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Abstract 

 

 

Chapter 1 presents an overview of the history of calix[n]arenes.  There is particular focus 

on calix[4]arene and its conformational properties, as well as modification at the upper-, 

lower-rim and methylene bridge positions.  Molecular magnetism is then discussed with 

important literature examples described.  Finally, the coordination chemistry of metal 

clusters formed from calix[4]arenes are discussed. 

 

Chapter 2 covers the synthesis and characterisation of a calix[4]arene derivative that has 

been mono-substituted at all methylene bridge positions with 2-methylfuran groups.  The 

coordination chemistry with 3d, 4f, and 3d-4f ions was then investigated.  The clusters 

isolated from these reactions were analysed by X-ray diffraction studies and their 

structures compared with those previously obtained within this research group. 

 

Chapter 3 focusses on the further derivatisation of a furan-substituted calix[4]arene in 

order to synthesise other heterocyclic-containing calix[4]arenes.  This work was carried 

out with a particular emphasis on expanding the library of methylene bridge-substituted 

calix[4]arenes.  The synthesis and characterisation of these compounds are described. 

 

Chapter 4 presents work that was carried out by the candidate on placement at the 

University of Edinburgh in collaboration with the Lusby group.  In this section the 

pyridyl-substituted calix[4]arene synthesised in Chapter 3 was utilised in cage-forming 

reactions with a view to forming metal-organic assemblies.  The results of which are 

described in detail with supporting evidence in the form of Diffusion Ordered NMR 

Spectroscopy studies. 

 

Chapter 5 describes the post-synthetic modification of a [MnIII
2MnII

2] cluster through 

the addition of chelating co-ligands.  The results are that the ligated solvent molecules of 

the cluster have been displaced by various co-ligands, resulting in a new family of 

clusters.  X-ray diffraction studies were carried out on the resultant clusters in order to 

determine the stability of the crystalline material upon removal from the mother liquor. 

 

Chapter 6 presents a summary of the work described in this thesis and future work to be 

carried out in relation to this project. 
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Chapter 1 

Introduction 

 

 

1.1 History of Calixarenes 

 

Calixarenes are cyclic polyphenols formed through the base-induced condensation 

reaction of phenols with formaldehyde.  The phenol and formaldehyde reaction was first 

studied in 1872 by Adolph von Baeyer where he reported the product as a hard resin-like 

substance.1  However, he was unable to fully characterise this product and so the 

chemistry was left relatively unexplored until the 1900’s.  It was then that Leo Hendrik 

Baekeland began investigating the reaction of phenol and formaldehyde along with small 

amounts of base which gave the same resin-like material as obtained by Baeyer which he 

named Bakelite©, and from this began the start of the industrial production of synthetic 

plastics.2, 3 

Zinke and Ziegler then began investigating the reaction between para-substituted 

phenols and aqueous formaldehyde instead of phenol itself, as the latter can react at both 

the ortho- and para-positions which would result in cross-linking between the phenolic 

units.  By restricting the reactivity of the phenol, only the ortho-positions are available to 

react with formaldehyde which reduces the possibility of cross-linking leading to much 

more linear products.  Zinke et al. reacted various p-substituted phenols, e.g. p-methyl, 

p-tert-butyl, p-cyclohexyl etc. with formaldehyde in the presence of sodium hydroxide 

(NaOH).4  The compounds isolated from these one-pot base-catalysed condensation 

reactions were high melting insoluble materials, e.g. the reaction using p-tert-butylphenol 

resulted in a solid with a melting point of greater than 300 °C, and from this Zinke 

assumed that only one product was formed, the cyclic tetramer.4  Other researchers tried 

to rationalise the synthesis of the cyclic tetramer and one group who managed to do this 

were Hayes and Hunter.  They formed a cyclic tetramer through a stepwise synthesis with 

p-cresol, and found that it was a high melting point (>300 °C), crystalline material which 

gave further evidence that the compound Zinke and co-workers had synthesised was in 

fact the cyclic tetramer.5  However, Cornforth et al. discovered that the reactions carried 

out by Zinke actually resulted in the formation of two products with different melting 

points and then went on to postulate that perhaps the products obtained were 

conformational isomers of the cyclic tetramers.6  Examination of molecular models 
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indicated that the tetramers could adopt four different structures from which Cornforth 

assumed that they could not readily interconvert and therefore can exist independently of 

one another.  Kammerer et al. carried out dynamic nuclear magnetic resonance 

spectroscopy (NMR) studies which showed that these molecules could indeed 

interconvert even at room temperature.7 

 An important step in calixarene chemistry was made by Gutsche and co-workers 

who were interested in investigating the synthesis of compounds that mimicked the 

catalytic activity of enzymes.  At this time, there were few examples of macrocycles 

containing cavities that were readily-accessible through facile synthesis that could also 

be used for this purpose.  One of these examples is the cyclodextrins which are naturally 

occurring basket-shape like products that are required to be isolated by enzymatic 

treatment of starch.  Another example is the crown ethers which are annular in shape and 

can be synthesised in the laboratory.  However, they are more disc-like, and as such lack 

the cavity required for them to act as enzyme mimics.  The tetramers formed by Zinke 

and co-workers seemed to be ideal candidates as they were cyclic cavity-containing 

compounds that were readily synthesised, and it was from this that they began their 

investigation into the condensation products from the phenol-fomaldehyde reaction. 

 Work carried out by Gutsche and co-workers revealed that, although the Zinke 

procedure was the most reliable at the time, it was not the most reproducible as these 

reactions generally yielded mixtures of cyclic oligomers of varying sizes.  For example, 

this largely afforded the cyclic tetramer, hexamer and octamer, with small amounts of the 

pentamer and heptamer also being obtained.8  Following these studies they discovered 

that slight alterations in the reaction conditions, namely the choice of solvent, base and 

temperature employed, can greatly influence the final product obtained, and so they used 

this to maximise the yields of several of the condensation products from these reactions.9  

They found that the reaction is extremely base-sensitive, as any deviations from the ideal 

equivalents of NaOH can result in the yield tending to 0% when lower amounts of base 

are used, whilst higher concentrations give increasing amounts of hexamer over the 

tetramer.  They also investigated the base used for the reaction and found that varying 

this can also influence the calixarene that is formed,10 as the cyclic tetramer and / or the 

cyclic octamer is formed when NaOH is used, while the cyclic hexamer is primarily 

formed when potassium hydroxide (KOH) is employed.  This therefore suggests that the 

nature of the cation of the base influences the product formed from these reactions.  The 

reason for this may be due to the template effect of the cation during the reaction in which 

the polymer formed is broken down and the fragments are recombined to form the cyclic 
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products.  Another result from their study showed that the reactions are dependent on the 

temperature, and therefore the solvent, when the cation of the base is kept the same, as 

formation of the thermodynamic product (e.g. calix[4]arene, H4C[4]) can be favoured 

over the kinetic product (e.g. calix[8]arene, H8C[8]) and vice-versa.  It is largely due to 

Gutsche and co-workers that researchers now have optimised procedures for the synthesis 

of these macrocycles of varying sizes. 

The second general method of forming a calixarene is the lengthy multi-step 

process developed by Hayes and Hunter which involved the bromination of p-cresol to 

give 2-bromo-4-methylphenol.  This was followed by base-catalysed hydroxymethylation 

to add the methylene groups and then acid-catalysed arylation with additional p-cresol to 

add the aryl groups.  Repetition of these steps first produced the dimer, followed by the 

trimer and then finally the tetramer.  This tetramer was then cyclised to give the final 

target product.5  Through the use of new analytical techniques such as infrared 

spectroscopy (IR) and elemental analysis, they determined that the final product was 

indeed the cyclic tetramer which was ultimately used as proof that the compounds from 

Zinke and co-workers reactions that had been assigned as tetramers was at least feasibly 

possible. 

The nomenclature adopted over the years for these cyclic tetramers has changed 

considerably, and one system that was invented by Cram and Steinberg in 1951 means 

that these compounds can also be known as [1n]meta-cyclophanes.11  The term calixarene, 

however, was introduced by Gutsche in which calix is derived from the Greek word for 

chalice (as the cyclic tetramer resembled the shape of an ancient Greek vase) and arene 

which refers to the aromatic rings upon which these macrocycles are built.12  Initially, the 

Gutsche nomenclature was not accepted by IUPAC, but eventually it gained its official 

status and is now used to include any compounds with a general similarity to the phenol-

derived calixarenes.  As calixarene chemistry was further explored, it led to much more 

complex products being formed and this resulted in the requirement for a systematic 

nomenclature.  Normally these are written as calix[n]arenes where the [n] denotes the 

number of phenolic units that form the macrocycle, e.g. calix[4]arenes contain four 

phenyl units, calix[6]arenes six units and so on.  A systematic nomenclature has 

developed in which the term “calixarene” refers to only the basic structure of the 

macrocycle without any substituents and each of the atoms are numbered in order to be 

able to add the positions of any substituents.  For example, a calix[4]arene where each 

phenolic ring has a tert-butyl group in the para-position and hydroxyl groups at the lower-

rim is named 5,11,17,23-tetra-tert-butyl-calix[4]arene-25,26,27,28-tetrol (Figure 1.1).  
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This nomenclature system can lead to long and difficult to understand names, so they are 

commonly simplified to shorter forms.  The commonly adopted abbreviation is thus 

p-R-calix[n]arene where R is the group para to the phenolic hydroxyl group and n is as 

before.  The work presented in this thesis will focus solely on p-tert-butylcalix[4]arenes 

and its derivatives, and so, when not otherwise stated, the name will be shortened to 

H4TBC[4] (1, Figure 1.1) hereafter to represent the level of protonation of the macrocycle 

relative to the lower-rim hydroxyl groups.  The same nomenclature will be applied to any 

other ligands presented throughout this thesis. 

 

 

 

Figure 1.1.  Numbering scheme of 5,11,17,23-tetra-tert-butyl-calix[4]arene-25,26,27,28-

tetrol (H4TBC[4], 1). 

 

Calix[n]arenes can be split into two groups, the first of which are the “major” calixarenes 

where n = 4,6,8 and the second of which are the “minor” calixarenes where n = 5,7.  Both 

the “major” and “minor” calixarenes can be synthesised using a base-induced process, 

however the routes to the “minor” compounds are much more synthetically demanding 

and usually result in low yields.  The synthesis of calix[5]arene was first reported in 1982 

by Ninagawa et al. who carried out the base-catalysed reaction (potassium tert-butoxide) 

of p-tert-butylphenol with paraformaldehyde in tetralin.13  From this reaction, they were 

able to isolate calix[4,5 and 8]arenes.  The calix[4 and 8]arenes (1.9 and 0.9 g, 

respectively) were afforded as the major products, whilst calix[5]arene was isolated in a 
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much smaller yield (0.5g).  Nakamoto et al. also reported the synthesis of calix[7]arene 

in the same year using similar reaction conditions, however they used 1,4-dioxane and 

KOH in place of tetralin and potassium tert-butoxide.14  The reaction afforded 

calix[7]arene (12%) as the major product as well as side products of calix[6 and 8]arenes 

(2 and 5%, respectively).  Gutsche and co-workers were also able to isolate and 

characterise calix[9-20]arenes using acid-catalysed reaction conditions.15  From the work 

carried out by the Gutsche research group, optimised reaction conditions were found in 

order to synthesise these larger calixarenes in which the acid catalysed process led to 

higher yields of these particular cyclic oligomers compared to the base-catalysed reaction.  

The crude obtained from the acid-catalysed reaction contained a mixture of different 

calix[n]arenes which required separation via tedious and time-consuming methods such 

as fractional crystallisation and column chromatography. 

Calixarenes are said to adopt a vase-like shape due to the way in which they are 

normally orientated, with the para-substituents pointing up (exo) and the hydroxyl groups 

pointing down (endo).  The exo and endo faces are more commonly referred to as the 

upper-rim and the lower-rim, respectively (Figure 1.2). 

 

 

 

Figure 1.2.  Representation of the exo and endo faces of calix[4]arenes (where R = alkyl, 

halogen etc).   

 

As proposed by Cornforth et al., calix[4]arenes can adopt four different conformations.  

The most common is the cone conformation which gives the macrocycles their name as 

the para-substituents all point up whereas the hydroxyl groups point down.  These four 

possible conformations were named by Gutsche to be the cone, partial-cone, 1,2-alternate 

and 1,3-alternate as shown in Figure 1.3.  The names of these conformations are described 
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by a phenol group which is pointing (up or down) relative to the others and an average 

plane defined by the methylene bridges.  This therefore means that as the size of the 

calixarene increases the number of conformations that exist also increases (calix[6]arenes 

and calix[8]arenes have eight and sixteen conformations, respectively). 

 

 

 

Figure 1.3.  The four possible conformations of calix[4]arenes (where R = Me, Et, Pr). 

 

The cone conformation is favoured due to strong intramolecular hydrogen bonding 

between the hydroxyl groups located at the lower-rim of the calixarene.  However, at 

higher temperatures or in solution, they are conformationally mobile and all the 

conformers exist in equilibrium due to ring flipping of the phenolic units through the 

annulus of the calixarene.  Ring-flipping is also dependent on the size of the substituent 

at the lower-rim position. For example, it occurs at room temperature with small 

substituents such as –OMe, however, the tetra-ethers containing groups larger than 

n-propyl are conformationally inflexible even at elevated temperatures. 
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1.2 Upper and Lower-rim Functionalisation of Calixarenes 

 

Calixarenes are versatile ligands as they can be functionalised at various regions of the 

macrocyclic framework.  They have the ability to be functionalised at both the upper- and 

lower-rims to give an almost infinite number of derivatives, as well as at the methylene 

bridge position.  An extensive amount of research has gone into functionalisation at both 

the upper- and lower-rims, however there are far fewer examples in the literature that 

document methylene bridge substitution.  For brevity, only a few examples of upper- and 

lower-rim substitution shall be described in this work as the main focus is on methylene 

bridge functionalisation. 

 

 

1.2.1 Upper-rim Functionalisation 

 

The fragment condensation reaction was developed by Böhmer et al. and is well-adapted 

to synthesise calixarenes that are functionalised at the upper-rim.  They developed what 

is referred to as a “3+1” stepwise procedure in which they reacted a linear trimer with a 

2,5-bis-halomethyl phenol to give the final cyclic tetramer.  Functionality at the upper-rim 

can be introduced by reacting different p-substituted phenols.  However, these procedures 

take considerably longer than the one-pot method developed by Zinke and co-workers 

due the need for protection and deprotection.  As a result, most functionalisation at the 

upper-rim has focused on reactions that employ Zinke products as a starting point. 

The de-tert-butylated calix[4]arene (H4C[4] for short) has been shown to be an 

attractive starting material for the synthesis of various p-substituted calix[4]arenes and 

this has been synthesised by the aluminium chloride-catalysed de-tert-butylation reaction 

(Scheme 1.1).16 
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Scheme 1.1.  Synthetic scheme for the de-tert-butylation of H4TBC[4]. 

 

With the para-positions now available for further functionalisation, a wide variety of 

procedures have been developed to introduce a diverse range of functional groups at the 

upper-rim.  Halocalixarenes are useful synthetic intermediates for the synthesis of other 

p-substituted calix[4]arenes through cross coupling reactions.  One way to introduce a 

halogen at the upper-rim is through the bromination reaction of the tetramethyl ether of 

calix[4]arene with N-bromosuccinimide (NBS) to give the tetra-brominated derivative.17  

This compound can then be cross coupled with arylboronic acids in the presence of a Pd 

catalyst to afford other p-substituted calix[4]arenes.18 

An alternative method of functionalisation at the upper-rim was through the 

p-quinonemethide route which involves the reaction of H4C[4] with formaldehyde and a 

secondary amine to produce a Mannich base.  This is then treated with iodomethane to 

yield the quaternary salt which is then reacted with 2 equivalents of a nucleophile (1 

equivalent acts a base) to produce the para-substituted calix[4]arene derivative.19  

Another valuable intermediate can be produced through the p-Claisen 

rearrangement route.  The tetraallyl ether can be prepared through reaction of sodium 

hydride and allyl bromide in a DMF/THF mixture.  This was then thermally rearranged 

to the p-allylcalix[4]arene by heating a solution of the tetraallyl ether in dimethylaniline.  

The benzyl tosylate ether of this compound could then be used as an intermediate in the 

synthesis of more p-substituted calixarene derivatives such as the aldehyde, the alcohol, 

the bromide, the azide and the amine compounds.20 
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1.2.2 Lower-rim Functionalisation 

 

Functionalisation at the lower-rim can be carried out due to the presence of the phenolic 

hydroxyl groups and reactions at this position are often used as protecting steps.  

Calixarenes have been found to be much stronger acids as compared to their monomeric 

acyclic counterparts, however their poor solubility in solvents commonly used in photo- 

and potentio-metric titrations led to difficulty in determining accurate pKa values. Shinkai 

and workers synthesised “neutral”, water-soluble calix[4]arenes that had 

SO2N(CH2CH2OH)2 or NO2 groups in the para-positions and used these compounds in 

their pKa value determinations.  From their investigation they found that the first 

deprotonation of calixarenes occurs at an unusually low pKa (pKa1 1.8-2.9) with the pKa 

values increasing to around 10-14 for subsequent deprotonations.  This low pKa value 

suggests that the calix[4]arenes possess a relatively acidic proton that can be easily 

removed due to stabilisation of the mono-anion through strong hydrogen bonding to the 

–OH groups next to it.  The removal of subsequent protons is more difficult compared to 

the first and this is due to unfavourable electrostatic repulsions generated upon further 

deprotonation.21 

Given the ease in which a calixarene can be deprotonated, one of the simplest 

ways to functionalise the lower rim is to introduce an ether group through a Williamson-

ether reaction with an alkyl halide in the presence of a base.22, 23  The huge gap in pKa 

values between the first and second deprotonation suggests that the mono-alkylated 

product is favoured over the di-, tri- and tetra-alkylated species, and a strong base is 

required to isolate the latter.  Tetra-alkylation can be carried out in the presence of a base 

such as NaH with an excess of alkylating agent, surprisingly however, it can also be 

performed in the presence of a weaker base such as Cs2CO3 using longer reaction times.22  

Alkylation at the lower-rim has been studied extensively to the point that it is now 

possible to obtain the mono-, di-, tri- and tetraethers through both one-pot or multi-step 

reactions.24  Different alkyl functional groups can be introduced at the lower-rim through 

further reaction of the mono-ether with a disparate haloalkane. 

The esters of calixarenes are the earliest examples of substitution at the lower-rim.  

These derivatives are generally synthesised by reaction with acid halides and NaH,25 acid 

halides and AlCl3,26 or acid anhydrides and H2SO4
9 to give the tetra-substituted 

calixarene.  As with etherification, partial esterification can also occur if the reaction is 

carried out under milder reaction conditions with different solvents and base and smaller 

amounts of acylating agent.27  
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 Typically, reactions at the lower-rim are carried out as a protection step from 

reagents used in subsequent reactions, however it is possible to introduce functionality 

through reaction with an alkylating agent that has a second functional group attached to 

it.  The simplest examples of these agents are those containing C=C and C≡C 

functionality and the use of these reagents results in the synthesis of allyl-24 and 

propargyl-like28 calix[4]arene derivatives, respectively. 

 

 

1.3 Methylene Bridge-Substituted Calixarenes 

 

This thesis will mainly focus on the synthesis and characterisation of methylene 

bridge-substituted calix[4]arene derivatives, followed by the investigation into their metal 

cluster formation.  It is therefore worthwhile dedicating a section to this particular type 

of functionalisation.  As mentioned above, functionalisation at the methylene bridge 

position has been much less explored than that undertaken at the upper- and lower-rims, 

and significantly fewer papers published regarding mono-substitution at all four bridge 

positions.  Functionalisation at the methylene bridge position is of particular interest, as 

it allows one to tune the calix[n]arene framework, introducing features such as additional 

binding sites for metal ions in close proximity to the lower-rim or internal cavity. 

When the 1H NMR spectrum of H4TBC[4] is obtained it can be seen that the 

spectrum is rather simplistic as the aromatic protons, the t-butyl protons and the hydroxyl 

protons all appear as singlets, with the methylene bridge protons appearing as a pair of 

doublets.  Kammerer et al. discovered that this pair of doublets coalesced to a singlet at 

higher temperatures due to the conformational flexibility of the compound.7  The protons 

on the methylene bridge are in equatorial or axial positions, and so geminal coupling is 

observed, leading to the pair of doublets in the NMR spectrum.  Arduini et al. were able 

to assign each of the protons with the lower field doublet being the proton in the axial 

position that is closer to the hydroxyl groups and the higher field doublet as the equatorial 

proton closer to the aromatic rings; this was achieved through Nuclear Overhauser Effect 

experiments and pyridine-induced shift experiments.29 

Substitution at one or two methylene bridge positions has been achieved through 

various ways, such as the fragment condensation method,30 through a spirodienone 

route,31, 32 by a homologous anionic ortho-Fries rearrangement,33 and through alkylation 

of a mono-lithiated tetra-methoxycalix[4]arene as an intermediate.34 
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Scheme 1.2.  Synthetic scheme for the preparation of TBC[4]OMe derivatives substituted 

at one methylene bridge position through alkylation of the lithiated derivative. 

 

Scheme 1.2 shows the general reaction scheme for the alkylation of a lithiated 

calix[4]arene, in which R can be groups such as methyl, ethyl and benzyl.34  This is 

achieved through lithiation of tetra-methoxy-p-tert-butylcalix[4]arene (TBC[4]OMe) 

with n-butyllithium (n-BuLi) followed by the addition of electrophile, R.  The alkylation 

of a lithiated calix[4]arene is of interest as it a method by which it is possible to prepare 

a biscalixarene linked directly via the methylene bridge.  Fantini and co-workers reported 

the synthesis of 2,2′-biscalix[4]arene (H8BisTBC[4], Figure 1.4) using this procedure.35 
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Figure 1.4.  Schematic of 2,2′-biscalixarene isolated by Fantini et al.35 

 

Investigations into this chemistry were carried out by the Dalgarno group, and they were 

able to synthesise a series of biscalix[4]arenes with a variety of tethers such as alkyl 

chains36 and xylyl linkers.37  The coordination chemistry of these biscalix[4]arenes is 

discussed in Section 1.5. 

When a calix[4]arene is mono-substituted at all four methylene bridge positions 

with identical substituents, four isomers (rccc, rcct, rctt and rtct) can exist and these are 

shown in Figure 1.5.  These are configurational isomers and are determined by taking one 

of the substituents as a reference (r) with the other substituents being assigned as either 

cis (c) or trans (t) relative to the reference (e.g. rc etc).  When a calixarene adopts the 

cone conformation then the rccc isomer is the only one in which the substituents at the 

bridge are equatorial and positioned away from any steric hindrance. 
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Figure 1.5.  Representations of the isomers of calix[4]arenes that have been 

mono-substituted at each of the methylene bridge positions and assigned configuration. 

 

The preparation of calix[4]arene derivatives with all four methylene bridges 

functionalised is particularly challenging, but Biali and co-workers have pioneered this 

work and it is now possible to synthesise a relatively small number of calixarenes 

substituted at one or all of the bridge positions.  One of the first examples where all four 

bridge positions had been mono-substituted was reported by Gormar et al., the product in 

this case being a ketocalix[4]arene derivative isolated through CrO3 oxidation of the 

methylene groups which, upon further reaction, yielded the octahydroxy calix[4]arene 

derivative.38  Itzhak and Biali repeated the experimental procedure reported by Gormar 

and found that it did not yield the octahydroxy calix[4]arene derivative, but instead 

produced the derivative where the methylene bridge was substituted with methoxy groups 

and the phenolic hydroxyl groups were still intact.39  

Calix[4]arenes in which the methylene bridge has been functionalised with 

bromine atoms have been shown to be useful synthetic intermediates for the preparation 

of analogues in which all four bridges are mono-substituted, provided that the bromine 

atoms can be replaced with another group.  The first reported synthesis of the tetra-bromo 

calix[4]arene derivative was carried out by Klenke et al. in 1998 when they reacted the 

tetra-methoxy calix[4]arene derivative with an excess of NBS in carbon tetrachloride in 

the presence of azobisisobutyronitrile (AIBN).  AIBN has been added to the reaction 
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mixture to act as an initiator in this case.  A single crystal of the major product obtained 

from this reaction was found to adopt the cone conformation with the bromine groups 

located in equatorial positions.40  Kumar et al. then modified this procedure slightly to 

remove the need for AIBN, and instead carried the reaction out in the presence of light 

with a large excess of NBS (14 equivalents).41  Biali and co-workers repeated the 

photochemical bromination as decribed by Kumar et al. and found that the NMR of the 

crude product indicated the formation of a mixture of products. Upon recrystallisation 

from hexane they isolated a product that, on the basis of its 1H NMR spectrum, they 

characterised as a hexabromo derivative.  Following this, they carried out the same 

reaction using nearly stoichiometric equivalents (4-4.2 eq., Scheme 1.3) of NBS to 

attempt to prevent formation of the hexabromo derivative. 

 

 

 

Scheme 1.3.  Synthetic scheme for the tetra-bromination of TBC[4]OMe as reported by 

Biali and co-workers.42 

 

The compound obtained from this reaction had a very different 1H NMR spectrum as 

compared to that in the literature so the authors grew a single crystal from 

chloroform/hexane.  The structure obtained from the diffraction studies showed that the 

calix[4]arene derivative existed in the cone conformation, with the methylene bridge 

positions mono-substituted with bromine atoms which were located in the equatorial 

positions.42  It was thought that the literature 1H NMR spectrum reported by Kumar and 

co-workers was in fact that of a mixture of products, such as the tetra- and hexa-

substituted derivatives. 

Biali and co-workers thought that they could replace the bridge bromine atoms 

through lithiation followed by reaction with an electrophile, or through reaction with 

strong nucleophiles under SN2 conditions. However, preliminary experiments resulted in 

decomposition and so they decided to concentrate on solvolysis under SN1 conditions.  
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They then reacted the tetra-brominated derivative under solvolytic conditions to form new 

compounds with C-O, C-N and even C-C bonds at the four methylene bridges.  These 

compounds were formed through reaction in a mixture of a nucleophile and a solvent of 

high ionising power such as trifluoroethanol (TFE) or hexafluoroisopropanol (HFIP).  

The ionising solvent is generally present in a much larger concentration than the 

nucleophile and so ideally the ionising solvent would have a low nucleophilicity to ensure 

tetra-substitution by the nucleophile since there is a competition between the solvent and 

the nucleophile with the carbocation that is formed by dissociation of the C-Br bond 

(Scheme 1.4). 

 

 

 

Scheme 1.4.  Synthetic scheme for the solvolysis of the tetra-brominated C[4] derivative 

(where R = OMe, OEt, O-n-Pr, O-i-Pr, O-t-Bu or N3). 

 

Initially, they carried out a control reaction in TFE alone without the addition of a 

nucleophile and obtained the tetra-substituted product.  The next set of reactions were 

conducted in TFE and an alcohol which were successful in forming the tetra-alkoxy 

calix[4]arene derivatives.  They successfully carried out the reactions with methanol, 

ethanol, 1-propanol, 2-propanol and t-butanol with the major product being the rccc 

isomer.  C-N bonds are also readily formed at the bridge position and this is achieved 

through reaction of the tetra-bromo species with sodium azide yielding the tetra-azido 

calix[4]arene derivative.  Unlike the reactions with alcohols which formed the rccc isomer 

preferentially, the reaction with the azide formed a mixture of the rcct (major product), 

rctt and rccc isomers. 

One reaction of particular interest is where a new C-C bond is formed at the 

bridge.  This was achieved by reaction of the tetra-bromo derivative of C[4] with 

2-methylfuran under solvolytic Friedel-Crafts conditions as shown in Scheme 1.5.43  

These conditions were based on a report by Mayr and co-workers in which Friedel-Crafts 
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alkylations can be carried out in the absence of Lewis acid catalysts, if the nucleophilicity 

of the solvent is lower than that of the nucleophile.44  The authors formed the tetrakis(2-

methylfuranyl) calix[4]arene derivative using 1,2-butylene oxide as a HBr scavenger and 

in the absence of the epoxide a mixture of products are obtained which could not be 

separated. 

 

 

 

Scheme 1.5.  Synthetic scheme for the preparation of tetrakis(2-methylfuranyl) 

calix[4]arene derivative. 

 

A single crystal of the furanyl derivative was grown from chloroform/methanol and X-ray 

analysis showed that the calixarene adopts a pinched-cone conformation with the furan 

groups in the equatorial positions (rccc isomer).  The pinched-cone conformation is one 

in which the calixarene adopts a cone conformation where two phenyl rings opposite to 

one another are almost parallel while the other two are spread outward.  It is possible to 

see from inspection of the crystal structure that the furan groups are oriented in such a 

way that the O-atoms are pointing down towards the lower-rim (Figure 1.6). 
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Figure 1.6.  Single crystal structure of tetrakis(2-methylfuranyl) calix[4]arene shown in 

ball and stick representation.43  Colour code: C – grey; O – red.  H atoms are omitted for 

clarity. 

 

Biali and co-workers were able to repeat this reaction using TBC[4]OMe in place of 

C[4]OMe under the same reaction conditions as previously described.42  Interestingly, 

this is one of the only compounds that has been further functionalised by the same group, 

as furan groups are attractive for Diels-Alder reactions.  The tetra-furanyl TBC[4] 

derivative was reacted with benzyne which was followed by deoxygenation to give the 

corresponding arene derivatives. 

Given that the literature procedure reported by Gormar did not yield the 

octahydroxy calix[4]arene derivative when repeated by Biali and co-workers, another 

method of introducing hydroxyl groups at the methylene bridge was devised.  This was 

achieved through a two-step synthesis by solvolysis of the tetra-brominated derivative in 

acetic acid to afford the tetra-acetoxy compound which was then reduced to the 

tetra-hydroxy derivative by LiAlH4 (Scheme 1.6). 

 

 

 

Scheme 1.6.  Synthetic scheme for the tetra-acetylation at the bridge of tetra-methoxy 

TBC[4] and subsequent reduction of the acetoxy groups to hydroxyl groups. 
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Mono-substitution at all of the methylene bridge positions is not only limited to 

calix[4]arenes but also expands to substitution at the methylene bridge position of calix[5, 

6 or 8]arenes again through the brominated derivatives of these calixarenes.40, 41  From 

these brominated derivatives, Biali and co-workers were able to prepare derivatives that 

were again mono-substituted at all bridge positions45, 46 or compounds that possessed a 

single monofunctionalised methylene bridge.47 

 

 
1.4 Molecular Magnetism 

 

The main aim of the work in this thesis was to synthesise new mono-substituted 

calix[4]arene derivatives and subsequently isolate 3d, 4f or 3d-4f polymetallic clusters to 

test whether they exhibit any interesting magnetic properties for their use as Single 

Molecule Magnets (SMMs) or Magnetic Refrigerants (MRs).  It is therefore worth 

discussing this topic with particular detail into important literature examples of SMMs or 

MRs.  Magnetic materials play a prominent part in in our daily life and they can now be 

found in a wide range of applications such as medical equipment.  One of the most 

important uses of these materials is in information storage technology and the 

miniaturisation of such devices is what drives the search for new magnetic materials.   

Due to fluctuations in magnetisation, information cannot be stored permanently at room 

temperature below a certain size of magnet, typically between 10-100 nm.  However, 

smaller particles can be used as magnetic materials by working at lower temperatures or 

by taking advantage of quantum size effects, thus making nanomagnets appropriate 

candidates for quantum computers.  Molecules containing several transition metal ions 

have been shown to exhibit similar magnetic behaviour compared to nanoscale magnetic 

materials.  This has led to the study of these polynuclear metal clusters which display 

superparamagnetic-like properties and these materials have collectively become known 

as single molecule magnets, or SMMs for short.48 

SMMs are complexes that are able to retain their magnetisation in the absence of 

an applied magnetic field.49  This means that the relaxation of magnetisation of these 

complexes occurs over long periods of time.  It was discovered that molecules that possess 

an isolated high spin ground state with strong easy type axis magnetic anisotropy can 

behave as SMMs.  The easy axis is the preferential direction of magnetisation.50  This 

results in the formation of a potential energy barrier, which leads to magnetic bi-stability 

where the magnetisation exists in one of two potential wells, and this barrier must be 



19 
 

overcome in order to reverse the direction of magnetisation.51  In transition metal SMMs, 

the potential energy barrier can be expressed as Ueff = |D|S2 for integer spins and 

Ueff = |D|(S2-0.25) for non-integer spins, where D is the axial zero-field splitting 

parameter and S is the spin ground state.  Therefore it is desirable to prepare new SMMs 

with large S values and large and negative D values to make the energy barrier as large 

as possible.49 

 The study of polynuclear clusters as magnetic materials was first reported by 

Bencini et al. when they synthesised two complexes in which a gadolinium(III) ion is 

bound to tetradentate copper salicylaldiminates.  The results after testing the magnetic 

properties of these clusters are that the GdIII and CuII ions interact feromagnetically 

through a superexchange interaction mediated by the bridging oxygen ligands.52  The first 

SMM in the literature contains a [MnIV
4MnIII

8] metal core (Figure 1.7) and was reported 

by Sessoli and co-workers in 1993.53, 54  Using the published procedure by Lis,55 they 

synthesised the complex with formula [Mn12O12(OOCCH3)16(H2O)4]·2AcOH·4H2O 

which they found had a spin ground state of S = 10 through variable-field magnetisation 

and high-frequency electron paramagnetic resonance (HFEPR).   

 

 

 

Figure 1.7.  Partial single crystal X-ray structure showing the [MnIV
4MnIII

8O12] core 

shown in ball and stick representation.  Colour code: O – red; Mn – purple.  Acetic acid 

and water of crystallisation and ligated acetate and water are omitted for clarity. 

 

The large spin ground state is a result of antiferromagnetic interactions between the “spin-

down” MnIV (S = 3/2) and “spin-up” MnIII (S = 2) ions.56  The presence of an axial zero-

field splitting results in the splitting of the S = 10 states into 21 different levels, with each 
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level characterised by an energy and a spin quantum number, ms, where –S ≤ ms ≤ S.  This 

Mn12 cluster has an axial zero-field splitting parameter D which is negative meaning that 

the states with large ms are lowest in energy.  The negative value of D leads to a potential 

energy barrier between the “spin-up” (ms = -10) and “spin-down” (ms = 10) orientations 

of the magnetic moment of each molecule with the ms = ±10 levels being the lowest in 

energy.  Therefore, in order to flip the moment from one orientation to the opposite 

orientation via the perpendicular ms = 0 state then energy is required for this to occur due 

to the potential energy barrier.  If this energy barrier is large, then the spin of the SMM 

can be magnetised in one direction with an exponential dependency on the height of the 

energy barrier for the magnetisation to reorient.  The magnitude of the barrier is one way 

to compare the success of different SMMS as generally the larger the barrier, the more 

prominent the SMM properties are at higher temperatures.  The size of the barrier was 

calculated to be around 70 K for the Mn12 cluster and due to this barrier, after 

magnetisation at 2 K and subsequent removal of the field, the relaxation of the 

magnetisation is so slow that after two months around 40% of magnetisation is still 

retained.  The same measurements were carried out at 1.5 K and it was found that the 

relaxation was so slow it couldn’t be measured.  These results show that slow relaxation 

is due to individual molecules rather than long-range ordering as observed in bulk 

nanomagnets.  When a magnetic field is applied to the Mn12 cluster all the spins will align 

with this field and this is the point where magnetic saturation is reached.  If the external 

field is removed the magnetisation of the material is blocked by the presence of the energy 

barrier meaning that the spins cannot reorient and so some magnetisation of the cluster 

remains making it useful as a magnetic memory device.  If a negative field is applied to 

this material then the height of the energy barrier is reduced and the spins can be 

magnetised in the opposite direction.  A hysteresis loop is therefore observed in a plot of 

magnetisation (M) vs magnetic field (H) and these can vary between different magnetic 

materials. 

As discussed previously, SMMs should have large S values and negative D values 

in order to maximise the height of the potential energy barrier and minimise relaxation.  

However, relaxation of the magnetisation of a nano-sized particle can also occur through 

macroscopic quantum tunnelling (MQT).  It is rare for macrocycles to display MQT 

behaviour as these systems are generally large enough that they behave in a classical 

manner for the time they are observed.  MQT of the magnetisation of the MnIV
4MnIII

8 

cluster has been observed as the hysteresis loops of this cluster are not smooth as “steps” 

can be seen at regular intervals that correspond to an increase in the magnetisation rate 
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when there are spin state energies of similar values on opposite sides of the potential 

energy well.  At these critical field values, quantum tunnelling is allowed and therefore 

the relaxation rate from one spin state to another is enhanced.57 

Another important application of molecular nanomagnets is in the field of 

magnetic refrigeration in low temperature regions.  A refrigeration system using magnets 

for a cooling effect is of interest as this means of cooling has greener advantages over 

traditional techniques that use vapour / gas compression.  Cryocoolers capable of reaching 

temperature ranges of 1.8-20 K are of particular interest, not just for everyday 

applications, but for more advanced applications such as H2 and He liquefiers, 

superconducting magnets and medical instrumentation, etc.58  Normally these devices are 

cooled by liquid He which can generally reach around 1.8 K.  However, the use of liquid 

He is not convenient as it is a difficult procedure to replace the liquid He that has been 

lost through evaporation, and also it is not economical due to the loss of expensive liquid 

He.  Examples of low temperature (2-20 K) paramagnetic garnets that have been used as 

refrigerants are Gd3Ga5O12 garnet (GGG) and Dy3Al5O12 garnet (DAG).59  Magnetic 

refrigeration is based on compounds displaying an enhanced magnetocaloric effect 

(MCE) at low temperatures.  The MCE is the heating or cooling of a material due to 

variation of a magnetic field.60  This is due to the coupling of the magnetic moment of a 

system to its temperature, through entropy changes of the material which result from 

varying the magnetic field.  As entropy is a measure of disorder, the magnetic entropy of 

a material is related to the ordering of the magnetic moments of these materials.  In these 

magnetic materials, the alignment of randomly oriented magnetic moments due to the 

application of a magnetic field (decreased entropy) results in the temperature of the 

material increasing, and if the applied magnetic field is then removed, the ordering is 

decreased (magnetic entropy increases) and the temperature of the material is decreased 

to balance the entropy increase.61  It is this concept that scientists are hoping to exploit in 

their search for low temperature magnetic refrigerants. 

The first magnetic materials investigated for the MCE effect were the 

[MnIV
4MnIII

8] cluster as previously described for its SMM properties53 and the [Fe8] 

cluster.62  Both these clusters have S = 10 and slow magnetisation relaxation times which 

make them suitable candidates for SMMs, but poor magnetic refrigerants (MRs).  Some 

examples of clusters that display a large MCE with high spin ground states are the [Fe14] 

cluster with S = 25,63 the [Mn10] supertetrahedron with S = 22,64 and the [Mn14] planar 

disk with S = 7 and the large MCE of these clusters is caused by the large spin ground 

state. 
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1.5 Calixarene-Supported Polynuclear Metal Clusters 

 

Methylene-bridged calix[4]arenes possess a polyphenolic pocket at the lower-rim which 

is an attractive feature for metal complexation.  In the cone conformation the metal cations 

can bind either in an exo or endo fashion shown in Figure 1.8.  

 

 

 

Figure 1.8.  Representations of A) endo-H2C[4] metal ion binding and B) exo-C[4] metal 

ion binding at the lower-rim position. 

 

In the exo case the metal ion only interacts with the lower-rim phenolic oxygens and 

resides outside the calixarene cavity, whereas in the endo case the metal ion resides in the 

cavity and can interact with the phenolic oxygens as well as the π-faces of the aromatic 

groups.  There are few metal cations that are large enough to participate in multiple 

cation-π-arene interactions in the aromatic cavity of the calixarene and so this makes endo 

metal coordination less favourable over exo coordination, particularly when there are 

alternative methods of coordination available through solvent interactions and / or 

O-phenolate complexation.  Generally, the alkali and alkaline earth metals have a greater 

tendency to bind in an endo fashion to the phenolic oxygen atoms and also to the aromatic 

rings through cation-π interactions.65  

The first transition metal complexes utilising calixarenes as ligands were reported 

by Power et al. in 1985 where they reacted metal amides with H4TBC[4] to obtain TiIV, 

FeIII and CoII complexes.66  However, the first high-nuclearity calix[4]arene-based 

transition metal cluster was reported in 2008 by Luneau and co-workers.67  They reacted 

H4TBC[4] with VOSO4 under anaerobic and solvothermal conditions in the presence of  

different bases to give compounds that all contained a mixed valence VIIIVIV
5O19 core 

(Figure 1.9).  The series of compounds are of the general formula 

[cat][V6O6(OCH3)8(TBC[4])(CH3OH)] where cat is the conjugate acid of the base (e.g. 

A) B) 
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NH4
+).  This was the first polyoxovanadate cluster with a Lindqvist-type structure and 

magnetic studies showed that the interaction between the VIII
 and VIV

 metal centres was 

weakly ferromagnetic whereas the interaction between VIV
 metal centres was 

antiferromagnetic. 

 

 

 

Figure 1.9.  Single crystal X-ray structure of the polyoxovanadate cluster shown in ball 

and stick representation.67  Colour code: C – grey; O – red; V – purple.  H atoms, tBu 

groups, cations and ligated methanol and methoxide molecules are omitted for clarity. 

 

Initial work carried out by Dalgarno and co-workers led to the synthesis of the first 

manganese cluster and the first SMM using a methylene-bridged calix[4]arene as a ligand.  

The cluster was of the formula [MnIII
2MnII

2(μ3-OH)2(TBC[4])2(DMF)6] (I) in which the 

metallic core is in a planar diamond or butterfly-like shape with the wing-tip manganese 

ions in the +3 oxidation state and the body manganese ions in the +2 oxidation state.68  

This is a common structure type in manganese SMM chemistry, however the oxidation 

state distribution of compound I is the reverse of what is generally observed with other 

ligands.69  The body MnII ions are a distorted octahedral geometry.  The wing-tip MnIII
 

ions are also in a distorted octahedron with a Jahn-Teller axis.  
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Figure 1.10.  Single crystal X-ray structure of I showing formation of the mixed-valence 

[MnIII
2MnII

2] core that is supported by two tetra-anions of 1 shown in ball and stick 

representation.68  Colour code: C – grey; O – red; Mn – purple.  H atoms, tBu groups and 

ligated DMF molecules are omitted for clarity. 

 

The magnetic properties of compound I were studied and it was found that the cluster 

displayed dominant but weak intramolecular ferromagnetic exchange.  The spin ground 

state of the cluster is S = 7 which has several excited states with very little energy 

difference between them, thus defining a quasi-continuum of states.  The magnetisation 

vs field experiments carried out in the ranges 0.5-7.0 T and 2-7 K showed that M increases 

slowly with H and does not reach saturation as quickly as it would for an isolated spin 

ground state.  Hysteresis loop measurements carried out on single crystals of I confirm 

SMM behaviour.  The loops indicate a well isolated SMM, with no intercluster 

interactions, even one in which there are many excited states mixed with the ground state.  

The formation of the [MnIII
2MnII

2] cluster core was further investigated by Taylor et al. 

through a number of solvent systems in the presence of an appropriate base (and in some 

cases co-ligand).  From this resulted a family of calix[4]arene-supported [MnIII
2MnII

2] 

clusters with different solvent composition around the cluster periphery.70 

Another cluster type was isolated through the reaction of H4TBC[4] with CuII salts 

to yield calixarene-supported enneanuclear CuII clusters of formula 
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[CuII
9(TBC[4])3(μ3-OH)3(NO3)2(DMSO)6][NO3]·6DMSO·MeOH (II) shown in Figure 

1.11.71 

 

 

 

Figure 1.11.  Single crystal X-ray structure of II showing the [CuII
9(TBC[4])3(μ3-OH)3] 

core shown in ball and stick representation.  Colour code: C – grey; O – red; Cu – purple.  

DMSO and methanol of crystallisation, tBu groups, H atoms, nitrate anions and ligated 

solvent molecules are omitted for clarity. 

 

The metallic core has been described as a tri-capped trigonal prism (Figure 1.11), which 

has three hydroxides positioned in the core that bridge CuII ions located at the vertices of 

the prism.  The CuII ions that cap each of the rectangular faces of the prism are themselves 

capped by a TBC[4] moiety.  The magnetic properties of this complex were explored and 

the measurements suggested relatively strong antiferromagnetic exchange between the 

CuII ions.  The cluster has a spin ground state of S = 3/2 which was confirmed by 

magnetisation measurements carried out at various magnetic fields.  The spin ground state 

can then be rationalised as the CuII ions of the trigonal prism being “spin-up” and the 

face-capping CuII ions being “spin-down”. 

The group then went on to synthesise a series of calixarene-supported LnIII
6 

clusters (in which Ln = Gd, Tb or Dy, III).72  The structure of these clusters differ 

significantly from those formed with TMs, as the LnIII ions are arranged at the vertices of 

an octahedron with formula [LnIII
6(TBC[4])2(μ4-O)2(μ-OH)3.32(μ-Cl)0.68(HCO)2(DMF)8] 
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(Figure 1.12).  There are integer values for the bridging OH- and Cl- ligands due to 

disorder. 

 

 

 

Figure 1.12.  Single crystal X-ray structure of III showing LnIII
6 octahedra and disordered 

Cl-/OH- shown in ball and stick representation.  Colour code: C – grey; O – red; Ln – 

green; Cl – dark green.  H atoms, tBu groups and ligated solvent molecules are omitted 

for clarity. 

 

The fully deprotonated TBC[4] ligands coordinate one LnIII ion each within their 

lower-rim tetra-phenolic pocket.  The remaining four LnIII ions form the central metal 

square of the octahedron.  The magnetic properties of this compound were investigated, 

through direct current (dc) magnetic susceptibility measurements, and these were 

indicative of weak antiferromagnetic exchange.  

Research in the same group then moved on to the synthesis of the first calixarene-

based mixed 3d-4f metal clusters by reacting H4C[4] with a manganese salt and a 

gadolinium salt to give the polymetallic cluster with formula 

[MnIII
4GdIII

4(OH)4(C[4])4(NO3)2(DMF)6(H2O)6][OH]2 (IV).73, 74  The cluster crystallised 

as purple blocks and is described as comprising of a near-planar octametallic core having 

a square of GdIII ions contained within a square of MnIII ions (Figure 1.13).  The MnIII 

ions are found to be in Jahn-Teller distorted octahedral geometries and an important 

feature of the cluster is that the MnIIIC[4] motif found in I is preserved even in this mixed-
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metal cluster.  Magnetic studies of the complex showed that there was ferromagnetic 

exchange between the metal centres which resulted in a S = 22 spin ground state.  The 

magnetisation vs field data shows that M only increases slowly with increasing H, rather 

than quickly reaching saturation as expected for an isolated spin state.  The data suggests 

that the population of low-lying levels are only being depopulated at high applied 

magnetic fields.  This result, along with the high magnetic isotropy, suggests that the 

complex is a suitable candidate for use as a magnetic refrigerant for low-temperature 

applications. 

 

 

 

Figure 1.13.  Single crystal X-ray structure of IV showing the [MnIII
4GdIII

4] core that is 

supported by four tetra-anions of C[4] shown in ball and stick representation.73  Colour 

code: C – grey; O – red; Mn – purple; Gd – green.  Hydroxide anions, H atoms and ligated 

solvent molecules are omitted for clarity. 

 

The group then went onto investigate whether it was possible to replace / interchange the 

MnII ions in I with other metal ions while maintaining the structural integrity of the 

complex.  From this, the family of calixarene-supported metal clusters was expanded to 

include the [MnIII
2MnIILnIII(TBC[4])2(μ3-OH)2(NO3)(dmso)6] (V) and 

[MnIII
2LnIII

2(TBC[4])2(μ3-OH)2(dmso)8] (VI) complexes shown in Figure 1.14.75  In 

order to isolate this family of clusters fine-tuning of the reaction conditions was required 

(e.g. metal salt, stoichiometry and solvent). 
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Figure 1.14.  Single crystal X-ray structures comparing A) [MnIII
2MnII

2] core of I, B) 

[MnIII
2MnIILnIII] core of V and C) [MnIIIMnIILnIII

2] core of VI shown in ball and stick 

representation.75  Colour code: C – grey; O – red; Mn – purple; Ln – green.  Solvent of 

crystallisation, tBu groups, H atoms and ligated solvent molecules are omitted for clarity. 

 

Inspection of the crystal structures in Figure 1.14 shows that it is possible to 

replace / interchange either one or both of the MnII ions in I with LnIII cations.  Comparing 

the single crystal X-ray structures of I and V it can be seen that a larger, more highly 

coordinated LnIII ion in place of MnII results in structural changes, albeit small, as it skews 

the relative orientations of the TBC[4] ligands causing distortion of the co-planarity of 

the TBC[4] moieties observed in I (Figure 1.14B).  The co-planarity is then restored after 

the interchange of the second MnII ion with another LnIII ion in VI (Figure 1.14C).  The 

magnetic properties of these clusters were investigated over the temperature range of 5-

300 K.  The results from this study are that there is both ferro- and antiferromagnetic 

interactions observed in the clusters with these interactions becoming weaker as the MnII 

ions are replaced.  It was found that the MnIII-MnII interaction is ferromagnetic and the 

MnII-MnII interaction is antiferromagnetic.  Comparison of the three clusters shows that 

moving from I to V to VI, two and four relatively strong ferromagnetic interactions 

(MnIII-MnII) are replaced with two (V) and four (VI) very weak antiferromagnetic 

interactions that are at least an order of magnitude smaller.  The antiferromagnetic MnII-

MnII interactions have also been replaced with even weaker antiferromagnetic 

interactions between MnII-GdIII and GdIII-GdIII. 

C) B) A) 
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Another cluster motif was reported by Taylor and co-workers in which they 

isolated a dimer of [MnIIIMnII] clusters through the addition of a co-ligand, 

phenylphosphinate.76  They were able to synthesis this using the same reaction conditions 

used to form I but with the addition of sodium phenylphosphinate to give the cluster with 

formula [MnIIIMnII(TBC[4])2(μ3-O2P(H)Ph)(DMF)2(MeOH)2]2 (VII).  The cluster has 

been described as an elongated version of I as it consists of two [MnIIIMnII] moieties 

linked together by two bridging phosphinate ligands in which the two μ3-bridging 

hydroxyl groups of I have been replaced by two much larger μ3-bridging phosphinates 

(Figure 1.15).  Again, the MnIII ions are bound in the C[4] cavity. 

 

 

 

Figure 1.15.  Single crystal X-ray structure of VII showing the bridging nature of the 

phenylphosphinate ligands shown in ball and stick representation.76  Colour code: C – 

grey; O – red; Mn – purple; P – pink.  H atoms, tBu groups and ligated DMF and MeOH 

molecules are omitted for clarity. 

 

This research group has also investigated the coordination properties of 2,2′-biscalixarene 

(H8BisTBC[4]) under analogous conditions used previously to synthesise the 

[MnIII
2MnII

2] cluster and from this a cluster of formula [MnIII
4MnII

4(BisTBC[4])2(μ3-

OH)2(μ-OH)(μ-Cl)(H2O)(MeOH)(DMF)4]·2H2O·12CH3CN (VIII, Figure 1.16)  was 

obtained.77 
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Figure 1.16.  Single crystal X-ray structure of VIII shown in ball and stick 

representation.77  Colour code: C – grey; O – red; Mn – purple.  Water and acetonitrile of 

crystallisation, tBu groups, H atoms and ligated water, DMF and MeOH molecules are 

omitted for clarity. 

 

The cluster isolated contains a mixed valence [MnIII
4MnII

4] core that is similar to the 

[MnIII
2MnII

2] cluster in I previously isolated in this group.  The four MnIII ions reside 

within the polyphenolic pocket at the lower-rim of the BisTBC[4] moieties, whereas the 

MnII ions reside outside the cavity in the binding pocket of the BisTBC[4].  The magnetic 

properties of VIII were investigated through dc magnetic susceptibility studies in the 

temperature range of 5-300 K.  The results of this are expressed in the form of χT 

products, where χ = M/B, M is the magnetisation, B is the applied magnetic field and T is 

the temperature.  At 300 K the experimental χT value was lower than the expected χT 

value.  A decrease in temperature resulted in the χT product remaining essentially 

constant until approximately 150 K, after which the value decreases rapidly.  These 

studies showed that the ground spin-state of VIII is a singlet, i.e. (S = 0) with several 

excited spin-states with energies close to that of the ground state. 

Another cluster was isolated from the reaction of H8BisTBC[4] with copper(II) 

nitrate hydrate in a basic medium of DMF/MeOH which was found to be of formula 

[CuII
13(BisTBC[4])2(NO3)(μ-OH)8(DMF)7][OH]·14CH3CN (IX).77  Structure analysis 

showed a CuII
13 cluster supported by two tetra-anions of H8BisTBC[4] moieties.  The 

polyphenolic pockets of the BisTBC[4] units contain CuII ions and the additional binding 
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sites are also occupied by CuII ions.  The CuII
4BisTBC[4] moieties are linked through four 

additional CuII ions and is thus described as a tetra-capped square prism.  The remaining 

CuII ion resides in the centre of the prism and is distorted over several positions, however 

only one position is shown in Figure 1.17. 

 

 

 

Figure 1.17.  Single crystal X-ray structure of IX shown in ball and stick representation.77  

Colour code: C – grey; O – red; Cu – purple.  Acetonitrile of crystallisation, hydroxide 

anion, tBu groups, H atoms and ligated nitrate and DMF molecules are omitted for clarity. 

 

Again, the magnetic properties of IX were studied and it was found that at 300 K, the χT 

value is significantly lower than the expected value and this is indicative of strong 

antiferromagnetic interactions.  Upon cooling the sample, the χT value decreases until it 

plateaus around 25 K and then reaches a minimum at 5 K.  The ground spin-state was 

calculated to be a doubly degenerate S = 1/2 state, with the first excited state being a 

doubly degenerate S = 1/2 state lying higher in energy than the ground state. 

Reaction of H8BisTBC[4] with a mixture of manganese(II) chloride and 

gadolinium(III) chloride in a 1:1 DMF/MeOH mixture in the presence of base afforded 

single crystals of formula [MnIII
4MnII

2GdIII
2(BisTBC[4])2(Cl)2(μ3-

OH)4(MeOH)2(DMF)8]·5Et2O·DMF (X).77  Structure analysis shows that each TBC[4] 

fragment contains a MnIII ion within the cavity and again additional binding pockets are 
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created similar to VIII, however one of the MnII ions of VIII has been replaced with a 

GdIII ion (Figure 1.18). 

 

 

 

Figure 1.18.  Single crystal X-ray structure of X shown in ball and stick representation.77  

Colour code: C – grey; O – red; Mn – purple; Gd – green.  Diethyl ether and DMF of 

crystallisation, tBu groups, H atoms and ligated methanol and DMF molecules are omitted 

for clarity. 

 

The magnetic properties of X were investigated and the χT value, at 300 K, was found to 

be slightly higher than the expected value.  As the temperature is decreased the χT product 

remains constant until 150 K where the value increases reaching a maximum value at 5 K.  

The ground spin-state was found to be S = 9, with numerous excited states close in energy. 

Further cluster-forming properties of H8BisTBC[4] were explored by Coletta et 

al.78-80 as well as the coordination properties of alkyl-tethered biscalix[4]arenes (octane 

(XI), nonane (XII) and decane (XIII)) again using 3d and 4f metals.  Use of the 

alkyl-tethered biscalix[4]arenes showed that the standard [MnIII
2MnII

2] clusters formed as 

well as the [MnIII
4LnIII

4] (XIV) as previously described in this chapter (Figure 1.19).36 
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Figure 1.19.  Single crystal structures of A) XI, B) XII and C) XIII showing the 

commonly adopted [MnIII
2MnII

2] metal core and the single crystal structure of D) XIV 

showing the [MnIII
4LnIII

4] metal core in ball and stick representation.  Colour code: C – 

grey; O – red; Mn – purple and Ln – green.  Water, DMF and MeOH of crystallisation, 
tBu groups, H atoms and ligated water and DMF molecules are omitted for clarity. 

 
  

C) 

A) B) 

D) 



34 
 

From the exploratory cluster-forming studies with C[4]s as described so far, it was 

possible to observe constant structural trends, coordination preferences and common 

cluster motifs, and to establish the following empirical metal ion binding rules as follows: 

 

1. TM cations are always bound within the polyphenolic pocket of C[4]s. 

2. C[4]s will bind TM cations preferentially over Ln cations. 

3. LnIII cations are bound within the polyphenolic pockets of C[4]s in the absence of 

TM cations. 

 

The coordination chemistry of the sulfur-bridged analogues of calixarenes 

(thiacalixarenes and their sulfinyl and sulfonyl derivatives) is different to that of 

methylene bridged calixarenes.  This is due to the bridging atoms in these frameworks 

taking part in coordination, thereby producing structures that differ markedly from the 

clusters formed using methylene-bridged calixarenes.  Methylene-bridged calix[4]arenes 

can coordinate to one metal cation at the lower-rim in an exo fashion, whereas the sulfur 

analogues possess heteroatoms or heteroatom containing groups at the bridge positions 

that act as additional donor atoms / binding sites resulting in the formation of polymetallic 

clusters (Figure 1.20). 

 

 

 

Figure 1.20.  A) Metal binding motif and B) Schematic top-view of the metal binding 

modes of thiacalix[4]arenes and their sulfinyl and sulfonyl derivatives. 

 

Examples of polymetallic clusters formed with thiacalix[4]arene and its sulfinyl 

derivatives are shown in Figure 1.21, as isolated by Luneau et al.81  Inspection of Figure 
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1.21 shows metal coordination at the functional groups presented at the bridge positions.  

Therefore, it was hoped that a similar type of behaviour could be invoked in methylene 

bridge-substituted C[4]s through the addition of extra donor atoms (e.g. via the 

introduction of substituents at this position in the C[4] framework). 

 

 

Figure 1.21.  Single crystal structures of A) a thiacalix[4]arene-supported Mn4 cluster 

showing coordination to the bridge S atoms as well as the lower-rim O atoms81 and B) a 

sulfinylcalix[4]arene-supported Mn4 cluster showing coordination to the O atoms of the 

sulfinyl bridge groups as well as the lower-rim O atoms in ball and stick representation.81  

Colour code: C – grey; O – red; S – yellow; Mn – purple.  Solvent of crystallisation, tBu 

groups, H atoms and ligated solvent molecules have been omitted for clarity. 

 

 

  

B) A) 
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1.6 Aims 

 

There are relatively few examples of mono-substitution at all four methylene bridge 

positions of a calix[4]arene.  Therefore, the main aims of this thesis were to investigate 

methylene bridge-substituted C[4]s and their metal cluster formation properties in the 

hope that the additional functional groups at the bridge positions will introduce new 

binding sites altering cluster formation.  The first aim was to synthesise a known 

bridge-substituted C[4] and to investigate its coordination chemistry, the goal being to 

influence the formation of new polymetallic clusters.  The second aim was to further 

derivatise a reported methylene bridge-substituted C[4] to prepare novel compounds, 

therefore expanding the library of bridge-substituted C[4]s.  The third aim involved the 

study of a pyridyl-substituted C[4] by testing its metal-organic cage formation properties.  

Finally, the last aim of the project was to investigate the post-synthetic modification of 

the [MnIII
2MnII

2] cluster motif through the addition of chelating co-ligands and to 

subsequently measure and establish structure activity relationships of the new clusters 

formed. 
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Chapter 2 

Synthesis of a Methylene Bridge-Substituted Calix[4]arene 

and its Use in Polynuclear Metal Cluster Formation 

 

 

2.1 Introduction 

 

The work in this chapter covers the synthesis of a calix[4]arene that has been 

mono-substituted at the methylene bridge position and its subsequent coordination 

properties in the hope that the introduction of additional metal binding sites will influence 

the clusters formed.  A search of the literature shows that there are relatively few 

examples of calix[4]arenes that are mono-substituted at all four methylene bridge 

positions suggesting that these are difficult compounds to synthesise.  However, one 

suitable candidate that can be readily synthesised with all substituted groups equatorial 

was found to be 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(2-methylfuranyl)-

25,26,27,28-tetramethoxycalix[4]arene (4) reported by Biali and co-workers1 and so this 

was taken as the starting point for this section of the work.  Compound 4 was synthesised 

following literature procedures by lower-rim alkylation (to afford the tetra-methoxy 

TBC[4] derivative (2)), monobromination at all four bridge positions and subsequent 

reaction with 2-methylfuran in the presence of 1,2-butylene oxide to afford compound 4 

and the coordination properties of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(2-

methylfuranyl)-25,26,27,28-tetrahydroxycalix[4]arene (H45) are described below.  A 

general description of the method employed to synthesise 3d and 4f clusters is provided, 

as well as the crystallisation methods used to isolate single crystals that were suitable for 

X-ray diffraction studies.  The crystal structures of any metal clusters obtained from this 

work are described in detail and these are compared to clusters previously isolated in this 

research group. 
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2.2 Furan Derivatisation at the Methylene Bridge of Calix[4]arenes 

 

The synthesis of a calix[4]arene, C[4]. that has been mono-substituted at all four 

methylene bridge positions was carried out according to literature procedures in the work 

of Gutsche and co-workers.2  The first synthetic step involved the preparation of p-tert-

butylcalix[4]arene (H4TBC[4], 1) following the modified procedure by Gutsche et al. 

which involved the base-induced condensation reaction between p-tert-butylphenol and 

formaldehyde solution (Scheme 2.1).2  During the reaction a thick yellow mass forms, 

which is called the precursor, and this is the product formed from the condensation 

reaction between the phenol and formaldehyde.  This precursor was then suspended in 

toluene and diphenyl ether, followed by reflux at 260 °C for 4 hours.  The solid formed 

from this step was then filtered and washed with ethyl acetate to afford 1 as a crystalline 

white solid. 

 

 

 

Scheme 2.1.  Synthetic scheme for the synthesis of p-tert-butylcalix[4]arene (1). 

 

Due to the acidity of the phenolic hydroxyl protons,3 the lower-rim requires protection in 

order to restrict hydroxyl reactivity towards other reagents.  This was achieved through 

tetra-alkylation of 1 to yield the corresponding tetra-ether.  As described in Chapter 1, the 

lower-rim of C[4]s can be reacted with haloalkanes of various lengths, but this can 

drastically change the conformation that the C[4] adopts.  The alkylating agent used here 

was methyl iodide, offering simple methyl protection at the lower-rim.  The reaction was 

carried out by addition of sodium hydride (to deprotonate the lower-rim hydroxyl groups) 

followed by methyl iodide which acts as an electrophile to afford 5,11,17,23-tetra-tert-

butyl-25,26,27,28-tetramethoxycalix[4]arene (2) as shown in Scheme 2.2. 
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Scheme 2.2.  Synthetic scheme for the preparation of 5,11,17,23-tetra-tert-butyl-

25,26,27,28-tetramethoxycalix[4]arene (2). 

 

The 1H NMR spectrum obtained from this reaction shows loss of the hydroxyl group 

which appears at 10.35 ppm in the starting material 1, indicating that the reaction has 

gone to completion.  Interestingly, the 1H NMR spectrum shows peak broadening which 

suggests that the calixarene no longer exists in the cone conformation.  The consequence 

of lower-rim alkylation to form 2 means that the hydrogen bonding which is responsible 

for stabilising the cone conformation is disrupted resulting in rotation through the annulus 

of the calixarene and therefore rapid interconversion of the four conformers in solution.  

This ultimately leads to line broadening in the 1H NMR spectrum.  This can be simplified 

by complexation with a Na+ ion which reduces the conformational flexibility; this occurs 

as the lower-rim oxygens bind the Na+ ions, resulting in the calixarene adopting the cone 

conformation and leading to much sharper resonances.  The 1H NMR spectrum of 2 was 

collected in a 3:1 v/v mixture of chloroform-d/acetonitrile-d3 which had been saturated 

with sodium iodide.  Inspection of the 1H NMR spectrum shows sharp signals that can 

easily be assigned to all of the protons in the compound.  Comparing the 1H NMR spectra 

of 1 and 2 it is possible to see the loss of the hydroxyl group resonance at 10.35 ppm and 

the introduction of the methoxy group protons at 4.01 ppm confirming the success of the 

reaction. 

The next step in the synthesis was the photochemical bromination of 2 with 

N-bromosuccinimide (NBS).  A slight modification of the literature procedure reported 

by Biali and co-workers was used here as the authors used carbon tetrachloride as 

solvent.4  Chloroform was used in place of the literature solvent, along with stoichiometric 

equivalents of NBS to ensure tetra-substitution.  The reaction was carried out in the 

presence of light to facilitate the photochemical reaction, and after subsequent work-up, 
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5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrabromo-25,26,27,28-tetramethoxycalix[4]arene 

(3) was obtained.  

 

 

 

Scheme 2.3.  Synthetic scheme for the synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-

tetrabromo-25,26,27,28-tetramethoxycalix[4]arene (3). 

 

Following the synthesis of compound 3, this was reacted with 2-methylfuran in 

trifluoroethanol (TFE) in the presence of 1,2-butylene oxide to yield 5,11,17,23-tetra-tert-

butyl-2,8,14,20-tetrakis(2-methylfuranyl)-25,26,27,28-tetramethoxycalix[4]arene (4)  As 

the reaction reaches reflux, the colour of the solution goes from colourless to pink and 

then back to colourless once all the solid is in solution.  The epoxide is added in this case 

to act as a HBr scavenger as reported by Sasson et al.5 

 

 

 

Scheme 2.4.  Synthetic scheme for the preparation of 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrakis(2-methylfuranyl)-25,26,27,28-tetramethoxycalix[4]arene (4). 
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2.3 Deprotection of the Lower-rim of 4 

 

As lower-rim hydroxyl groups are required for C[4]s to form polymetallic clusters 

(through coordination and bridging), it is necessary to deprotect compound 4 to restore 

the phenolic hydroxyl groups.  The demethylation step was carried out by heating a DMF 

solution of 4 in the presence of iodocyclohexane, affording the demethylated derivative 

(H45, Scheme 2.5).  In doing so, hydroiodic acid is produced in-situ through an 

elimination reaction. This in turn reacts with the lower-rim methoxy groups to generate 

iodomethane and restore the lower-rim hydroxyl functionality in the C[4] framework.  

Iodocyclohexane is the demethylating reagent of choice here, rather than conventional 

reagents such as boron tribromide or trimethylsilyl iodide, as the methyl groups can be 

removed under milder reaction conditions with shorter reaction times.  Zuo et al. 

investigated demethylation using various iodoalkanes in different solvents, and from this 

they found that a) iodocyclohexane provided the best yields in the shortest reaction times 

and b) the reaction is dependent on the basicity of the solvent used as it should be basic 

enough to induce the elimination reaction of the HI but not strong enough so as to 

neutralise the HI.6  Using these literature reaction conditions for 4, reaction with a large 

excess (45 equivalents) of iodocyclohexane at reflux for 48 hours yielded H45.   

 

 

 

Scheme 2.5.  Synthetic scheme for the synthesis of the 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrakis(2-methylfuranyl)-25,26,27,28-tetrahydroxycalix[4]arene (H45). 

 

The 1H NMR spectrum of the compound obtained from this reaction was confirmed to be 

of the fully deprotected derivative by the loss of the methyl group at 3.89 ppm and the 

presence of a new peak at 8.94 ppm which is indicative of a phenolic hydroxyl group.  
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The 13C NMR spectrum also confirms that the target compound was synthesised as the 

carbon peak of the methoxy group in the methylated furanyl derivative at 61.9 ppm is no 

longer present.  Matrix assisted laser desorption ionisation-time of flight (MALDI-TOF) 

mass spectrometry and IR analysis were also used to characterise this compound and these 

also confirm that the target product has been synthesised.  Single crystals suitable for X-

ray diffraction studies were grown by slow evaporation of a chloroform solution of H45.  

The crystals were found to be in a triclinic cell and structure solution was carried out in 

the space group P-1.  Inspection of the structure (Figure 2.1) shows that the protecting 

methyl groups have been removed, thereby restoring the phenolic hydroxyl groups as 

expected.  It is also interesting to note that the furan moieties remain in the equatorial 

positions.  Biali and co-workers carried out molecular mechanics (MM3) calculations on 

a C[4] that had been mono-substituted at each of the bridge positions with a methoxy 

group where the group found that the lowest energy conformation was in fact the cone 

conformation where all the substituents sit in the equatorial positions.4  From this, they 

concluded that C[4] conformations where the methylene bridge substituents are in the 

equatorial positions are favoured over the axial positions.  After it was confirmed that 

complete demethylation had occurred, the ligand was in a suitable form to test its potential 

for metal cluster formation with a view to exploring how the furan moieties affect this 

process. 

 

 

 

Figure 2.1.  Single crystal X-ray structure of H45 shown in ball and stick representation.  

Colour code: C – grey, O – red.  Methanol and chloroform of crystallisation and H atoms 

are omitted for clarity. 
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2.4 Exploration of Metal Cluster Formation with H45 

 

Metal complexation with thiacalix[4]arenes affords polymetallic clusters due to the 

additional functionality at the bridge positions.  Although the coordination chemistry of 

thiacalix[4]arene is necessarily very different to that of methylene-bridged C[4]s, it was 

thought that this type of behaviour could be invoked in methylene-bridged calix[4]arenes 

though the addition of various substituents at these positions, offering the potential to 

control or influence C[4]-supported cluster-forming chemistry in different ways.  In order 

to test this hypothesis, the coordination properties of H45 were tested through reaction of 

this ligand with various transition or lanthanide metal salts, or mixures of both.  This was 

explored by first testing whether the known (and common) [MnIII
2MnII

2] butterfly cluster 

motif would form under standard reaction conditions previously reported by this research 

group.7  The next steps of the investigation involved reaction of H45 with a mixture of 3d 

and 4f metal salts to test whether mixed-metal clusters could in fact be isolated, and also 

to see if the furans would coordinate a metal ion, potentially a lanthanide, leading to the 

formation of a new polymetallic cluster.  This was investigated through the reaction of 

the ligand with varying ratios of a transition metal salt and a lanthanide metal salt to test 

if the stoichiometry played a role in cluster formation. 

The general procedure employed to test the coordination properties involved 

accurately weighing out H45 and the appropriate metal salts in different equivalents; Mn 

salts are generally used as the source of TM ions, but Fe and Cu salts can also be used, 

and in this case Gd, Dy and Tb salts were used as the source of Ln ions.  In the case of 

attempting to form a bimetallic system (using a mixture of 3d and 4f metals) the anions 

of the metal salts should be kept the same, e.g. both chloride salts or nitrate salts.  This 

mixture was then dissolved in a 1:1 DMF/MeOH mixture (to aid solubility) and stirred at 

room temperature for 10 minutes before an excess of triethylamine (Et3N) was added to 

ensure full deprotonation of the hydroxyl groups at the lower-rim; in the case of the 

furanyl derivative, six equivalents of base were added to ensure that all four hydroxyl 

groups had been deprotonated.  The solution was cloudy and contained undissolved 

ligand before addition of the base, which upon addition rapidly afforded a deep purple 

solution.  The solutions were then stirred at room temperature for two hours before they 

were filtered to remove any microcrystalline material.  The filtered solution was then used 

in an attempt to grow suitable single crystals for X-ray diffraction studies by either slow 

evaporation or vapour diffusion of a more volatile solvent into the mother liquor.  Vapour 

diffusions were set up by taking small aliquots of the mother liquor in small vials, and 
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then transferring these in to larger vials containing counter-solvents such as diethyl ether 

(Et2O), acetonitrile (CH3CN) or petroleum ether (PET). A summary of the cluster-

forming reactions attempted is presented in Table 2.1, indicating which experiments were 

successful from the reaction matrix. 

 

Table 2.1.  Summary of cluster-forming reactions attempted with H45 and transition or 

lanthanide metal cations, as well as metal ion mixtures.  Compound numbers are indicated 

where single crystals were obtained and studied (vide infra). 

 

 MnII MnII/LnIII (1:1) MnII/LnIII (4:1) MnII/LnIII (1:4) CuII 

H45      

Cluster no. 6 7, 8 - 9, 10 - 

 

 
2.4.1 Reaction of H45 with MnII ions 

 

Given the frequency with which the [MnIII
2MnII

2] cluster has been formed in this research 

group’s efforts, this was selected as the first target cluster topology, essentially as a test 

of cluster-forming capability.  Reaction of H45 with manganese(II) chloride tetrahydrate 

in a 1:1 DMF/MeOH mixture in the presence of Et3N as a base afforded a deep purple 

solution upon stirring at room temperature.  Good quality single crystals grew upon 

vapour diffusion of PET into the mother liquor and diffraction studies showed them to be 

of the formula [MnIII
2MnII

2(µ3-OH)2(5)2(DMF)4(MeOH)2]·3MeOH·Et2O (6).  The 

crystals were found to be in a triclinic cell and structure solution was carried out in the 

space group P-1.  The asymmetric unit (ASU) was found to consist of half of the 

compound formula and upon symmetry expansion revealed that the common 

[MnIII
2MnII

2] structural type found previously had formed (Figure 2.2).  The cluster is 

comprised of a [MnIII
2MnII

2] core in the planar diamond or butterfly-like shape similar to 

that of the clusters previously formed in the group in which the wing-tip manganese ions 

(Mn1) are in the oxidation state +3, and the body manganese ions (Mn2) are in the 

oxidation state +2.  The wing-tip manganese ion is bound by the tetra-phenolic pocket 

upon deprotonation and is in a distorted octahedral geometry in MnO6 coordination 

spheres, with the Jahn-Teller axes being defined by O(DMF)-Mn-O(OH) with an angle 

of O9-Mn1-O12 of 168.22(14)°.  A DMF molecule resides within each calixarene cavity 
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(Mn1-O9, 2.295(4) Å) and the μ3-hydroxide bridges MnIII (Mn1-O12, 2.142(4) Å) and 

MnII ions (Mn2 and its symmetry equivalent) (Mn2-O12, 2.167(4) Å).  The four 

remaining positions around the Mn1 ion are occupied by the oxygen atoms at the lower-

rim of 5 (O1-O4, Mn-O bond length range 1.909(4) – 1.971(4) Å), two of which are also 

bridging to the Mn2 ions (Mn2-O2, 2.238(4) Å).  The two remaining equatorial positions 

around Mn2 are occupied by a DMF (Mn2-O10, 2.142(4) Å) and methanol molecule 

(Mn2-O11, 2.152(5) Å).   

 

 

 

Figure 2.2.  Single crystal X-ray structure of 6 showing formation of the mixed-valence 

[MnIII
2MnII

2] core that is supported by two tetra-anions of H45 shown in ball and stick 

representation.  Colour code: C – grey, O – red, Mn – purple.  Methanol and diethyl ether 

of crystallisation, tBu groups, H atoms and ligated methanol and DMF molecules are 

omitted for clarity. 

 

Inspection of the crystal structure shows that the furan moieties have maintained their 

equatorial positions on the calixarene framework and that they are far enough away from 

the core that they do not interfere with the ligated solvent molecules.  The metallic core 

of this cluster varies slightly from the TBC[4]-supported analogue (I) as reported by 

Dalgarno and co-workers,8 as it possesses four ligated DMF and two ligated methanol 

molecules, as opposed to the six ligated DMF molecules on the reported TBC[4] cluster, 

but otherwise the overall structure is very similar.  
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2.4.2 Reaction of H45 with a 1:1 mixture of MnII:LnIII ions 

 

The next sets of reactions (Table 2.1) attempted to form mixed-metal clusters by using a 

mixture of metal salts with the first set of crystals formed from the reaction involving a 

1:1 ratio of Mn:Gd ions and these were purple in colour, indicating the presence of MnIII 

ions.  These were formed from the reaction of H45 with manganese(II) chloride 

tetrahydrate and gadolinium(III) chloride hexahydrate in the presence of Et3N, followed 

by slow evaporation of the mother liquor.  The crystals were found to be in a triclinic cell 

and structure solution was carried out in the space group P-1.  Surprisingly, the crystals 

were found to be of the formula [MnIII
2MnII

2(μ3-OH)2(5)2(DMF)6] [MnIII
2MnII

2(μ3-

OH)2(5)2(DMF)5.5(H2O)0.5]·2DMF (7) indicating that the GdIII ions are not incorporated 

in the cluster core.  This behaviour is unusual compared to that of the clusters formed 

from the reaction of 3d/4f metal salt mixtures with C[4]s which gave mixed-metal 

clusters.9  The ASU was found to contain half of the aforementioned formula, and two 

butterflies were afforded upon symmetry expansion.  The metallic core of these butterflies 

are similar to that of 6 with the exception of ligated solvent.  One noticeable difference is 

that one of the butterflies (A) of 7 (Figure 2.3) possesses six ligated DMF molecules 

whereas compound 6 possesses four DMF and two MeOH.  The second butterfly (B) 

(Figure 2.3) also differs slightly as, although there are four ligated DMF molecules, the 

cavities of the symmetry equivalents of 7 are occupied by disordered water (ligated) and 

DMF (non-ligated).  It is also worth noting in butterfly (B) that although the furan groups 

are still equatorial they have rotated and the oxygen atoms are now pointing up towards 

the t-butyl groups.  
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Figure 2.3.  Views of sections of the partial single crystal X-ray structure of 7.  A) 

Butterfly A showing formation of the mixed-valence [MnIII
2MnII

2] core with six ligated 

DMF molecules.  B) Butterfly B showing formation of the mixed-valence [MnIII
2MnII

2] 

core which has four peripherally ligated DMF molecules with disordered water (ligated) 

and DMF (non-ligated) molecules contained within the cavity shown in ball and stick 

representation.  Colour code: C – grey, O – red, Mn – purple, N - blue.  DMF of 

crystallisation, tBu groups and H atoms are omitted for clarity. 

 

Another set of purple crystals were formed from a similar reaction involving a 1:1 ratio 

of Mn:Tb ions.  These crystals were formed under analogous conditions through the 

reaction of H45 with manganese(II) chloride tetrahydrate and terbium(III) chloride 

hexahydrate in the presence of Et3N.  Again, single crystals suitable for X-ray diffraction 

studies were formed slow evaporation of the mother liquor.  The crystals were found to 

be in a triclinic cell and structure solution was carried out in the space group P-1.  

Symmetry expansion of the ASU again afforded two butterflies as is the case with 

compound 7.  However, data quality was poor and so only a partial single crystal structure 

is shown in Figure 2.4. 

 

A) B) 
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Figure 2.4.  Views of sections of the partial single crystal X-ray structure of 8.  A) 

Butterfly A showing formation of the [MnIII
2MnII

2] cluster with six ligated DMF 

molecules.  B) Butterfly B showing formation of the [MnIII
2MnII

2] cluster which has four 

peripherally ligated DMF molecules with disordered water (ligated) and DMF (non-

ligated) molecules contained within the cavity shown in ball and stick representation.  The 

non-ligated DMF molecules have been omitted for clarity as the data quality was poor 

and the solvent could not be modelled.  Colour code: C – grey, O – red, Mn – purple, N - 

blue.  DMF of crystallisation, tBu groups and H atoms are omitted for clarity.   

 

Due to the quality of the data, it was not possible to model all of the solvents of 

crystallisation.  One solvent in particular is the non-ligated DMF molecules contained 

within Butterfly B (Figure 2.4).  However, inspection of the crystal structure shows some 

similarities to compound 7, as upon symmetry expansion two [MnIII
2MnII

2] butterflies 

were afforded, one of which has six ligated DMF molecules and the other which possesses 

four peripherally ligated DMF molecules with a disordered DMF (non-ligated) and water 

(ligated) molecule contained within the C[4] cavity.  The exact formula of the crystals 

could not be determined, however, they may be of a similar formula to that of compound7 

due to the similarities in the ligated solvent employed in cluster formation, as can be seen 

from Figure 2.4.  Again, it is possible to see for butterfly B in Figure 2.4 that, although 

the furan moieties are in the equatorial position, they have rotated and are now pointing 

up towards where the t-butyl groups are sitting. 

 

  

B) A) 
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2.4.3 Reaction of H45 with a 1:4 mixture of MnII:LnIII ions 

 

The next sets of reactions (Table 2.1) attempted to form mixed-metal clusters by using a 

higher ratio of LnIII:MnII ions.  Colourless crystals were formed through reaction of H45 

with manganese(II) chloride tetrahydrate and terbium(III) chloride hexahydrate in a 1:4 

ratio of metal ions, respectively.  The crystals were found to be in a monoclinic cell and 

structure solution was carried out in the space group P21/n, revealing these to be of 

formula [TbIII
6(μ4-O)2(μ-HCOO)2(μ4-CO3)2(5)2(DMF)8(H2O)2]·2MeOH·2H2O (9).  The 

ASU was found to contain half of the aforementioned formula, with symmetry expansion 

giving rise to the cluster shown in Figure 2.5 where the terbium ions are arranged at the 

vertices of an octahedron as found previously10 but there is variation in the nature of the 

anions in and around the cluster core as compared to III. 

 

 

 

Figure 2.5.  Single crystal X-ray structure of 9 showing formation of the [TbIII
6(μ4-O)2(μ-

HCOO)2(μ4-CO3)2] core that is supported by two tetra-anions of H45 shown in ball and 

stick representation. Colour code: C – grey, O – red, Tb – green.  Methanol and water of 

crystallisation, tBu groups, H atoms and ligated DMF and water molecules are omitted 

for clarity. 

 

The Tb1 ions are in the third oxidation state and these are bound by the lower-rim 

phenolato pockets (O1-O4, Tb-O bond length range 2.334(3) – 2.355(5) Å).  The 

coordination sphere of Tb1 is completed by a ligated H2O molecule residing within the 
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calixarene cavity (Tb1–O13, 2.554(5) Å), a μ4-carbonate (Tb1-O15, 2.844(5) Å) which 

is also bound to Tb2 and Tb3 (Tb2-O15, 2.409(4) Å and Tb3-O15, 2.411(4) Å) and a μ4-

oxide that bridges Tb1 (and its symmetry equivalent), Tb2 and Tb3 (Tb1-O14, 

2.283(4) Å, Tb2-O14, 2.267(5) Å and Tb3-O14, 2.250(4) Å).  The μ4-carbonate ion is 

also bound to Tb2 and Tb3 through O16 and O17 respectively (Tb2-O16, 2.415(4) Å and 

Tb3-O17, 2.423(5) Å).  The coordination sphere of Tb2 is completed by two ligated DMF 

molecules (Tb2-O11, 2.432(6) Å and Tb2-O12, 2.432(5) Å) and a bridging formate anion 

(Tb2-O19, 2.344(4) Å).  The same is true for Tb3 as there are two ligated DMF molecules 

(Tb3-O9, 2.391(5) Å and Tb3-O10, 2.429(6) Å) and a formate anion (Tb3-O18, 

2.353(6) Å) that make up the coordination sphere.  Further inspection of the crystal 

structure shows that the furan moieties are all in the equatorial position, however they are 

not participating in any coordination chemistry as anticipated, suggesting that these 

cluster topologies are capable of tolerating the introduction of large groups to the ligand 

framework without altering the nature of the core itself. 

Another set of colourless crystals were formed from the reaction of H45 with a 

1:4 ratio of manganese(II) chloride tetrahydrate and gadolinium(III) chloride 

hexahydrate.  The crystals were found to be in a triclinic cell and structure solution was 

carried out in the space group P-1.  The crystals were found to be of the formula 

[GdIII
6(µ4-O)2(µ-HCOO)2(µ3-CO3)2(5)2(DMF)8(MeOH)2] [GdIII

6(µ4-O)2(µ-HCOO)2(µ3-

CO3)2(5)2(DMF)8(MeOH)2]·2MeOH (10). 
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Figure 2.6.  Views of sections of the single crystal X-ray structure of 10 shown in ball 

and stick representation.  Two GdIII
6 clusters were afforded upon symmetry expansion, 

both of which are shown.  Colour code: C – grey, O – red, Tb – green.  Methanol of 

crystallisation, tBu groups, H atoms and ligated DMF and methanol molecules are omitted 

for clarity. 

 

The ASU was found to consist of half of the aforementioned formula which upon 

symmetry expansion gave two Gd6 metal clusters. As is the case for compound 9, the Gd 

ions are arranged at the vertices of an octahedron and again there is variation of the nature 

of the anions in and around the metal core.  The majority of the anions in compound 10 

are the same as in compound 9 with the exception of the solvent molecules contained 

within the calixarene cavity.  Instead of a ligated water molecule as in 9, compound 10 

contains a ligated methanol molecule within the cavity.  It was not possible to add the H 

atoms to the methanol molecules but they have been added to the overall chemical 

formula for the cluster, C160H212Gd6N8O40.  The Gd-O(methanol) bond lengths are 

2.569(5) and 2.571(5) Å indicating that these are in fact ligated methanol molecules as 

the bond lengths of a GdIII to methoxide anion are usually much shorter, around 2.3 Å as 

reported by Bi et al.11  It is possible to see that that the furan moieties are in the equatorial 

positions, however two furan groups on a single calixarene are pointing up towards where 

the t-butyl groups are positioned with the other two groups pointing down towards the 

phenolato oxygen atoms.  The same can be said for the other Gd6 metal cluster in the 

crystal structure of 10. 
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2.5 Conclusions 

 

The work presented in this chapter has shown that it is possible to fully demethylate at 

the lower-rim of a calix[4]arene that has been mono-substituted at all four bridge 

positions.  Compound 4 previously synthesised by Biali and co-workers,4 was chosen for 

this work as it is one of the only calixarene compounds in the literature in which the 

methylene bridge has been mono-substituted, but importantly one in which all four 

substituents reside in equatorial positions.  Furthermore, H45 has been successfully used 

in reactions with various metal salts to synthesise 3d or 4f metal clusters.  The clusters 

isolated from this work conform to two known types previously reported by this research 

group, and the fact that no mixed metal clusters have been isolated suggests that the furan 

moieties may hinder the formation of 3d-4f metal clusters.  It was hoped that the 

introduction of additional functional groups, the furan moiety, would lead to a new metal 

binding site at this position, however none of the clusters isolated in this chapter displayed 

the desired behaviour. Given this, it was decided that, instead of pursuing this line of 

investigation, the furan group could be reacted further and alternative functionalities 

introduced at the methylene bridge positions, thus expanding the chemistry in this region 

of the C[4] framework. This work is discussed in Chapter 3. 
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2.6 Experimental 

 

All experiments were carried out in ambient conditions except for the cases where dry 

solvents were used.  The dry solvents were obtained from an MBraun SPS-800 solvent 

purification system and these reactions were performed under dry, oxygen-free N2 using 

standard Schlenk-line techniques.  Analytical thin layer chromatography was performed 

on precoated silica gel plates (Merck, 60 F254) and column chromatography was 

performed using 60 Å silica (Merck, particle size, mesh).  1H, 13C, COSY, HSQC, HMBC, 

DOSY and VT NMR spectroscopy experiments were carried out on a Bruker AvanceIII 

300 MHz, a Bruker AVIII 400 MHz, a Bruker AVIII 500 MHz and a Bruker AVIII -HD 

600 MHz instrument.  All chemical shifts are expressed in ppm.  MALDI-TOF mass 

spectra were recorded on a Bruker UltrafleXtreme MALDI-TOF/TOF spectrometer and 

ESI mass spectra were recorded on a Bruker ESI MicroTOF Focus II spectrometer.  IR 

experiments were performed on a Thermo Scientific Nicolet iS5/iD5 ATR spectrometer.  

All the single crystals were analysed on a Bruker X8 APEXII diffractometer with a MoKα 

radiation source, a Bruker D8 diffractometer equipped with a PHOTON 100 detector with 

a synchrotron radiation source, a Rigaku Oxford Diffraction SuperNova diffractometer 

with a MoKα radiation source or a Kappa Rigaku Saturn724+ diffractometer with a CuKα 

radiation source. 

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene, 1. 

Compound 1 was synthesised according to the literature procedure as reported by Gutsche 

et al.,2 with the quantities being scaled up as appropriate.  A mixture of p-tert-butylphenol 

(500 g), 37% formaldehyde solution (300 mL) and NaOH (2.5 g) in water (12 mL) was 

heated at reflux, under N2, until the polymer had formed.  The water formed from the 

condensation reaction was removed by means of a Dean-Stark apparatus.  Once the 

polymer was formed, the reaction mixture was cooled to room temperature before toluene 

(2 L) and diphenyl ether (4 L) was added.  The reaction mixture was heated to remove 

the toluene and then it was heated at 260 °C for 4 h.  The mixture was then cooled to 

room temperature before ethyl acetate (3 L) was added and the solution was stirred for 

2 h.  The solution was then filtered and the solid was washed with ethyl acetate to afford 

312.8 g (58%) of 1 as a white solid.  
1H NMR (300 MHz, CDCl3) δ ppm: 10.35 (s, 4 H), 7.06 (s, 8 H), 4.27 (d, J=1.00 Hz, 4 

H) 3.51 (d, J=1.00 Hz, 4 H) 1.22 (s, 36 H). 
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The 1H NMR spectrum of a fully dissolved CDCl3 solution of 1 was collected to confirm 

the purity and the product was used without further analysis. 

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetramethoxycalix[4]arene, 2. 

Compound 1 (20.0 g, 30 mmol) was suspended in a 10:1 THF:DMF mixture 

(100:10 mL).  NaH (5.0 g) was slowly added to the reaction flask with stirring and then 

MeI (20 mL) was added using a disposable syringe.  The reaction mixture was then heated 

at reflux for 2 h, after which it was cooled to room temperature before MeOH was added 

to remove any unreacted NaH.  The solvents were then removed under reduced pressure 

and the resulting solid was collected, washed with water and filtered.  The solid was 

dissolved in CHCl3 and then the solution was dried using MgSO4.  After filtering off the 

MgSO4 the solvent was removed under reduced pressure.  The crude product was 

recrystallised using hot CHCl3/MeOH to yield 17.6 g (81%) of 2.  The compound was 

dissolved in a 3:1 mixture of CDCl3/CD3CN which had been saturated with NaI in order 

to lock the calix[4]arene in the cone conformation to obtain a 1H NMR spectrum with 

sharp proton signals.  

1H NMR (300 MHz, CDCl3)  ppm: 7.07 (s, 8 H), 4.14 (d, J=12.47 Hz, 4 H), 4.02 (s, 12 

H), 3.31 (d, J=12.47 Hz, 4 H), 1.06 (s, 36 H). 

The 1H NMR spectrum of a fully dissolved CDCl3 solution of 2 was collected to confirm 

the purity and the product was used without further analysis. 

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrabromo-25,26,27,28-

tetramethoxycalix[4]arene, 3. 

The tetrabromo TBC[4] derivative was synthesised following the procedure outlined by 

Biali and co-workers,4 however a slight modification to the method was employed to 

discard of the use of carbon tetrachloride as a solvent system for this reaction.  A mixture 

of 2 (10.0 g, 14.18 mmol) and NBS (10.1 g, 56.74 mmol) was heated at reflux in 

chloroform (500 mL) for 22 h whilst irradiated with a spotlight (~100 W).  After this time 

the orange/red solution was cooled to room temp and then washed once with Na2SO3(aq) 

(100 mL) and twice with water (2 x 100 mL).  The organic phase was collected, dried 

with MgSO4 and then filtered.  The solvent was removed under reduced pressure and the 

crude was recrystallised from CHCl3/MeOH to yield 7.1 g (49%) of 3.  
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1H NMR (300 MHz, CDCl3) δ ppm: 7.28 (s, 8 H), 6.72 (s, 4 H), 4.00 (s, 12 H), 1.13 (s, 

36 H). 

The 1H NMR spectrum of a fully dissolved CDCl3 solution of 3 was collected to confirm 

the purity and the product was used without further analysis. 

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(2-methylfuranyl)-

25,26,27,28-tetramethoxycalix[4]arene, 4. 

A mixture of 3 (5.0 g, 4.9 mmol), 2-methylfuran (9 mL, 8.19 g, 100 mmol) and 

1,2-butylene oxide (40 mL) in TFE (500 mL) was heated at reflux for 4 h.  During this 

time, the solution goes from pink to colourless until a white solid is formed.  After cooling 

to room temperature, the white solid was filtered and then recrystallised from 

CHCl3/MeOH to yield 1.159 g (23%) of 4  
1H NMR (300 MHz, CDCl3) δ ppm: 6.72 (s, 8 H), 6.00 (s, 4 H), 5.95 (d, J=2.93 Hz, 4 H), 

5.89 (d, J=2.90 Hz, 4 H), 3.89 (s, 12 H), 2.28 (s, 12 H,) 1.01 (s, 36 H).  13C NMR (75.5 

MHz, CDCl3) δ ppm: 155.3, 154.3, 151.1, 144.6, 134.3, 123.7, 109.1, 105.5, 61.9, 37.8, 

34.0, 31.3, 13.6. 

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(2-methylfuranyl)-

25,26,27,28-tetrahydroxycalix[4]arene, H45. 

Cyclohexyl iodide (9.86 g, 49.91 mmol) was added to a stirred suspension of compound 

4 (1.069 g, 1.04 mmol) in DMF (60 mL) and the reaction was heated at reflux for 48 h.  

The resulting brown solution was cooled to room temperature before being poured into 

water (100 mL), leading to the precipitation of a brown solid.  This solid was collected 

by filtration and stirred as a suspension in MeOH for 15 min.  Subsequent filtration 

afforded a yellow crude that was recrystallised from CHCl3/MeOH to yield 0.210 g (21%) 

of pure H45. 
1H NMR (300 MHz, CDCl3) δ ppm: 8.94 (br. s., 4 H), 7.16 (s, 8 H), 6.14 (d, J=2.57 Hz, 

4 H), 5.94 (d, J=2.90 Hz, 4 H), 5.90 (s, 4 H), 2.28 (s, 12 H), 1.11 (s, 36 H).  13C NMR 

(75.5 MHz, CDCl3) δ ppm: 152.8, 151.4, 146.2, 143.8, 128.4, 124.0, 109.7, 105.8, 37.3, 

34.2, 31.2, 13.6.  MS (MALDI-TOF): 991.5, [M+Na]+. 

Crystal data for H45: C66H77Cl3O9, M = 1120.62 g/mol, triclinic, space group P-1 (no.2), 

a = 13.0376(6) Å, b = 13.8967(6) Å, c = 17.1875(7) Å, α = 101.4830(10)°, β = 98.953(2)°, 

γ = 92.116(2)°, V = 3007.1(2) Å3, Z = 2, T = 100(2) K, synchrotron radiation (λ = 0.7288 
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Å), 84939 reflections measured (4.316° ≤ 2θ ≤ 52.91°), 11457 unique (Rint = 0.0631, 

Rsigma = 0.0380) which were used in all calculations.  The final R1 was 0.0703 (I > 2σ(I)) 

and wR2 was 0.2016 (all data).  

 

 

Synthesis of [MnIII2MnII2(μ3-OH)2(5)2(DMF)4(MeOH)2]·3MeOH·Et2O, 6. 

MnCl2·4H2O (40.9 mg, 0.207 mmol) and H45 (50.0 mg, 0.052 mmol) were dissolved in 

a 1:1 DMF/MeOH mixture (20 mL).  After 10 min of stirring Et3N (0.045 mL) was added 

and the resulting deep purple solution was stirred at room temperature for 2 h.  The 

reaction mixture was filtered to remove any microcrystalline material, and purple crystals 

of 6 grew upon vapour diffusion of petroleum ether into the mother liquor.  

Crystal data for 6 (CCDC 1583896): C149H196Mn4N4O28, M = 2710.85 g/mol, triclinic, 

space group P-1 (no.2), a = 13.1012(9) Å, b = 17.0409(11) Å, c = 17.5344(12) Å, α = 

72.026(3)°, β = 86.362(3)°, γ = 87.172(3)°, V = 3714.3(4) Å3, Z = 1, T = 100(2) K, MoKα 

radiation (λ = 0.71073 Å), 57869 reflections measured (2.444° ≤ 2θ ≤ 54.174°), 15969 

unique (Rint = 0.1222, Rsigma = 0.2345) which were used in all calculations.  The final R1 

was 0.0864 (I > 2σ(I)) and wR2 was 0.2787 (all data).  

 

 

Synthesis of [MnIII2MnII2(μ3-OH)2(5)2(DMF)6] [MnIII2MnII2(μ3-

OH)2(5)2(DMF)5.5(H2O)0.5]·2DMF, 7 

MnCl2·4H2O (10.1 mg, 0.051 mmol), GdCl3·6H2O (12.9 mg, 0.049 mmol) and H45 

(50.5 mg, 0.052 mmol) were dissolved in a 1:1 DMF/MeOH mixture (20 mL).  After 10 

min of stirring Et3N (0.045 mL) was added and the resulting deep purple solution was 

stirred at room temperature for 2 h.  The reaction mixture was filtered to remove any 

microcrystalline material, and purple crystals of 7 grew upon slow evaporation of the 

mother liquor.  

Crystal data for 7 (CCDC 1583897): C148.25H185.75Mn4N6.75O25, M = 2682.03 g/mol, 

triclinic, space group P-1 (no.2), a = 15.7886(9) Å, b = 23.1399(13) Å, c = 30.3907(17) 

Å, α = 102.631(3)°, β = 102.128(3)°, γ = 98.886(3)°, V = 10356.2(10) Å3, Z = 2, T = 

100(2) K, synchrotron radiation (λ = 0.7749 Å), 111410 reflections measured (3.224° ≤ 

2θ ≤ 62.414°), 51084 unique (Rint = 0.0495, Rsigma = 0.0784) which were used in all 

calculations.  The final R1 was 0.0806 (I > 2σ(I)) and wR2 was 0.2422 (all data). 
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Synthesis of 8. 

MnCl2·4H2O (10.8 mg, 0.054 mmol), TbCl3·6H2O (18.8 mg, 0.050 mmol) and H45 

(49.9 mg, 0.051 mmol) were dissolved in a 1:1 DMF/MeOH mixture (20 mL).  After 10 

min of stirring Et3N (0.045 mL) was added and the resulting deep purple solution was 

stirred at room temperature for 2 h.  The reaction mixture was filtered to remove any 

microcrystalline material, and purple crystals of 8 grew upon slow evaporation of the 

mother liquor.  

The data quality for this set of crystals was poor and so full structure refinement has not 

been carried out. 

Crystal data for 8: Triclinic, space group P-1 (no.2), a = 14.0077(14) Å, 

b = 20.345(2) Å, c = 26.868(3) Å, α = 100.898(6)°, β = 102.929(6)°, γ = 99.743(5)°, 

V = 7147.1(13) Å3, Z = 2, T = 100(2) K, synchrotron radiation (λ = 0.7749 Å). 

 

 

Synthesis of [TbIII6(μ4-O)2(μ4-CO3)2(μ-HCO2)2(5)2(DMF)8(H2O)2]·2MeOH·2H2O, 9. 

MnCl2·4H2O (10.1 mg, 0.051 mmol), TbCl3·6H2O (76.7 mg, 0.205 mmol) and H45 

(50.6 mg, 0.052 mmol) were dissolved in a 1:1 DMF/MeOH mixture (20 mL).  After 10 

min of stirring Et3N (0.045 mL) was added and the resulting deep purple solution was 

stirred at room temperature for 2 h.  The reaction mixture was filtered to remove any 

microcrystalline material, and colourless crystals of 9 grew upon slow evaporation of the 

mother liquor.  

Crystal data for 9 (CCDC 1583898): C79H105N4O21Tb3, M = 1923.42 g/mol, triclinic, 

space group P21/n (no.14), a = 18.8372(9) Å, b = 15.8997(8) Å, c = 28.3456(12) Å, β = 

107.806(2)°, V = 8083.0(7) Å3, Z = 4, T = 100(2) K, MoKα radiation (λ = 0.71073 Å), 

72883 reflections measured (3.45° ≤ 2θ ≤ 58.082°), 21054 unique (Rint = 0.0847, Rsigma = 

0.1167) which were used in all calculations.  The final R1 was 0.0527 (I > 2σ(I)) and wR2 

was 0.1354 (all data). 

 

 

Synthesis of [GdIII6(µ4-O)2(µ-HCOO)2(µ3-CO3)2(5)2(DMF)8(MeOH)2] [GdIII6(µ4-

O)2(µ-HCOO)2(µ3-CO3)2(5)2(DMF)8(MeOH)2]·2MeOH, 10. 

MnCl2·4H2O (10.1 mg, 0.051 mmol), GdCl3·6H2O (53.7 mg, 0.204 mmol) and H45 

(49.8 mg, 0.051 mmol) were dissolved in a 1:1 DMF/MeOH mixture (20 mL).  After 10 

min of stirring Et3N (0.045 mL) was added and the resulting deep purple solution was 

stirred at room temperature for 2 h.  The reaction mixture was filtered to remove any 
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microcrystalline material, and colourless crystals of 10 grew upon slow evaporation of 

the mother liquor.  

Crystal data for 10: C320H420N16O80Gd12, M = 3826.83 g/mol, triclinic, space group P-

1(no.2), a = 15.9428(8) Å, b = 18.9369(12) Å, c = 28.3365(15) Å, α = 71.945(3)°, β = 

89.603(3)°, γ = 88.945(3)°, V = 8132.4(8) Å3, Z = 1, T = 100(2) K, MoKα radiation (λ = 

0.71073 Å), 78804 reflections measured (1.512°≤ 2θ ≤ 57.826°), 41894 unique (Rint = 

0.0462, Rsigma = 0.0992) which were used in all calculations.  The final R1 was 0.0600 (I 

> 2σ(I)) and wR2 was 0.1800 (all data). 
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Chapter 3 

Exploration of Furan Derivatisation at the Methylene Bridge 

of a Calix[4]arene 

 

 

3.1. Introduction 

 

Chapter 3 focusses on the synthesis of a family of new methylene bridge-substituted 

calix[4]arenes in which 4 was further derivatised to give other heterocyclic compounds 

through the saturated and unsaturated diketone synthetic intermediates, 11 and 18, 

respectively.  The ability of H45 to coordinate to metal centres was outlined in Chapter 2, 

however, the metal clusters isolated were of known cluster types.  Derivatisation of the 

furan moiety was explored, with the hope of expanding the library of calix[4]arenes that 

are mono-substituted at the methylene bridge position.  The introduction of new groups 

at this position would hopefully result in new metal binding sites leading to the formation 

of polymetallic clusters.  Furans are synthetically diverse molecules as they can be reacted 

in numerous ways (examples include electrophilic aromatic substitution, nucleophilic 

addition, Diels-Alder reactions and the formation of other heterocycles).  The application 

of these reactions to compound 4 allows for the vast expansion of synthetic chemistry at 

what is a really challenging position on C[4]s.  The formation of other heterocyclic 

compounds using the furan moiety on 4 is described. 

 

 

3.2. Examples of Derivation of Furan Moiety 

 

Furans are susceptible to ring-opening reactions1 and this can be achieved in two ways 

(Scheme 3.1), the first of which is the oxidative ring-opening reaction with a peracid (such 

as meta-chloroperbenzoic acid, mCPBA) to yield the unsaturated diketone species.2, 3  An 

alternative method of ring-opening is under acidic conditions in which the furan is 

hydrolysed to give the saturated diketone compound.4  Both the saturated and unsaturated 

diketones can then be further reacted to form other heterocyclic compounds.  Pyridazines 

can be prepared from the unsaturated diketone species through reaction with hydrazine,5 

whereas thiophenes and substituted pyrroles can be prepared from saturated diketones.6  

Another compound can be formed from the saturated diketone species and these are 
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cyclopentenones.6  Under basic conditions, an intramolecular aldol reaction occurs in 

which the diketone species is cyclised to give rise to such compounds.  However, due to 

time constraints the synthesis of the thiophene and cyclopentenone derivatives were not 

investigated and therefore the scope of the work described in this chapter is based on the 

pyrrole and pyridazine compounds.1 

 The overarching aims of the work presented in this chapter were to try to relate 

this heterocyclic chemistry to calixarenes by using 4 as a starting material to introduce 

various heterocyclic groups at the methylene bridge position of a C[4]. 

 

 

 

Scheme 3.1.  Synthetic scheme for the preparation of various heterocycles using 

2,5-dimethylfuran as the starting material.1 

 

 

3.3. Hydrolysis of 4 and Subsequent Synthesis of N-substituted Pyrrole 

derivatives 

 

As outlined in the previous reaction scheme (Scheme 3.1), there are various routes to the 

formation of new heterocyclic compounds.  One of these methods was to first hydrolyse 

compound 4 to afford 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(pentane-1,4-dione)-

25,26,27,28-tetramethoxycalix[4]arene (11) followed by the Paal-Knorr pyrrole synthesis 

through reaction with a range of amines differing in nucleophilic character.  Compound 
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11 was synthesised via the acid-catalysed hydrolysis reaction of compound 4 in acetic 

acid, water and concentrated sulfuric acid (Scheme 3.2) through a modified procedure as 

reported by Baig et al.4   

 

 

 

Scheme 3.2.  Synthetic scheme for the preparation of 5,11,17,23-tetra-tert-butyl-

2,8,14,20- tetrakis(pentane-1,4-dione)-25,26,27,28-tetramethoxycalix[4]arene (11). 

 

Subsequent aqueous work-up and column chromatography in 7:3 CHCl3/EtOAc gave 11 

as a white solid in 48% yield.  It is important to highlight the yield for this reaction as the 

hydrolysis reaction has been carried out four times, once at each bridge position, making 

the yield for compound 11 comparable to that reported by Baig and co-workers (68%) for 

the hydrolysis of 2-methyl-5-ethylfuran.  Compound 11 was fully characterised, and the 
1H NMR spectrum in Figure 3.1 shows that there are two very distinct triplets that appear 

at 2.81 and 2.91 ppm which are indicative of the CH2-CH2 backbone of the 1,4-diketone 

species.  Both triplets have 3J coupling constants of 6.6 Hz, indicating that the CH2 groups 

are indeed coupled, and these distinctive signals serve as an excellent NMR handle to 

monitor whether a subsequent reaction occurs (vide infra). 
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Figure 3.1.  1H NMR spectrum of compound 11 in chloroform-d showing the indicative 

triplets of the methylene groups at 2.81 and 2.95 ppm. 

 

The 13C NMR spectrum of compound 11 confirms the successful formation of the target 

compound, as there are two singlets at 208.76 and 207.37 ppm which are indicative of 

carbonyl groups.  Furthermore, there are two signals in the DEPT spectrum which are 

inverted, again indicating the presence of CH2 groups and successful synthesis of 

compound 11.  Electrospray ionisation mass spectrometry (ESI-MS) and IR spectroscopy 

were also used as analytical techniques to confirm synthesis, and a carbonyl stretch is 

clearly observed at 1713.40 cm-1
 in the latter.  Colourless single crystals of compound 11 

that were suitable for X-ray diffraction studies were grown from a saturated methanol 

solution.  These were found to be in a monoclinic cell and structure solution was carried 

out in the space group P21/c.  The ASU contains one full molecule of 11 in a pinched-

cone conformation and inspection of the crystal structure (Figure 3.2) shows that the furan 

moieties have been hydrolysed successfully, affording the 1,4-diketone functionality at 

all methylene bridge positions.  It is interesting to note that the equatorial positions of 

these substituents has been retained, confirming that this chemistry does not have any 

impact on their positioning.  The C-C bond lengths of the 1,4-diketone backbone range 

from 1.508(2) – 1.5191(17) Å which are indicative of a single bond, providing conclusive 

evidence that this is the saturated target tetra-1,4-diketone species. 
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Figure 3.2.  Single crystal X-ray structure of 11 showing that the furan groups have been 

opened giving the 1,4-diketone species at each bridge position shown in ball and stick 

representation.  Colour code: C – grey, O – red.  H atoms are omitted for clarity. 

 

Interestingly, a side product (12) was formed from the hydrolysis reaction when this was 

performed over prolonged periods of time.  The 1H NMR spectrum of this side product 

gave a clear indication that the compound formed was de-symmetrised, as several of the 

signals that are observed as singlets in the NMR spectrum of compound 11 appear as two 

distinguishable signals.  Integration of the spectrum suggests that one of the lower-rim 

methoxy protecting groups has been deprotected as the methoxy peaks around 3.8 – 

4.2 ppm integrates to nine protons as compared to the twelve protons of the methyl groups 

on the diketone.  Colourless crystals were grown from methanol which were analysed by 

X-ray diffraction.  The crystals were found to be in a monoclinic cell and structure 

solution was carried out in the space group P21/c.  The ASU contains one full molecule 

of 12 in a pinched-cone conformation.  Inspection of the crystal structure (Figure 3.3) 

shows that compound 12 is in fact the partially demethylated 1,4-diketone species as 

assumed from the 1H NMR spectrum, as it is clear to see that there is one hydroxyl and 

three methoxy groups at the lower-rim; this is confirmed by integration of the 1H NMR 

spectrum. 
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Figure 3.3.  Single crystal X-ray structure of 12 showing partial demethylation at the 

lower-rim of the calix[4]arene shown in ball and stick representation.  Colour code: C – 

grey, O – red.  H atoms are omitted for clarity. 

 

Reflux in concentrated H2SO4 can result in demethylation and an example of this was 

reported by Li et al. in which they heated a conc. H2SO4 solution of 2-bromo-3,5-

dimethoxybenzaldehyde where they found it was possible to remove one of the methoxy 

groups.7  Therefore the hydrolysis reaction was of 4 was stopped after an overnight reflux 

to prevent formation of 12. 

 After confirmation that compound 11 had been successfully synthesised and with 

so many commercially available amines, the project progressed onto seeing what could 

be substituted onto the nitrogen atom of the pyrrole moiety.  The use of different amines 

would allow the introduction of countless groups substituted at the N atom of the pyrrole 

group affording new, functional host molecules.  The properties of these compounds, such 

as solubility, can be tuned depending on what amine is reacted with the 1,4-diketone.  

Examples of the amines tested in this section of work are shown in Figure 3.4. 
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Figure 3.4.  Amine reactants investigated for the Paal-Knorr pyrrole synthesis with 

compound 11.  A) ammonium acetate, B) isopropylamine, C) 1,2-diaminobenzene, 

D) aniline, E) Boc-hydrazide, F) 2-aminopyridine, G) 3-aminopyridine, 

H) 4-aminopyridine, I) benzylamine and J) 3,4,5-trimethoxyaniline. 

 

A range of amines were investigated for the Paal-Knorr pyrrole synthesis in this section 

of work.  The reactions involving reactants such as isopropylamine, 1,2-diaminobenzene 

and benzylamine will not be discussed due to the recovery of starting material indicating 

that a reaction had not taken place.  Therefore, for the purpose of this thesis, only the 

reactions that gave the target compound and / or promising results will be discussed.  Only 

starting material was recovered from the reactions with 2- and 4-aminopyridine, however, 

these are discussed in detail in Section 3.2.4 as they are target compounds of high interest 

due to their potential use in the formation of covalent organic cages. 

 

 

3.3.1. Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(2-methyl-1H-

pyrrole)-25,26,27,28-tetramethoxycalix[4]arene (13) 

 

The first reaction investigated was the synthesis of the simple pyrrole compound with a 

H atom substituted on the nitrogen atom. Compound 13 (Scheme 3.3) was successfully 

synthesised following a modified literature procedure as reported by Orito et al.6  

Reaction of compound 11 with ammonium acetate in acetic acid afforded 69% yield of a 

brown solid after purification by column chromatography.  As the Paal-Knorr pyrrole 

reaction is carried out four times, once at each bridge position, the yield obtained for 

A) B) C) D) E) 

F) G) H) I) J) 
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compound 13 equates to an approximate 91% yield per methylene bridge position which 

is comparable to the yield obtained by Orito and co-workers for the synthesis of 2-benzyl-

5-methylpyrrole (99%). 

 

 

 

Scheme 3.3.  Synthetic scheme for the preparation of 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrakis(2-methyl-1H-pyrrole)-25,26,27,28-tetramethoxycalix[4]arene (13). 

 

Inspection of the 1H NMR spectrum immediately suggested that reaction had occurred at 

all 1,4-diketone functionalities, as the aforementioned triplets in the starting material now 

appear as a doublet with a chemical shift of 5.82 ppm, with concomitant introduction of 

a broad singlet at 7.68 ppm which is indicative of the NH moiety.  IR spectroscopy was 

also used to confirm the synthesis of the target product as there was loss of the carbonyl 

stretch at 1713.40 cm-1
 and introduction of a new, broad peak at 3458.20 cm-1 which 

indicates an N-H stretch.  Pale orange crystals of compound 13 were grown by vapour 

diffusion of methanol into a saturated DCM solution.  The crystals were found to be in a 

monoclinic cell and structure solution was carried out in the space group P21/c.  The ASU 

was found to contain one molecule of 13 in a pinched-cone conformation as well as two 

co-crystallised methanol molecules. 
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Figure 3.5.  Views of the single crystal X-ray structure of 13 shown in ball and stick 

representation.  A) Side-on view showing the C[4] in a pinched-cone conformation and 

equatorial positioning of the pyrrole moieties.  B) View down the C[4] cavity clearly 

showing the pyrrole moieties.  Colour code: C – grey; O – red; N - blue.  Acetone of 

crystallisation and H atoms are omitted for clarity.  

 

Inspection of the crystal structure (Figure 3.5) shows that the reaction has been successful 

in the ring-closing Paal-Knorr pyrrole synthesis as there are no longer any carbonyl 

groups and instead there are pyrrole groups with H atoms substituted on the nitrogen atom 

of the pyrrole. 

B) 

A) 
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3.3.2. Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(1-phenyl-2-

methyl-1H-pyrrole)-25,26,27,28-tetramethoxycalix[4]arene (14) 

 

The next reaction tested was with aniline in toluene in the presence of p-toluenesulfonic 

acid monohydrate (p-TsOH·H2O) in order to substitute a phenyl group onto the pyrrole 

(Scheme 3.4).  These reaction conditions are frequently reported in the literature in which 

hexane-2,5-dione is reacted with an appropriate amine in the presence of p-TsOH·H2O in 

toluene to yield the relevant pyrrole moiety.8-10  After heating at reflux overnight, a 

sparingly soluble solid (14) was formed in a 55% yield.  Again, it is important to highlight 

the percentage yield obtained for these reactions as an overall 55% yield equates to an 

approximate 86% yield for the reaction at each methylene bridge position. 

 

 

 

Scheme 3.4.  Synthetic scheme for the preparation of 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrakis(1-phenyl-2-methyl-1H-pyrrole)-25,26,27,28-

tetramethoxycalix[4]arene (14). 

 

Analysis of the 1H NMR spectrum indicates that a reaction has taken place as the two 

distinctive triplets of the 1,4-diketone have disappeared and there are several new peaks 

in the aromatic region.  There are broad signals in the aromatic region of the spectrum 

which may be the protons on the substituted phenyl groups due to hindered rotation 

around a bond.  It would have been interesting to see how the compound behaves at higher 

temperatures and this could have been achieved by carrying out variable temperature 

(VT) NMR studies to explore whether the broad peaks would sharpen upon heating.  

However, this compound is insoluble in common NMR solvents (e.g DMSO, D2O, 
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CD3CO etc), and is only sparingly soluble in CHCl3 so it was thought unlikely that 

temperatures higher than 50 °C could be reached (and meaningful studies undertaken).  

Colourless crystals of 14 grew upon vapour diffusion of PET into a saturated CHCl3 

solution.  The crystals were found to be in a monoclinic cell and structure solution was 

carried out in the space group P2/n.  The ASU was found to contain one half of 14 which 

upon symmetry expansion afforded the full molecule. 

 

 

 

Figure 3.6.  Single crystal X-ray structure of 14 showing phenyl substituents on N atom 

of pyrrole in ball and stick representation.  Colour code: C – grey; O – red; N - blue.  H 

atoms are omitted for clarity. 

 

Inspection of Figure 3.6 shows that each 1,4-diketone moiety has been ring-closed to form 

the pyrrole moiety with a phenyl ring substituent on the N atom in each case.  From Figure 

3.6, it can also be seen that the bridge substituents have retained their equatorial positions 

and this may be due to the bulkiness of the groups, therefore preferring to orient in such 

a way to avoid steric clashes.  
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3.3.3. Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(3-(2-methyl-1H-

pyrrole)pyridine)-25,26,27,28-tetramethoxycalix[4]arene (15) 

 

The next amine reaction involved heating to reflux a toluene solution of 11 and 

3-aminopyridine with p-TsOH·H2O added as a catalyst (Scheme 3.5).  After purification 

by column chromatography compound 15 was obtained in a 28% yield which equates to 

a 73% yield for every individual reaction carried out at each of the bridge positions. 

 

 

 

Scheme 3.5.  Synthetic scheme for the preparation of 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrakis(3-(2-methyl-1H-pyrrole)pyridine)-25,26,27,28-tetramethoxycalix[4]a

rene (15). 

 

The 1H NMR spectrum of compound 15 was much more complex than was expected but 

the distinctive triplets of compound 11 had disappeared suggesting that a reaction had 

taken place.  The 1H NMR spectrum of compound 15 contained broad peaks in the 

aromatic region and so full integration of the spectrum was carried out over the range of 

0 to 9 ppm giving a total of 96 hydrogen atoms which accounts for all the hydrogens in 

15.  This gave a good indication that the desired product had formed.  The complexity of 

the spectrum made it difficult to interpret due to multiple signals and broadening around 

the aromatic region.  Inspection of the 1H NMR spectrum (Figure 3.7) shows that the tBu 

(two singlets at 0.85 and 1.19 ppm), OMe (two singlets at 2.41 and 3.40 ppm) and Ar-H 

(phenyl, two singlets at 6.38 and 6.67 ppm) protons in the 1H NMR spectrum are each 

split into two separate signals, suggesting that the calix[4]arene has been de-symmetrised 

and could potentially exist in a pinched-cone conformation.  It is interesting to see that 
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there is broadening of peaks, particularly in the aromatic region, and this was thought to 

be due to hindered rotation around the bond between the bridge and the pyrrole group. 

 

Figure 3.7.  1H NMR spectrum of compound 15 in tetrachloroethane-d2 at 25 °C. 

 

Due to the broadness in the aromatic region, and the difficulty in assigning each proton 

in the structure, the peaks have been tentatively assigned as protons (a) through to (k) for 

the region (5 to 9 ppm) as shown in Figure 3.8.  It was hoped that further NMR analysis 

would allow for the full assignment of each proton. 

9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)
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Figure 3.8.  1H NMR spectrum of compound 15 in tetrachloroethane-d2 at 25 °C showing 

the region from 5-9 ppm. 

 

The protons (a) through to (k) from the 1H NMR spectrum were tentatively assigned as 

shown in Figure 3.9.  A thorough NMR study will now be described with a detailed 

explanation of how these assignments were made, providing evidence to support these 

original assignments. 

 

 

 

Figure 3.9.  Proton assignments made after thorough NMR spectroscopy study. 
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It is also interesting to note that the 13C NMR spectrum (Figure 3.10) contains broad peaks 

in the aromatic region and there appear to be multiple signals again for the tBu, OMe and 

Ar-H (phenyl) groups which gives further evidence that the calixarene has been 

de-symmetrised in some way.  This may be due to the C[4] existing in a pinched-cone 

conformation in solution.   

 

 

Figure 3.10.  13C NMR spectrum of compound 15. 

 

The DEPT NMR spectrum shows that there are five CH3, five CH and no CH2 

environments, suggesting that the CH groups on the pyridine ring have not been picked 

up in the DEPT spectrum due to their broadness.  These are consistent with the expected 

signals due to two distinguishable tBu, OMe and Ar-H (phenyl) environments as found in 

the 1H NMR spectrum.  The number of CH3 environments are expected since there is 

splitting of the tBu and OMe groups.  The final CH3 environment corresponds to the 

methyl group on the pyrrole ring.  The CH environments that have been identified are 

likely to correspond to the bridge protons, the two CH groups of the pyrrole ring and two 

different CH environments of the phenyl rings.  The absence of CH2 groups in the 

spectrum also indicates that a reaction has taken place. 

Due to these findings, a thorough NMR study of this compound was carried out.  

The focus of this was to be to attempt a VT study to investigate whether increasing the 

temperature would thermally induce bond rotation, leading to a much cleaner and simpler 

NMR spectrum, as well as a 2D NMR study involving experiments such as COSY 
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(Correlated SpectroscopY), HSQC (Heteronuclear Single Quantum Correlation) and 

HMBC (Heteronuclear Multiple Bond Correlation).  First, a high temperature VT study 

was attempted due to the solubility of compound 15 in 1,1,2,2-tetrachloroethane-d2.  This 

was carried out by increasing the temperature of the sample in 10 °C increments, starting 

at room temperature (25 °C) and reaching 75 °C, before cooling the sample back to room 

temperature. 

 

 

 

Figure 3.11.  High temperature VT NMR spectroscopy study of 15 in tetrachloroethane-

d2 showing the range from 5 – 9 ppm for clarity. 

 

The signals affected most by the higher temperatures are those in the aromatic region and 

so this is the region that has been focussed on during the VT study.  It can clearly be seen 

in Figure 3.11 that as the temperature is raised the peaks in the NMR spectrum begin to 

sharpen and become much easier to interpret.  It is interesting to note that the process is 

dynamic as the original 1H NMR spectrum is obtained after the sample was cooled to 

room temperature.  Upon warming, it is possible to see that the two broad peaks at 8.45 

and 8.01 ppm ((b) and (c) protons) have coalesced as the two distinct peaks seen at room 

temperature have merged into one peak.  It would be expected that the peak would 

become much more distinct and sharper if a temperature higher than 75 °C could be 

reached, but it was not feasibly possible to reach higher temperatures.  The same has also 

occurred for the two broad peaks at 7.58 and 6.99 ppm ((d) and (f) protons) and again, it 

is expected that a much sharper signal would be observed if higher temperatures could be 
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reached.  From the VT experiment it is not possible to conclusively assign the protons to 

the structure.  However, the evidence suggests that the peaks corresponding to protons 

(g) and (h) are the aromatic protons on the calixarene framework, protons (i) and (j) are 

the protons on the pyrrole moiety and proton (k) is the proton at the bridge position.  These 

assignments have been deduced from both the integrals and splitting pattern of each peak.  

If compound 15 is indeed in the pinched-cone conformation as hypothesised then two 

singlets for the protons on the phenyl rings are expected with integrals of four protons 

each.  The two doublets around 6 ppm have been assigned as the protons on the pyrrole 

group due to the coupling constants of around 3.3 Hz for each peak indicating coupling 

to one another.  Therefore proton (k) has been assigned as the proton on the methylene 

bridge as it integrates to a total of four protons and has quite a low chemical shift for it to 

be an aromatic proton.  This therefore suggests that protons (a), (b), (c), (d), (e) and (f) 

are the protons on the pyridine moieties. 

 A low temperature VT NMR study was also carried out by cooling the sample 

down to -60 °C and then collecting 1H NMR data as the sample temperature was increased 

in 10 °C increments.  The results of this study (Figure 3.12) are inconclusive as the spectra 

obtained are very complex and difficult to interpret.  However, it is interesting to note 

that the process is dynamic (as is the same with the high temperature VT) as the original 
1H NMR spectrum is obtained once the sample is warmed to room temperature. 

 

 

 

Figure 3.12.  Low temperature VT NMR spectroscopy study of 15 in dichloromethane-

d2. 
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Inspection of Figure 3.12 shows that cooling to lower temperatures allows several new 

peaks in the 1H NMR spectrum of compound 15 to be observed.  These new peaks may 

be due to the low temperatures locking out a number of conformations of 15, making the 

spectra much more difficult to interpret.  However, it is difficult to see the complexity of 

the aromatic region at lower temperatures just from Figure 3.12.  Figure 3.13 shows the 

same stacked spectra but enlarged in the 5 to 9 ppm region to show the complexity of the 
1H NMR spectrum at low temperatures. 

 

Figure 3.13.  Low temperature VT NMR spectroscopy study of 15 in dichloromethane-

d2 showing the region from 5 to 9 ppm for clarity. 

 

A 2D NMR study was also carried out and all of these experiments were carried out at 

25 °C, with the exception of an additional high temperature COSY experiment.  The first 

of these was the HSQC experiment, and from this it was possible to identify which peaks 

in the 13C NMR spectrum correlated to the peaks in the 1H NMR spectrum, further 

supporting the assignments made from the 1H and 13C NMR spectra alone.  The peaks at 

0.85 and 1.19 ppm of the 1H NMR spectrum correlate to two CH3 peaks (31.23 and 31.70 

ppm) on the 13C NMR spectrum, which again suggests that these are the t-butyl 

resonances.  The peak on the 1H spectrum at 1.98 ppm correlates to the CH3 peak at 13.12 

ppm on the 13C spectrum and this suggests that these peaks correspond to the methyl 

group on the pyrrole group due to their relatively low chemical shifts.  The peaks at 2.41 

and 3.40 ppm correlate to the two CH3 peaks at 58.75 and 62.23 ppm, respectively, and 
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these are indicative of the –OMe groups due to their higher chemical shifts as compared 

to the other CH3 groups in the compound.  The peak at 5.32 ppm on the 1H NMR spectrum 

corresponds to the CH group resonating at 36.22 ppm and this is suggestive of the bridge 

proton as the other CH groups are aromatic which would be expected to have much higher 

chemical shifts in both the 1H and 13C NMR spectra.  The protons at 5.94 and 5.99 ppm 

correlate to the CH peaks at 106.46 and 110.06 ppm, respectively, and it is suggested that 

these peaks correspond to the protons on the pyrrole groups due to their chemical shift 

and coupling constants (3.3 Hz each).  The two peaks at 6.38 and 6.67 ppm in the 1H 

NMR spectrum correlate to the CH peaks of the 13C spectrum at 122.60 and 124.69, 

respectively, and these are likely to be the aromatic protons on the phenyl rings.  The 

other cross-peaks identified from the HSQC experiment that have not been assigned may 

be from the pyridine ring as the broad NMR resonances in the 1H NMR spectrum correlate 

with the broad resonances in the 13C NMR spectrum. 

 A1H-15N HMBC experiment was carried out to investigate whether correlation 

peaks would be seen between the N atoms on both the pyrrole and pyridine rings with 

any of the peaks observed in the 1H NMR spectrum.  The results of this experiment 

showed two cross-peaks around 165 ppm which correlated to the peaks at 1.98, 5.94 and 

5.99 ppm, suggesting that the N atom observed is in close proximity to these proton 

environments.  As these peaks have been tentatively assigned as protons of the methyl 

group substituent on the pyrrole and the protons on the pyrrole group itself it is suggested 

that the N atom observed is that of the pyrrole group.  Due to the pyridine group being 

dynamic and only very broad peaks of this group being observed in any NMR spectrum 

it is plausible that the N atom on the pyridine ring will not be observed in the HMBC 

experiment. 

 It is not possible to conclusively assign the protons of the pyridine ring just from 

the COSY spectrum, however the evidence from this experiment does support the 

assignments as shown in Figure 3.9.  The room temperature COSY experiment shows 

that protons (b) and (c) exist in their own spin system as they are only coupling to each 

other and not to any other protons. These protons must be therefore be isolated from the 

rest of those on the pyridine group.  As these resonances have a reasonably high chemical 

shift (8.45 and 8.01 ppm, respectively), it is suggested that these protons are close in 

proximity to the N atom (meta to the nitrogen atom).  It can also be deduced that proton 

(a) is close to the N atom (meta-position) as it also has a high chemical shift of 8.65 ppm 

and is close to proton (e) as there is a cross-peak indicating coupling between the two 

protons.  Proton (e) has cross-peaks with protons (a), (d) and (f) so therefore the most 
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contacts so it is likely that proton (e) exists in between the other resonances (ortho to the 

nitrogen atom).  Protons (d) and (f) are coupling to one another but they are also coupling 

to proton (e) suggesting that these are in close proximity.   

 A high temperature COSY experiment was run at 70 °C which shows that protons 

(a) and (e) are coupling to one another which had already been deduced from the room 

temperature experiment.  However, due to the broadness of the peaks for protons (d)/(f) 

the coupling that could be seen at room temperature between (d), (e) and (f) cannot be 

seen between protons (d)/(f) and (e) at the elevated temperature.  It is interesting to note 

that there is a small cross-peak between protons (j) and (k) which may be due to a 4J 

coupling between the proton at the bridge position (k) and the proton on the pyrrole ring 

closest to the methylene bridge (j). 

 Colourless crystals of this compound were grown upon slow evaporation of 15 in 

CHCl3.  These were analysed by X-ray diffraction and were found to be the target 

compound.  The crystals were found to be in a monoclinic cell and structure solution was 

carried out in the space group P2/c.  The ASU was found to contain one half of 15 which 

upon symmetry expansion afforded a full molecule of 15 in a pinched-cone conformation 

as shown in Figure 3.14.  The N position on the pyridine ring was disordered over two 

positions, however these are shown in only one position for clarity.  Inspection of the 

crystal structure shows that each 1,4-diketone group has been ring-closed to afford the 

pyrrole with the substituted pyridine ring pointing down towards the methoxy groups at 

the C[4] lower-rim.  It can also be seen that the substituents at the methylene bridges have 

retained their equatorial positions, again suggesting that this chemistry does not impact 

the positioning of the methylene bridge-substituted groups. 
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Figure 3.14.  Single crystal X-ray structure of 15 showing pyridine substituents on N 

atom of each pyrrole moiety in ball and stick representation.  Colour code: C – grey; O – 

red; N – blue.  H atoms are omitted for clarity. 

 

 

3.3.4. Reaction of 5,11,17,23-tetra-tert-butyl-2,8,14,20- tetrakis(pentane-1,4-dione)-

25,26,27,28-tetramethoxycalix[4]arene (11) with 2- or 4-aminopyridine 

 

The reactions of either 2- or 4-aminopyridine with compound 11 were attempted under 

the standard reaction conditions as described before (reflux with appropriate 

aminopyridine dissolved in toluene in the presence of p-TsOH·H2O).  However, these 

reactions proved to be unsuccessful as only starting material was recovered, indicating 

that no reaction had taken place and therefore more forcing reaction conditions were 

required in order to form the desired products.  The reactions with 2- and 4-aminopyridine 

were carried out again in a higher boiling point solvent, mesitylene, in order to investigate 

whether the elevated reaction temperatures had any effect.  Again, only starting materials 

were recovered from these reactions. 

 A search of the literature shows that synthesising substituted pyrrole derivatives, 

albeit not on a calixarene framework, is possible under microwave conditions as outlined 

by Murugesan and co-workers.11  In the work presented in this paper, Murugesan et al. 

were able to form several substituted pyrrole derivatives using solvent-free conditions in 

the microwave as they reacted hexane-2,5-dione, the appropriate aniline and p-TsOH 
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bound with silica gel in a microwave oven at 180 °C for 20 minute.  A slight modification 

of this procedure was used in the attempt to form these substituted pyrrole derivatives on 

calix[4]arenes through the addition of a solvent, either toluene or DMF to aid solubility 

of the reactants.  The first set of reactions attempted were carried out in toluene in the 

presence of p-TsOH·H2O (instead of the silica bound form) and reacted for 20 mins using 

either the 2-, 3- or 4-aminopyridine.  Only starting material was recovered from these 

reactions which was clear to see from the 1H NMR spectra due to the presence of the 

indicative 1,4-diketone backbone triplets meaning that no reaction had taken place.  

Toluene is a poor microwave absorbing solvent meaning it took a significant time for the 

reaction mixture to reach the desired temperature, therefore making the advantage of fast 

heating and reaction times almost null.  It was then decided to try DMF as this is a much 

better microwave absorbing solvent.  After 2 hours of microwave heating, the reaction 

with 3-aminopyridine looked promising as there was broadening of the NMR spectrum 

of the crude product obtained from the reaction.  Therefore, the same conditions were 

used for the 2- and 4-aminopyridine reactions in DMF, however, only starting material 

was recovered from both reactions. 

 Another reaction method was trialled, and this involved superheating the reaction 

mixture in a sealed pressure tube.  Again, the reaction with 3-aminopyridine was selected 

as a test in order to establish whether these reaction conditions would form the product 

formed previously under standard conditions.  The reaction was carried out in DMF in 

the presence of p-TsOH·H2O and heated at 180 °C for 6 hours, after which time a brown 

solid was obtained after aqueous work-up.  This crude solid was found to be starting 

material, as confirmed by NMR analysis.  The reaction was then repeated at 200 °C for 5 

hours which, following work-up, was found to have started forming the desired product 

as the indicative triplets of the starting material had disappeared and there was broadening 

of the other peaks in the 1H NMR spectrum.  These reaction conditions were then taken 

forward in the reactions with 2- and 4-aminopyridine.  The reaction with 4-aminopyridine 

was carried out at 200 °C for 6 and 12 hours, and after subsequent work-up of both 

reactions it was found that only starting material was recovered.  The reaction with 2-

aminopyridine was also attempted at 200 °C for 6 hours, producing the same outcome. 

 It was thought that the reaction conditions were too acidic and, as such, the 2- and 

4-aminopyridines were being protonated and hence not acting as nucleophiles.  The pKa 

values of 2-, 3- and 4-aminopyridine are 6.86, 5.98 and 9.17,12 respectively.  These values 

show that 3-aminopyridine is the least basic out of the three isomers and therefore is able 

to tolerate more acidic reaction conditions, whereas the other two isomers are more basic 
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and are likely to be protonated in strongly acidic conditions.  The pKa value of p-TsOH 

is -2.8, indicating that this is a strongly acidic compound which is capable of protonating 

the aminopyridine reactants.13  Therefore it was decided to trial the use of pyridinium p-

toluenesulfonate (PPTS) as a replacement catalyst to investigate the effects this may have 

on the reaction due to its higher pKa value of 5.2.14  An overnight reflux of 11 and 3-

aminopyridine in toluene in a catalytic amount of PPTS showed formation of the desired 

product from the NMR spectrum, and so the reaction was carried out using both 2- and 

4-aminopyridine to investigate whether the desired products could be formed using these 

new reaction conditions.  The results from these reactions showed that only starting 

material was recovered in both cases. 

 The reaction of hexane-2,5-dione with both 2- and 4-aminopyridine have been 

observed in the literature and so it is likely that these products on the calix[4]arene 

framework may be obtained using other reaction conditions.  However, there was not 

sufficient time remaining during the life of this study to explore other conditions using 

catalysts such as iodine,15 bismuth nitrate16 or magnesium iodide etherate.17  Also, time 

permitting, it would be interesting to explore these reactions with other catalysts in 

pressure tubes as this should theoretically reduce the reaction time, thus giving a better 

indication of whether a reaction will take place in a shorter timeframe. 

 

 

3.3.5. Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(tert-butyl(2-

methyl-1H-pyrrole)carbamate)-25,26,27,28-tetramethoxycalix[4]arene (16) 

 

Another reaction investigated was the Paal-Knorr pyrrole synthesis using Boc-hydrazide 

as a method of introducing a protected NH2 group onto the pyrrole ring.  Following 

deprotection of the Boc group, the NH2 group was to be further reacted in the attempt to 

form a cage.  The standard reaction conditions of 11 and Boc-hydrazide in toluene in the 

presence of p-TsOH·H2O gave a yellow crude (Scheme 3.6). 
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Scheme 3.6.  Synthetic scheme for the preparation of 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrakis(tert-butyl(2-methyl-1H-pyrrole)carbamate)-25,26,27,28-

tetramethoxycalix[4]arene (16). 

 

Inspection of the 1H NMR spectrum of the crude product showed that a reaction had taken 

place as the triplets indicative of the starting material had disappeared.  It was interesting 

to note that two different tBu groups were observed in the spectrum which correlate to the 
tBu groups on the phenyl ring and the Boc protecting group.  However, the 1H NMR 

spectrum showed impurities and the crude could not be fully purified.  Through the use 

of IR, it would be possible to further investigate whether the desired product was 

synthesised as there should be a N-H band observed in the IR spectrum.  A broad band at 

3230 cm-1 was observed giving a good indication that the product had formed. 

 

 

3.3.6. Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(2-methyl-1-(3,4,5-

trimethoxyphenyl)-1H-pyrrole)-25,26,27,28-tetramethoxycalix[4]arene (17) 

 

One of the final reactions explored with compound 11 was with 3,4,5-trimethoxyaniline 

in order to incorporate several methoxy groups which could later be deprotected to give  

new hydroxyl environments capable of metal coordination.  This reaction was carried out 

using the standard conditions of reflux of 11 and 3,4,5-trimethoxyaniline in toluene with 

the addition of p-TsOH·H2O as a catalyst in the hope of synthesising 

5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(2-methyl-1-(3,4,5-trimethoxyphenyl)-1H-

pyrrole)-25,26,27,28-tetramethoxycalix[4]arene (17, Scheme 3.7). 
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Scheme 3.7.  Synthetic scheme for the preparation of 

5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(2-methyl-1-(3,4,5-trimethoxyphenyl)-1H-

pyrrole)-25,26,27,28-tetramethoxycalix[4]arene (17). 

 

Upon aqueous work-up, a yellow/orange crude was afforded which was purified by 

column chromatography.  The 1H NMR spectrum of what appeared to be the desired 

product had slight impurities in it so the solid was recrystallised from CHCl3/MeOH to 

give a white crystalline solid.  However, inspection of the 1H NMR spectrum of the 

recrystallised solid showed the same impurities as prior to purification.  ESI-MS has 

confirmed that the product has successfully formed, albeit still with slight impurities as 

indicated from the 1H NMR spectrum, as peaks with m/z values of 1684.9 and 1708.9 

have been identified as M and [M+Na]+, respectively.  Suitable single crystals for X-ray 

diffraction analysis were grown from vapour diffusion of PET into a CHCl3 solution of 

17.  The crystals were found to be in a monoclinic cell and structure solution was carried 

out in the space group P21/c.  The ASU was found to contain one full molecule of 17 in 

the pinched-cone conformation and what appeared to be molecules of solvent.  However, 

the solvent could not be modelled and so a solvent mask was applied to remove the extra 

electron density. 
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Figure 3.15.  Single crystal X-ray structure of 17 shown in ball and stick representation.  

Colour code: C – grey; O – red; N – blue.  H atoms are omitted for clarity. 

 

Inspection of Figure 3.15 shows that the 1,4-diketone groups on the methylene bridge 

position have been ring-closed to form the pyrrole groups with the substituted 

trimethoxyphenyl rings pointing down.  Again, it is interesting to note that the equatorial 

positioning of the bridge substituents has been retained.  The next synthetic step for this 

compound would be deprotection of all of the methoxy groups to install a possible sixteen 

hydroxyl groups.  The resultant compound has a significantly increased number of metal-

binding sites and the prospect of forming new polymetallic clusters from this compound 

is of great interest to this research group. 

 

 

3.4.  Oxidation of 4 and Subsequent Synthesis of Pyridazine TBC[4] 

derivatives 

 

As outlined previously, there are two ways in which a furan moiety can be ring-opened, 

one of which is the oxidation of the furan group to form the unsaturated 1,4-diketone 

species.  This form of ring-opening will be discussed in this section with the oxidative 

ring-opening reaction of compound 4 carried out by a room temperature stir with mCPBA 
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in DCM under N2 (Scheme 3.8) as reported by Lichtenthaler and co-workers.2  This 

produced a pale yellow solid after subsequent aqueous work-up and purification by 

column chromatography which was found to be 5,11,17,23-tetra-tert-butyl-2,8,14,20-

tetrakis(pent-2-ene-1,4-dione)-25,26,27,28-tetramethoxycalix[4]arene (18) in a 34% 

yield.  This equates to an approximate 76% yield for each bridge position which is lower 

than the yield obtained by Lichtenthaler et al. (90%), however, it is promising to see that 

this reaction can be applied to C[4]s. 

 

 

 

Scheme 3.8.  Synthetic scheme for the preparation of 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrakis(pent-2-ene-1,4-dione)-25,26,27,28-tetramethoxycalix[4]arene (18). 

 

Colourless crystals of compound 18 were grown from acetonitrile which were analysed 

by X-ray diffraction.  The crystals were found to be in a tetragonal cell and structure 

solution was carried out in the space group P4bm.  The ASU was found to consist of two 

halves of two calix[4]arene units which upon symmetry expansion gave two full 

calixarenes, one of which is in a cone conformation and the other in a pinched-cone 

conformation.  The calixarene in the cone conformation contains a molecule of 

acetonitrile in the cavity whereas the calixarene in the pinched-cone conformation does 

not have any solvent in the cavity. 
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Figure 3.16.  Views of the single crystal X-ray structure of 18 shown in ball and stick 

representation.  (A) Cone conformation.  (B) Pinched-cone conformation.  Colour code: 

C – grey; O – red.  Acetonitrile of crystallisation and H atoms are omitted for clarity. 

 

Inspection of the crystal structure (Figure 3.16) clearly shows that the furan moieties have 

been ring-opened to afford 18. The carbon-carbon bond lengths of the backbone are 

1.325(6) and 1.318(5) Å for the cone and pinched-cone conformations, respectively, 

indicating that these are double bonds and hence the unsaturated 1,4-diketone species.  It 

is also clear to see that the equatorial positions of the substituents at the methylene bridge 

have been retained as expected. 

A) 

B) 



92 
 

3.4.1. Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(3-

methylpyridazine)-25,26,27,28-tetramethoxycalix[4]arene (19) 

 

The next reaction explored in this part of the work involved reacting compound 18 with 

hydrazine hydrate in order to form 5,11,17,23-tetra-tert-butyl-2,8,14,20-

tetrakis(3-methylpyridazine)-25,26,27,28-tetramethoxycalix[4]arene (19).  The reaction 

conditions outlined by Lichtenthaler and co-workers2 in which they reacted 

(Z)-1,6-bis(benzyloxy)hex-3-ene-2,5-dione with hydrazine hydrate in THF to afford 

3,6-bis(benzyloxymethyl)pyridazine were not suitable for the reaction of compound 18 

under the same conditions as starting material was recovered indicating that no reaction 

had occurred.  Therefore more forcing reaction conditions were required and conditions 

reported by Ried et al.5 were employed.  The synthesis of 19 was achieved by reflux of 

compound 18 and hydrazine hydrate in acetic acid which yielded a light brown solid in a 

67% yield following an aqueous work-up and column chromatography.  This yield 

equates to an approximate 90% yield per methylene bridge position. 

 

 

 

Scheme 3.9.  Synthetic scheme for the preparation of 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrakis(3-methylpyridazine)-25,26,27,28-tetramethoxycalix[4]arene (19). 

 

Single crystals of 19 were grown upon vapour diffusion of acetonitrile into a solution of 

the solid in CHCl3 and the crystal structure of this is shown in Figure 3.17.  The crystals 

were found to be in an orthorhombic cell and structure solution was carried out in the 

space group Pnma.  The ASU was found to contain one half of 19 which upon symmetry 

expansion afforded a full molecule of 19 in the pinched-cone conformation. 



93 
 

 

 

Figure 3.17.  Single crystal X-ray structure of 19 shown in ball and stick representation. 

Colour code: C – grey; O – red; N – blue.  H atoms are omitted for clarity. 

 

Inspection of Figure 3.17 clearly shows that the diketone groups of compound 18 have 

reacted with the hydrazine hydrate and formed pyridazine moieties.  It can also be seen 

that the pyridazine substituents remain in the equatorial positions. 

 

3.4.2. Deprotection of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(3-

methylpyridazine)-25,26,27,28-tetramethoxycalix[4]arene (19) 

 

The next steps of this work were to be the deprotection of all of the novel methylene 

bridge-substituted C[4]s synthesised.  Due to time issues only the demethylation of 

compound 19 was investigated as this compound was easy to synthesise in good yields 

and there were no solubility issues.  As explained in Chapter 2, lower-rim hydroxyl groups 

are required to form polymetallic clusters, and so compound 19 needed to be deprotected 

before its coordination properties could be investigated.  The deprotection step was 

initially attempted using the standard conditions as outlined in Chapter 2, however this 

was not a suitable method of demethylation due to the nature of the 1H NMR spectrum of 

the solid produced from the reaction.  It was unclear if any demethylation had occurred 

through inspection of the NMR spectrum, and purification of the crude solid by 

recrystallisation and column chromatography proved to be unsuccessful. 

Another method of demethylation by reaction with boron tribromide was 

investigated and preliminary results from this reaction were promising as evaluated from 

the 1H NMR spectrum.  Using a modified procedure as reported by Hardman and co-
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workers,18 the reaction was carried out by adding 40 eq. of BBr3 to a solution of 

compound 19 in dry DCM at -78 °C which was then stirred at this temperature for 1 hour.  

After this time the reaction mixture was warmed to room temperature and allowed to stir 

for 24 hours. 

 

 

 

Scheme 3.10.  Synthetic scheme for the preparation of 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrakis(3-methylpyridazine)-25,26,27,28-tetrahydroxycalix[4]arene (20). 

 

Inspection of the NMR spectrum shows that the reaction had not proceeded as planned 

(Scheme 3.10) as the relative integrals of the methoxy peaks and the methyl peak on the 

pyridazine group indicated that partial demethylation had occurred.  Hardman et al. used 

the same reaction conditions described above to fully demethylate a 

2-chloroalkylcalix[4]arene using 6.5 equivalents of BBr3.18  This suggests that perhaps 

the pyridazine substituents on 19 are too bulky, therefore hindering the demethylation 

step.  The spot TLC of the crude in a 9:1 CHCl3/MeOH eluent system showed multiple 

spots, suggesting that more than one product has formed from the reaction.  The crude 

may be a mixture of the mono-, di- (vicinal and distal), tri- and tetra-hydroxy products. 

This in turn suggests that it may be possible to optimise the reaction conditions and / or 

time in order to isolate selected demethylated products as desired; this would provide a 

range of benefits depending on how one might exploit the lower-rim binding site.  

Following column chromatography, it was possible to identify that the mono-, di- and tri-

hydroxy derivatives had been isolated from the reaction described as above. 
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Scheme 3.11.  Synthetic scheme showing the possible derivatives formed under the 

modified reaction conditions as reported by Hardman and co-workers. 

 

The first compound to be discussed is thought to be 5,11,17,23-tetra-tert-butyl-2,8,14,20-

tetrakis(3-methylpyridazine)-25,26,27-trimethoxy-28-hydroxycalix[4]arene (21).  

Although the compound appeared to be pure from the spot TLC, the 1H NMR spectrum 

showed slight impurities.  However, it was possible to postulate what the product may be 

from the relative integrals of 9 protons for the methoxy groups with the 15 protons for the 

pyridazine methyl groups.  Overlapping signals of impurities around 2.7 ppm may be the 

cause for the integral observed for the pyridazine methyl groups as 12 protons are 

expected for these groups.  ESI-MS confirmed that it was in fact the mono-hydroxy 

derivative as m/z peaks were observed at 1059.6 and 1089.6 which correspond to [M+H]+ 

and [M+Na]+ values, respectively. 

The second compound afforded from the demethylation reaction was thought to 

be either 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(3-methylpyridazine)-25,26-

dimethoxy-27,28-dihydroxycalix[4]arene (22a) or 5,11,17,23-tetra-tert-butyl-2,8,14,20-

tetrakis(3-methylpyridazine)-25,27-dimethoxy-26,28-dihydroxycalix[4]arene (22b).  

The spot TLC of this compound suggested that this was only one compound and the 1H 

NMR showed only very minor impurities.  Again, the product could be postulated from 

the relative integrals of 6 protons for the methoxy peaks compared with 3:6:3 protons for 
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the pyridazine methyl peaks  suggesting that two methoxy groups had been removed.  The 

splitting pattern of the pyridazine methyl groups suggest that this is the vicinal derivative 

(22a) as a singlet would be expected to be observed for the distal isomer (22b) due to 

symmetry of the molecule.  ESI-MS confirmed that the di-hydroxy product had been 

synthesised as m/z peaks were observed at 1045.6 and 1067.6 which correlate to [M+H]+ 

and [M+Na]+ values, respectively.  However these m/z peaks would be expected for both 

isomers so further analysis is required (for example X-ray crystallography) in order to 

conclusively assign this compound as either the vicinal or distal derivative. 

The third compound isolated after column chromatography was thought to be 

5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(3-methylpyridazine)-25-methoxy-26,27,28

-trihydroxycalix[4]arene (23).  Again, the spot TLC of this compound suggested that there 

was only one product but there were some impurities in the 1H NMR spectrum which 

might be the reason why the relative integral of 15 protons for the pyridazine methyl 

groups is higher than expected compared to 3 protons for the methoxy peaks.  ESI-MS 

was used to confirm that this product had in fact been isolated from the reaction as m/z 

peaks were observed at 1031.6 and 1053.6 which correspond to [M+H]+ and [M+Na]+ 

values, respectively. 
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3.5. Conclusions 

 

The results presented here show that the library of methylene bridged-substituted 

calix[4]arenes has been expanded a great deal.  All of these new derivatives have been 

synthesised using compound 4 as the starting material for these transformations.  

Compound 4 has been successfully ring-opened to form the saturated 1,4-diketone 

species, 11, and the unsaturated 1,4-diketone species, 18, and from these two compounds 

a whole raft of other heterocyclic compounds can be synthesised. 

Compound 11 can be ring-closed through a Paal-Knorr pyrrole condensation 

reaction, which gives the option of introducing various substituents on the N atom of the 

pyrrole moiety.  There are a huge number of commercially available primary amines, 

giving almost limitless possibilities for the generation of new, functional host molecules, 

the properties of which can be tailored or tuned accordingly.  The distinctive triplets in 

the 1H NMR spectrum of 11 observed are an excellent NMR handle, giving an immediate 

indication of whether a reaction has proceeded or not. Compound 16 requires purification 

before full characterisation can be completed, and once this is pure it can potentially be 

reacted further in order to investigate organic cage formation.  The deprotection of 

compound 17 will be carried out in the future, along with testing the coordination 

chemistry of the fully demethylated derivative in the hope of forming new polymetallic 

clusters. 

Compound 18 has been reacted with hydrazine in order to introduce another 

heterocyclic group onto the methylene bridge position and deprotection studies are 

underway.  Scale-up of the reaction using conditions described in this work are required 

in order to afford each product in a large enough scale to allow full characterisation.  

Optimisation of the deprotection step is required to be able to vary the number of methoxy 

groups removed at certain timeframes during the reaction.  Once the fully demethylated 

compound is obtained, its coordination chemistry can be explored in line with conditions 

described in Chapter 2. This will provide insight into whether these additional groups at 

the methylene bridge positions have any effect on the cluster-forming capabilities of these 

new ligands. 
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3.6. Experimental 

 
Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20- tetrakis(pentane-1,4-dione)-

25,26,27,28-tetramethoxycalix[4]arene, 11. 

Compound 4 (0.997 g) in acetic acid (300 mL), water (120 mL) and conc. sulfuric acid 

(20 mL) was heated at reflux for 20 hours.  The green solution was cooled to room 

temperature and diluted with water (100 mL) before extraction with CHCl3 (3 x 100 mL).  

The combined organic phase was washed with water (3 x 100 mL), then dried over 

MgSO4 before the solvent was removed under reduced pressure.  The crude solid was 

purified by column chromatography (7:3 CHCl3/EtOAc) to yield 0.508 g (48%) of 11.  
1H NMR (300 MHz, CDCl3): δ ppm 1.04 (s, 36 H) 2.20 (s, 12 H) 2.81 (t, J=6.6 Hz, 8 H) 

2.95 (t, J=6.6 Hz, 8 H) 3.92 (s, 12 H) 5.85 (s, 4 H) 6.74 (s, 8 H).  13C NMR (75.5 MHz, 

CDCl3): δ ppm 208.8, 207.4, 155.2, 145.9, 131.6, 125.0, 62.5, 51.6, 37.9, 36.7, 34.5, 31.7, 

30.3.  ESI-MS: 1119.6, [M+Na]+. 

Crystal data for 11: C68H88O12, M = 1008.68 g/mol, monoclinic, space group P21/c 

(no.14), a = 13.0121(5) Å, b = 19.7432(8) Å, c = 24.1190(10) Å, β = 91.058(2)°, V = 

6195.1(4) Å3, Z = 4, T = 173(2) K, synchrotron radiation (λ = 0.7749 Å), 106792 

reflections measured (2.906° ≤ 2θ ≤ 76.132°), 26097 unique (Rint = 0.0993, Rsigma = 

0.0701) which were used in all calculations.  The final R1 was 0.0712 (I > 2σ(I)) and wR2 

was 0.2147 (all data).  

 

 

Synthesis of partially demethylated tetrakis(pentane-1,4-dione) TBC[4], 12. 

This compound was recovered as a side product from the hydrolysis reaction of 4. 
1H NMR (300 MHz, CDCl3): δ ppm 0.83 (s, 18 H) 1.26 (s, 9 H) 1.26 (s, 9 H) 2.19 (s, 6 

H) 2.20 (s, 6 H) 2.64 - 2.80 (m, 4 H) 2.86 - 2.99 (m, 12 H) 3.82 (s, 6 H) 4.22 (s, 3 H) 5.85 

(s, 2 H) 5.86 (s, 2 H) 6.62 (d, J=2.20 Hz, 2 H) 6.66 (d, J=2.20 Hz, 2 H) 6.92 (s, 2 H) 7.02 

(s, 2 H).  13C NMR (75.5 MHz, CDCl3): δ ppm 207.8, 207.6, 206.9, 206.7, 155.1, 152.4, 

150.3, 147.2, 145.6, 143.3, 133.9, 128.7, 128.4, 128.1, 126.9, 126.5, 123.3, 122.4, 63.7, 

61.8, 51.1, 50.5, 37.6, 37.4, 36.3, 36.2, 34.5, 34.2, 33.9, 31.5, 31.4, 30.9, 29.8.  ESI-MS: 

1105.6, [M+Na]+. 

Crystal data for 12: C67H86O12, M = 1083.35 g/mol, monoclinic, space group P21/c 

(no.14), a = 10.6655(10) Å, b = 29.293(2) Å, c = 19.4637(18) Å, β = 93.048(3)°, V = 

6072.4(9) Å3, Z = 4, T = 273(2) K, MoKα radiation (λ = 0.71073 Å), 55100 reflections 

measured (2.514° ≤ 2θ ≤ 41.856°), 6382 unique (Rint = 0.1257, Rsigma = 0.0852) which 
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were used in all calculations.  The final R1 was 0.0901 (I > 2σ(I)) and wR2 was 0.2918 

(all data).  

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(2-methyl-1H-pyrrole)-

25,26,27,28-tetramethoxycalix[4]arene, 13. 

Compound 11 (0.402 g) and ammonium acetate (1.008 g) in acetic acid (50 mL) was 

heated at reflux for 4 hours.  After this time the reaction mixture was poured into water 

(~50 mL).  This was then extracted with CHCl3 (3 x 40 mL).  The organic phase was then 

washed once with 1M NaOH solution (40 mL) and twice with water (2 x 40 mL).  The 

combined organic phase was dried over MgSO4 before removal of the solvent under 

reduced pressure to yield 0.390 g of crude product.  The crude solid was purified by 

column chromatography (9:1 CHCl3/EtOAc) to yield 0.258 g (69%) of 13. 

1H NMR (400 MHz, CDCl3):  ppm 1.01 (s, 36 H), 2.26 (s, 12 H), 3.87 (s, 12 H), 5.82 

(d, J=1.96 Hz, 8 H), 6.02 (s, 4 H), 6.81 (s, 8 H), 7.68 (br. s, 4 H).  13C NMR (100.6 MHz, 

CDCl3): δ ppm 154.9, 145.0, 135.4, 132.1, 126.4, 123.9, 108.4, 105.5, 62.1, 37.2, 34.1, 

31.3, 13.1.  ESI-MS: 1043.6, [M+Na]+. 

Crystal data for 13: C170H92N4O6, M = 1085.47 g/mol, monoclinic, space group P21/c 

(no.14), a = 16.9164(12) Å, b = 24.2445(17) Å, c = 15.1980(11) Å, β = 90.216(3)°, V = 

6233.1(8) Å3, Z = 4, T = 100(2) K, synchrotron radiation (λ = 0.7288 Å), 166057 

reflections measured (2.68° ≤ 2θ ≤ 51.054°), 11603 unique (Rint = 0.0756, Rsigma = 0.0368) 

which were used in all calculations.  The final R1 was 0.0625 (I > 2σ(I)) and wR2 was 

0.1931 (all data).  

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(1-phenyl-2-methyl-1H-

pyrrole)-25,26,27,28-tetramethoxycalix[4]arene, 14. 

Toluene (30 mL), aniline (0.25 mL) and p-TsOH·H2O (0.0050 g) was added to compound 

11 (0.200 g) which was then heated at reflux for 24 hours.  The cloudy yellow mixture 

was cooled to room temperature before the solvent was removed under reduced pressure.  

The yellow solid was dissolved in CHCl3 and filtered to yield 0.132 g (55%) of 14.  
1H NMR (400 MHz, CDCl3): δ ppm 0.89 (s, 18 H), 1.22 (s, 18 H), 1.98 (s, 12 H), 2.49 (s, 

6 H), 3.35 (s, 6 H), 5.42 (s, 4 H), 5.93 (d, J=3.30 Hz, 4 H), 5.99 (d, J=3.42 Hz, 4 H), 6.42 

(s, 4 H), 6.68 - 6.75 (m, 4 H), 6.75 (s, 4 H), 7.16 - 7.27 (m, 8 H), 7.32 - 7.37 (m, 4 H), 

7.38 - 7.45 (m, 4 H).  13C NMR (100.6 MHz, CDCl3): δ ppm 153.7, 153.1, 144.2, 143.2, 
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139.5, 137.4, 134.0, 132.6, 129.1, 128.4, 127.1, 124.6, 122.3, 109.3, 105.6, 62.1, 58.5, 

36.1, 34.2, 33.7, 31.7, 31.2, 13.1.  ESI-MS: 1347.8, [M+Na]+. 

Crystal data for 14: C92H100N4O4, M = 1325.75 g/mol, monoclinic, space group P2/n 

(no.13), a = 16.383(11) Å, b = 11.516(7) Å, c = 21.907(15) Å, β = 113.553(17)°, V = 

3789(4) Å3, Z = 2, T = 100(2) K, synchrotron radiation (λ = 0.7288 Å), 3697 reflections 

measured (2.726° ≤ 2θ ≤ 42.846°), 3697 unique (Rint = 0.0000, Rsigma = 0.0454) which 

were used in all calculations.  The final R1 was 0.0772 (I > 2σ(I)) and wR2 was 0.2095 

(all data).  

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(3-(2-methyl-1H-

pyrrole)pyridine)-25,26,27,28-tetramethoxycalix[4]arene, 15. 

Toluene (50 mL) was added to compound 11 (1.021 g), 3-aminopyridine (0.717 g) and 

p-TsOH·H2O (0.099 g) which was then heated at reflux for 7 days.  The yellow solution 

was cooled to room temperature before the solvent was removed under reduced pressure.  

The solid was then dissolved in CHCl3 (50 mL) before it was washed with water (3 x 50 

mL).  The organic phase was dried over MgSO4 before the solvent was removed under 

reduced pressure.  The crude product was purified by column chromatography (9:1 

DCM/MeOH) to yield 0.345 g (28%) of 15. 
1H NMR (400 MHz, C2D2Cl4): δ ppm: 0.85 (br. s, 18 H), 1.19 (s, 18 H), 1.98 (s, 12 H), 

2.41 (br. s, 6 H), 3.40 (s, 6 H), 5.32 (br. s, 4 H), 5.94 (br. s, 4 H), 5.99 (br. s, 4 H), 6.38 

(br. s, 4 H), 6.67 (br. s, 4 H), 6.98 (br. s, 2 H), 7.39 (br. s, 4 H), 7.57 (br. s, 2 H), 8.00 (br. 

s, 2 H), 8.44 (br. s, 2 H), 8.64 (br. s, 4 H)  

NOTE: NMR solvent peak corresponds with broad singlet at 5.99 ppm and so the whole 

peak has not been integrated to exclude the solvent peak but the peak integrates to 4 H 

atoms. 

1H NMR (400 MHz, 75 °C, C2D2Cl4) )  ppm: 0.91 (s, 18 H), 1.24 (s, 18 H), 2.01 (s, 12 

H), 2.53 (s, 6 H), 3.43 (s, 6 H), 5.38 (s, 4 H), 5.98 (d, J=3.30 Hz, 4 H), 6.04 (d, J=3.34 

Hz, 4 H), 6.45 (s, 4 H), 6.76 (s, 4 H), 7.15 - 7.52 (m, 8 H), 8.28 (br. s, 4 H), 8.67 (d, 

J=1.00 Hz, 4 H) 

NOTE: The multiplet at 7.15 – 7.52 ppm is actually two different proton environments 

but they have been integrated together due to overlapping signals – one broad singlet and 

a multiplet, each with an integral of 4 protons.   
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13C NMR (100.6 MHz, CDCl3): δ ppm 153.7, 153.3, 151.2, 150.2, 148.8, 144.9, 143.7, 

137.1, 136.0, 134.0, 132.1, 129.8, 125.7, 122.6, 110.1, 106.5, 62.2, 58.8, 36.2, 34.4, 33.8, 

31.7, 31.2, 13.1.  ESI-MS: 1351.8, [M+Na]+. 

Crystal data for 15: C88H96N8O4, M = 1329.72 g/mol, monoclinic, space group P2/c 

(no.13), a = 16.153(9) Å, b = 11.480(6) Å, c = 21.506(12) Å, β = 109.163(9)°, V = 3767(4) 

Å3, Z = 2, T = 100(2) K, synchrotron radiation (λ = 0.7288 Å), 5337 reflections measured 

(2.738° ≤ 2θ ≤ 47.876°), 5337 unique (Rint = 0.0000, Rsigma = 0.0473) which were used in 

all calculations.  The final R1 was 0.1008 (I > 2σ(I)) and wR2 was 0.2742 (all data). 

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(tert-butyl(2-methyl-1H-

pyrrole)carbamate)-25,26,27,28-tetramethoxycalix[4]arene, 16. 

Compound 11 (0.200 g), Boc-hydrazide (0.199 g) and p-TsOH·H2O (0.078 g) in toluene 

(100 mL) was heated at reflux for 48 hours.  The yellow solution was cooled to room 

temperature and then the toluene was removed under reduced pressure.  The crude solid 

was dissolved in CHCl3 (50 mL) and then washed with water (3 x 50 mL).  The organic 

phase was dried over MgSO4 and then the solvent was removed under reduced pressure 

to yield 0.194 g of a yellow crude  

 

Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(2-methyl-1-(3,4,5-

trimethoxyphenyl)-1H-pyrrole)-25,26,27,28-tetramethoxycalix[4]arene, 17. 

Compound 11 (0.445 g), 3,4,5-trimethoxyaniline (0.594 g) and p-TsOH·H2O (0.304 g) in 

toluene (100 mL) was heated at reflux for 24 hours.  The yellow reaction mixture was 

cooled to room temperature and then the solvent was removed under reduced pressure.  

The solid was dissolved in CHCl3 and then washed once with 1M HCl(aq) 100 mL) and 

twice with water (2 x 100 mL).  The organic phase was dried over MgSO4 and then the 

solvent was removed under reduced pressure to yield a yellow crude.  The crude was 

purified by gradient column chromatography (9:1 CHCl3/EtOAc →7:3 CHCl3/EtOAc) to 

give an off-white solid which was then recrystallised from CHCl3/MeOH to yield 0.378 

g of 17. 

1H NMR (400 MHz, CDCl3)  ppm: 0.95 (s, 18 H), 1.23 (s, 18 H), 2.04 (d, J=0.73 Hz, 12 

H), 2.92 (s, 6 H), 3.28 (s, 6 H), 3.42 (s, 12 H), 3.84 (s, 12 H), 3.88 (s, 12 H), 5.66 (s, 4 

H), 5.94 (dd, J=3.42, 0.73 Hz, 4 H), 6.05 (d, J=3.42 Hz, 4 H), 6.09 (d, J=1.96 Hz, 4 H), 

6.42 (s, 4 H), 6.51 (d, J=1.96 Hz, 4 H), 7.00 (s, 4 H).  13C NMR (100.6 MHz, CDCl3) δ 

ppm: 154.2, 152.9, 152.8, 152.6, 144.7, 143.4, 137.9, 134.4, 133.5, 133.3, 129.2, 124.3, 
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122.5, 110.3, 107.2, 106.2, 106.0, 62.1, 60.9, 59.4, 56.1, 55.7, 36.1, 34.4, 33.8, 31.8, 31.2, 

13.4.  ESI-MS: 1684.9, M and 1707.9, [M+Na]+. 

Crystal data for 17: C104H124N4O16, M = 1687.07 g/mol, monoclinic, space group P21/c 

(no.14), a = 24.7454(13) Å, b = 21.2032(7) Å, c = 19.2492(5) Å, β = 98.714(4)°, V = 

9983.1(7) Å3, Z = 4, T = 100.00(10) K, CuKα radiation (λ = 1.54178 Å), 64900 reflections 

measured (5.516° ≤ 2θ ≤ 100.862°), 10457 unique (Rint = 0.1664, Rsigma = 0.1392) which 

were used in all calculations.  The final R1 was 0.0813 (I > 2σ(I)) and wR2 was 0.2232 

(all data).  

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(pent-2-ene-1,4-dione)-

25,26,27,28-tetramethoxycalix[4]arene, 18. 

Compound 4 (1.805 g) and mCPBA (2.403 g) in DCM (60 mL) was stirred at room 

temperature under N2 for 18 hours.  A white precipitate formed overnight which was 

removed by filtration and washed with DCM.  The filtrate was washed once with Na2SO3 

(aq) (50 mL), once with NaHCO3 (aq) (50 mL) and once with water (50 mL).  The organic 

phase was collected and dried over MgSO4 before removal of the solvent under reduced 

pressure.  The crude product was purified by column chromatography (3:2 EtOAc/PET) 

to yield 0.659 g (34%) of 18.  

1H NMR (400 MHz, CDCl3):  ppm 1.05 (s, 36 H), 2.36 (s, 12 H), 3.86 (s, 12 H), 5.83 (s, 

4 H), 6.31 (d, J=11.98 Hz, 4 H), 6.52 (d, J=11.98 Hz, 4 H), 6.82 (s, 8 H).  13C NMR (100.6 

MHz, CDCl3): δ ppm 201.5, 199.9, 154.9, 146.0, 139.0, 133.1, 130.8, 125.3, 62.1, 51.2, 

34.2, 31.2, 29.6.  ESI-MS: 1111.6 [M+Na]+. 

Crystal data for 18: C146H175N5O24, M = 2383.90 g/mol, tetragonal, space group P4bm 

(no.100), a = 25.0238(7) Å, b = 25.0238(7) Å, c = 10.8155(6) Å, V = 6772.6(5) Å3, Z = 

2, T = 120.01(10) K, MoKα radiation (λ = 0.71073 Å), 77706 reflections measured (5.87° 

≤ 2θ ≤ 59.748°), 8967 unique (Rint = 0.0857, Rsigma = 0.0479) which were used in all 

calculations.  The final R1 was 0.0626 (I > 2σ(I)) and wR2 was 0.1345 (all data).  

 

 

Synthesis of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(3-methylpyridazine)-

25,26,27,28-tetramethoxycalix[4]arene, 19. 

Compound 18 (0.501 g) and hydrazine hydrate (1.0 mL) in acetic acid (120 mL) was 

heated at reflux overnight.  After this time, water (100 mL) was added to the brown 

solution and this was then extracted with CHCl3 (3 x 100 mL).  The combined organic 
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phase was washed with water (3 x 100 mL) before it was dried over MgSO4.  The solvent 

was removed under reduced pressure and the crude was purified by column 

chromatography (9:1 CHCl3/MeOH) to yield 0.329 g (67%) of 19.  
1H NMR (300 MHz, CD2Cl2) δ ppm 0.99 (s, 36 H) 2.69 (s, 12 H) 3.85 (s, 12 H) 6.54 (s, 

4 H) 6.78 (s, 8 H) 7.29 (d, J=8.80 Hz, 4 H) 7.53 (d, J=8.44 Hz, 4 H).  13C NMR (75.5 

MHz, CDCl3): δ ppm 162.2, 157.7, 155.2, 145.1, 134.6, 127.0, 126.4, 124.7, 62.1, 34.1, 

31.3, 22.0.  ESI-MS: 1095.6, [M+Na]+. 

Crystal data for 19: C68H80N8O4, M = 1073.40 g/mol, orthorhombic, space group Pnma 

(no.62), a = 10.9504(4) Å, b = 21.9377(8) Å, c = 25.0154(9) Å, V = 6009.4(4) Å3, Z = 4, 

T = 273.15 K, synchrotron radiation (λ = 0.7288 Å), 68008 reflections measured (2.47° ≤ 

2θ ≤ 55.014°), 7098 unique (Rint = 0.0964, Rsigma = 0.0405) which were used in all 

calculations.  The final R1 was 0.0854 (I > 2σ(I)) and wR2 was 0.2769 (all data).  

 

 

Deprotection of compound 19. 

Compound 19 (0.162 g) was dissolved in dry DCM (40 mL) under N2 and this solution 

was cooled to -78 °C.  BBr3 (0.55 mL) was added with stirring and the reaction mixture 

was stirred at -78 °C for 1 hour before it was stirred at room temperature for 24 hours.  

The reaction mixture was quenched with water (~100 mL).  The organic phase was then 

separated and washed with water (3 x 50 mL) before it was dried over MgSO4 and then 

evaporated to dryness.  The crude solid was then purified by gradient column 

chromatography (100% CHCl3 → 9:1 CHCl3/MeOH (1% increments) → 1:1 

CHCl3/MeOH (10% increments). 

 

Spot with Rf (0.43) in 9:1 CHCl3/MeOH corresponds to 5,11,17,23-tetra-tert-butyl-

2,8,14,20-tetrakis(3-methylpyridazine)-25,26,27-trimethoxy-28-hydroxycalix[4]arene, 

21. 

 

Spot with Rf (0.30) in 9:1 CHCl3/MeOH corresponds to 

5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(3-methylpyridazine)-25,26-dimethoxy-27,

28-dihydroxycalix[4]arene, 22a or 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(3-

methylpyridazine)-25,27-dimethoxy-26,28-dihydroxycalix[4]arene, 22b. 
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Spot with Rf (0.24) in 9:1 CHCl3/MeOH corresponds to 

5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrakis(3-methylpyridazine)-25-methoxy-26,27,28

-trihydroxycalix[4]arene, 23. 
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Chapter 4 

Metal-Organic Cage Chemistry 

 

 

4.1 Introduction 

 

The work discussed in Chapter 4 is an investigation into the possibility of using the 

compounds synthesised in Chapter 3 to form metal-organic cages.  The work carried out 

in this Chapter was undertaken in collaboration with the Lusby group at The University 

of Edinburgh and focusses on the use of compound 15 as the pyridine moieties on the 

calixarene framework make it an ideal candidate for such studies.  Prior to the discussion 

of the results, the use of pyridine groups in cage formation will be described in relation 

to results in the literature, as well as some results in which pyridinecalix[4]arenes have 

been utilised in metal-organic cage formation. 

 

 

4.2 Ligand Design for Cage Assembly 

 

The self-assembly of large supramolecular cages using pyridine moieties has been widely 

reported by Stang and Fujita through the reaction of the ligands shown in Figure 4.1 with 

metal salts.1-6 
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Figure 4.1.  Examples of ligands utilised by the Stang and Fujita groups for cage 

formation.  A) 4,4′-bipyridine (L1),1-3 B) 2,7-diazapyrene (L2),2 C) 1,4-dicyanobenzene 

(L3),2 D) 1,3,5-tris(4-pyridylmethyl)benzene (L4),4 E) 4,4′-bispyridylacetal (L5),6 

F) 2,9-diazabenzo[cd,lm]perylene (L6),2 G) 1,3,5-tris(3,5-pyrimidyl)benzene (L7)5 and 

H) 1,3,5-tris(4-pyridylethynl)benzene (L8).6 

 

Both research groups have investigated the formation of tetranuclear macrocyclic squares 

prepared from 4,4′-bipyridine (L1, 4,4′-bpy) as well as various other ligands in the 

presence of palladium or platinum salts.1-6  An example of this is shown in Figure 4.2 in 

which 4,4′-bpy (L1) has been reacted with [Pd(dppp)][OTf]2 where dppp is 

1,3-bis(diphenylphosphino)propane and OTf is a triflate anion.2  Inspection of Figure 4.2 

shows that the four PdII centres at the corners of the square are held together by the 

4,4′-bpy linkers which make up the edges. 

 

 

A) B) C) D) E) 

F) G) H) 
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Figure 4.2.  Representation of the tetranuclear macrocyclic squares formed by Fujita and 

Stang.2 

 

The 4,4′-bpy units in the square shown in Figure 4.2 can be replaced with other ligands 

such as those shown in Figure 4.1.  L1, L2, L3 and L6 in Figure 4.1A, B, C and F have 

been utilised by the groups in the self-assembly of PtII and PdII macrocyclic squares as 

mentioned above, in which the ditopic ligands form the edges of the square with the metal 

site positioned in the corner, and from these a series of macrocyclic squares were prepared 

using both PdII and PtII salts.2 

The self-assembly of a nanoscale cuboctahedra was reported by Stang et al. in 

which they reacted L5 and L8 in Figure 4.1E and H with Pt salts.6  The Fujita group 

formed a hexahedral coordination capsule through the reaction of L7 in Figure 4.1G with 

a cis-protected Pd salt.5  They also formed a cage-like complex from L4 in Figure 4.1D 

in which two ligands bind three separate PdII ions through each pyridine ring moiety.4 

The Lusby group at The University of Edinburgh also investigates the self-

assembly of molecular cages.7-12  In addition to studying the host-guest chemistry of these 

cages, they also investigate their use for applications such as catalysis and magnetic 

materials.  Examples of ligands used within the group are those containing pyridine 

moieties and two of these examples will be discussed. 

 

 



109 
 

 

Figure 4.3.  Examples of ligands used by the Lusby group in their cage synthesis 

reactions.  A) 1-(4-pyridyl)-butane-1,3-dione (L9)7-9, 11 and B) 1,3-bis(3-

pyridylethynl)benzene (L10).10, 12 

 

The reaction of L9 (Figure 4.3A) with a metal results in the formation of a tritopic 

metalloligand [MIII(L9)3] which features an octahedral geometry metal core that is 

coordinated by three ligands through the carbonyl groups.  This leaves the pyridyl groups 

available for further metal coordination, which the Lusby group has explored through 

reaction with other metal salts.  Using the tritopic metalloligand they have been able to 

isolate trigonal bipyramidal cages9 and coordination cubes in which the tritopic 

metalloligands occupy the vertices7, 8, 11 as shown in Figure 4.4. 

 

 

Figure 4.4.  Single crystal X-ray structures of A) trigonal bipyramidal cage9 and B) 

coordination cubes11 reported by the Lusby group.  Colour code: C – grey; O – red; N – 

blue; Pd – dark blue; P – light purple; Al – light blue; Fe – dark purple.  Solvent of 

crystallisation, H atoms, counterions and Ph groups are omitted for clarity. 

 

A) B) 

A) B) 
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Another cage structure the group has investigated was first reported by Hooley et al. in 

which they use the rigid ditopic ligand (L10, Figure 4.3B) in which two 3-pyridyl groups 

are connected to a benzene ring through acetylene bonds to form a cage molecule.13  From 

this they have synthesised a Pd2(L10)4 cage in which one pyridine group of each ligand 

is coordinated to one PdII cation and the other pyridine group of the ligand is coordinated 

to the other, resulting in the formation of a capsule (Figure 4.5).  The Lusby group studied 

the host-guest chemistry of this cage molecule and found that non-interacting anions in 

apolar solvents result in maximising favourable interactions between the positively 

charged cage and charge-neutral guests, leading to increased binding strength.10 

 

 

 

Figure 4.5.  Schematic representation of Pd2(L10)4 cage reported by the Lusby group.10  

Adapted with permission from D. P. August, G. S. Nichol and P. J. Lusby, Angew. Chem. 

Int. Ed., 2016, 55, 15022-15026. Copyright 2016 John Wiley and Sons. 

 

The use of pyridyl calix[4]arenes in the formation of cages has been significantly less 

well explored.  However, in 2001 Zhong et al. reported the self-assembly of a molecular 

capsule with the use of pyridylcalixarenes in which the C[4] is substituted at the upper-rim 

with pyridine groups.14  Through this work they managed to isolate molecular cages by 

taking advantage of pyridyl-PdII
 interactions.  From their work they found that it is 

essential to first form a rigid calixarene that will prevent intramolecular binding as this 

results in the formation of chelates rather than a cage structure. 
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Figure 4.6.  Schematic representation of the pyridinecalix[4]arene used in the cage self-

assembly reactions by Zhong et al.14 

 

The research group found that a pyridinecalix[4]arene with ethoxyethoxy groups at the 

lower-rim does not form a cage.  They postulated that this is due to the fact that, although 

the lower-rim groups prevent rotation through the annulus of the C[4], there is still some 

mobility of the C[4] due to it being in a pinched-cone conformation and there is 

interconversion between two C2v conformers.  They also found that the 1,3-alternate 

pyridinecalix[4]arene conformer intramolecularly binds a cis-PdII or trans-PdII complex 

to form chelates.  They proposed that intramolecular binding is promoted because the 

pyridine moieties are proximal.  They went on to investigate the introduction of diethyl 

ether linkages at the lower-rim position as a way of rigidifying the cone conformation 

with a view to preventing intramolecular binding.  They synthesised the 

pyridinecalix[4]arene bis-crown in which the diethyl ether moieties tether two of the 

lower-rim oxygen atoms, with the same occurring at the other positions.  The introduction 

of these groups leads to a very rigid cone conformation which prevents the pyridyl groups 

from being close to one another, and hence there is no intramolecular binding with a 

metal.  Therefore the pyridinecalix[4]arene bis-crown intermolecularly binds with four 

cis-PdII complexes resulting in the formation of a self-assembled dimeric molecular 

capsule shown in Figure 4.7.14  This provides further evidence that in order to form cage 

structures the ligand itself must be rigid to prevent the possibility of intramolecular 

binding. 
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Figure 4.7.  Schematic representation of the capsule formed by Zhong et al. using a 

pyridinecalix[4]arene locked in a cone with diethyl ether tethers at the lower-rim.14  

Adapted with permission from Z. L. Zhong, A. Ikeda, M. Ayabe, S. Shinkai, S. Sakamoto 

and K. Yamaguchi, J. Org. Chem., 2001, 66, 1002-1008. Copyright 2001 American 

Chemical Society. 

 

Another example of the self-assembly of macrocycles containing pyridine moieties are 

the resorcinarenes reported by Dalcanale et al.15  Resorcinarenes are formed from the 

condensation reaction of resorcinol (1,3-dihydroxybenzene) and an aldehyde.  The R 

groups on the resorcinarene are dependent on the aldehyde used in the condensation 

reaction (Figure 4.8A).  The particular resorcinarene that Dalcanale and co-workers 

synthesised was one in which the upper-rim has been substituted with pyridine groups 

shown in Figure 4.8B.  
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Figure 4.8.  Schematic representation of a A) simple resorcinarene and B) pyridyl-

substituted resorcinarene.15 

 

The self-assembled coordination cage produced using the pyridyl-substituted 

resorcinarene is similar to that of the capsule reported by Zhong and co-workers in that 

two of the resorcinarenes are connected through four square-planar PdII or PtII ions 

(Figure 4.9).  The rigidity of the resorcinarene is also significant here as it allows the 

ligand to be correctly preorganised for cage self-assembly. 

 

 

 

Figure 4.9.  Schematic representation of the cage formed by Dalcanale et al. using the 

pyridyl-substituted resorcinarene.15  Adapted with permission from L. Pirondini, F. 

Bertolini, B. Cantadori, F. Ugozzoli, C. Massera and E. Dalcanale, Proc. Natl. Acad. Sci., 

2002, 99, 4911-4915. Copyright 2002 National Academy of Sciences, U.S.A. 
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Therefore, from the literature, it suggests that in order to form a metal-organic cage the 

ligand needs to be rigid enough to prevent intramolecular binding.  The next section of 

this work involves the reaction of 15 with various metal salts, the aim of which was the 

formation of a self-assembled metal-organic cage structure. 

 

 

4.3 Cage Formation using Compound 15 

 

Before the cage formation investigation was begun a standard 1H NMR experiment of the 

ligand in a 6:5 ratio of CD2Cl2/CD3CN was run.  This solvent mixture was chosen as it 

ensured complete dissolution of reactants due to the solubility of 15 in dichloromethane, 

and acetonitrile is added to the mixture as it is a coordinating solvent that binds to the 

vacant sites of the metal salts.  This therefore helps to stabilise the intermediate before 

the ligand binds to the metal centre, and it also helps with self-corrections as these 

coordination structures are labile in acetonitrile.  The 1H NMR spectrum of 15 in the 

CD2Cl2/CD3CN mixture is shown in Figure 4.10. 

 

 

Figure 4.10.  1H NMR spectrum of 15 in a 6:5 v/v ratio of CD2Cl2/CD3CN. 

 

Diffusion Ordered SpectroscopY (DOSY) is a NMR technique which can be used to 

determine how many species exist in solution and from the NMR spectrum it is possible 

to calculate the hydrodynamic radius using the Stokes-Einstein equation shown in 

equation (1). 

9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)
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𝐷 =  
𝑘𝑇

6𝜋ηr
 

 

In equation (1) D is the diffusion coefficient, k the Boltzmann constant, η the viscosity of 

the solvent and r the hydrodynamic radius.  From this equation and a DOSY NMR 

experiment it is possible to calculate the radius to give an indication of the size of the 

species in solution.  It is expected that there would be a large difference in the radius of 

the free ligand compared to that of a potential cage structure. 

 

 

 

Figure 4.11.  DOSY NMR spectrum of 15 in CD2Cl2 showing only one species in 

solution. 

 

Inspection of the DOSY NMR spectrum in Figure 4.11 shows that there is only one 

species in solution corresponding to the free ligand.  Using the diffusion coefficient from 

the spectrum, a value of 6.6 Å was obtained for the radius of the free ligand itself in 

CD2Cl2.  This value was then used to compare against the values obtained from the cage 

self-assembly reactions to determine whether or not a cage might have formed as a larger 

radius would be expected in the case of cage formation. 

In order to form a cage structure, the ligand was reacted with varying 

stoichiometries of metal salts.  The 1H NMR spectrum was collected for each ratio to 

investigate how the spectrum changes with the addition of metal salts.  Interestingly, the 

(1) 
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most promising ratios of metals gave a 1H NMR spectrum that had sharp peaks unlike the 

free ligand itself, suggesting that the metal is preventing rotation around the bond from 

the methylene bridge and the pyrrole moiety as discussed in Chapter 3. 

 

 

4.3.1 Reaction of 15 with[Pd(CH3CN)4][BF4]2 

 

Reaction of 15 with [Pd(CH3CN)4][BF4]2 in a 1:1, 1:2 and 1:4 ratio was carried out as 

small-scale NMR reactions.  A solution of [Pd(CH3CN)4][BF4]2 in CD3CN was added to 

a solution of compound 15 in CD2Cl2 and the NMR tube was shaken vigorously before 

the 1H NMR spectrum was collected.  Figure 4.12 displays the spectra collected for each 

ratio as a stack to show how each changes with varying stoichiometries of salt. 

 

 

Figure 4.12.  Stacked NMR spectra of varying stoichiometries of [Pd(CH3CN)4][BF4]2 

showing changes in signals observed. 

 

Inspection of Figure 4.12 shows the significant changes in the 1H NMR spectrum as 

varying ratios of PdII salt are added.  The spectrum of the ligand is rather broad, but this 

can be used as a way of determining whether or not a cage has formed as there is 

significant sharpening of the resonances upon addition of the metal; this suggests that 

there has been some form of coordination of the ligand.  The 1H NMR spectrum of the 

1:1 ratio remains broad and this suggests that there may be some residual ligand present 

NONAME00
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in solution.  The 1H NMR spectrum of the 1:2 ratio looked most promising, as this 

contains the sharpest signals, and suggests that a cage has formed from this ratio of ligand 

to metal.  The 1H NMR spectrum of the 1:4 reaction appears to be sharp, however there 

appear to be many more resonances which suggests that another species is being formed 

with a higher stoichiometry of metal. 

Although the results from the small-scale NMR reactions appear to be promising 

no crystals have been isolated from these reaction mixtures and so it is only possible to 

postulate that a cage might have formed using a 1:2 ratio of ligand to PdII salt.  DOSY 

NMR experiments of the solid collected from the 1:2 reaction were carried out in CD3CN 

and the hydrodynamic radius was calculated to be 9.3 Å which is bigger than the free 

ligand itself (6.6 Å) giving a good indication that a new species has been formed.  The 

DOSY NMR spectrum (Figure 4.13) also shows that there is only species in solution, 

which again is a promising result.  However, from these results it is not possible to 

conclusively say if a cage molecule has formed from these self-assembly reactions. 

 

 

 

Figure 4.13.  DOSY NMR spectrum of 15 with [Pd(CH3CN)4][BF4]2 in a 1:2 ratio 

showing formation of one species in solution. 

 

 

4.3.2 Reaction of 15 with ZnBr2 

 

The conditions as previously described were used for the reactions of 15 with ZnBr2 as 

small-scale NMR reactions.  Again 15 was dissolved in CD2Cl2 and to this a solution of 
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ZnBr2 in CD3CN was added.  The NMR tube was vigorously shaken before the 1H NMR 

spectrum was collected.  The stacked NMR spectra shown in Figure 4.14 shows how each 

spectrum changes with varying stoichiometries of ZnBr2.  

 

 

Figure 4.14.  Stacked NMR spectra showing the change in 1H NMR spectrum as the 

stoichiometries of ZnBr2 is changed. 

 

Inspection of Figure 4.14 suggests that the ligand to metal ratio that looks the most 

promising is the 1:4 ratio as the 1:1 NMR spectrum is still quite broad suggesting residual 

ligand left over in solution.  The 1H NMR spectrum for the 1:2 ratio also suggests that not 

all of the ligand has been used in coordination, as it appears that there is still some free 

ligand in solution due to residual ligand peaks in the spectrum.  The spectrum of the 1:4 

ratio has sharp and distinct peaks. 

  The DOSY NMR spectrum of the solid collected from the 1:4 reaction was 

carried out in CD2Cl2 (Figure 4.15).  The spectrum shows that there is one species in 

solution and the hydrodynamic radius was calculated to be 9.6 Å.  The value obtained is 

bigger than the value for the free ligand itself (6.6 Å) giving a good indication that 

something new has formed from the reaction. 
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Figure 4.15.  DOSY NMR spectrum of 15 with ZnBr2 in a 1:4 ratio showing formation 

of one species in solution. 

 

Vapour diffusions of the NMR reactions were set up and suitable single crystals for X-ray 

diffraction studies grew upon diffusion of Et2O into the 1:4 reaction mixture.  The crystals 

were found to be in a monoclinic cell and structure solution was carried out in the space 

group P21/c.  The ASU was found to contain a molecule of 15 which is coordinated to 

two ZnBr2 groups and it also contained several disordered Et2O solvent molecules which 

were removed by means of a solvent mask.  Inspection of the crystal structure shown in 

Figure 4.16 shows that there is intramolecular binding of two ZnBr2 units, forming the 

chelate with formula [Zn2(15)2Br2], 24.  The hydrodynamic radius calculated for 

compound 24 appears to correlate with the obtained crystal structure, as the radius is 

larger than the radius of the free ligand, however it would be expected to be much larger 

upon formation of a cage. 
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Figure 4.16.  Single crystal X-ray structure of 24 showing binding of two ZnBr2 units in 

ball and stick representation.  Colour code: C – grey; O – red; N – blue; Zn – purple; Br 

– dark red.  H atoms are omitted for clarity. 

 

Figure 4.16 clearly shows that a cage structure has not formed as desired due to the 

chelation of two pyridine groups to one ZnBr2 unit.  This suggests that there is some 

flexibility of the ligand which enables intramolecular binding suggesting that 15 is not 

rigid enough to prevent the pyridine rings coming close to one another leading to 

chelation.  The crystal structure also shows the tetrahedral geometry of the ZnII cations. 

 

 

4.3.3 Reaction of 15 with CoBr2 

 

The same conditions were used for the reaction of 15 in CD2Cl2 with varying ratios of 

CoBr2 in CD3CN, affording bright blue solutions.  As previously described these reactions 

were carried out on a NMR scale and the NMR tube was shaken vigorously before the 1H 

NMR spectrum was collected.  CoII is paramagnetic so it was difficult to interpret these 

spectra.  However, blue crystals grew upon vapour diffusion of Et2O into the mother 

liquor and suitable single crystals from the 1:2 reaction were analysed by X-ray 

diffraction.  The crystals were found to be in a monoclinic cell and structure solution was 

carried out in the space group P21/c giving rise to the complex with formula 

[Co2(15)2Br2], 25.  The ASU was found to contain a molecule of 15 which is coordinated 
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to two CoBr2 groups (Figure 4.17) and again it contained disordered Et2O molecules 

which were removed by applying a solvent mask. 

 

 

 

Figure 4.17.  Single crystal X-ray structure of 25 showing binding of two CoBr2 units in 

ball and stick representation.  Colour code: C – grey; O – red; N – blue; Co – purple; Br 

– dark red.  H atoms are omitted for clarity. 

 

Inspection of the crystal structure in Figure 4.17 shows that a cage product has not formed 

as desired, but instead two sets of pyridine groups of 15 are chelating two CoBr2 moieties.  

This again suggests that there is free rotation of these groups and therefore 15 is not rigid 

enough to prevent intramolecular binding.  The crystal structure also shows the CoII ions 

are in a tetrahedral geometry. 

 

 

4.3.4 Reaction of 15 [Pd(dppp)][OTf]2 

 

The reaction of 15 with [Pd(dppp)][OTf]2 was carried out using the same conditions as 

described previously in which a solution of [Pd(dppp)][OTf]2 in CD3CN was added to a 

CD2Cl2 solution of 15 in a NMR tube.  The NMR tube was then shaken vigorously before 

the 1H NMR spectrum was collected.  Figure 4.18 shows the data collected from each 

stoichiometry of PdII used in the form of a stacked spectrum to clearly show how the 1H 

NMR spectrum changes with varying ratios of metal salt. 
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Figure 4.18.  Stacked NMR spectra showing the change in 1H NMR spectrum as the 

stoichiometries of [Pd(dppp)][OTf]2 is changed. 

 

Inspection of Figure 4.18 suggests that there has been some form of complexation as there 

is significant sharpening of the peaks upon addition of the metal salt.  There are still some 

broad peaks in the 1:1 spectrum which suggests that there may be some residual ligand 

left in solution.  The spectra for the 1:2 and 1:4 ratios appear to be very similar and so 

vapour diffusions of Et2O were set up with the mother liquor for both reactions.  Pale 

yellow crystals grew from both crystallisations which were collected and dried.  These 

were then recrystallised through vapour diffusion of Et2O into DCM solutions of each 

solid.  Pale yellow single crystals grew from the 1:4 ratio which were suitable for analysis 

by X-ray diffraction.  The crystals were found to be in a monoclinic cell and structure 

solution was carried out in the space group P21/c giving rise to the chelate with formula 

[Pd2(15)2(dppp)2], 26.  The ASU was found to contain two molecules of 15, both of which 

are coordinated to two PdII ions.  However, one of the C[4] units is highly disordered and 

could not be modelled so only one half of the ASU is shown in Figure 4.19.  The ASU 

also contained several molecules of disordered Et2O and DCM which were removed by 

means of a solvent mask. 
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Figure 4.19.  Partial single crystal X-ray structure of 26 showing binding of two 

Pd(dppp)2 units in ball and stick respresentation.  Colour code: C – grey; O – red; N – 

blue; Pd – dark blue; P – light purple.  H atoms are omitted for clarity. 

 

Inspection of the partial crystal structure (Figure 4.19) shows that two pyridine rings on 

the same side are coordinated to a PdII unit and then the same for the other two pyridine 

rings on the other side.  As discussed before, this suggests that there is some flexibility of 

15 which leads to the formation of a chelate.  The crystal structure also shows the square 

planar geometry of the PdII cations. 

 

  



124 
 

4.4 Conclusions 

 

The work discussed in this chapter has been carried out in the short timeframe of a few 

weeks and, as a result, only a small number of metal salts have been trialled in cage 

formation reactions.  The NMR experiments carried out have provided a great insight in 

predicting whether an assembly has formed as the broadened signals observed in the 1H 

NMR spectrum of 15 become sharper and much more distinct upon complexation of a 

metal.  DOSY NMR has been a valuable spectroscopic technique as it has given an 

indication of the size of systems formed from these reactions as the hydrodynamic radii 

was calculated using the diffusion coefficient obtained from these NMR experiments.  

However, the results from X-ray analysis show that compound 15 has not formed a cage 

when reacted with metal salts as hoped, though three novel metal complexes have formed, 

which are themselves interesting, giving an indication of how the compounds synthesised 

in Chapter 3 can be utilised further.  The calculated radii match the size of the assemblies 

formed as much larger radii would be expected in the case of cage formation.  The 

complexes formed (24 – 26) indicate that compound 15 is not rigid enough to prevent 

chelation of two pyridine rings to a metal cation and so future work will focus on the 

synthesis of a more rigid C[4] in order to synthesise metal-organic cage compounds. 

 In future it would be interesting to investigate how the isomeric form of 15, where 

4-pyridine rings are attached to the pyrrole moieties, would behave upon reaction with 

the same metal salts as the nitrogen atoms on the pyridine rings may be held further apart 

from one another preventing chelation.  This in turn will hopefully lead to the formation 

of a metal-organic cage compound.  It would also be interesting in investigating the 

impact of adding a spacer between the pyrrole and pyridine moieties which again should 

prevent chelation. 
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4.5 Experimental 

 

Synthesis of [Zn2(15)2Br2], 24. 

In a NMR tube compound 15 (4.3 mg, 0.0032 mmol) was dissolved in CD2Cl2 (0.30 mL) 

and to this was added ZnBr2 (2.8 mg, 0.0128 mmol) dissolved in CD3CN (0.25 mL).  The 

NMR tube was shaken vigorously and then the 1H NMR spectrum was then collected.  

Colourless crystals grew upon vapour diffusion of Et2O into the mother liquor. 

Crystal data for 24: C88H96Br4Zn2N8O4, M = 1780.10 g/mol, monoclinic, space group 

P21/c (no.14), a = 22.492(9) Å, b = 24.205(10) Å, c = 21.575(8) Å, β = 92.767(3)°, V = 

11732(8) Å3, Z = 4, T = 100.15 K, synchrotron radiation (λ = 0.7288 Å), 77273 reflections 

measured (3.136° ≤ 2θ ≤ 42.866°), 12314 unique (Rint = 0.0696, Rsigma = 0.0509) which 

were used in all calculations.  The final R1 was 0.0478 (I > 2σ(I)) and wR2 was 0.1470 

(all data). 

 

 

Synthesis of [Co2(15)2Br2], 25. 

In a NMR tube compound 15 (4.3 mg, 0.0032 mmol) was dissolved in CD2Cl2 (0.30 mL) 

and to this was added CoBr2 (1.4 mg, 0.0064 mmol) dissolved in CD3CN (0.25 mL).  The 

NMR tube was shaken vigorously and then the 1H NMR spectrum was then collected.  

Blue crystals grew upon vapour diffusion of Et2O into the mother liquor. 

Crystal data for 25: C88H96Br4Co2N8O4, M = 1767.22 g/mol, monoclinic, space group 

P21/c (no.14), a = 22.4485(8) Å, b = 24.1747(9) Å, c = 21.4208(8) Å, β = 92.786(2)°, V 

= 11611.0(7) Å3, Z = 4, T = 100.15 K, synchroton radiation (λ = 0.7288 Å), 264586 

reflections measured (3.726° ≤ 2θ ≤ 46.88°), 15743 unique (Rint = 0.0572, Rsigma = 0.0273) 

which were used in all calculations.  The final R1 was 0.0453 (I > 2σ(I)) and wR2 was 

0.1541 (all data). 

 

 

Synthesis of [Pd2(dppp)4(15)2], 26. 

In a NMR tube compound 15 (4.3 mg, 0.0032 mmol) was dissolved in CD2Cl2 (0.30 mL) 

and to this was added [Pd(dppp)2][OTf]2 ((10.4 mg, 0.0128 mmol) dissolved in CD3CN 

(0.25 mL).  The NMR tube was shaken vigorously and then the 1H NMR spectrum was 

then collected.  Vapour diffusion of Et2O into the mother liquor was set up and the crystals 

formed were collected.  These were then recrystallised through vapour diffusion of Et2O 

into a DCM solution of the crystals. 
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The data quality for this set of crystals was poor and so full structure refinement has not 

been completed. 

Crystal data for 26: Monoclinic, space group P21/c (no.14), a = 25.6832(10) Å, b = 

52.054(2) Å, c = 25.958(1) Å, β = 115.748(1)°, V = 31258(2) Å3, Z = 4, T = 100.15 K, 

synchrotron radiation (λ = 0.7288 Å). 
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Chapter 5 

The Effects of Co-Ligands on the Magnetic Properties of a 

Mn4 Cluster 

 

 

5.1 Introduction 

 

Chapter 5 covers the investigation of the effects of co-ligands on a [MnIII
2MnII

2] cluster 

core.  As previously described in Chapter 1, the introduction of co-ligands can have a 

huge impact on the cluster core obtained.  For example, Taylor et al. isolated a metal 

cluster with formula [MnIIIMnII(TBC[4])2(μ3-O2P(H)Ph)(DMF)2(MeOH)2]2 (VII) that 

was described as two [MnIIIMnII] moieties held together by two bridging 

phenylphosphinate ligands (Figure 1.23).1  The work carried out in this chapter differs 

slightly as Taylor and co-workers used a one-pot synthesis approach to afford VII, 

whereas the work described here was carried out through post-synthetic modification of 

the [MnIII
2MnII

2] cluster periphery.  This was undertaken first by synthesising the standard 

[MnIII
2MnII

2] cluster, I, followed by the introduction of various co-ligands with the aim 

of displacing ligated solvent molecules around the periphery of the cluster core.  The 

crystal structures of metal clusters obtained in this study are described below. 

 

 

5.2 Examples of Mn4 Clusters as Building Blocks for Extended 

Systems 

 

The post-synthetic modification of Mn4 clusters with chelating co-ligands is scarce in the 

literature.  However, there are some examples where a Mn4 cluster with chelating ligands 

is formed through reaction of [Mn3O(O2CR)6(py)3] where R = Me, Et or Ph and py = 

pyridine.  Reaction of this Mn3 cluster with chelating ligands gave tetranuclear Mn 

complexes in which the py ligands have been displaced by the chelates.  For example, 

reaction of [Mn3O(O2CMe)6(py)3] with 2,2′-bipyridine (2,2′-bpy), resulted in the 

formation of cluster with formula [Mn4O2(O2CMe)6(2,2′-bpy)2] (Figure 5.1A);2 the 

chelating ligands are attached to the wing-tip Mn ions in this case.  Grillo et al. reported 

the reaction with 1,2-bis(2,2′-bipyridine-6-yl)ethane (L11) which gave a cluster of 

formula [Mn4O2(O2CMe)6(L11)2] (Figure 5.1B) in which two [Mn2O(O2CMe)2(L11)]+ 
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units are held together by a μ3-bridging oxide.  There is coordination of one molecule of 

L11 on each half of the cluster at both the body and wing-tip Mn ions.3  In the same paper, 

the research group reacted [Mn3O(O2CEt)6(py)3][ClO4] with 1,2-bis(5′-methyl-[2,2′-

bipyridine]-5-yl)ethane (L12) to give the cluster with formula 

[Mn8O4(O2CEt)14(L12)2][ClO4]2 (Figure 5.1C) in which two Mn4 units are linked through 

the L12 ligands.3 

 

 

Figure 5.1.  Single crystal X-ray structures of A) [Mn4O2(O2CMe)6(2,2′-bpy)2],2 

B) [Mn4O2(O2CMe)6(L11)2]3 and C) [Mn8O4(O2CEt)14(L12)2][ClO4]2
3 shown in ball and 

stick representation.  Colour code: C – grey; O – red; Mn – purple; N – blue.  Solvent of 

crystallisation, H atoms and anions are omitted for clarity. 

 

Christou et al. also reported the covalent linkage of a Mn4 cluster into a dimer and a one-

dimensional coordination polymer (1-D CP) through the reaction of 

[Mn4O2(O2CPh)6(dbm)2] (where dbmH is dibenzoylmethane) with trans-1,2-bis(4-

A) B) 

C) 
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pyridyl)ethane (bpe) or 4,4′-bipyridine (4,4′-bpy), respectively.4  The central Mn anions 

in the Mn4 cluster are only five-coordinate and therefore have a vacant site available to 

bind other ligands.  The group postulated that the same chemistry can be applied to the 

cluster with formula [Mn4O2(O2CPh)6(EtOAc)2(dbm)2] as the ethyl acetate ligands are 

poorly coordinating groups, however they have only reported products formed from 

[Mn4O2(O2CPh)6(dbm)2].  Following reaction of [Mn4O2(O2CPh)6(dbm)2] with bpe in 

CH2Cl2, deep red/brown crystals grew upon layering with Et2O and these were found to 

be of formula [Mn4O2(O2CPh)6(dbm)2(bpe)]2·2CH2Cl2·2CH3CN (Figure 5.2).  The 

crystal structure shows that the two Mn4 units are in the butterfly-like arrangement with 

two bpe ligands attached syn to the two central Mn ions.  Also, both bpe ligands are 

attached to another Mn4 cluster and are therefore bridging two Mn4 units to form the 

dimeric complex. 

 

 

 

Figure 5.2.  Molecular structure of [Mn4O2(O2CPh)6(dbm)2(bpe)]2·2CH2Cl2·2CH3CN 

shown in ball and stick representation.  Colour code: C – grey; O – red; Mn – purple; N 

– blue.  Dichloromethane and acetonitrile of crystallisation, H atoms and Ph groups are 

omitted for clarity. 

 

Alternatively, if [Mn4O2(O2CPh)6(dbm)2] is reacted with 4,4′-bipyridine then a 1-D CP is 

formed with formula [Mn4O2(O2CPh)6(dbm)2(4,4′-bpy)]n (Figure 5.3).  This was isolated 

as a red/brown crystalline product in which the bipyridine ligands are arranged anti, hence 

linking the Mn4 units into a polymer. 
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Figure 5.3.  Extended view of three repeating units of the chain 

[Mn4O2(O2CPh)6(dbm)2(4,4′-bpy)]n shown in ball and stick representation.  Colour code: 

C – grey; O – red; Mn – purple; N – blue.  H atoms and Ph groups are omitted for clarity. 

 

Another example of ligand substitution was reported by Lecren et al. in which they 

reacted carboxylate ligands with the Mn4 cluster [MnIII
2MnII

2(hmp)6(CH3CN)2(H2O)4]4+ 

where hmp = 2-hydroxymethylpyridine.5  The arrangement of the Mn ions are different 

to that of compound I as the body and wing-tip ions are in the +3 and +2 oxidation states, 

respectively.  The ligated solvent molecules on the MnII ions are labile and can be 

exchanged with other ligands resulting in the formation of extended systems.  Reaction 

with simple ligands such as acetate, trichloroacetate and benzoate results in the 

substitution of two CH3CN and two water molecules for two moieties of each carboxylate 

ligand where these chelate the MnII ions.  The cluster with formula 

[MnIII
2MnII

2(hmp)6(CH3COO)2(H2O)2][ClO4]2·2H2O is shown in Figure 5.4. 
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Figure 5.4.  Single crystal X-ray structure of 

[MnIII
2MnII

2(hmp)6(CH3COO)2(H2O)2][ClO4]2·2H2O shown in ball and stick 

representation.  Colour code: C – grey; O – red; Mn – purple; N – blue.  Water of 

crystallisation, H atoms and anions are omitted for clarity. 

 

The research group also managed to form 1-D CPs through bridging carboxylate ligands.  

One example resulted from the reaction of [MnIII
2MnII

2(hmp)6(CH3CN)2(H2O)4]4+ with 

chloroacetate ligands, and the MnII ions of neighbouring [MnIII
2MnII

2] clusters are linked 

by two bridging chloroacetate moieties in a syn-syn mode (Figure 5.5).  It was hoped that 

similar chemistry could be applied to the [MnIII
2MnII

2] cluster, compound I, isolated by 

this research through substitution of the ligated DMF molecules on the MnII ions with 

chelating ligands in a similar manner with a view to tuning the magnetic properties 

through alteration of the coordination sphere. 
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Figure 5.5.  Extended view of three repeating units of the 1-D CP 

([Mn4(hmp)6(ClCH2COO)2][ClO4]2·1.2H2O)n shown in ball and stick representation.  

Colour code: C – grey; O – red; Mn – purple; N – blue; Cl – green.  Water of 

crystallisation, H atoms and anions are omitted for clarity. 

 

There are examples in literature where the ligand periphery on the [MnIII
2MnII

2] cluster 

formed with C[4] has been substituted with chelating ligands, as reported by Aldoshin et 

al.6, 7  Using a one-pot method in which they reacted Mn(OAc)2, C[4] and pyridine in 

MeOH in a microwave reactor, the research group were able to isolate black crystals 

which were found to be of formula [MnIII
2MnII

2(C[4])2(μ3-OH)2(MeOH)4(py)2].  The 

structure of the cluster formed is similar to that of compound I in which the [MnIII
2MnII

2] 

core is housed within two tetra-anions of H4C[4] with the exception of ligated solvent 

molecules.  Instead of the six ligated DMF molecules in I the cluster isolated by Aldoshin 

and co-workers contains four ligated methanol molecules and two pyridine ligands.  Two 

of these methanol molecules reside within the cavities of the C[4]s and the remaining 

equatorial positions around the MnII ions are occupied by a methanol and pyridine.6  This 

result shows that the [MnIII
2MnII

2] clusters formed with C[4]s can be modified through 

the addition of external co-ligands. 
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Figure 5.6.  Single crystal X-ray structure of [MnIII
2MnII

2(C[4])2(μ3-OH)2(MeOH)4(py)2] 

in ball and stick representation.6  Colour code: C – grey; O – red; Mn – purple; N – blue.  

H atoms and ligated methanol molecules have been omitted for clarity. 

 

Another example isolated by the same research group was the [MnIII
2MnII

2] cluster with 

chelating 2,2′-bpy ligands.  The reaction was carried out in the same way as before but 

with the addition of 2,2′-bpy instead of pyridine.  Again, black crystals formed which 

were suitable for X-ray diffraction studies and these were found to be of formula 

[MnIII
2MnII

2(C[4])2(μ3-OH)2(MeOH)2(2,2′-bpy)2] (Figure 5.7).  These were found to be 

comprised of the same metal core as before in which the [MnIII
2MnII

2] cluster is capped 

by two C[4] moieties.  However, the ligand periphery is different as the methanol and 

pyridine moieties located at the equatorial positions of the MnII ions have been substituted 

by the bidentate ligand, 2,2′-bpy.7  Again, this results indicates that the [MnIII
2MnII

2] 

cluster can be modified through the addition of other ligands. 
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Figure 5.7.  Single crystal X-ray structure of 

[MnIII
2MnII

2(C[4])2(μ3-OH)2(MeOH)2(2,2′-bpy)2] synthesised by Aldoshin et al in ball 

and stick representation.7  Colour code: C – grey; O – red; Mn – purple; N – blue.  H 

atoms and ligated methanol molecules have been omitted for clarity. 

 

The clusters formed by Aldoshin et al. have been isolated using a one-pot synthesis.  

However, the aim for the work presented in this chapter was to post-synthetically modify 

compound I through the addition of chelating co-ligands using a similar procedure 

reported by Christou and co-workers.4 

 

 

5.3 [MnIII
2MnII

2] Cluster Formation using H4TBC[4] (1) 

 

Compound I previously prepared in this research group was synthesised by literature 

procedure for use in this study.8  This cluster was synthesised through the reaction of 1 

with manganese(II) chloride tetrahydrate in a 1:1 DMF/MeOH solution in the presence 

of Et3N to afford deep purple crystals of I.  The purple crystals were found to be I by 

confirming the unit cell of a single crystal as well as powder X-ray diffraction studies of 

the bulk material.  The unit cell of these crystals matched that of the literature reported by 

Karotsis et al., confirming that I had successfully been synthesised.9  Also, the powder 

pattern obtained from this experiment was compared to that of a computed pattern 

generated from the single crystal X-ray structure of I (Figure 5.8).  This also confirmed 
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that I had been synthesised as there is strong correlation between the calculated and 

experimental patterns. 

 

 

 

Figure 5.8.  Overlay of experimental (red) and calculated (black, from single crystal 

structure) in powder pattern of compound I. 

 

Following confirmation that the [MnIII
2MnII

2] cluster had formed, a stock acetone solution 

of I was prepared in order to first test small-scale reactions with varying stoichiometries 

of co-ligands; this was undertaken in order to determine whether single crystals would 

grow and what ratios gave the best quality crystals for diffraction studies.  Once these 

stoichiometries had been determined the reactions were to be scaled up in order to 

compare their powder patterns against those of the calculated powder pattern in each case 

prior to carrying out magnetic measurements. 
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5.4 Structural Alteration of the [MnIII
2MnII

2] Cluster Motif through 

the Addition of Chelating Co-Ligands 

 

Small-scale reactions of the [MnIII
2MnII

2] cluster with the co-ligands were attempted in 

order to investigate whether or not the co-ligands would displace the ligated solvent 

molecules around the periphery of the cluster core.  This was achieved by adding small 

aliquots of the co-ligands in varying stoichiometries (2, 4, 6, 8 and 10 eq. relative to 1 eq. 

of I) to an acetone solution of I.  Single crystals suitable for X-ray diffraction studies were 

isolated from some reactions involving various co-ligands and these are summarised in 

Table 5.1. 

 

Table 5.1.  Summary of cluster-forming reactions attempted with I and various co-ligands 

where bpy – bipyridine, Phen – phenanthroline, MePhen – methylphenanthroline, 

TetraMePhen – tetramethylphenanthroline, BPhen – bathophenanthroline and Neo – 

neocuproine. 

 

 H4TBC[4], 1 Cluster no. 

2,2′-bpy  - 

4,4′-bpy  - 

1,10-Phen  27 

2-MePhen  28 

3-MePhen  29 

TetraMePhen  - 

BPhen  - 

Neo  - 

 

 

5.4.1 Reaction of I with 1,10-Phenanthroline (1,10-Phen) 

 

Single crystals suitable for X-ray diffraction studies were isolated from a 1:4 reaction of 

I with 1,10-Phen in acetone, followed by slow evaporation.  The crystals were found to 

be in a triclinic cell and structure solution was carried out in the space group P-1.  The 
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deep purple crystals were found to be of the formula 

[MnIII
2MnII

2(TBC[4])2(μ3-OH)2(1,10-Phen)2((CH3)2CO)2]·(CH3)2CO (27).  The ASU 

contained half of the aforementioned formula and upon symmetry expansion afforded the 

[MnIII
2MnII

2] core in which the peripherally ligated solvent molecules have been 

displaced by 2 molecules of 1,10-Phen (Figure 5.9).  The structure contained several 

disordered molecules of acetone which could not be modelled so a solvent mask was 

applied. 

 

 

 

Figure 5.9.  Single crystal X-ray structure of 27 showing the introduction of 1,10-Phen 

chelating ligands in ball and stick representation.  Colour code: C – grey; O – red; Mn – 

purple; N – blue.  H atoms, tBu groups and ligated acetone molecules are omitted for 

clarity. 

 

Inspection of the single crystal X-ray structure in Figure 5.9 confirms that the standard 

[MnIII
2MnII

2] butterfly core has been retained.  However, the peripherally ligated solvent 

molecules of I have been replaced by two molecules of 1,10-Phen.  There is another 

difference in ligated solvent compared to I, as the ligated solvent molecules within the 

C[4] cavities are acetone as opposed to DMF molecules. 
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5.4.2 Reaction of I with 2-Methylphenanthroline (2-MePhen) 

 

Reaction of I with 2-MePhen in a 1:8 ratio in acetone afforded a deep purple solution and 

single crystals were isolated upon slow evaporation of the mother liquor.  These were 

found to be in a triclinic cell and structure solution was carried out in the space group P-1.  

The purple crystals were found to be of the formula [MnIII
2MnII

2(TBC[4])2(μ3-OH)2 

(2-MePhen)2((CH3)2CO)2] (28) with the ASU containing half of the aforementioned 

formula.  Upon symmetry expansion a [MnIII
2MnII

2] metal core was obtained (Figure 

5.10) and it was clear to see that 2-MePhen had displaced any peripherally ligated solvent 

molecules.  Again, disordered acetone was observed in the crystal structure which could 

not be modelled and so these were removed by means of a solvent mask. 

 

 

 

Figure 5.10.  Single crystal X-ray structure of 28 showing the introduction of 2-MePhen 

molecules in ball and stick representation.  Colour code: C – grey; O – red; Mn – purple; 

N – blue.  H atoms, tBu groups and ligated acetone molecules are omitted for clarity. 

 

Inspection of Figure 5.10 shows that the [MnIII
2MnII

2] core has not been affected by the 

addition of 2-MePhen as the butterfly-like shape of the cluster has been retained.  

However, it is possible to see that the ligated DMF molecules have been displaced by two 

molecules of 2-MePhen.  Another difference is that the ligated DMF molecule contained 

within the cavities of I have been replaced with acetone in 28. 
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5.4.3 Reaction of I with 3-Methylphenanthroline (3-MePhen) 

 

Reaction of I with 3-MePhen in a 1:8 ratio in acetone afforded a deep purple solution and 

single crystals were isolated upon slow evaporation of the mother liquor.  These were 

found to be in a monoclinic cell and structure solution was carried out in the space group 

P21/c.  The crystals were found to be of the formula [MnIII
2MnII

2(TBC[4])2(μ3-OH)2 

(3-MePhen)2((CH3)2CO)2] (29) and the ASU contained half of the aforementioned 

formula.  Symmetry expansion afforded a [MnIII
2MnII

2] core in which the peripherally 

ligated solvent molecules have been replaced with two molecules of 3-MePhen (Figure 

5.11).  The structure contained several disordered acetone molecules that could not be 

modelled so a solvent mask was applied to remove the diffuse electron density. 

 

 

 

Figure 5.11.  Single crystal X-ray structure of 29 showing the introduction of 3-MePhen 

molecules in ball and stick representation.  Colour code: C – grey; O – red; Mn – purple; 

N – blue.  H atoms, tBu groups and ligated acetone molecules are omitted for clarity.  The 

methyl groups of 3-MePhen were disordered over two positions so only one of these 

positions is shown. 

 

Figure 5.11 clearly shows that the [MnIII
2MnII

2] butterfly-like core has been retained.  It 

is possible to see that the peripherally ligated DMF molecules of I have been replaced by 

the chelating co-ligand 3-MePhen in 29.  As with clusters 27 and 28, the DMF contained 
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within the cavity of I has been replaced with acetone molecules.  The methyl groups of 

the 3-MePhen moieties were disordered over two positions and only one of these positions 

has been shown in Figure 5.11 for clarity. 

 

 

5.5 Structural Comparison of Chelating Systems 27 – 29 

 

The structural differences between compounds I and 27 – 29 were investigated by 

measuring the angles between mean planes in the clusters.  The mean plane created by 

the central Mn-O-Mn diamond was taken as a reference (red/brown plane, Figure 5.12).  

The angle between the plane of the ligand (blue plane, Figure 5.12) and the reference was 

then measured to compare how the addition of the chelate affects the angle. 

 

 

Figure 5.12.  Single crystal structures of A) compound I, B) 27, C) 28 and D) 29 showing 

the mean plane created by the Mn-O-Mn diamond (red/brown) and the mean plane of the 

chelating ligand (light blue).  Colour code: C – grey; O – red; Mn – purple; N – dark blue.  

Solvent of crystallisation, tBu groups, H atoms and ligated solvent molecules are omitted 

for clarity. 
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Table 5.2.  Summary of angles measured between mean planes of compound I and 

compounds 27 – 29. 

 

Compound I 27 28 29 

Ligand 2 x DMF 1,10-Phen 2-MePhen 3-MePhen 

Plane to Plane Angle 21.85(14)° 24.33(7)° 25.5(3)° 27.2(2)° 

Plane to Plane Twist 
Angle 

21.81(14) ° 20.87(8)° 21.0(3)° 26.5(2)° 

Plane to Plane Fold 
Angle 

1.29(10) ° 12.78(4)° 14.68(19)° 6.22(13)° 

 

From the summary of angles in Table 5.2 it is possible to see that there are changes in the 

angles as the chelating co-ligand is altered and these variations might be due to the 

properties of the ligand that have displaced the solvent molecules.  By altering the cluster 

periphery of compound I it is hoped that there will be a change in the magnetic properties 

of the compounds synthesised in this study. 

 

 

5.6 Powder X-ray Diffraction Studies of Co-Ligand Appended 

[MnIII
2MnII

2] clusters 

 

The magnetic measurements of compounds 27, 28 and 29 were to be carried out at the 

University of Edinburgh.  However, before this was possible, the clusters formed in the 

screening process were to be scaled up using the same reaction conditions as the small-

scale tests.  Again, a deep purple solid formed upon slow evaporation of the mother liquor 

which was collected by gravity filtration.  Powder X-ray diffraction studies were carried 

out on the solids isolated from these reactions which were then compared with calculated 

patterns obtained from the single crystal X-ray structures to confirm that the clusters had 

formed. 
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5.6.1 Powder X-ray Diffraction Studies of 27 

 

The 1:4 reaction of compound I with 1,10-phen resulted in the formation of a deep purple 

solid.  The powder pattern of this solid was collected through 1 and 8 hour scans.  

Inspection of the overlay of the powder patterns in Figure 5.13 shows that there are some 

similarities between the calculated and 1 hour scan patterns, suggesting that the cluster 

(27) has formed.  However, there does not appear to be any correlation between the 

calculated and 8 hour scan patterns, suggesting that the crystals are not stable in air for 

prolonged periods of time and are de-solvating upon removal from the mother liquor. 

 

 

 

Figure 5.13.  Overlay of calculated (black, from single crystal structure) and experimental 

(red – 1 hour scan and blue – 8 hour scan) in powder pattern of 27. 

 

 

5.6.2 Powder X-ray Diffraction Studies of 28 

 

Reaction of a 1:8 ratio of I and 2-MePhen in acetone afforded a deep purple solid which 

was analysed by powder X-ray diffraction studies.  The powder pattern was collected 

through 1 and 8 hour scans and these patterns can be compared with the calculated pattern 

in the overlay shown in Figure 5.14.  There is no real correlation of the calculated pattern 
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with either the 1 or 8 hour scan, suggesting that 28 had not formed, or the sample had 

already been out of solution too long before the powder experiments were run and that it 

had potentially de-solvated. 

 

 

 

Figure 5.14.  Overlay of calculated (black, from single crystal structure) and experimental 

(red – 1 hour scan and blue – 8 hour scan) in powder pattern of 28. 

 

 

5.6.3 Powder X-ray Diffraction Studies of 29 

 

A deep purple solid was obtained from the 1:8 reaction of compound I with 3-MePhen 

which was collected by filtration and studied using powder X-ray diffraction.  As before, 

both 1 and 8 hour scans were performed.  Inspection of the overlay of powder patterns in 

Figure 5.15 shows that there is some correlation between the calculated and 1 hour pattern 

suggesting that 29 has formed.  However, the pattern has changed dramatically between 

performing the 1 and 8 hour scan indicating that the cluster may have de-solvated upon 

removal from the mother liquor and is therefore not stable in air for prolonged periods of 

time. 
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Figure 5.15.  Overlay of calculated (black, from single crystal structure) and experimental 

(red – 1 hour scan and blue – 8 hour scan) in powder pattern of 29. 
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5.7 Conclusions 

 

The work presented in this chapter shows that it is possible to post-synthetically modify 

I, the result being a new family of structurally modified [MnIII
2MnII

2] clusters.  The single 

crystal X-ray structures of 27 – 29 have shown ligand substitution as the chelating co-

ligands, 1,10-Phen, 2-MePhen and 3-MePhen, have displaced the ligated DMF molecules 

at the cluster periphery.  A structural comparison of the clusters isolated in this study was 

carried out and it was found that the angle between the mean plane of the Mn-O-Mn 

central diamond and the mean plane of the ligand is changing and it was hoped that these 

small changes in the coordination sphere would result in different magnetic properties.  

The reactions were scaled up to compare the bulk powder X-ray diffraction patterns with 

those calculated from the single crystal X-ray structures.  The results from these show 

that the clusters are unstable in the air for prolonged periods of time and are potentially 

de-solvating upon removal from the mother liquor.  Repetition of these reactions is 

required, in which the clusters are left in solution, and only filtered immediately prior to 

studying their magnetic properties to prevent de-solvation.  Due to time constraints, the 

magnetic properties of 27 – 29 were not studied, however, these properties will be tested 

in the future to investigate whether it is possible for them to be used as SMMs or MRs. 
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5.6 Experimental 

 

Synthesis of [MnIII2MnII2(μ3-OH)2(TBC[4])2(DMF)6], I. 

MnCl2·4H2O (1 g, 5.05 mmol) and compound 1 (1 g, 1.54 mmol) were dissolved in a 1:1 

DMF/MeOH mixture (100:100 mL).  After 10 min of stirring Et3N (1.4 mL) was added 

and the resulting deep purple solution was stirred at room temp. for 2 h.  The reaction 

mixture was filtered to remove any microcrystalline material, and purple crystals of I 

grew upon slow evaporation of the mother liquor.  The crystals were analysed by both 

single crystal and powder X-ray diffraction and they were confirmed to be I. 

 

 

Synthesis of [MnIII2MnII2(TBC[4])2(μ3-OH)2(1,10-Phen)2((CH3)CO)2]·(CH3)2CO, 

27. 

1,10-Phenanthroline (0.8 mg) was added to a 5 mL aliquot of a stock solution of I in 

acetone (0.120 mmol/L).  Dark purple crystals of 27 grew upon slow evaporation of the 

mother liquor. 

Crystal data for 27: C124H144Mn4N4O14, M = 2134.18 g/mol, triclinic, space group P-1 

(no.2), a = 12.3299(5) Å, b = 12.4922(5) Å, c = 19.1012(8) Å, α = 89.407(2)°, β = 

80.244(2)°, γ = 89.417(2)°, V = 2899.3(2) Å3, Z = 1, T = 100(2) K, synchrotron radiation 

(λ = 0.7749 Å), 43707 reflections measured (3.654°≤ 2θ ≤ 70.326°), 19818 unique (Rint 

= 0.0382, Rsigma = 0.0565) which were used in all calculations.  The final R1 was 0.0628 

(I > 2σ(I)) and wR2 was 0.2002 (all data). 

 

 

Synthesis of [MnIII2MnII2(TBC[4])2(μ3-OH)2(2-MePhen)2((CH3)CO)2], 28. 

2-Methylphenanthroline (2.4 mg) was added to a 5 mL aliquot of a stock solution of I in 

acetone (0.301 mmol/L).  Dark purple crystals of 28 grew upon slow evaporation of the 

mother liquor. 

Crystal data for 28: C120H136Mn4N4O12, M = 2046.08 g/mol, triclinic, space group P-1 

(no.2), a = 12.4868(6) Å, b = 12.6771(6) Å, c = 19.0641(9) Å, α = 90.715(2)°, β = 

99.308(2)°, γ = 90.485(2)°, V = 2977.6(2) Å3, Z = 1, T = 100(2) K, synchrotron radiation 

(λ = 0.7749 Å), 11737 reflections measured (4.672°≤ 2θ ≤ 65.280°), 6651 unique (Rint = 

0.0461, Rsigma = 0.0850) which were used in all calculations.  The final R1 was 0.1068 (I 

> 2σ(I)) and wR2 was 0.2786 (all data). 
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Synthesis of [MnIII2MnII2(TBC[4])2(μ3-OH)2(3-MePhen)2((CH3)CO)2], 29. 

3-Methylphenanthroline (2.4 mg) was added to a 5 mL aliquot of a stock solution of I in 

acetone (0.301 mmol/L).  Dark purple crystals of 29 grew upon slow evaporation of the 

mother liquor. 

Crystal data for 29: C120H134Mn4N4O12, M = 2196.16 g/mol, monoclinic, space group 

P-1 (no.2), a = 19.8652(9) Å, b = 12.3177(6) Å, c = 24.8515(11) Å, β = 109.119(2)°, V = 

5745.6(5) Å3, Z = 2, T = 100(2) K, synchrotron radiation (λ = 0.7749 Å), 74919 reflections 

measured (2.366°≤ 2θ ≤ 64.988°), 15988 unique (Rint = 0.0522, Rsigma = 0.0386) which 

were used in all calculations.  The final R1 was 0.1063 (I > 2σ(I)) and wR2 was 0.2852 

(all data). 
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Chapter 6 

Conclusions 

 

 

Calixarene chemistry has developed a great deal since von Baeyer first synthesised the 

resin-like material in 1872.1  Since then many efforts have gone into the characterisation 

of this compound, and it is with thanks to these researchers that there are now standard 

reaction procedures to allow for the optimised synthesis of calixarenes with varying ring 

size in relatively high yields.2, 3  One prominent researcher in the field that has made 

important contributions is Gutsche,4 and through his study of these molecules scientists 

around the world have a much deeper understanding of the reaction between phenols and 

formaldehyde.  Along with this, Gutsche also made another huge impact by inventing the 

now very common systematic nomenclature of such molecules.  Gutsche’s contribution 

to calixarene chemistry has given other researchers the opportunity to further study the 

properties and structures of these fascinating molecules through the use of many 

analytical techniques such as NMR and IR spectroscopies, and single crystal X-ray 

diffraction, all of which have provided key knowledge surrounding their structure, 

composition and conformational behaviour.  This has led to the growing interest in the 

study of these macrocycles and they have played a prominent role in the development of 

supramolecular chemistry as a whole. 

 Modification of the calix[n]arene scaffold is of particular interest to researchers 

as it provides the opportunity to tune the framework through the introduction of targeted 

structural features of interest.  This renders them a versatile macrocycle type with 

numerous applications in fields such as complexing agents, enzyme mimics and 

optoelectronics.  Calix[n]arenes can be synthetically modified at the upper- and lower-

rim positions as well as at the methylene bridge.  As discussed in this thesis, far less work 

has been carried out at the methylene bridge position, however Biali and co-workers have 

pioneered this area of functionalisation.  Much of the work discussed in this thesis has 

used the tetra-brominated calix[4]arene as a starting material to explore the synthesis of 

other methylene bridge-substituted calix[4]arenes, seeking to expand this chemistry 

which is at an embryonic stage. 

 The work presented in Chapter 2 describes the synthesis and characterisation of a 

calix[4]arene that has been mono-substituted at the methylene bridge position with 

2-methylfuran groups (4), and its subsequent demethylation of this to afford H45.  The 



151 
 

cluster-forming properties of H45 were investigated through reaction with various metal 

salts in line with standard protocols developed in this research group.  It was hoped that 

additional metal binding sites would be created through the introduction of functional 

groups at the methylene bridge leading to the formation of mixed-metal clusters.  

However, none of the clusters isolated from this work display the desired behaviour, and 

instead the 3d and 4f clusters formed from the reactions conform to two known cluster 

types that have been previously reported by this research group.  This suggests that the 

furan groups may hinder the formation of 3d-4f metal clusters, as only homo-metallic 

species were isolated. 

 Another viable route to mixed-metal cluster synthesis is to introduce other 

functional groups at the methylene bridge position which will partake in coordination of 

metal ions.  This was achieved through further derivatisation of compound 4 and this 

work is discussed in Chapter 3.  Furans are extremely versatile compounds allowing for 

synthetic modification, and as such several new compounds can be obtained through 

simple reactions of these groups.  It was hoped that analogous chemistry could be applied 

to the furan-substituted C[4], and that a plethora of new compounds could be synthesised.  

The results from this work have clearly demonstrated this to be the case.  Simple 

hydrolysis or oxidation reactions of compound 4 afford the saturated or unsaturated 

diketones, respectively, and from these a whole new array of bridge-substituted C[4]s can 

be synthesised.  The saturated diketone is a useful synthetic intermediate for the 

preparation of C[4]s with all four bridges being mono-functionalised, as it can be reacted 

with an almost limitless number of amines to afford pyrrole-substituted C[4]s.  The library 

of methylene bridge-substituted C[4]s has been significantly expanded in the course of 

this study, and future work within this research group will build on this contribution and 

greatly expand this library of new supramolecular building blocks.  Future work will also 

focus on the deprotection of all of the compounds synthesised in Chapter 3, particularly 

compounds 17 and 19.  Once deprotected, their cluster-forming properties will be 

investigated using standard reaction conditions, and hopefully the new functional groups 

introduced at the bridge positions will lead to the isolation of mixed-metal clusters that 

are of interest from a molecular magnetism perspective. 

 Work in this project then progressed onto studying how the compounds 

synthesised in Chapter 3 can be utilised in coordination chemistry, employing the 

expertise of the Lusby group at The University of Edinburgh.  The potential metal-organic 

cage forming ability of 15 was investigated.  Cage-formation using ligands containing 

pyridine moieties is well known in the literature and this is the reason that 15 was selected 
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for this study.  The result of this work has led to the formation of three new coordination 

compounds which demonstrate the versatility of compound 15 prior to deprotection at the 

lower-rim, and all have been characterised by NMR and X-ray diffraction studies.  

Exploring these reactions in the solution phase was extremely beneficial as the 1H NMR 

spectrum sharpened upon complexation of a metal.  In addition, DOSY NMR provided 

insight into the size of the compounds formed from these reactions, and these results show 

strong correlation between the hydrodynamic radius and the complexes characterised in 

the solid state.  However, metal-organic cages were not formed from these reactions, 

suggesting that the C[4] is not rigid enough to prevent intramolecular binding which leads 

to chelation products.  Future work in this area will focus primarily on the synthesis of 

the 4-pyridine analogue of 15, as well as introducing spacers between the pyrrole and 

pyridine group which will hopefully prevent chelation due to the increased rigidity of the 

compound (and increased spacing of the pyridine moieties). 

 The magnetic properties of clusters isolated using methylene-bridged C[4]s is of 

interest to this group for their use as SMMs or MRs.  One way of altering the properties 

is through ligand substitution at the metal core of the [MnIII
2MnII

2] cluster previously 

isolated by this research group.  Compound I was therefore reacted with various chelating 

co-ligands in the hope of displacing ligated solvent molecules.  Three new clusters were 

synthesised in this study, and single crystal and powder X-ray diffraction studies were 

carried out in each case.  The structures of these clusters showed that the ligated solvent 

had been successfully replaced by 1,10-phenanthroline, 2-methylphenanthroline and 

3-methylphenanthroline molecules.  The powder patterns of these clusters showed some 

correlation between the calculated and experimental pattern obtained after a 1 hour scan, 

however subsequent 8 hour scans suggest that these species / crystals are sensitive to 

solvent loss upon removal from the mother liquor.  The magnetic properties of these new 

clusters were not studied due to equipment issues and related time constraints, however 

these measurements will be carried out in the near future.  To prevent solvent loss, the 

clusters will be filtered immediately prior to measurement of their magnetic properties, 

hopefully circumventing the issue of de-solvation. 

 From the results discussed in this thesis it is evident that the study of calixarenes 

is still a growing area of supramolecular chemistry and, until now, relatively little 

attention has been paid to the synthesis of calixarenes that are mono-substituted at all 

methylene bridge positions.  The work presented has significantly expanded the library 

of methylene bridge-substituted calix[4]arenes.  This study is only a small fraction of the 

potential number of molecules that can be synthesised, but the results presented provided 
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great insight into the possibilities for this new area of calixarene chemistry.  The reactions 

proceed with ease, often with high yields at each position within the molecule (e.g. four 

reactions on each molecule giving an overall yield of 60%, reflecting very high yield per 

position), and this groundwork will facilitate further investigation into many research 

avenues and potential applications for these fascinating new molecules. 
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ABSTRACT
Calix[4]arenes are extremely versatile ligands that are capable of supporting the formation of a wide 
variety of polymetallic clusters of paramagnetic metal ions. One can exert influence over cluster 
formation through alteration of the calix[4]arene framework and subsequent ‘expansion’ of the 
lower-rim polyphenolic binding site. The present contribution investigates cluster formation with 
calix[4]arenes substituted at all four methylene bridge positions with furan moieties. Two known 
cluster types have been isolated with this ligand, the structures of which lend insight into factors 
that may ultimately preclude the formation of mixed-metal species.

1.  Introduction

The ability to influence the formation of paramagnetic 
metal ion clusters from multi-component systems is a 
challenging synthetic goal that holds great potential 
when considering the possibility to control or fine tune 
physical properties such as molecular magnetism (1–5). 
We have found that methylene-bridged calix[4]arenes 
(cyclic tetraphenols, collectively termed C[4]s hereaf-
ter, Figure 1(A)), are remarkably versatile ligands for 
cluster synthesis under ambient conditions, affording 
a wide range of structural topologies as a result (6–12). 
This is primarily due to their possessing a tetraphenolic  
pocket that readily binds 3d or 4f metal ions when depro-
tonated with a suitable base. These phenolato groups 
bridge to neighbouring ions within a cluster (for example 

see Figure 1(B)) and impart a degree of directionality in 
the assembly process; this can also be considered as 
structural capping behaviour (vide infra). C[4]-supported 
clusters can also be synthesised under solvothermal (13, 
14) or air-sensitive conditions (15–17), but discussion of 
this expansive chemistry is far beyond the scope of this 
contribution; in these cases the resulting structures differ 
markedly from those reported herein. Thia-, sulfonyl- and 
sulfinyl-bridged C[4]s have also been used in cluster-form-
ing chemistry, but lower-rim coordination chemistry is 
drastically different to that of the methylene-bridged 
analogues, leading to vastly different structure types and 
physical properties. Again, this is far outwith the scope 
of this manuscript, but the reader is directed to recent 
reviews on the subject (18–20).

© 2018 Informa UK Limited, trading as Taylor & Francis Group
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this is a versatile cluster topology for C[4]. Reactions con-
taining both 3d and 4f ions give several different hetero-
metallic clusters depending on the stoichiometries and 
metal salts employed (6, 8, 10, 24), an interesting example 
of which is the ability to systematically interchange the 
body ions in the [MnIII

2MnII
2(μ3-OH)2(C[4])2] butterfly for 

LnIII; this affords either [MnIII
2LnIIIMnII(μ3-OH)2(C[4])2] or 

[MnIII
2LnIII

2(μ3-OH)2(C[4])2] clusters as a result. Our explor-
atory cluster-forming studies with C[4]s have provided 
empirical metal ion binding rules as follows: (1) C[4]s will 
bind MnIII preferentially over TMII and FeIII ions; (2) C[4]s 
will bind FeIII preferentially over TMII ions; (3) C[4]s will bind 
TMII/III preferentially over Ln ions; (4) C[4]s will bind LnIII in 
the absence of TM ions. Every structure isolated to date 
contains either [TMIII(C[4])]−, [TMII(C[4])]2− or [LnIII(C[4])]− 
capping moieties, and these act to cap polyhedral struc-
tures in a consistent manner.

In addition to carrying out such exploratory work with 
C[4], we have also reported on aspects of binding site alter-
ation and the subsequent effect this has on cluster for-
mation/composition (25–27). Our first effort in this regard 
was to employ oxacalixarenes to systematically vary the 
size of the tetraphenolato pocket (26, 27). The introduc-
tion of one or two ethereal bridges between neighbouring 
aromatic rings ‘expands’ the C[4] framework, giving trap-
ezoidal (Figure 1(c)) or rectangular (Figure 1(d)) binding 

With respect to methylene-bridged C[4]s, the first result 
of our exploratory investigations into C[4]-supported clus-
ter formation was a series of [MnIII

2MnII
2(μ3-OH)2(C[4])2] 

SMMs (1) that possess a common structural butterfly-like 
{MnIII

2MnII
2(μ3-OH)2} core, half of which is shown in Figure 

1(B) (7, 11). The oxidation state distribution is rare (21), is 
the reverse of that found in the majority of structural ana-
logues in the literature (22, 23), and is driven by the C[4] 
tetraphenolic pocket which preferentially binds the wing-
tip manganese ions in the 3+ oxidation state. The C[4]s 
bridge to the body ions (in the 2+  oxidation state) and 
[MnIII(C[4])]− moieties in the structure can be considered 
as capping units; these structure capping moieties, the 
nature of which depends on the metal ions present, are 
found in every C[4]-supported cluster we have reported 
to date. With the content of this contribution in mind, a 
second cluster that is worthy of mention is a [LnIII

6(μ3-O)2(μ-
OH)3.32(μ-Cl)0.68(HCOO)2(C[4])2] species (2) in which the lan-
thanide ions are arranged at the vertices of an octahedron 
(12). In this case a LnIII ion is bound by the tetraphenolic 
pocket upon deprotonation, sitting just outside the basal 
plane of the oxygen atoms, affording a [LnIII(C[4])]− struc-
tural capping moiety as a result. Liao and co-workers 
reported the solvothermal synthesis of a cluster of for-
mula [LnIII

6(μ4-O)2(μ-CH3O)2(μ-HCOO)2(NO3)2(C[4])2] (3) 
(14), the core of which is similar to that of 2, showing that 

Figure 1. (Colour online) (A) Schematic of calix[4]arene (R = H) and p-tBu-calix[4]arene (R = tBu), collectively termed C[4]s. Concerted 
hydrogen bonding interactions at the tetraphenolic lower-rim are shown as dashed lines between OH groups. (B) Section of the single 
crystal X-ray structure of a C[4]-supported {MnIII

2MnII
2(OH)2} cluster showing wing-tip MnIII binding in the tetraphenolato pocket, as 

well as phenolato and hydroxide bridging to a body MnII ion (7, 11). (C) Schematic of dihomooxacalix[4]arene showing the distortion to 
the lower-rim tetraphenolato binding pocket through introduction of one ethereal bridge, the result of which is a trapezoidal binding 
pocket. (D) Schematic of tetrahomodioxacalix[4]arene showing a rectangular binding pocket that results from ‘expansion’ through the 
introduction of distal ethereal bridges. Color code: C – grey, O – red, MnIII – dark blue, MnII – pale blue. H atoms omitted in (B) for clarity.
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pockets respectively. The use of these oxacalixarenes in 
cluster formation gave markedly different results, an excel-
lent example of which is the isolation of a Ln5 cluster that 
can be considered an analogue of the aforementioned Ln6 
species. In this case one of the equatorial ions from the 
octahedron has been omitted due to the targeted ‘expan-
sion’ of the lower-rim binding pocket; this LnIII ion omission 
coincides directly with the position of the ethereal bridge. 
We also recently tethered C[4]s with alkyl chains of varying 
length through synthetic modification at one methylene 
bridge position (25). In doing so we found cluster forma-
tion with these bis-C[4]s to be challenging, except in cases 
where the tether was long enough to allow the constituent 
C[4]s to form previously reported cluster topologies (e.g. 
1).

Here we present initial results from a new investiga-
tion that aims to explore the limits of cluster formation 
with C[4]s substituted at all methylene bridge positions. 
A search of the literature shows that there are relatively 
few fully substituted C[4]s that can be readily synthesised 
with all substituted groups equatorial, but one candidate 
that represented a viable starting point for this work is 
5,11,17,23-tetra-tert-butyl-2,8,14,20-tetra(2-methylfura-
nyl)-25,26,27,28-tetramethoxycalix[4]arene (4, Scheme 1) 
(28). Compound 4 is synthesised from C[4] in three steps: 
lower-rim alkylation to afford the tetra-methoxy derivative, 
monobromination at all four methylene bridge positions 
and subsequent reaction with 2-methylfuran in the pres-
ence of butylene oxide. This affords a C[4] with all furan 
groups equatorial as shown in Scheme 1.

2.  Results and discussion

The use of compound 4 in cluster formation (via our typi-
cally employed ambient reaction conditions) first required 
de-protection of lower-rim methoxy groups to afford the 
required tetraphenolic C[4] pocket for metal ion binding/
bridging. This was achieved using iodocyclohexane, giving 

5,11,17,23-tetra-tert-butyl-2,8,14,20-tetra(2-methylfura-
nyl)-25,26,27,28-tetrahydroxycalix-[4]arene, H45, in 21% 
yield following purification. Given the frequency with 
which we have isolated [MnIII

2MnII
2(μ3-OH)2(C[4])2] clus-

ters, we selected this as our first target cluster topology. 
Reaction of H45 with manganese(II) chloride tetrahydrate 
in a 1:1 dmf/MeOH mixture (to aid solubility), and in the 
presence of Et3N as a base, rapidly afforded a deep purple 
solution upon stirring at room temperature. Good quality 
purple single crystals grew readily following vapour diffu-
sion of petroleum ether into the mother liquor, and sub-
sequent diffraction studies found them to be of formula 
[MnIII

2MnII
2(μ3-OH)2(5)2(dmf)4(MeOH)2].3MeOH.Et2O (6). 

Crystals of 6 were in a triclinic cell and structure solution 
was carried out in the space group P-1. The asymmetric 
unit (ASU) was found to contain half of the compound 
formula and, as expected, symmetry expansion revealed 
formation of the common butterfly cluster topology as 
shown in Figure 2. Inspection of Figure 2(A) shows that the 
furans substituted at the methylene bridge positions are 
all equatorial as expected, and that they are sufficiently far 
from the cluster core to prevent interference with solvent 
ligation at the body MnII ions (ligated solvent is shown in 
Figure S1). Bond lengths and angles relating to the cluster 
are similar to those of the C[4]-supported analogue, 1 (7, 
11). The positioning of the furan groups around the cluster 
periphery is naturally dictated by the coordination chemis-
try, and as can be seen in Figure 2(B), the two equivalents 
of 5 are arranged in an offset manner due to the cluster 
core topology.

With the orientation/positioning of the furan groups in 
mind, we expanded our investigation to include the for-
mation of 3d-4f clusters to establish whether: (1) it would 
be possible to isolate mixed-metal clusters, (2) different 
stoichiometries would lead to 3d/4f metal ion interchange 
akin to C[4]-supported cluster chemistry, and (3) the furans 
would play a role in cluster formation, potentially coordi-
nating to LnIII ions. We investigated this by exploring three 

Scheme 1.  Deprotection of the lower-rim of 4 to give 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetra(2-methylfuranyl)-25,26,27,28-
tetrahydroxycalix[4]arene, H45.
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(non-ligated). As in the case of 6, the cluster cores found 
in 7 are closely related to their respective C[4]-supported 
cluster analogue (1).

The only other set of crystals that were obtained from 
the current set of experiments were colourless, arising 
from the reaction involving a 1:4 ratio of Mn:Tb ions. The 
crystals were in a monoclinic cell, and structure solution in 
space group P21/n revealed these to be of formula [TbIII

6(μ4-
O)2(μ-HCOO)2(μ4-CO3)2(5)2(dmf)8(H2O)8].2MeOH.2H2O (8). 
The asymmetric unit was found to contain half of the afore-
mentioned formula, with symmetry expansion giving rise 
to the cluster shown in Figure 3. Inspection of the struc-
ture shows that this overall cluster topology conforms to 
the previously reported lanthanide octahedra discussed 
in the introductory section, but in this case there is yet 
another variation in the nature of anions in and around 
the cluster core. Figure 3(B) shows the central core with 
tetra-anions of H45 omitted for clarity. As can be seen, the 
inner part of the core contains two μ4-oxides that bridge 
Tb1, its symmetry equivalent (s.e., Tb1*), Tb2 and Tb3. This 
is a common feature to all three LnIII octahedra (3, 12), as 

ratios of Mn:Ln (Dy/Tb/Gd) ion present in the reaction mix-
ture, these being 4:1, 1:1 and 1:4.

The first set of single crystals that were isolated were 
purple, and these arose from the reaction involving a 
1:1 ratio of Mn:Tb ions. The crystals were found to be in 
a triclinic cell and structure solution was carried out in 
the space group P-1. Somewhat surprisingly, the crystals 
were found to be of formula [MnIII

2MnII
2(μ3-OH)2(5)2(dmf)6]

[MnIII
2MnII

2(μ3-OH)2(5)2(dmf)5.5(H2O)0.5].2dmf, 7, indicating 
that 4f ions were not involved in cluster formation; this is 
atypical for C[4]-supported clusters formed in the presence 
of such ion mixtures. The ASU was found to contain half 
of the aforementioned formula, and symmetry expansion 
afforded two butterflies (Figure S2) that are closely related 
to the structure of 6. Upon inspection, one noticeable dif-
ference upon moving to 7 is that one of the butterflies 
possesses six ligated dmf molecules, as opposed to four 
dmf and two MeOH in 6. The second butterfly is also differ-
ent as, although it also possesses four peripherally ligated 
dmf molecules, the cavities of symmetry equivalents of 
5 are occupied by disordered water (ligated) and dmf 

Figure 2. (Colour online) Views of the single crystal X-ray structure of 6. (A) Side-on view showing formation of the expected mixed-
valence [MnIII

2MnII
2(μ3-OH)2] core that is supported by two tetra-anions of H45. (B) View down the cavity of 5 clearly showing MnIII ion 

binding in the tetraphenolato pocket and the orientation of furan groups on the methylene bridge positions. Color code: C – grey, O – 
red, MnIII – dark blue, MnII – pale blue. Solvent of crystallisation, H atoms and ligated solvent molecules are omitted for clarity.

Figure 3.  (Colour online) Views of the single crystal X-ray structure of 8. (a) Side-on view showing formation of the [TbIII
6(μ4-O)2(μ-

HCOO)2(μ4-CO3)2] core that is supported by two tetra-anions of H45. (b) View of the central core with selected atoms labelled according 
to discussion. Color code: C – grey, O – red, TbIII – green. Solvent of crystallisation, H atoms and ligated solvent molecules are omitted 
for clarity.
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in MeOH for 15 min. Subsequent filtration afforded a yel-
low crude that was recrystallised from CHCl3/MeOH to 
yield 0.210 g (21%) of pure H45. 1H NMR (300 MHz, CDCl3) 
δ ppm: 8.94 (br. s., 4 H) 7.16 (s, 8 H) 6.14 (d, J = 2.57 Hz, 4 
H) 5.94 (d, J = 2.90 Hz, 4 H) 5.90 (s, 4 H) 2.28 (s, 12 H) 1.11 
(s, 36 H). 13C NMR (75.5 MHz, CDCl3) δ ppm 152.75, 151.44, 
146.19, 143.80, 128.39, 124.01, 109.74, 105.76, 37.31, 34.18, 
31.20, 13.61. MS (MALDI-TOF): 991.5, [M + Na]+.

Synthesis of [MnIII
2MnII

2(μ3-OH)2(5)2(dmf)4(MeOH)2].3 
MeOH.Et2O, 6: MnCl2·4H2O (40.9 mg, 0.207 mmol) and H45 
(50.0 mg, 0.052 mmol) were dissolved in a 1:1 dmf/MeOH 
mixture (20 mL). After 10 min of stirring Et3 N (0.045 mL) 
was added and the resulting deep purple solution was 
stirred at RT for 2 h. The reaction mixture was filtered to 
remove any microcrystalline material, and purple crys-
tals of 6 grew upon vapour diffusion of petroleum ether 
into the mother liquor. These were found to be sensitive 
towards solvent loss upon removal of the mother liquor, 
and sample homogeneity was assessed by multiple unit 
cell determinations. Crystal data for 6 (CCDC 1583896): 
C149H196Mn4N4O28, M = 2710.85 g/mol, triclinic, space group 
P-1 (no. 2), a = 13.1012(9) Å, b = 17.0409(11) Å, c = 17.5344
(12) Å, α = 72.026(3)°, β = 86.362(3)°, γ = 87.172(3)°, V = 37
14.3(4) Å3, Z = 1, T = 100(2) K, MoKα radiation (λ = 0.71073 
Å), 57869 reflections measured (2.444°  ≤  2Θ  ≤  54.174°), 
15969 unique (Rint = 0.1222, Rsigma = 0.2345) which were 
used in all calculations. The final R1 was 0.0864 (I > 2σ(I)) 
and  wR2  was 0.2787 (all data). Single crystals that were 
isostructural to 6 were obtained when 4:1 ratios of Mn:Ln 
ions were used. This was confirmed through comparison 
of unit cell parameters.

Synthesis of [MnIII
2MnII

2(μ3-OH)2(5)2(dmf)6][MnIII
2 

MnII
2(μ3-OH)2(5)2(dmf)5.5(H2O)0.5].2dmf, 7: MnCl2·4H2O 

(10.1  mg, 0.051  mmol), TbCl3·6H2O (1  eq., 19.2  mg, 
0.051  mmol) and H45 (50.6  mg, 0.052  mmol) were dis-
solved in a 1:1 dmf/MeOH mixture (20 mL). After 10 min 
of stirring Et3 N (0.045 mL) was added and the resulting 
purple solution was stirred at RT for 2 h. The reaction mix-
ture was filtered to remove any microcrystalline material, 
and purple crystals of 7 grew upon slow evaporation diffu-
sion of petroleum ether into the mother liquor. These were 
found to be sensitive towards solvent loss upon removal of 
the mother liquor, and sample homogeneity was assessed 
by multiple unit cell determinations. Crystal data for 7 
(CCDC 1583897): C148.25H185.75Mn4N6.75O25, M = 2682.03 g/
mol, triclinic, space group P-1 (no. 2), a = 15.7886(9) Å, b = 
23.1399(13) Å, c = 30.3907(17) Å, α = 102.631(3)°, β = 102.1
28(3)°, γ = 98.886(3)°, V = 10356.2(10) Å3, Z = 2, T = 100(2) K, 
μ(synchrotron)  =  0.361  mm−1, 111410 reflections meas-
ured (3.224° ≤ 2Θ ≤ 62.414°), 51084 unique (Rint = 0.0495, 
Rsigma = 0.0784) which were used in all calculations. The 
final R1 was 0.0806 (I > 2σ(I)) and wR2 was 0.2422 (all data).

is the presence of two peripheral bridging formate ani-
ons (e.g. see Figure 3(B), O18/O19 and s.e. O18*/O19*). The 
main difference observed upon moving from either 2 or 
3 to 8 is the introduction of the μ4-CO3

2− (O15/O16/O17 
and O15*/O16*/O17*) anions in place of μ-OH−/μ-Cl− and 
μ-CH3O−/terminal NO3

− respectively. We propose that the 
bridging formate and carbonate anions originate from 
decomposition of dmf; this is commonplace for such reac-
tions involving C[4] as a cluster support. As is the case in 2, 
each of the four TbIII ions in the central plane of the cluster 
possesses two ligated dmf molecules that, together, can be 
seen to define the vertices of a near-perfect square prism 
(Figure S3). These eight ligated dmf molecules are posi-
tioned between the furan moieties at the calixarene bridge 
positions, further indicating that these cluster topologies 
are capable of withstanding the introduction of relatively 
large moieties to the supporting ligand framework.

The magnetic properties of clusters 6–8 were not inves-
tigated, as all are very closely related to previously pub-
lished topologies and can be expected to be very similar.

3.  Conclusions

To conclude, we have shown that a C[4] substituted at all 
methylene bridge positions can be de-protected at the 
lower-rim and successfully used in the synthesis of 3d or 4f 
clusters. The three species isolated conform to two known 
types reported for analogous C[4]-supported cluster 
chemistry, and the fact that 3d-4f clusters were not isola-
ble suggests that the presence of furan moieties at the C[4] 
bridge positions hinders mixed-metal cluster formation. 
This may be due to the increased coordination number/
presence of additional ligands around the cluster periph-
ery, but further investigation is required in order to confirm 
this hypothesis. This will be the subject of future work in 
the area of fully bridge-substituted C[4]-supported clus-
ter chemistry and results will be reported in due course, 
including magnetic properties of clusters isolated if these 
are found to deviate from existing topologies.

4.  Experimental

Compound 4 was synthesised according to literature 
procedures and purity was confirmed by 1H NMR prior 
to use (28). Synthesis of 5,11,17,23-tetra-tert-bu-
tyl-2,8,14,20-tetra(2-methylfuranyl)-25,26,27,28-tet-
rahydroxycalix[4]arene, H45: Cyclohexyl iodide (9.86 g, 
46.91 mmol) was added to a stirred suspension of com-
pound 4 (1.069 g, 1.04 mmol) in dmf (60 mL) and the reac-
tion was heated at reflux for 48  h. The resulting brown 
solution was cooled to RT before being poured into water 
(100 mL), leading to the precipitation of a brown solid. This 
solid was collected by filtration and stirred as a suspension 
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Synthesis of [TbIII
6(μ4-O)2(μ4-CO3)2(μ-HCO2)2(5)2 

(dmf)8(H2O)2].2MeOH.2H2O, 8: MnCl2·4H2O (10.1  mg, 
0.051  mmol), TbCl3·6H2O (4  eq., 76.7  mg, 0.205  mmol) 
and H45 (50.6  mg, 0.052  mmol) were dissolved in a 1:1 
dmf/MeOH mixture (20 mL). After 10 min of stirring Et3 N 
(0.045 mL) was added and the resulting purple solution 
was stirred at RT for 2 h. The reaction mixture was filtered 
to remove any microcrystalline material, and colourless 
crystals of 8 grew upon slow evaporation of the mother 
liquor. These were found to be sensitive towards solvent 
loss upon removal of the mother liquor, and sample homo-
geneity was assessed by multiple unit cell determinations. 
Crystal data for 8 (CCDC 1583898): C79H105N4O21Tb3, 
M  =  1923.42  g/mol, monoclinic, space group P21/n (no. 
14),  a  =  18.8372(9)  Å,  b  =  15.8997(8)  Å,  c  =  28.3456(12) 
Å, β = 107.806(2)°, V = 8083.0(7) Å3, Z = 4, T = 100(2) K, 
MoKα radiation (λ = 0.71073 Å), 72883 reflections meas-
ured (3.45° ≤ 2Θ ≤ 58.082°), 21054 unique (Rint = 0.0847, 
Rsigma = 0.1167) which were used in all calculations. The 
final R1 was 0.0527 (I > 2σ(I)) and wR2 was 0.1354 (all data).
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