.62; H, 7.29; N, 7.81%.
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6.4.1.11. Attempted Synthesis of N,N' -[(methylimino )di-2, l-ethanediyl )bis-3,4,S-

trimethoxy benzamide, L39. 4

N-methyl-2, 2'-diaminodiethylamine (0.2 cnr', 1.55 mmol) was dissolved in CH2Ch

(20 crrr') with NaOH (0.1244 g, 3.11 mmol) to which 3, 4, 5-trimethoxybenzoyl

chloride (0.716 g, 3.11 mmol) dissolved in CH2Ch (20 cnr') was added. The reaction

went cloudy suggesting the formation of product and the reaction was stirred at r.t.

for 4h. H20 (15 cm') was then added to the reaction and the reaction stirred at r.t. for

5 mins. The two phases were separated and the aqueous phase washed with CH2Ch

(in subsequent attempts toluene and CHCh were used instead). The organic phases

were collected, dried over MgS04, filtered and the solvent removed under reduced

pressure, however, no solid was present.

6.4.1.12. Synthesis ofN-[2-dimethylamino)ethyl]-N'-pbenyl urea, L40. I

To N, N-dimethylethylenediamine (0.20 cm", 1.83 mmol) in thf (20 crrr') was added

phenyl isocyanate (0.20 g, 1.83 mmol) under N2. The reaction was stirred at r.t for 3

days and no precipitate formed. The solvent was removed in vacuo to give a

colourless solid. Yield: 0.31 g, 82%. IH NMR (270 MHz, CDCh): B/ppm 7.34-7.22

(m, 5H, fur), 7.00 (t, lH, 4JHH = 7 Hz, NH), 6.08 (c, IH, N!!), 3.31-3.29 (m, 2H,

Cfu), 2.47 (t, 2H, 3JHH = 5 Hz, Cfu), 2.26 (s, 6H, 2 x Me). 13CNMR (68 MHz,

CDCh): B/ppm 157, 140, 135, 129, 123, 60, 45, 38. MS (ES+): calc. for ClIH17NJO

mlz 208.1450, found mlz 208.1456, corresponds to [M+Hr. IR (solid cm"): 3374
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(V(N-H»),1687 (v(c=O»),1618 (v(c=c,Ar»)'Anal. calc. for CIIH17N30: C, 63.74; H, 8.27;

N, 20.27. Found: C, 63.71; H, 8.31; N, 20.38%.

6.4.1.13. Synthesis of N-[2-dimethylamino)ethyl)-N'-3,4,5-trimethoxyphenyl

urea, L41. I

This was prepared in an identical way to L40 using 3, 4, 5-trimethoxyphenyl

isocyanate instead of phenyl isocyanate to give the product as a colourless solid.

Yield: 0.38 g, 69%. IH NMR (300 MHz, CDCh): cS/ppm6.68 (s, IH, NH), 6.64 (s,

2H, fur), 5.60 (br, IH, NID, 3.83 (s, 9H, OMe), 3.36-3.30 (m, 2H, Cfu), 2.51 (t,2H,

3JHH = 5 Hz, Clli), 2.29 (s, 3H, 2 x Me). 13CNMR (68 MHz, CDCh): cS/ppm 157,

153, 136, 133, 97, 61, 59, 56, 45, 38. MS (ES+): mlz 298 [M+Ht, IR (solid, cm"):

3370 (v(N-H»),1687 (v(c=O»),1610 (v(c=c,Ar»),1126 (v(c-o»).Anal. calc: C, 56.55; H,

7.80; N, 14.13. Found: C, 56.65; H, 7.68; N, 14.14%.

6.4.2. Complexation Reactions

Two equivalents of receptor (ca.0.04 mmol, 2 equiv.) were dissolved in MeCN (ca. 2

cnr') to which one equivalent (ca. 0.02 mmol, 1 equiv.) also dissolved in MeCN (ca.

2 cnr') was also added. If a precipiate formed then this was collected by gravity

filtration and characterised. If no precipiate formed the reaction was repeated using

CD3CN and the resulting solution was characterised.
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6.4.2.1. Synthesis of [(L29H)2PtCI6l

The receptor L29 was not completely soluble In MeCN preventing complex

formation.

6.4.2.2. Synthesis of [(L30H)2PtC41

.No precipitate formed in the complexation reaction. IH NMR (270 MHz, CD3CN):

8/ppm 8.96 (br, nr, NH+), 6.13 (br, 2H, NH), 5.24 (s, 2H, NH), 3.36 (t, 4H, 3JHH=

6.2 Hz, Cfu), 2.39-2.29 (m, 4H, Cfu), 2.14 (s, 3H, Me), 1.74-1.67 (m, 4H, Cfu),

1.17 (s, 18H, 'Bu).

6.4.2.3. Synthesis of [(L3IH)lPtCI6l

No precipitate formed in the complexation reaction. IH NMR (300 MHz, CD3eN):

8/ppm 9.12 (br, IH, NH+), 7.75 (s, 2H, NH), 6.78 (s, 4H, fur), 5.95 (t, 2H, 3JHH= 6

Hz, N!!), 3.77 (s, 12H, OMe), 3.65 (s, 6H, OMe), 3.32-3.26 (m, 4H, Cfu), 3.18 (t,

4H, 3JHH= 6 Hz, Cfu), 2.78 (s, 3H, C,lli), 1.97-1.89 (m, 4H, C!:h). MS (ES-): mlz

1532.38 [(L)(LH)PtCI6r, 3471.55 [4(LH)+3(PtCI6)]2-.

6.4.2.4. Synthesis of [(L32HhPtCI61

The receptor L32 was not completely soluble in MeCN preventing complex

formation.

6.4.2.5. Synthesis of [(L33HhPtCI6]

No precipitate formed in the complexation reaction. IH NMR (300 MHz, C03CN):

8/ppm 8.82 (br, IH, NH+), 7.52 (s, 2H, N!!), 6.71 (s, 4H, fur), 5.88 (t, 2H, 3JHH= 5
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Hz, NH), 3.83 (s, 6H, OMe), 3.74 (s, 12H, OMe), 3.34-3.30 (m, 4H, Cfu), 2.66 (t,

4H, 3JHH= 5 Hz, Cfu), 2.30 (s, 3H, Me).

6.4.2.6. Synthesis of [(L34HhPtCI6]

There was not sufficient receptor synthesised to perform both a complexation

reaction and solvent extraction studies in duplicate and so no complexation reaction

was performed.

6.4.2.7. Synthesis of [(L35H)2PtCI6]

The complex precipitated but was insoluble hence no IH NMR spectrum could be

recorded. IR (solid, cm"): 3273 (V(N-H», 1558 (v(c=S». Anal. calc. for

C42H60NIOCI6PtS4:C, 40.65; H, 4.87; N, 11.29. Found: C, 40.78; H, 4.79; N, 11.23%.

6.4.2.8. Synthesis of [(L36H)2PtCI6]

The complex was insoluble hence no IH NMR spectrum could be recorded. IR (solid,

cm"): 3328 (V(N-H», 1565 (v(c=S». Anal. calc. for C34H72NsCI6PtS2:C, 54.36; H, 9.93;

N, 18.64. Found: C, 54.01; H, 9.84; N, 18.55%.

6.4.2.9. Synthesis of [(L37HhPtC16]

The complex was insoluble hence no IH NMR spectrum could be recorded. IR (solid,

cm"): 3267 (V(N-H», 1550 (v(c=S». Anal. calc. for CS4Hs4NsCI606PtS2: C, 54.43; H,

6.94; N, 11.76. Found: C, 54.21; H, 6.88; N, 11.65%.



Chapter Six: Bipodal and Monopodal Receptors 266

6.4.2.10. Synthesis of [(L38H)zPtCI6)

No precipitate formed in the complexation reaction. 'H NMR (300 MHz, CD3CN):

8/ppm 8.87 (br, IH, NH+), 7.56 (t, 2H, 3JHH = 5 Hz, NH), 7.14 (s, 4H, fur), 3.84 (s,

12H, OMe), 3.77 (s, 6H, OMe), 3.25 (br, 4H, Cfu), 3.14 (br, 4H, Cfu), 2.85 (s, 3H,

cao, 1.95 (br, 4H, C!:h). MS (ES-): mlz 1279 [(L38)(L38bH)PtCI6r, 1849

[(L38H)(L38)(L38bH)(PtCI6)(Cl)L 2419 [(L38H)(L38h(L38bH)(PtCI6)(Clh]2-.

6.4.2.11. Synthesis of [(L40H)ZptC4)

The receptor L40 was not sufficiently soluble in MeCN preventing complexation.

6.4.2.12. Synthesis of [(L41HhPtC16)

No precipitate formed in the complexation reaction. 'H NMR (270 MHz, CD3CN):

8/ppm 9.10 (br, tH, NH+), 6.71 (s, IH, NH), 6.66 (s, 2H, fur), 5.56 (br, m, NH),

3.90 (s, 6H, OMe), 3.81 (s, 12H, OMe), 3.42-3.35 (m, 2H, Cfu), 2.60 (br, 2H, Cfu),

2.31 (s, 6H, 2 x Me).
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7. Conclusions

This thesis reports the design, synthesis and evaluation of a series of receptors for the

extraction and transport of [PtCI6]2-.Interest in this anion arises as it contains the

precious metal platinum which has low natural abundance and a wide range of

technological applications. The [PtCI6]2-anion is produced under acidic conditions

used for the processing of platinum containing ores and, by increasing the amount of

[PtCI6f-recovered from feed streams, will lead to improved materials balances.

The current methods used to extract [PtCI6]2-are thought to involve long

chain alkyl amines. TOA falls into this category of reagents and has been used as a

benchmark in comparing our receptor systems. The aims were to increase the

extraction efficiency over TOA which has low extraction efficiency in the presence

of competitive CL

The key design features incorporated into the receptors include a protonation

site, hydrogen-bond donor groups and organic solubilising moieties. A tertiary amine

protonation site was used to provide an electrostatic attraction between the receptor

and [PtCI6]2- and to allow the uptake and release of the anion by a pH swing

mechanism in solvent extraction processes. Protonation of receptors under acidic

conditions was confirmed by IH NMR spectroscopy, X-ray crystal diffraction and

potentiometry experiments. Upon protonation of a receptor the [PtCI6]2-anion can be

extracted from an aqueous phase to form an organic soluble [(LHhPtCI6] complex.

Contacting the organic phase containing [(LH)2PtCI6] with aqueous base

deprotonates the receptor and results in the release of [PtCI6]2-.

With the aim of increasing extraction efficiency the protonation site was

complemented with hydrogen-bond donor groups including sulfonamide, urea,

thiourea, amide and pyrrole moieties. Evidence for hydrogen-bonding between the
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NH donors of receptors and [PtCI6]2-was obtained through IH NMR spectroscopy

and X-ray crystallography.

To optimise the organic solubility of the receptors a range of terminal

substituents were studied including phenyl, tert-butyl, n-butyl, methyl, 3, 5-

dimethylphenyl, 4-iso-propylphenyl, 4-tert-butylphenyl, 4-octylphenyl, 3, 5-

dimethoxyphenyl, 3, 4-dimethoxyphenyl and 3, 4, 5-trimethoxyphenyl. Incorporating

methoxyphenyl substituents into urea and amide-based receptors gave the optimum

solubility for the resultant [(LH)2PtCI6]complexes in CHCh. Despite attempts to

increase the organic solubility extractants with thiourea moieties remained insoluble.

The key design features were incorporated into receptors with different

scaffolds. Tripodal, bipodal and monopodal systems were prepared and have

hydrogen-bond donors on three, two and one pendant arm(s), respectively. Within

these three groups there are also two sub-sets, that is, those with a TREN scaffold

and those with a TRPN scaffold.

The receptors were mostly synthesised in a series of one-step, high yielding

reactions in which the starting materials are commercially available. This is an

important feature of the work as it allows the bulk synthesis of receptors. Full

characterisation data for each receptor synthesised was obtained including, in most

cases, single crystal structures.

Complexation reactions were performed by mixmg two equivalents of

receptor with H2PtCI6.Characterisation of the products was achieved by a variety of

techniques including X-ray crystallography, IH NMR and infrared spectroscopy,

mass spectrometry and elemental analysis. Five different crystal structures showing

how the receptors and [PtCI6f- interact in the solid state were obtained and these

confirm the 2: 1 L:[PtCI6]2- stoichiometry of the complexes, the protonation of the
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bridgehead nitrogen and the formation of hydrogen-bonds between the receptors and

[PtCI6]2-.

The experimental procedures and protocols for solvent extractions were

developed and optimised to assess the ability of the receptors to extract [PtCI6]2-.

Only receptors that formed CHCh soluble complexes could be studied in solvent

extraction experiments. The graph in Figure 7.1 compares the extraction results for

the different systems including:

• Tripodal TREN based urea and amide (L13 and L17, respectively)

• Tripodal TRPN based urea and amide (L26 and L28, respectively)

• Bipodal TRPN urea and amide (L31 and L38, respectively)

The extraction results for TOA are provided for comparison and also the results for

the receptor L34 which combines features of both TOA and our receptors (see Table

7.1).
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Table 7.1. The structures of the receptors which have their extraction efficiency
compared in Figure 7.1.
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Comparison of the extraction results for these classes of receptors shows that

extraction efficiency follows the order tripodal> bipodal > monopodal. This shows

that the number of hydrogen-bond donors has a profound effect on extraction

efficiency with more hydrogen-bond donors affording better extraction.

The optimum hydrogen-bond donor group was the urea group as it gave high

extraction efficiency and formed organic soluble complexes. Receptors with amide

groups also formed organic soluble complexes but in each case the amide receptors

performed slightly worse than their urea analogues.

Tripodal systems with a TREN scaffold outperformed their TRPN analogues.

This indicates that an ethyl spacer is preferred between the bridgehead nitrogen

position and the hydrogen-bond donor sites.

Comparison of the extraction results for the receptors shown in Table 7.1 and

Figure 7.1 with TOA show that all of the receptors are better than TOA. The best

receptor is LI3 and at an arbitrary [Receptor]:[PtCI6]2- ratio of three LI3 extracts 97%

whilst TOA only extracts 4%.

By following the method of Yoshizawa a plot of log A against log Dpt should

give a straight line with a gradient of two implying the formation of a 2: 1 L:[PtCI6]2-

complex in solution and the intercept being indicative of Kp1C16.1Table 7.2 reports the

gradient, intercept and % of platinum extraction (in the presence of 3 equivalents of

receptor) for a range of receptors that give a straight line graph with a gradient that

approximates to two. There should be a correlation between the value of the intercept

(as it represents KptC16)and % of platinum extracted. Although some correlation is

observed there is some deviation from a straight line suggesting that Yoshizawa

analyses are not a reliable indicator of extraction efficiency for our systems (Figure

7.2).
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Table 7.2. The gradients, intercepts and % of Pt extracted for our receptors which
have a gradient that approximated to two in a Yoshizawa plot.

Receptor Gradient Intercept % Pt extracted

L 1.6118 5.2772 96

LI5 2.0882 4.6175 37
LI7 1.9886 5.8554 84
LI8 2.3904 6.2115 76
LI9 2.3762 6.4614 79
L28 l.7688 4.1786 55
L31 2.1731 4.2808 29
L38 1.7968 3.0170 13

100

~
80

e-"C~... 60~~.....
~~ 40a
==.... 20...
~-~

•

R2 = 0.7067
O+---------~,----------.----------.----------.

3 4 6 75

Intercept from Yoshizawa plot

Figure 7.2. Graph comparing the intercept of Yoshizawa plots with the actual % of
Pt extracted.

We have designed and synthesised a senes of extractants for [PtCI6]2-.

Through continual design improvements an optimised receptor was developed which

shows a significant improvement over TOA, the extractant thought to be currently

used. The aims of the project have therefore been successfully achieved.

Suggestions for future work in this area of research include studies into the

selectivity of [PtCI6]2- over [PdCl4f-, increasing the number of hydrogen-bond

donor groups, for example, in tetrapodal or macrocyclic systems and assessing the
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effect of a rigid capping group, for example pyridine, onto which pendant arms

containing hydrogen-bond donor groups can be appended.
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Reagent Preparation and Instrumentation

All solvents and reagents were commercially available from Aldrich, Fluka,

Lancaster or TCI Chemicals. The reagents and solvents were used as purchased from

the supplier. IH NMR and I3C NMR spectra were recorded on a Bruker OPX 300

operating frequency 300 MHz eH) and 75 MHz (I3C) or a lEOL EX 270 operating

frequency 270 MHz eH) and 68 MHz (13C). The chemical shifts (0) are reported in

parts per million (ppm) relative to the residual solvent signal in COCh (OH 7.27 and

Oc 77.0), dmso-z, (8H 2.50 and 8e 39.5), MeCN (8H 1.94 and Be 118.7, 1.40) or

C0300 (8H 4.87, 3.31 and 8e 49.1) at ambient temperature. All coupling constants

(1) are given in Hz. 195ptNMR were recorded on a Bruker Avance ORX 500 relative

to K2PtCl6 (1M in 020) referenced at 0.0 ppm. Mass spectra were obtained on a VG

Autospec instrument by Mr Tony Hollingworth and Mr Graham Coxhill at the

University of Nottingham or the EPSRC National Mass Spectrometry service at the

University of Wales in Swansea. IR spectra were recorded in the range 400-4000cm-

I using a Nicolet Avatar 320 (solid) FT-IR spectrophotometers. Absorption spectra

were recorded using a Perkin Elmer Lambda 5 spectrophotometer and using quartz

cells at ambient temperature. Elemental analyses were performed using a Fisons

Instruments EA 1108 CHN elemental analyser by Mr Trevor Spencer or Miss Tong

Lui at the University of Nottingham or were sent to Stephen Boyer at London

Metropolitan University. X-Ray diffraction data were collected on a Bruker SMART

1000 or SMART APEX CCO area diffractometer. Structure solution and refinement

were carried out using the SHELX suite of programs. ICP-OES measurements at the

University of Edinburgh were performed using a Perkin Elmer Optima 53000V

Spectrometer. ICP-MS measurements at the University of Nottingham were

performed using a Thermo-Fisher Scientific X-Series in standard mode.
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Crystallographic Details for Chapter 2
Receptor code L L L

Chemical formula C24H30N406S3 C27R33N703 C27H33N7S3

M,. 566.73 503.60 551.78

Cell setting, space group Orthorhombic, Pbca Monoclinic, P2lle Monoclinic, C2le

Temperature (K) 150 (2) 150 (2) 150 (2)

0, b, e (A) 9.7652 (8),12.7268 (10), 12.482 (2),17.717 (3), 13.8631 (10), 14.2044 (10),
43.540 (3) 13.385 (2) 27.954 (2)

a, 13, y e) 90.00,90.00, 90.00 90.00, 117.501 (3),90.00 90.00,98.307 (1), 90.00

V (A3) 5411.1 (13) 2625.4 (8) 5446.9 (12)

Z 8 4 8

o, (Mg m-3) 1.391 1.274 1.346

Radiation type MoKa MoKa MoKa

I! (mm") 0.32 0.09 0.30

Crystal form, colour Block, colourless Lath, colourless Block, colourless

Crystal size (mm) 0.75 x 0.31 x 0.20 0.77 x 0.11 x 0.05 0.30 x 0.18 x 0.17

Diffractometer Bruker SMART APEX Bruker SMART APEX Bruker SMART APEX
CCD area detector CCD area detector CCD area detector

Data collection method (0 (0 (0

Absorption correction Multi-scan (based on None None
symmetry-related
measurements)

Tmin 0.819

Tmax 1.000

No. of measured, 28778,6936,5228 13395,4593,3023 15038,6432,4694
independent and observed
reflections

Criterion for observed / >2c:r(l) /> 2c:r(l) /> 2c:r(l)
reflections

Riot 0.028 0.007 0.051

9max (0) 27.5 25.0 27.5

Refinement on P P r
R[P> 2cr(P)], wR(P),S 0.057,0.141,1.13 0.046,0.116,0.93 0.039,0.097,0.95

No.ofrelections 6221 reflections 4593 reflections 6199 reflections

No. of parameters 388 334 334

H-atom treatment Constrained to parent site Constrained to parent site Constrained to parent site

Weighting scheme Calculated w = 1/[a2(Fo2) Calculated w = 1/[a2(Fo2) Calculated w - lI[a2(Fo2)
+ (0.0528P)2 + 6.3569P] + (0.0665P)2] where p ... + (0.0532P)2] where P -
where P = (Fo2 + 2F/)/3 (Fo 2 + 2F/)/3 (Fo2 + 2F/)/3

(Mcr)max 0.007 <0.0001 0.001

~Pmax' ~Pmin (e A-3) 0.58, -0.57 0.35, -0.26 0.46, -0.26
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Receptor code L L

Chemical formula C27H30N403 C21H27N703

u. 458.55 425.50

Cell setting, space group Monoclinic, P2,/n Triclinic, P-I

Temperature (K) 293 (2) 150 (2)

a, b, c (A) 10.004 (2),17.151 (4), 14.472 (3) 9.325 (3), 10.298 (3), 12.579 (4)

a, P, t (0) 90.00, 101.06 (2), 90.00 76.737 (5), 88.302 (5), 68.106 (5)

V (A3) 2437.0 (9) 1088.8 (10)

Z 4 2

o, (Mg m-3) 1.250 1.298

Radiation type MoKa MoKa

~(mm-') 0.08 0.09

Crystal form, colour Block, colourless Needle, pale yellow

Crystal size (mm) 0.40 x 0.40 x 0.20 0.55 x 0.10)( 0.06

Diffractometer Siemens P3 Bruker SMARTlOOO CCD area
detector

Data collection method 9-29 ro

Absorption correction None None

Tmin

Tmax

No. of measured, independent and 5938,5625,2590 7374,3786,2197
observed reflections

Criterion for observed reflections /> 20'(l) I> 20'(1)

Rint 0.030 0.121

9max (0) 27.6 25.1

No. and frequency of standard 3 every 300 reflections
refl ecti ons

Intensity decay (%) 0

Refinement on r r
R[r> 2cr(r)], wR(r),S 0.059,0.165,1.00 0.060, 0.163, 0.94

No. of relections 4975 reflections 3786 reflections

No. of parameters 307 280

H-atom treatment Constrained to parent site Constrained to parent site

Weighting scheme Calculated W'" 1/[a2(Fo2) + Calculated w - 1/[a2(F,,2) +
(0.0605P)2 + 0.5052P) where P ... (0.09P)2) where P - (F,,2 + 2Fh/3
(Fo2 + 2F/)/3

(Ma)max -0.001 0.001

~Pmax' ~Pmin (e A-3) 0.16,-0.23 0.27, -0.32



Appendix B 279

(LIH)zPtCI(il (LJH):PtCI,l

Chemical formula C4SH62CI6NsOl2PtS6 2(C2IH46N70).PtCI6·2(C2H)N)

M, 1543.21 1379.19

Cell setting, space group Monoclinic, Puk: Triclinic, P-l

Temperature (K) 150 (2) 150 (2)

a, b, c (A) 14.140 (2), 7.3640 (13), 29.831 (5) 8.8396 (5), 13.2745 (7), 14.4379 (8)

a, 13, yn 90.00,99.040 (3), 90.00 93.865 (2),97.368 (2), 95.263 (2)

v(N) 3067.6 (9) 1667.7 (3)

Z 2

o, (Mg m-3) 1.671 1.373

Radiation type MoKa MoKa

~(mm-I) 2.82 2.40

Crystal form, colour Lath, pale yellow Tablet, yellow

Crystal size (mm) 0.32 x 0.14 x 0.04 0.41 x 0.34 x 0.22

Diffractometer Bruker SMART APEX CCD area Bruker SMART APEX CCD area
detector detector

Data collection method OJ Cl)

Absorption correction Multi-scan (based on symmetry- Multi-scan (based on symmetry-
related measurements) related measurements)

Tmin 0.276 0.800

Tmax 1.000 1.000

No. of measured, independent and 14717,5854,4564 14910,7540,7536
observed reflections

Criterion for observed reflections I> 2a(1) I> 2a(1)

Rin' 0.057 0.013

9max (0) 25.0 27.5

Refinement on P P
R[P> 2a(P)], wR(P), S 0.077, 0.153, 1.29 0.020, 0.054, 1.04

No. of re1ections 5387 reflections 7540 reflections

No. of parameters 361 333

H-atom treatment Constrained to parent site Constrained to parent site

Weighting scheme Calculated W'" l/(ol(Fo2) + Calculated w· l/(ol(Fo2) +
(0.0244P)2 + 40.3792P] where p .. (0.034P)2 + 0.571 P] where P - (F"2 +
(Fo2+ 2F/)f3 2F/)/3

(~cr)m .. 0.001 0.001

.:\pmax' .:\Pmin (e A-3) 2.66,-2.06 0.81,-0.49

Computer programs: Bruker SMART version 5.625 (Bruker, 2001); Bruker SAINT version 6.36a (Bruker, 2000);
Bruker SAINT; Bruker SHELXTL (Bruker, 2001); SHELXS-97 (Sheldrick, 1990); SHEL>..'S97 (Sheldrick, 1990);
SHELXL-97 (Sheldrick, 1997);); enC/Fer (CCDC, 2003); PLATON (Spek, 2003); enCIFer (Alien et al., 2004); );
SHELXTL; P3-P4/PC (Siemens, 1989); Bruker SMART version 5.624 (Bruker, 200 I); PJ-N/PC; Brukt" SA INT
version 6.36a (Bruker, 2002); XDISK (Siemens, 1989).
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Crystallographic Details for Chapter 3
L L L

Chemical formula C36HsIN703 Cl9Hs7N,03 C33H42N409

u. 629.84 671.92 638.71

Cell setting, space group Orthorhombic, Pbca Triclinic, P-I Triclinic, pol

Temperature (K) ISO (2) ISO (2) 150 (2)

a, b, c (A) 17.987 (2), 13.3225 (12), 11.336 (4), 12.489 (4), 9.535 (6), 13.469 (9),
29.438 (3) 14.891 (5) 13.538 (9)

a, 13, y CO) 90.00, 90.00, 90.00 88.618 (6), 88.220 (6), 74.578 (10), 89.653 (10),
66.980 (5) 73.562 (10)

veAl) 7054 (2) 1939 (2) 1603.0 (3)

Z 8 2 2

o, (Mg m-3) 1.186 1.151 1.323

Radiation type MoKa MoKa MoKa

Jl (mm") 0.08 0.07 0.10

Crystal form, colour Column, colourless Block, colourless Block, colourless

Crystal size (mm) 0.66 x 0.08 x 0.07 0.28 x 0.16 x 0.14 0.60 x 0.51 x 0.33

Diffractometer Bruker SMART APEX Bruker SMARTIOOO CCD Bruker SMART APEX
CCD area detector area detector CCD area detector

Data collection method (0 (0 (0

Absorption correction None None None

Tmin

Tmax

No. of measured, 43891,8887,3274 17169,8690,3975 13578,7120,6114
independent and observed
reflections

Criterion for observed /> 2al) /> 2a(l) /> 2a(l)
reflections

e: 0.104 0.058 0.076

9max (0) 27.5 27.7 27.6

Refinement on P P P

R[P> 2a(P)], wR(P), S 0.043,0.095,0.75 0.050,0.128,0.85 0.051,0.143,1.05

No.of'relections 8107 reflections 8690 reflections 7120 reflections

No. of parameters 429 440 415

H-atom treatment Mixture of independent and Constrained to parent site Constrained to parent site
constrained refinement

Weighting scheme Calculated w = II[ ~(Fo 2) Calculated w .. 1/[~(Fc,2) Calculated w - 1/[a2(Fo2)
+ (0.0338Pl] where P '" + (0.OS3P)2]where P - (F,/ + (0.0848P)1 + 0.22P)
(F/ +2F/)/3 + 2F/)/3 where P - (F,} + 2Fr )/3

(Ma)max 0.001 <0.0001 0.001

APmax, APmin (e A-3) 0.37, -0.25 0.40,-0.28 0.44,-0.41

Extinction method None SHELXL None

Extinction coefficient 0.0065 (12)
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I(L HhPtC~1

Chemical formula C7oH92CI6N100lSPt

1769.33M,

Cell setting, space group

Temperature (K)

0, b, c (A)

o, p,rn
V (A3)

Z

Dx(Mgm-3)

Radiation type

Il (mm")

Crystal form, colour

Crystal size (mm)

Diffractometer

Tric1inic, P-I

150 (2)

9.1959 (7),14.6947 (11),14.7245 (II)

93.921 (2),98.260 (2), 101.795 (2)

1917.7 (4)

1

1.532

MoKn

2.113

Column, pale yellow

0.35)( 0.19)( 0.13

Broker SMARTlOOO CCD area detector

Data collection method

Absorption correction Multi-scan (based on symmetry-related measurements)

0.823

1.000

17129,8568,7816

I> 2a(l)

0.Q28

27.5

P
0.034,0.G78, 1.105

8566

477

No. of measured, independent and observed reflections

Criterion for observed reflections

9ma• (0)

Refinement on

R[P > 2a(P)], wR(P), S

No.of'relections

No. of parameters

H-atom treatment Constrained to parent site

Calculated W'" I/Jal(Fo2) + (0.0408P)2 + 0.4771P]
where p ...(Fo2 + 2Ft )/3

0.008

0.85,-0.50

Weighting scheme

(Alcr)m••

~Pma., ~Pmin (e A -3)

Computer programs: Bruker SMART version 5.625 (Broker, 2001); Bruker SMART version 5.624 (Broker, 200 I);
Bruker SAINT version 6.360 (Broker, 2000); Bruker SAINT version 6.36a (Broker, 2002); Bruker SAINT; Brllker
SHELXTL (Broker, 2001); SHELXS97 (Sheldrick, 1990); SHELXS-97 (Sheldrick, 1990); SHELXL97 (Sheldrick,
1997); SHELXL-97 (Sheldrick, 1997); enelFer (Allen et al., 2004); PLATON (Spek, 2003);
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Potentiometry Experiments

All pH-metric measurements (pH = -log[H+]) employed for the determination of

protonation constants were carried out in solutions in MeCNI H20 50:50 (v:v)

mixture containing 0.10 M NMe4Cl at 298.1 ± 0.1 K under a nitrogen atmosphere. A

Hamilton glass electrode was calibrated as a hydrogen concentration probe by

titrating known amounts of HCl with CO2-free NaOH solutions and determining the

equivalent point by Gran's method which allows one to determine the standard

potential EOand the ionic product of H20 (pKw = 14.99(1». At least three

measurements were performed for each system in the pH range 2.5 -11.0. In all

experiments the ligand concentration was approximately 1 x 10-4M. The computer

program HYPERQUAD was used to calculate the equilibrium constants from e.m.f

data.
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Solvent Extraction Protocol

la) Make up [PtCI~]2-stock solution

Weigh out of H2PtC16.H201.28 mmol (0.0332 g) (record the weight of the H2PtCl6

in spreadsheet) and dissolve in 0.6 M HCI (50 cnr') in a volumetric flask to give the

[PtCI6]2-stock solution (0.6 M HCI = 5 crrr' of 6 M HCI and 45 cm3 deionised H20)

b) Using a variable pipettor measure 5 cm' portions of the [PtCI6]2-stock solution

into nine 25 cnr' Schott flasks (check by weight that the first decimal place is zero

i.e.5.0xxx).

2a) Make up stock solution of ligand

Weigh the receptor (10.26 mmol) and record the weight in the spreadsheet then

dissolve this in CHCh (25 crrr') in a volumetric flask to give the ligand stock

solution. N.B. This can be scaled down so that you have 5.13 mmol of receptor in

12.5 cnr' ofCHCh and eliminating sample one from the extraction series).

b) From the ligand stock solution prepare dilutions for each of the nine extraction

experiments. The standard volumes are provided in the spreadsheet and cover a range

of [Receptor]:[PtCI6]2- ratios. Use a variable pipettor to add the required aliquots of

the stock solution into the respective flask and record the weight of each aliquot in

the spreadsheet then dilute each flask to 5 cm3 with CHCh.

3) Extraction

Add the receptor solutions into each of the 9 x 2Scm3 Schott flasks which contain

aqueous [PtCI6]2- and add lids to prevent evaporation of the solvents. Stir the

samples vigorously at r.t. for 4 h.
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4a) Whilst the extraction is taking place input the weights of H2PtCI6, receptor and 9

receptor aliquots into the spreadsheet. The required amounts of H20 and NaOH

(0.05502 M) for the back extraction are calculated through the spreadsheet (2: 1

NaOH:L).

b) Use a variable pipettor to prepare the back extraction solutions. In nine large vials

add the required amount of deionised H20 then NaOH and record the weights of the

aliquots added. The volume of each back extraction solution totals 4cm3•

5) Following the 4h extraction stop the extractions stirring and allow the layers to

separate. Use a Pasteur pipette to separate the aqueous and organic phases of the 9

extractions into 18 ICP tubes labelled la-9a and 10-90 (a and 0 refer to aqueous and

organic phases, respectively).

6) Back Extraction

Using a variable pipettor add 4 cnr' of the organic phase into the respective back

extraction solutions. Add lids to the vials, secure the lids with parafilm and stir the

phases at r.t. for 30 mins.

7) Whilst the back extractions are stirring use a variable pipettor to measure 2 cm3

aliquots of the aqueous samples (la-9a) into nine 5 cm3 volumetric flasks. Record

the weight of the 2 cm" aliquots in the spreadsheet and then dilute to 5 crrr' with

deionised H20. Transfer the samples into ICP tubes.

8) After 30 mins stop the back extraction stirring and allow the layers to separate.

Use a Pasteur pipette to measure 2.0 g aliquots of each aqueous phase into nine 5 cm3
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volumetric flasks taking care that no CHCh is transferred. Record the weights of the

aliquots in the spreadsheet. Dilute the samples to 5 cm3 with deionised H20 and

transfer the samples into ICP tubes.

9) Using a variable pipettor measure 2cm3 of the [PtCI6]2- stock solution into a 5 cnr'

volumetric flask and record the weight of the aliquot in the spreadsheet. Dilute to 5

crrr' with deionised H20 and transfer the solution into an ICP tube.

10) ICP measurements

For an extraction series consisting of 9 samples there will be 19 samples for analysis

by ICP-MS; 9 aqueous phases, 9 back extracted aqueous phases and 1 platinum stock

solution. To get the concentration of Pt into the working range of the spectrometer

for ICP-MS it is necessary to dilute the solutions by a factor of 1000 using 2% HCI

(made with analytical grade HCt and OQ IhO).
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Solvent Extraction Flowsheet *

[PtCI6]2- stock solution Receptor stock olution

Make up to 50cnr' with 0.6M Make up to 25cm' with CHCh
HCI

123456789
Dilute stock solution

Receptor: [PtCI6f- ratio varied

,
EXTRACTION
123456789

(5cm ' of [PtCI6]2- stock mixed with 5 cnr' of diluted L for 4 h at r.t.)

Separate phases

Aqueous phase Organic pha e

la - 9a 10 - 90

Take 2 cm3 of each sample BACK EXTRA TION
Dilute to 5 cm3 with H2O (4 cm' of 10-90 and 4 m n
Transfer into ICP tubes mixed for 30min at r.t.)

Take 2 cm3 fa ph ff' m
each ampl

Dilut to 5 em with H2
Trail f r int 1 P tu

Measure Pt content of 19 sample (9 x aqu u pha x ba tra t d
organic phases 1 x [PtCI6]2- tock olution) u ing J P.

1
Analyse data; calculate mas balance, pi t graph f .Pt again t% fPt
extracted, perform Yoshizawa analy i .

• 'a' denotes aqueous phase from original separati n
'0' denotes the back extracted aqueou phases that originate fr m th rgani phas in th initial
separation
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Crystallographic Details for Chapter 6

Chemical formula

LL

M,

Cell setting, space group

Temperature (K)

a, h, c (A)

f3 e)
V (A3)

z
o, (Mg m-3)

Radiation type

J.l(mm-I)

Crystal form, colour

Crystal size (mm)

Diffractometer

Data collection method

Absorption correction

No. of measured, independent and
observed reflections

Criterion for observed reflections

9ma• (0)

Refinement on

R[~ > 2cr(~)], wR(~), S

No.ofrelections

No. of parameters

H-atom treatment

Weighting scheme

(~cr)ma.

~Pm ... ~Pmin (e A -3)

C21H29Ns02

383.49

Monoclinic, nl/n

150 (2)

10.4804 (14),18.205 (2), 21.775 (3)

103.123 (2)

4046 (2)

8

1.259

MoKa

0.08

Column, colourless

0.80 x 0.21 x 0.18

Bruker SMARTIOOO CCD area
detector

None

25431,9164,6501

I> 20'(1)

0.066

27.6

~
0.042,0.119,0.99

9164 reflections

SOS

Constrained to parent site

Calculated w - 1/[ ol(Fo 2) +
(0.062P)2] where P _ (F"Z + 2F.z)l3

0.001

0.31, -0.25

C21H29NsS2

415.61

Monoclinic, nile

150 (2)

7.5271 (4), 16.7186 (9),18.0355 (9)

92.666 (2)

2267.2 (3)

4

1.218

MoKa

0.25

Cube, colourless

0.60 x 0.60 )( 0.56

Bruker SMART APEX CCO area
detector

None

14294,5219,4615

I> 20'(1)

0.037

27.5

~
0.033,0.097, 1.05

5219 reflections

253

Constrained to parent site

Calculated w - 1/[a2(F,,2) +
(0.0574P)2 + 0.320P] where P - (F}
+ 2F/)/3

0.001

0.30,-0.26



AppendixF 288

Chemical formula

M,.

Cell setting, space group

Temperature (K)

a, b, e(A)

c, p, y (0)

V (A3)

Z

Dx(Mgm-3)

Radiation type

l.1(mm-l)

Crystal form, colour

Crystal size (mm)

Diffractometer

Data collection method

Absorption correction

No. of measured, independent and
observed reflections

Criterion for observed reflections

9max (0)

Refinement on

R[P > 2cr(P)], wR(P), S

No. of relections

No. of parameters

H-atom treatment

Weighting scheme

(~a)mlX

.1pmax, .1pmin (e A-3)

2(C2IH30Ns02)·PtCI6

1176.79

Monoclinic, nIle

150 (2)

9.1802 (8), 32.097 (3), 9.2877 (8)

90.00,116.521 (1),90.00

2448.7 (6)

2

1.596

MoKn

3.24

Tablet, yellow

0031 x 0.12 x 0.02

Bruker SMART APEX CCD area
detector

ro
Multi-scan (based on symmetry-
related measurements)

0.513

1.000

12625,5737,4444

I> 2a(!)

0.029

27.5

P
0.064, 0.128, 1.17

5615 reflections

277

Constrained to parent site

Calculated w = II[ a2(Fo2) +
(0.029P)2 + 14.16P] where P - (Fo 2+
2F/)/3

0.001

1.64, -1.24

2(C27H4QN30s)·CI6Pt.2(C2H}N)

1641.25

Triclinic, P-I

150 (2)

11.2141 (6), 13.1967 (7),1403580 (8)

81.647 (I), 68.232 (I), 68.534 (I)

1836.3 (3)

1.484

MoKn

2.20

Block, yellow

0.59 x 0.32 x 0.17

Bruker SMART APEX CCD area
detector

ro
Multi-scan (based on symmetry-
related measurements)

0.717

1.000

15883,8348,8212

I> 20"(!)

O.oI8

27.6

P
0.025,0.063, 1.04

8346 reflections

440

Rigid rotor; riding model

Calculated w - 1/[a2(F,,2) +
(0.037P)2 + 0.726P] where P - (F..2 +
2Fr2)/3

0.001

1.09, -0.61

Computer programs: Bruker SMART version 5.625 (Bruker, 200 I); Bruker SAINT version 6.36A (Bruker, 2000);
Bruker SAINT version 6.36a (Bruker, 2000); Bruker SAINT; Bruker SHELXTL (Bruker, 2001); SHELXS97
(Sheldrick, 1990); SHELXL97 (Sheldrick, 1997); SIR91 (Altomare et al., 1994); enelFer (Alien et al., 2004).-
PLATON(Spek,2003).
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Outer-Sphere Coordination Chemistry: Selective Extraction and
Transport of the [PtC~]2- Anion**
Katherine 1Bell, Arjan N. Westra, Rebecca 1Warr, Jy Chartres, Ross Ellis, Christine C. Tong,
Alexander 1Blake, Peter A. Tasker,* and Martin Schroder"

Selectivity in the transport of platinum group metal ions by
solvent extraction in industrial processes depends critically
upon control of the metal coordination chemistry through the
formation of either inner-sphere complexes with dialkyl
sulfides or hydroxyoximes.l'l or through formation of outer-
sphere organic-soluble salts with hydrophobic trialkylamine
and related reagents of the Alamine type.[1.2)The latter rely
upon control of partition coefficients and solubilities such that
anion exchange can be used to transfer the chlorometallate to
a water-immiscible solvent in a pH-dependent equilibrium
[Eq. (1)].[2)

Although the solvent extraction of base metals such as Cu
and Zn usually involves the formation of inner-sphere
coordination complexesj'' the very slow ligand exchange for
the [Pt06Y- ion[4)makes it necessary to address and recognise
the outer coordination sphere of this species to form neutral
anion-ligand packages. Selectivity continues to be a challenge
in the development of supramolecular recognition of anions[5]
and is a pervasive problem in extractive metallurgy because
the generation of electrolytes of high purity is essential for
efficient electrolytic reduction to produce metals.l" Thus, an
understanding of the nature and disposition of electrostatic
and supramolecular hydrogen-bonding interactions to chIor-
ometallates is essential to the design of selective extractants
for these anions. OFT calculations and NMR spectroscopic
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(1)

studies of the solvation and ion pairing of [PtCln]2- suggest
that hydrogen-bonding solvate molecules. such as methanol,
address the triangular faces of the hexachloro octahedron.l"
whereas formation of trifurcated hydrogen-bonds to faces or
bifurcated hydrogen-bonding to edges of the hexachloro
octahedron has been predicted on the basis of the location of
maximum electron density in the anion ;IKJ such interactions
have indeed been observed in solid-state structures of
chlorometallatesl"

We report herein a new approach to the selective
complexation and extraction of hexachlorometallates in the
presence of chloride ions using tripodal ionophores incorpo-
rating multiple hydrogen-bond donors linked to a protonat-
able bridgehead N center. Such a design can not only address
the threefold symmetry of the outer coordination sphere of
[PtClnF- by presenting neutral hydrogen-bond donors to the
faces or edges of the hexachloro octahedron (Figure 1), but

.)

Cl ,2-

Clhl" ...~ ••,\\\\C1

ClfIII"" I 'Cl
Cl

Fig"" ,. The structure of [PtCI,12- (a) and proposed modes of binding
to tripodal multiple hydrogen·bond ionophores through interactions
with the faces (b) or the edges (c) of the hexachloro octahedron. The
protonated amine of the receptor is shown IS a black sphere and the
neutral hydrogen·bond donors as gray spheres.

also provides a positive charge to ensure the solubility of a
neutral 2:1 [LH 'l:[PtC~12- complex in water-immiscible
solvents. Our target in this work was to design useful solvent
extractants for the recovery of PtlV from acidic chloride
streams, whereby loading and stripping or the organic phase
are controlled by a "pH-swing" mechanism [Eqs, (2) and (3»).

2 LI... , + 2W + [PtCI.,J2- ;=I [(LHhPtO.JIOf,' (2)

[(LHhPtO.JI"" + 2 NaOH ;=I Nal[PtCI.1 + 2 Lint.' + 2 HIQ (3)

Such a protocol could then be implemented for the recovery
of platinum metal anions from the highly acidic chloride
streams currently used in industry. Furthermore, selective
extraction of [PtCI.J2- over CI-. which is present in substantial
excess in industrial feed streams. is essential fur an efficient
process, and is. therefore. a key design requirement for our

Cl ao08 Wiley·VCH Verlag GmbH & Co. KGaA.Weinheim '745



.:ommunications

receptors. Significantly, the simple trialkylamine reagents of
the Alamine type [Eq. (1)] are known to exhibit poor
selectivity for [PtCI6f- over Cl- (see below), particularly at
high acid concentrations. PO] In this work we have used
trioctylamine (TOA) as a model for the Alamines[lD."] to
benchmark against our new reagents.

A range of amide and urea tripodal ligands LI-lDderived
from tris(2-aminoethyl)amine (tren) were prepared and
characterized (Scheme 1; see also the Supporting
Information). Ligand L' was designed with a long spacer
between the protonatable amine bridgehead and the neutral
hydrogen-bond donors to allow these to address three faces of
the [PtCI6]2- octahedron (Figure 2). The urea ligands U-5 and
LlD and amide ligands L6-9 were synthesized to access
potential tri- and bifurcating hydrogen-bonding to the
[PtCI6f- ion (Figure 2).

Figure 2. Binding modes of the arms of tren-based urea and amide
receptors that preserve pseudo threefold symmetry (only one arm is
shown for clarity).

Equilibration to form the outer-sphere complexes
[(LHhPtCI6] [Eq. (2)] was achieved within minutes of
mixing H2[PtCI6] in aqueous 0.6MHCI with a solution of L
in CHCI3 at room temperature. Prolonged mixing (> 16 h) led
to a slight drop in the content of platinum in the CHCl3 layer,
and this observation is attributed to inner-sphere substitution
processes to form insoluble complexes. Quantitative back-

c-

N(~:t)
ISU

extraction of [PtCI6f- from the organic layer into an aqueous
solution was achieved by contacting the loaded HCl3 layer
with an aqueous solution containing a twofold excess of
NaOH over ligand [Eq. (3)]. Results for the extraction of
[PtCI6f- by the receptors are summarized in Figure 3 along
with data for TOA for comparison. Ligands U and L6
afforded metal complex salts that precipitated out of solution
and are therefore not discussed.

100 8 ~.~ • .. • Ll
e

L''0 !W.1
e

2 80 ~ O' ~ L4
u

'" '0"
c V~

Q> 60 .e .. L9
a: ~ .. TOA
n; 40£ t..
'0 ..~
'if. 20 ..

0"
....

eo.. .. .. ..
0 .,..

o 234 5 6 7 8 9
[totalligandl:[total Pt)

Figure 3. Plot of percentage of the total platinum extracted as [PtCI6]1-
from aqueous 0.6 M HCI into CHCI3 as a function of the [L]:[Ptj ratio.

TOA is not an effective extractant at high concentration
of HC!. Although platinum uptake by a threefold exces of
TOA from an aqueous solution of H2[PtCI6] with no added
Hel is around 80% of the theoretical value, it drop to around
only 20% when the aqueous feed solution contains 0.6M H I,
suggesting strong transfer of 1- instead of [Pt 16]2- under
these conditions (see the Supporting Information). As a
consequence, the transport efficiency of platinum from acidic
feeds in a flow sheet will be I w using TOA, and chloride
concentrations will build up downstream. ignificantly, the

d

L2: R, R·. R" = H
L3: R, R' = OMe, R" = H
L4: R, Roo :: OMe, R' = H
L5; R, R', R":: OMe

L6: R, R', Roo. H
L7: R, R' = OMe, R" = H
L8: R, ROO = OMe, R' = H
L9: R. R', R" = OMe

Scheme 1. Synthesis of the receptors L'_L'O: a) benzaldehyde, MeOH, RT then NaBH. ;1121 b) 2-phthalimidoacetyl chloride, Et3N, CHCI , a °C
then RT; c) NH2NH2·H10, EtOH, CHCI3, reflux; d) tert-butylbenzoyl chloride, Et3N, CHCI3, aoc then RT; c) phenyl, 3,4-dimcthoxyphenyl, 3,5-
dimethoxyphenyl, or 3,4,S-trimethoxyphenyl isocyanate, THF, RT;,,3/ f) benzoyl, 3,4-dimethoxybenzoyl, 3,S-dlmethoxybenzoyl, or 3,4,S-trlm th-
oxybenzoyl chloride, NaOH, H20, CH2CI1, or EtP, RT;I", lSI g) tert-butyl isocyanate, THF, RT. Full details of prep rations re given In the
Supporting Information.

146 www.angewandte.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA,Weinheim Angew, Chern, 1nl. Ed, :1.008, 47, 1745-1748



tripodal hydrogen-bond donor ligands described herein are
much more effective than the Alamine model TOAllO] in
recovering [PtC16f- in the presence of excess HCl (Figure 3
and Table 1). We note that L3 is especially effective in this
system. Loadings of greater than 90% imply that the

Table f: Percentage of Pt extracted as [PtCI.f- into CHCll from aqueous
0.6 M HCI in the presence of 3 molar excess of L.

Ligand TOA Ll

% Pt extracted 5 89 98 90 85

triamide/urea ligands show high selectivity for [PtCI6f- over
CI- because the latter is present in a 60-fold excess in the
aqueous feed solution. Generally, extractant strengths are
observed to be greater for the urea-containing ligands than
their amido analogues (Table 1).

We used a procedure similar to that described by
Yoshizawa and co-workersl'!' to determine the stoichiometry
of the platinum-containing complex formed in the water-
immiscible phase and to probe further the selectivity of
[PtCI6F- over CI-. At low pH values, where it can be assumed
that the ligand is fully protonated, the extraction of [PtC16f-
is a competitive process, as shown by Equation (4).

2 K~,a.p.
[PtCI6] - + 2 [(LH)CI]rorg)====,[(LH)2PtCI6]rorg) + 2 CI-

[(LH)2PtCI6] [C1-j2 (4)
K[I'!O,I'- = [PtCI62-] [(LH)C1]2

Assuming no inner-sphere substitution on the timescale of
the extraction, the distribution coefficient for platinum is
Dpt = [(LHhPtCI6]/[PtCI62-J, and from Equation (4), 10gDp!
has values defined by Equation (5).

[
[(LH)CI]]log 01'1 = log K[p!c~J'- + 210g [CI- J

Plots of logDp! versus 10g{[(LH)CI]/[Cl-]) (Figure 4) for
TOA, LI, and L4 show slopes close to 2, which is in line with
formation of the anticipated 2:1 [LH]+:[PtCI6]2- assemblies in

Angewandte
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2.0 · TOA R'=0.996 ..
1.5 • L' R'=0.980
1.0 .. L' R'=0.991

•• 0..
o •

•
11:0.5 .. . •

Cl 00 I. • 0

Cl .. .
..2_0.5 ... •.. •• •-1.0 ... •
-1.5 •
-2.0

-2.5

-4.0 -3.5 -3.0 -2.5 -2.0

Jog {[(LH)CIVICI n
Figure 4. Plot of log 0 .. vs. 10g{[(LH)CI]/[CI-J).

(5)

CHCI3. Whilst the data for these ligands are consistent with
the formation of [(LH)2PtCI6] complexes as the extracted
species, for other ligands, L3, LS,L7, and L9 in this work, and
for TOA at high ligand concentrations.l'!' the Yoshizawa plots
show some deviation from linearity (see the Supporting
Information). Such deviations may be due to the formation of
outer-sphere complexes with alternative stoichiometries such
as 3:1:] [LH]I-:[PtCI6F-:CI- at high ligand concentrations or
may involve the incorporation of a hydroxonium ion into the
outer-sphere complex giving a 1:1:1 assembly [LH) I:[H30] I:
[PtCI6]2-, which would be favored at low ligand conc ntra-
tions. Alternatively, the receptors, their hydrochloride salt,
and/or their platinum complexes with some solubility in the
aqueous phase cannot be di counted at this stage. These
caveats notwithstanding, the triamide/urea ligands LI and L 4

show very high selectivity for [Pt 16]2- over 1-, th latter
being present in a 60-fold excess.

The formation of a 2:1 [LH) I:[Pt 16]2-pa kage in organi
media was supported further by a sin Ie-cry tal X-ray
structure determination f [( 'OHhPt 16].1161 . he tructur
determination confirms the pres nee f significant hydr g n-
bonding between the urea moieti ([ IOH]I and th
[PtCI6]2- ion, and, as anticipated, the bridgehead N at m in
LIOis protonated to afford a complex with a net neutral hargc
(Figure 5). A bifurcated hydr gen b nd is bserv d b tween

Figures. View of the structure of [(L,oHhPtCI6]. Hydrogen-bond lengths: ~ 2.791, ii) 2.799, ii~ 2.805, iv) 2.664, v) 2.180, vQ 2.096A.

Angew. Chem. Int. Ed. :tooS, 47, 1745-1748 © 2008 Wiley·VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 1747
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N2-H2A-··Cll [2.799 A] and N2-H2A-··CI3 [2.805 A] with
further hydrogen-bond interactions between N3-H3A-··CI3
[2.664 A] and N4-H4A-··CI2 [2.791 A]. Although there are
extensive hydrogen-bonding interactions between [LIOH]'
and [PtCI6f-, only two of the three arms of the receptor
interact with one [PtCI6]2- ion; the third arm participates in
hydrogen-bonding with an adjacent molecule of [LIOH]I to
form an extended ribbon structure (Figure 5). This ribbon
structure accounts for the low solubility of this complex in
chloroform, which excluded this ligand from the extraction
experiments. Although the results for the solid-state structure
cannot be translated directly to the structure in solution, they
do confirm the success of our strategy and illustrate many of
the design features that we sought in addressing the molecular
recognition and selectivity of hexachlorometallate anions
through coordination at the outer sphere.

Significantly, the efficacy of our tripodal amide and urea
ligands in a "pH-swing" controlled process to recover
platinum from acid chloride feed solutions has been estab-
lished. The very high [PtCI6f- loading from acidic chloride
solutions for the new receptors reported herein, coupled with
the quantitative stripping and release of metallate anion by
base, provides the basis for a very efficient process for the
separation and concentration of platinum with minimal
reagent consumption (2 equivalents of NaOH) and gener-
ation of 2 mol equivalents of NaCI as a by-product. Variation
of the disposition and nature of hydrogen-bonding groups in
the pendant arms of the reagents should allow the selectivity
of receptors to be tuned to accomplish the separation of
chlorometallates having second coordination spheres with
different geometries (e.g., [PtCI6]2- and [PdCI4]2-), sizes (e.g.,
[PdCI4F- and [PtCi4F-), or net charges (e.g., [PtCI6P- and
[IrCI6P-)·
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