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Abstract

Supramolecular chemistry deals with systems made of distinct chemical species which, when
put together, have different properties than each individual component. These species are
often not bonded in a covalent or ionic sense, but are based on host-guest chemistry. Me-
chanically interlocked molecules (MIMs) and handcuff rotaxanes in particular, which are
systems containing multiple covalently bonded macrocycles, through which a rod is threaded
then stoppered, are an example of such species. MIMs have wide ranging applications in
nanoscale electronics, systems which mimic biology, and many others. Since its recent dis-
covery, pillar[5]arene has been used extensively in MIMs due to its interesting host-guest
properties, and this work deals with handcuff rotaxanes containing it, as well as perylene

diimide (PDI), tetrazine, and imidazole groups.

The feasibility of the synthesis of a three-membered PDI cofacial stack or a ‘triple decker
handcuff rotaxane’, using a templated, clipping method, utilising interactions between PDI
cores and between pillar[5]arenes and imidazole groups, is investigated. The difficulty in
this lies in the synthesis of a ‘linker’ that can connect two pillar[5]arene macrocycles and
also the PDI core of the macrocycle based component of the handcuff rotaxane. Various
methods of amine alkylation, amide coupling and ether synthesis were explored to connect
the functionalised pillar[5]arenes together, but due to the difficulties with pillar[5]arene syn-
theses and purifications they were all unsuccessful in either of those steps. However, novel
pillar[5]arene-based species were successfully synthesised in this part of the project and fully

or partially characterised.

Next, a simpler cofacial stack of a PDI and a tetrazine based on handcuff rotaxane
topology was attempted but was unsuccessful due to the low solubility of pillar[5]arene-
based species in solvents required for the tetrazine forming reaction. However, during this
part of the project two new functionalised pillar[5]arenes were synthesised and characterised

and attempts at optimising these syntheses were made.

Finally, a handcuff rotaxane containing only one PDI species was successfully synthesised

and characterised. Its properties were probed using cyclic voltammetry, spectroelectrochem-
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istry and electron paramagnetic resonance spectroscopy and compared with similar handcuff
rotaxanes previously synthesised in the group. The lack of stacking species in this hand-
cuff proved a previously postulated hypothesis that the synthesis method here described
only requires templating between the host’s macrocycles and the threading guest. This does

however, lower the yields relative to species with additional molecular recognition sites.

The thus far described part of this work explored and celebrated the organic synthe-
sis of supramolecular structures, while the second part focuses on spectroscopic analysis of
supramolecular systems. The systems in question are the collagen-tannin matrices found in
leather, and more specifically in deteriorated leather book bindings from the Natural His-
tory Museum. As such the two parts of this thesis are only related due to dealing with

supramolecular structures and should be interpreted separately.

This second project explored a leather acidic deterioration process known to conservators

9th Oth

as red rot. Red rot affects leather book bindings from the late 19" and early 20*" centuries
and causes them to become dry and reddish, or in advanced stages crumble into a dark

powder.

This project set out to explore health and safety aspects of red rot dust using various
spectroscopic techniques and suggest further necessary tests. This was evaluated using In-
ductively Coupled Plasma analysis (Optical Emission Spectroscopy and Mass Spectrometry),
in comparison with permissible heavy metal content in samples as defined by a commercial
certification body, OEKO TEX. For the tested samples, it was found that arsenic, cadmium
and lead were not within the permissible limits and hence caution when handling these items

is recommended.

Furthermore, this work aimed to understand more about the red rot deterioration pro-
cess by comparing undeteriorated and deteriorated leather samples with Fourier Transform
Infrared spectroscopy and Scanning Electron Microscopy. No features present in red rot
but absent in other types of deterioration were found, however, this work recommends gas

chromatography as another technique that might achieve this.

Finally, this work attempts to quantify the degree of deterioration of bindings suffering

from red rot through an FTIR peak ratios. Such a ratio is explored and found to relate to
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visually assessed levels of degradation. However it is not certain that this is a red rot specific

ratio and not a general degradation ratio.

This work allowed for health and safety recommendations to be made to the museum,

as well as for a deeper understanding of the red rot deterioration process to be obtained.
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1 Introduction

Supramolecular chemistry has been described as “chemistry beyond the molecule”. [ Tt deals
with distinct chemical species, which when put together form a system with properties dif-
ferent to the sum of the individual components. Such systems are often based on host-guest
chemistry, where the host and guest are selectively bound by reversible intermolecular in-
teractions. Today, the field of supramolecular chemistry deals with mechanically interlocked
molecules (MIMs), 2] molecular machines, 3] systems which mimic biology, [4] and many oth-
ers.[56] This field has been steadily expanding since the 1960s and has two Nobel prizes
associated with it. In 1987 Cram,m Pedersen,[S} and Lehn® received one for the found-
ing of and contributions to the field, and in 2016 Sauvage,[lo] Stoddart, 11 and Feringa[12]

received the second Nobel prize for their work on molecular machines.

1.1 Mechanical bond

The study of MiMs is based on the concept of the mechanical bond, or a special architectural
feature which results from the entanglement of the component parts of interlocked molecules.
When two or more distinct species are so entangled as to make their separation impossible
without breaking or distorting some of their chemical bonds, this entanglement is called the
mechanical bond. Due to this, the strength of the mechanical bond depends directly on the
strength of the chemical bonds in the components and the mechanical bond can never be

stronger than the weakest chemical bond in a given molecule. [13]

1.2 Catenanes

Catenanes are structures made of two or more mechanically interlocking macrocycles. These
macrocycles are not chemically bonded together, but to separate them one of the macrocycles
has to be opened (a chemical bond has to be broken). The nomenclature for catenanes is based
on how many components they are made of; a [2]catenane is comprised of two interlocking

rings shown in Figure 1.1, while a [3]catenane is comprised of three.

There are multiple ways a catenane may be prepared, shown in Figure 1.2. These are:



Figure 1.1: A model of a [2]catenane prepared in Blender.

(i) clipping, which involves a macrocycle threading onto a ‘rod’, then joining the ends of this
‘rod’ to form a second macrocycle; (ii) double clipping, which involves two ‘rods’ coming
together, then joining the ends of each ‘rod’; and (iii) magic ring synthesis where all or some

macrocycles can open and re-close resulting in the catenane.

(i)

(ii)

Y

(ii) ()

Figure 1.2: Examples of different catenanes and their syntheses: (a) [2]catenane, (i) clipping,
(i) double clipping, (iii) magic ring synthesis. [14]



It is also important to consider chemical topology when talking about catenanes. They
are an example of a topologically non-trivial species which means they cannot be turned
into another isomer of themselves by deformation of bonds. The macrocycles of a catenane
cannot be separated without breaking a bond; the catenane (shown in Figure 1.2a) and its
non-interlocked component macrocycles (shown in Figure 1.2 as the starting material of the

magic ring synthesis (iii)) are hence topological isomers. 2]

1.2.1 Statistical and directed methods

The first artificial catenane, synthesised by Wasserman 1% in 1960, used the clipping method
by threading a diester rod through a macrocycle and cyclising it with a condensation of
diesters as shown in Scheme 1.1(a). This method was statistical in that it relied on the rod
threading through the macrocycle by chance, resulting in a very poor yield (~ 0.0001%) of

the desired catenane.

o] o] ocl HQ 0
Cl %, !
EtO OEt Q 0 0 0
32 Cs4Hs7 D5 (CHa)ra (CH2)12
\ (e}
E—— —

Ac
(a) (b) HoN \\N \ /N

/
/ ng;\\\

(CH2)12 (CHy)12

(0]
(CH2)2s (CHo)2s
HO <> \ /
h CaiHs7D5 C

|
o)

Scheme 1.1: (a) The first synthesis of a catenane by Wasserman in 196015 (b) The first

directed covalent synthesis of a catenane by Schill and Liittringhaus in 1964. [16] Diagram
adapted from publication by Beer and Evans [14]

The first improvement on this statistical method came in the form of directed covalent
synthesis. Schill and Liittringhaus synthesised a macrocycle with two long alkyl chains
protruding above and below the macrocycle’s plane, capped with chlorine atoms. These
could be attacked by an amine group that was situated inside the macrocycle to give an

interlocked, but also covalently bonded species shown in Scheme 1.1(b). Once the necessary



bonds were cleaved this structure resulted in a [2]catenane. This synthesis also falls under

the category of clipping.

1.2.2 Templating methods

These early statistical and directed methods were both overshadowed by Sauvage’s templating
methods, which involve the use of a template around which the supramolecular structure
can form and afford much greater yields. Templation arises from molecular recognition
between the chemical species that will become components of an interlocked molecule. These
are non-covalent interactions such as donor-acceptor, hydrophobic, hydrogen-bonding, etc.

interaction. [13]

In 1983 he reported 171 the synthesis of a [2]catenane using a tetrahedral d0 Cu(I) cation
as a template for two phenanthroline (phen) ligands, giving tetrahedral complexes shown in
Scheme 1.2. These phen ligands can be (i) double clipped and (ii) clipped respectively to give
the [2]catenane, which is coordinatively bonded to a metal centre. Such a catenane is often
called a ‘catenate’. The synthesised catenate can be demetallated to give a catenane which
is not bonded to a metal centre any longer. Such a catenane is often called a ‘catenand’. The
crystal structure of this catenand can also be seen in Scheme 1.2. It was determined that the

two macrocycles within the synthesised catenand can move freely around each other.

Another templating method, developed by Stoddart, involves the use of -7 interactions.
His earliest work on this topic, in 1989, involved a [2]catenane containing cyclobis(paraquat-p-
phenylene) cyclophane (CBPQTZH), an electron-poor macrocycle, and bisparaphenylene-34-
crown-10 (BPP34C10), an electron-rich macrocycle, shown in Scheme 1.3. The pyridinium
and hydroquinone moieties are attracted to each other through electrostatic forces resulting
in -1 stacking, allowing these species to template around each other. These pyridinium

species can then be clipped to give a [2]catenane. [20]



Scheme 1.2: Sauvage’s templated synthesis. 17 The phen ligands of the upper complex can
be double clipped (i), while the phen ligand of the lower complex can be clipped (i) to give
the desired [2]catenate. The catenate can then be demetallated (iii) to give the catenand.

Diagram adapted from publication by Leigh et al. 18] and from crystallographic data. [19]
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Scheme 1.3: Scheme showing the templated synthesis of Stoddart’s [2]catenane based on

-7 interactions (shown as dotted lines) between CBPQT4* (shown in blue) and BPP34C10

(shown in red) macrocycles. 20]



1.2.3 Magic ring methods

More recently, catenanes have been synthesised using a ‘magic ring’ approach. In 1994, Fujita
synthesised a [2]catenane from two entirely closed macrocycle complexes based on a square
planar Pd centre and ethylenediamine and pyridyl ligands, shown in Scheme 1.4. Due to the
lability of the Pd-pyridyl bonds, the macrocycles can open, interlock and then close, forming
the [2]catenane, driven by hydrophobic interactions. At low concentrations, the macrocycle
remains a monomer, but at high concentrations the two macrocycles interlock, filling each

other’s cavities thus minimising hydrophobic interactions with the solvent. [21]

4+ ]+

4NOy 8NOy

H2N\ /NH2
/ \N/Pd
=

N =
=
B
= \ \Pd’N\
N
N

\ =
HoN NH2

Scheme 1.4: A reaction scheme showing a [2]|catenane formed from two entirely whole macro-
cycles through magic ring synthesis due to hydrophobic interactions. Diagram adapted from
publication by Stoddart et al. [22]

1.3 Rotaxanes

Rotaxanes are another type of MIM, made of a rod-like molecule threaded through a macrocy-
cle and stoppered with bulky groups on each end to prevent the macrocycle from de-threading.
If the stopper groups are not present, that species is called a pseudo rotaxane instead. The
nomenclature for rotaxanes works similarly to that of catenanes in that a [2]rotaxane is com-
prised of two components - a stoppered rod and a macrocycle, and a [3|rotaxane is comprised
of three - either a stoppered rod and two macrocycles or a macrocycle and two stoppered
rods. A model of the simplest [2]rotaxane is shown in Figure 1.3. Unlike catenanes, rotaxanes
are considered topologically trivial, as the ring (if stretched) could ‘slip off’ the rod without

breaking any bonds, affording two topologically trivial components.



Figure 1.3: A model of a [2]rotaxane prepared in Blender with the macrocycle shown in blue,
rod in red and stoppers in purple.

General synthetic strategies include: (i) capping, where the ring threads onto the rod,
which is then stoppered with bulky groups to give the final rotaxane; and (ii) clipping, where
a section of the ring threads onto the stoppered rod and is then clipped to form the final

rotaxane shown in Figure 1.4.

——- ZQ\D‘

[2]pseudorotaxane

(i1)

Figure 1.4: The main synthetic strategies for rotaxanes: (i) capping a pseudo rotaxane with
bulky stopper groups; (ii) clipping a ring already positioned over the stoppered rod. The

[2]rotaxane contains a rod (in blue), a ring (in red) and stopper groups (in grey). Diagram
23]

adapted from a publication by Xue et al.



The first ever rotaxane was synthesised using the capping method by Harrison and
Harrison in 1967.[24] They used statistical methods similar to those in Wasserman’s catenane
synthesis described in Section 1.2.1. To make isolation possible, the authors attached the
macrocycle to a resin and passed a solution containing the rod and stopper repeatedly over
it. Statistically speaking, the rod would react with the stoppers while threaded through the
macrocycle some of the time, giving the desired, capped rotaxane. After seventy repetitions
the rotaxane was cleaved from the resin and purified, affording a 6% yield. Following the
innovations in catenane synthesis, next came the directed covalent methods of Schill et al. [25],

but this method also suffered from poor yields due to the large number of steps required.

As with catenane synthesis, next came templating methods. Ogino used hydrophobic
interactions to direct a diamine-alkyl rod through the hydrophobic cavity of a cyclodextrin

macrocycle, before stoppering the rod with a bulky cobalt complex. This improved the yields

[26]

of the synthesised rotaxanes to 19%. Templating methods using n-n stacking were also

repurposed for the synthesis of rotaxanes by Stoddart et al. The first such [2]rotaxane, syn-
thesised in the much higher yield of 32% through a clipping method, contained the previously

discussed CBPQT** macrocycle and a hydroquinone based rod with triisopropylsilyl stop-

[27]

pers, as shown in Figure 1.5. Templating methods based on Cu(I), analogous to those

used by Sauvage for catenane synthesis, were also implemented for rotaxane synthesis, for

[28]

example by Gibson et al. shown in Figure 1.5, again improving the yield to 42%.



O

O

O

O
P A A

(@) (b)

Figure 1.5: (a) A [2|rotaxane synthesised by Stoddart et al. [27] containing a CBPQT*"
macrocycle (shown in blue) and a hydroquinone based rod (shown in red) with triisopropy-
Isilyl stoppers (shown in black), n-t interactions are shown as dotted lines. (b) A [2|rotaxane
synthesised by Gibson et al. [28]
cations developed by Sauvage.

based on templating methods involving Cu(I) tetrahedral

1.4 Handcuff Rotaxanes

A more extensive review of handcuff rotaxanes (as well as handcuff catenanes and related
structures) than what follows here, can be found in a published review article by the author
of this thesis in collaboration with other members of the Champness and Pilgrim groups. [29]
This review is attached in Appendix A.5. This author’s contributions to it include researching
and writing the handcuff rotaxane section, drawing all of the chemical structures within it
and making many of the 3D models in Blender. The majority of the following section is a
repurposing of the author’s contributions to this review, as this work was undertaken within
the scope of the Ph.D degree as an alternative activity during the time when the pandemic-
related closure of the university prevented progress on the project’s primary experimental

component.



Expanding on the concept of rotaxanes and catenanes, more complex MIMs such as
handcuff rotaxanes and catenanes have been made. This work will focus on handcuff rotax-
anes. A handcuff rotaxane is a mechanically bonded system made of a rod (aka axle, thread,
dumbbell), which threads through both macrocycles of a bis-macrocyclic body. A handcuff
catenane is when the rod of the handcuff rotaxane is also joined at the ends, creating a third
macrocycle threading through both of the other macrocycles. They are named so because

the body looks like a pair of real life handcuffs as shown in Figure 1.6.

Figure 1.6: A diagram showing the origin of the name handcuff (left) rotaxane and (right)
catenane prepared in Blender.

For a species to be considered a handcuff rotaxane, it should be clear that any templating
interactions between the individual parts aren’t essential to the compound’s integrity once
the synthesis is finished. The only interaction that is crucial to that integrity should be
the mechanical bond. A model of the simplest handcuff rotaxane is shown in Figure 1.7.
The colour scheme is deliberate to aid understandability of the structural depictions of the
complex molecules within this thesis. The colour blue was chosen for the body and red for

the rod.
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Figure 1.7: A diagram showing a model of the simplest [2Jhandcuff rotaxane prepared in
Blender.

1.4.1 Simple [2]handcuff rotaxanes

Handcuff rotaxanes also vary in how they are put together. Takata’s example, based on
two functionalised dibenzo[24]crown-8 macrocycles (DB24C8) and a bis(dialkylammonium)
rod[?’o], involves making a [3|rotaxane by threading the rod through both macrocycles and
stoppering both of its ends. This threading is possible due to interactions between the n-
donating DB24C8 macrocycles and the n-accepting dialkylammonium ions on the rod. Once
the [3|rotaxane is made, its two macrocycles are then bridged to give the handcuff rotaxane
as shown in Scheme 1.5. Such a synthesis method will henceforth be referred to as a linking
synthesis, as linking of the pre-threaded macrocycles is the last non-trivial step involved in

making such a handcuff rotaxane.

Another type of linking synthesis, where each half-component of a rod stoppered on one
end, are first threaded through each macrocycle of the bis-macrocyclic species, then linked

in the final step, can be observed in Iwamoto’s handcuff as shown in Scheme 1.5. [31,32]
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Scheme 1.5: Top: the bis(methacrylate) functionalised DB24C8 macrocycles of the [3]rotax-
ane are bridged with hexanedithiol using a Michael addition reaction. Bottom: the linking
synthesis of the two rod components, utilising olefin metathesis, to give the final handcuff
rotaxane.

A different type of synthesis, which is here called a threading synthesis, involves threading
a rod through a complete bis-macrocyclic handcuff body and stoppering it, as is displayed
in the work of Gaeta and Neri.[33] Their bis(alkylbenzylammonium) rod threads through
both macrocycles of their calix[6]arene based bis-macrocyclic species due to similar donor-
acceptor m-7 interactions to those shown in both of the previous examples. The pseudo
rotaxane species was subsequently stoppered at both ends to give the handcuff rotaxane as

shown in Figure 1.8.

Since calix[6]arene is an asymmetrical macrocycle, two additional isomers of this handcuff
rotaxanes were structurally possible, but this isomerism was avoided due to the asymmet-
rical shape of the aklylbenzylammonium recognition units and only the Tail-to-Tail isomer

(illustrated on same Figure) was made.

Another very similar example based on donor-acceptor n-w interactions between a hand-

cuff body based on tetralactam macrocycles and a bis(diamide) rod has been synthesised

[34]

using a threading synthesis by Schalley!®* as shown in Scheme 1.6.

12



Head-to-Head Tail-to-Tail Head-to-Tail

Figure 1.8: The bis(alkylbenzylammonium) rod threads through the calix[6]arene based
handcuff body and is stoppered with p-tritylphenylisocyanate in a threading synthesis. The
possible isomers are shown as models prepared in Blender.

Scheme 1.6: The bis(diamide)rod threads through the tetralactam based handcuff body and
is stoppered with an azide-functionalized trityl phenyl species in a threading synthesis.



These three types of handcuff syntheses (linking macrocycles, linking rods, and thread-

ing) are visually summarised in Figure 1.9.
(@) :
(b)
(©

Figure 1.9: A visual summary of handcuff syntheses prepared in Blender; (a) linking macro-
cycles, (b) linking rods, (c) threading.

On the other hand the first ever handcuff rotaxane, synthesised by Vogtle 35] in 2006
did display isomerism. The two asymmetrical trilactam monosulfonamide macrocycles were
threaded with a benzylic amide rod, utilising the hydrogen bonding interactions between the
lactam amide groups of the macrocycle and the amide carbonyl groups of the rod. This
pseudo rotaxane was then stoppered, and the macrocycles were bridged with oligomethylene,
oligoxylene or oligoether linkers in another example of a linked synthesis. When the two
macrocycles are threaded onto the achiral rod, they display cyclodirectionality with respect
to each other depending on the clockwise or counterclockwise sequence of the sulfonamide
and amide groups. This leads to the synthesis of a pair of enantiomer handcuffs and a
diastereoisomer handcuff as shown in Figure 1.10. The synthesis of these handcuff rotaxanes
had been attempted by the Vogtle group a few years earlier, when they called them bonnanes,
but their results remained unpublished until more efficient methods of enantioseparation were

available. [36]
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Figure 1.10: Various modes of handcuff isomerism shown on the examples of: (a) Vogtle’s
handcuff rotaxane, (b) Tokunaga’s handcuff rotaxane.

A more recent example of a chiral handcuff comes from the Tokunaga group.[37] It is
comprised of two achiral components; a handcuff body based on two crown ether macrocycles
on a calix[4]arene frame and a bis(dialkylammonium) handcuff rod. The rod first threads
through the macrocycles utilising the crown ether - dialkylammonium recognition motif and
is then stoppered with diphenyldiazomethane. This threading synthesis gives the handcuff
rotaxane. The handcufft’s chirality arises from the possibility of the rod threading the second
macrocycle from its either side giving two enantiomers where the rod can be in either of the

two helically opposite positions as shown in Figure 1.10.
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1.4.2 Applications: Redox Activity

Aside from being interesting examples of complex supramolecular architectures in their own
right, handcuff rotaxanes have been used to study redox properties of species which are held
near each other due to mechanical bonds but are separate compounds with some degree of
free movement. Schalley’s system brought together a tetrathiafulvalene (TTF) and naphtha-
lene diimide (NDI) species to study their electronic interactions, utilising the crown ether

[38]

- dialkylammonium recognition motif!°®l. In similar studies, the Champness group brought

together two perylene diimide (PDI) species and a PDI and a naphthalene species utilising

-1 stacking between those species and the interactions of a pillar[5]arene n-donor and an im-
[39,40]

idazolium m-acceptor as shown in Figure 1.11. All of these examples used the threading

type synthesis.

Figure 1.11: Handcuff rotaxanes used to bring two species together to study their redox
properties. Top: PDI-PDI, and bottom: PDI-naphthalene handcuffs.

The nature of interactions between the two PDIs was investigated using cyclic voltamme-

try (CV) and electron paramagnetic resonance spectroscopy (EPR). The PDI-PDI handcuff

16



can accept four electrons during CV. The first two reversible reductions are two single elec-
tron processes. At this stage, a new molecular orbital spanning the two PDI cores is observed,
which slightly stabilises the doubly reduced handcuff relative to the equivalent doubly reduced
body and rod. The last reduction is assigned as a two-electron process and the molecular

orbital spanning the two PDI cores is no longer observed. This is shown in Figure 1.12.

J\/\ x0.5

x 0.5

10 pA

T T L T T T T T T

1 1 L L
42 40 08 06 04 02 00
Potential / V (vs. Fc' / Fc)

T
20 <18 16 -14

Figure 1.12: CV for the PDI-PDI handcuff rotaxane and its individual components. Black:
handcuff body, red: handcuff rod, blue: handcuff. The reductions are labelled A: first

one-electron reduction, B: second one-electron reduction, C: third two-electron reduction.
Adapted from Langer et al. [39]
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EPR spectroscopy was then used to investigate the localisation of charge in the singly
and doubly reduced handcuff. The results for the singly reduced handcuff were consistent
with the unpaired electron being either fully delocalised or hopping between the two PDI
moieties on the EPR timescale, while for the doubly reduced handcuff, a loss of signal is
observed, which further supports the theory that a molecular orbital spans the two PDI

cores. This is shown in Figure 1.13.

| ' T y T y T
3350 3355 3360 3365
Magnetic Field / G
Figure 1.13: Experimental (black) and simulated (red) X-band EPR spectra of the singly
reduced PDI-PDI handcuff rotaxane. The sample was electrogenerated at 273 K from the
parent molecule in CHaCly with ["BuyN][BF4] (0.4 M) as the supporting electrolyte. The
simulated spectrum was generated using g;s, of 2.0034, a;4, of 0.835 (8H), 0.281 (8H), 0.061
(8H), 0.267 (4N) x 10~% ecm ™!, a line-width of 0.30 G and a Lorentzian line-shape. Adapted

from Langer et al. [39]



1.4.3 [n]handcuff rotaxanes where n>2

Many examples of higher order [n|rotaxanes where n>2 due to the presence of multiple
macrocycles or rods have been synthesised, [13] and this concept can be extended to handcuff
rotaxanes as well. Sauvage has made a [3Jhandcuff rotaxane containing a tetrakis-macrocyclic

[41] analogous to two simple [2Jhandcuff rotaxanes fused together by their

body and two rods
macrocycle bridges as shown in Figure 1.14(a). This system is based on a pyridine - copper
recognition motif and utilises metal templating to achieve a threading synthesis. This struc-
ture is, however, never demetallated, making it technically a handcuff rotaxanate, though
this terminology is rarely invoked. [13]

42] in the form of a porphyrin stack. The

Tanaka synthesised a [3Jhandcuff rotaxanel
[3Jhandcuff rotaxane is based on a bromopyrido[24]crown-8 (BrP24C8) and alkylbenzylam-
monium recognition motif and was made using a threading synthesis as shown in Figure
1.14(b). First, a bis(alkylbenzylammonium) rod was threaded through a handcuff body
based on BrP24C8 macrocycles. That handcuff body was then functionalised with two alkyl-
benzylammonium species on opposite sides of its porphyrin core to make it also function as
a second handcuff rod. This new rod was used to thread through an additional handcuff
body, giving a trimer joined entirely through handcuff interactions. This methodology could

be extended to give larger stacks, and the porphyrin cores can be different on each species

making this a versatile method of studying porphyrin oligomers.

The two ideas in this section that seemed worth exploring further, were tetrakis-macrocycle
handcuff bodies and stacking within [nJhandcuff rotaxanes where n>2. When combined
with the chemical species that have been previously utilised within the group, the idea for
this project - a [3Jhandcuff rotaxane utilising a triple stack of PDIs (1.5.2) and a tetrakis-
pillar[5]arene (1.5.1) body was born. The knowledge that would be gained by making these

molecules and its importance is detailed in Section 2.1.
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Figure 1.14: A [3]handcuff rotaxane made of a tetrakis macrocyclic body and two rods made
using a threading synthesis.
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1.5 Chemical species utilised in this work

Now that handcuff rotaxanes and the ideas behind this project have been explained, it is

time to focus on the chemical species that will be used to explore it.

1.5.1 Pillar[5]arenes and their host-guest properties

Pillar[n]arenes are macrocyclic structures made of n hydroquinone units (where n is usually
5 —10) linked with methylene bridges at the 2 and 5, or para, positions, giving a symmetrical
pillar-like structure. The pillar is hollow, with a m-electron rich cavity that allows for a
rod to thread through it. This is unlike calixarenes which are similar macrocyclic structures
made of phenolic units, but linked at the 3 and 5, or meta, positions resulting in a chalice-like
cavity that can accommodate guest molecules rather than allow threading, though exceptions

exist. [43]

The first pillar[5]arene, and the one that is important to this thesis, is the dimethoxy-
pillar[5]arene, from here on termed pillar[5]arene, synthesised in 2008 by Ogoshi et al.[44],

shown in Figure 1.15, along with the structure of a general calixarene for comparison.

(16)

Figure 1.15: From left to right: the structure of pillarene viewed from the top, the structure
of pillar[5]arene viewed from the side and the structure of a general calixarene viewed from
the side for comparison of the pillar and chalice structures.

The synthesis of pillar[5]arene involves the Friedel-Crafts cyclo-oligomerisation of 1,4-
dimethoxybenzene with paraformaldehyde and a catalyst such as iron chloride. This reaction
operates under an equilibrium, resulting in high yields of the thermodynamically stable prod-

uct - the cyclopentamer, with low yields of the cyclohexamer, as well as polymeric chains.
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The cyclopentamer is more stable than other cyclo-oligomers due to the fact that it has the
lowest bond angle strain across its methylene bridges; the Ar-CHs-Ar bond angle is very
close to the ideal sp? hybridisation angle. [45] The crystal structure of pillar[5|arene is shown

in Figure 1.16.

Figure 1.16: The crystal structure of pillar[5]arene. Left: view showing the pentagonal nature
of the cavity. Right: view showing the pillar-like structure of the cyclopentamer.

Pillar[5]arene has only moderate solubility in organic solvents such as chloroform due to
strong packing interactions. To improve its solubility in organic solvents its methoxy groups
can be demethylated to alcohol groups through a reaction with boron tribromide [44] shown
in Scheme 1.7. This compound can then be further functionalised at the alcohol positions
to achieve various property changes, for example, introducing carboxylate anions makes it

water soluble. 4]

b = NaH, BrCH,CO,C,Hjs
¢ = NaOH R = CH,COO-
d= NH3 aq.

Scheme 1.7: Functionalisation of pillar[5]arene.

Pillar[5]arene can also be monofunctionalised so that only one of the macrocycle’s
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methoxy groups is replaced with another chemical species. There are two methods for such
functionalisation - deprotection of one of the methoxy groups to an alcohol group using boron
tribromide, which then can be further functionalised as desired [47) op cocyclisation of one al-
ready functionalised monomer with four non-functionalised monomers using boron trifluoride

to give the functionalised pillar[5]arene 48],

Both of these methods give quite low yields (up to 30%), so an improved cocyclisation
synthesis method with a 1:16 ratio of the substituted methoxybenzene to unsubstituted
methoxybenzene using iron chloride was developed. [49] This method claimed yields between

50-85% for a range of substituted pillar[5]arenes and is important for this work.

1.5.2 Perylene diimides

Rylene diimides are flat, aromatic structures consisting of naphthalene units joined at the peri
positions and an imide group connected to positions one and eight on the terminal naphtha-
lene units. Due to their interesting electronic and optical properties as well as their thermal
stability [50] they have been widely used in organic electronics [51], fluorescent standards %2

and in dyes [53],

The rylene diimide relevant to this work is perylene-3,4,9,10-tetracarboxylic diimide here
referred to as PDI and shown in Figure 1.8. It can be synthesised from the corresponding
anhydride, perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) and a desired alkylamine

or aniline.

0 e
Imidazole, 130 °C
N>

0”00 0" N 70

;U_

Scheme 1.8: Reaction scheme showing the synthesis of PDI from PTCDA.

PDIs contain a planar nsystem, which allows for intermolecular n- tinteractions between

23



separate PDI molecules. These interactions can lead to supramolecular self-assemblies such
as stacks of PDIs with a separation from 3.34 to 3.55 A4 Functionalisation of PDIs can

tailor their properties to be useful for many different supramolecular assemblies [50]

1.5.3 Tetrazines

Tetrazines are six membered aromatic rings, which contain four nitrogen atoms. The 1,2,4,5-
tetrazine, or s-tetrazine is important for this work and is shown in Scheme 1.9. Tetrazines
have the highest proportion of N atoms within a single ring that is still stable. [59] They

[56]

exhibit fluorescence and electrofluorochromism and hence are interesting for their opti-

cal properties, and they can participate in Inverse Electron-Demand Diels-Alder (IEDDA)

reactions, which makes them interesting in the synthesis of further compounds. [55]

Their synthesis was first discovered by Pinner in 1893 utilising a condensation of hy-
drazine and nitrile and subsequently an oxidation of the produced dihydrotetrazine.[57] It
has since been improved in various ways (e.g. by the modified Pinner synthesis [58]) as shown

in Scheme 1.9 along with an example IEDDA reaction.

(1) NHyNH,+H,0 m2
Sg, EtOH

N R2
3 3 4 /
reflux, 2 h, ZN/IkN“ R_FA NLPR? g R
R'CN +R2CN R N . N
a N
(2)'BuONO, 1t 18h T oy 0 [EPDA L NTIERT e TN g
R R!

]
then reflux 30 min

1,2,4,5-tetrazine

Scheme 1.9: Reaction scheme showing the synthesis of a tetrazine and its subsequent IEDDA
reaction.
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2 Synthesis of [3]handcuff rotaxane

2.1 Introduction

59-61]

The use of perylene diimides (PDIs) in organic semiconductors! has driven an interest

[50] A key interaction for all rylene diimides is

in studying their intermolecular properties.
their t-mstacking, which can influence their redox properties and hence the conductivity of

the material.

Stacks of PDIs can be achieved using a few different methods to ’fix’ them in place. For

62-64] 65-67]

example, covalently bonding on one imide terminal,[ on both terminals, [ hydrogen

bonding, [68,69] and mechanically bonding [39] PDI-PDI ‘stacks’ have been studied. The last of
which is the PDI-PDI handcuff rotaxane previously synthesised within the group, discussed
in the Introduction 1.4.2.

Understanding PDI aggregates beyond two-membered stacks is also desirable as a way
of better understanding the bulk properties and trimers have been used in modelling to that

end.[70 These are harder to synthesise, but some attempts at covalent trimers have been

[71,72] (73]

made: e.g. non-stacked planar trimers , macrocyclic trimers, or stacks covalently

[74-76] The aim of this project was therefore to synthesise a

bonded on one imide terminal.
mechanically bonded, three-membered PDI cofacial stack or a ‘triple decker handcuff rotax-
ane’; as an extension of the study into PDI stacks using the ‘oligomer approach’ (using stacks
with a small number of components to mimic the structure-property relationships of larger

[77]

ones). "] No such species was found in the literature.

Studying PDI stacks using a handcuff rotaxane approach allows for these species to be
in close proximity to each other and even oriented in specific ways (e.g. co-facially), yet still
remain distinct species with potentially separate properties and the potential for motion or
separation. This is likely more analogous to the behaviours of freely stacked molecules, than
what is possible when utilising rigid covalent bonds or other interlocked structures such as

[39]

catenanes. However, due to the architectural complexity of handcuff rotaxanes and the

numerous synthetic steps required to make them, these structures are difficult to synthesise.
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The design of the handcuff rotaxane devised for this project was based on three PDI
containing components: the central ‘handcuff body’ and two identical threaded ‘handcuff

rods’ shown as a model in Figure 2.1.

—_— —_—

Figure 2.1: Model of the triple decker handcuff with PDI cores.

To accommodate two rods, the body needed to contain four macrocyclic species. These
were chosen to be pillar[5|arenes as they contain a sizeable electron rich cavity needed for
threading. Moreover, their synthesis and functionalisation is well established, which makes
them good candidates for a wide range of potentially successful synthetic strategies. To
maximise templating between the macrocycles and rods, the rods would then need to con-
tain a small, electron poor species, such as an imidazole unit. This pattern of PDI cores,
pillar[5]arene (16) macrocycles and imidazole units was chosen for this project, as it has been

39,40,78]

successfully utilised before allowing for comparisons of the properties of interlocked

species.

Since PDIs have a strong affinity for n-stacking with each other, the individual compo-
nents of this proposed handcuff could possibly interact in this manner, organising rods and
bodies close enough to each other for the imidazole-pillar[5]arene recognition motif to begin
the threading process and for favourable entropic effects of displacing solvent molecules from
the pillar[5]arene cavity to further drive mechanical bonding. The threaded rods and body
can then be stoppered to prevent dethreading.
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2.2 Synthesis of triple decker handcuff body
2.2.1 Synthesis of substituted pillar[5]arene

To synthesise a handcuff body containing pillar[5]arene macrocycles, their basic design must
be altered so that one methoxy group is substituted for a pendant group which can be
attached to other chemical species. For this work, a four-carbon aliphatic chain with a
bromide leaving group was chosen and this substituted pillar[5]arene will here be called 4-

bromobutane-pillar|[5]arene. Its synthesis is shown in Scheme 2.1.

PFA = Paraformaldehyde

Br
OMe

OH Br/\/\/Br

K,COj KI OMe, PFA, FeCls

— " -~

Acetone CH,Cl,, 1t, 3 h

OMe  reflux, 48 h 20 — 30%
82% OMe

(1) ()

Br

Scheme 2.1: Reaction scheme for the synthesis of the 4-bromobutane-pillar[5]arene (2).

Commercially available 4-methoxyphenol was combined with 1,4-dibromobutane in the
presence of potassium carbonate and reacted to give 1-(4-bromobutoxy)-4-methoxybenzene
(1).[79] Its synthesis was confirmed by Iy NMR spectroscopy shown in the Appendix in
Figure A.1 and Figure A.2. It was then co-cyclised with 1,4-dimethoxybenzene by reac-
tion with paraformaldehyde in the presence of iron(III) chloride to give the 4-bromobutane-
pillar[5]arene (2) according to the improved pillar[5]arene synthesis method 49 discussed in
the Introduction (1.5.1). The product’s presence was confirmed by I'H NMR spectroscopy
shown in the Appendix in Figure A.3 and Figure A .4.

Yields in the range of 20-30% were obtained for this reaction across many repetitions,

80-82]

in line with typical yields reported in the literature. A more detailed explanation of

the side products involved in a similar pillar[5]arene reaction and the purification method
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developed for these types of compounds is given in Chapter 3.2.1.

2.2.2 Linker for pillar[5]arene macrocycles

In order to synthesise the handcuff body, a unit capable of connecting to two pillar[5]arene
macrocycles and also to the PDI core is required, which will be referred to as a ‘linker’. The
linker function is to connect to the PDI core by reaction through an amine functional group
and also to act as a bridge that connects to two pillarene moieties. Reaction of two such
‘bis-pillar[5]arenes’ with the PDI core will provide the necessary four pillar[5]arene units for

the handcuff body. This naming convention is shown in Figure 2.2.

Linker Bis-pillar[5]arene Handcuff Body

NH,
NH,

Figure 2.2: Naming convention showing a model of a linker, a bis-pillar[5]arene species and
a handcuff body.

In previous syntheses of rotaxanes within the group a linker was not necessary, because
a single pillar[5]arene macrocycle can be functionalised with an amine group and thus react
with one side of a PDI core. However, for this work, a linker is crucial to make the addition

of four macrocycles possible.

One complication of this synthesis is that simple PDIs have poor solubility 59 que to
their strong stacking. Combining perylenetetracarboxylic dianhydride (PTCDA) with the
linker first, to give a PDI with two reactive sites for macrocycle attachment to them is

[83] making

unlikely to disrupt the intermolecular m-stacking enough to improve solubility,
the subsequent addition of the macrocycles to it quite difficult. Combining PTCDA with the
bis-pillar[5|arene species, which is large and ‘floppy’ enough to disrupt the aggregation of the

resultant PDIs is therefore a preferred order of reactions. This solubility allows for the PDI
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based handcuff body to be dissolved with the handcuff rod during the final threading and

stoppering reaction of the handcuff synthesis.

Many possibilities for the linker design exist, and three were explored in this work. The
first one utilised amine alkylation (2.2.3), the second amide coupling (2.2.4) and the third
ether synthesis (2.2.5).

2.2.3 The synthesis of an amino bis-pillar[5]arene species

The linker chosen to connect the macrocycles to the core for the handcuff body was ethylene-
diamine, a readily available species. It was chosen for a few reasons. Its flexibility should
be advantageous in achieving a conformation where all of the macrocycles can be threaded
by the rods. N-Boc-ethylenediamine, where only one of the amine groups is free to react
with the macrocycles, reducing the possibility of side products, is commercially available.
The free amine group is also nucleophilic, and should become more nucleophilic still with
the first macrocycle substituted onto it, which could drive the formation of the bis-alkylated
product. Meanwhile, the possibility of the quaternary product being formed was deemed
unlikely without forcing conditions or very reactive alkylating agents. The structure of the

proposed triple decker handcuff is shown in Figure 2.3.

Furthermore, if this type of reaction succeeded it would be easy to vary the length (with
longer alkyl groups) or the structure of the chain (e.g. inserting ethers) between the two amine
groups to better match the size of the handcuff rod or to improve solubility. Alternatively,
since the substituted macrocycles would act as electron withdrawing groups, if that were to
make the subsequent PDI reaction less efficient, this possible variability in chain structure
could be useful to put more distance between those electron withdrawing groups and the

amine that will react with PTCDA.
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Figure 2.3: Proposed structure of a triple decker handcuff with PDI cores, pillar[5]arene
macrocycles and imidazole units. The ethylenediamine linker is highlighted in blue.

Reactions of ethylene diamine or similar amines with bromoalkanes have been widely

84-87] Following these literature examples, an attempt was made

reported in the literature. |
to join together two of the macrocycles using this linker before joining it with PTCDA to give
the PDI based handcuff body. N-Boc-ethylenediamine was used in the presence of potassium

carbonate as shown in Scheme 2.2.

To avoid the aforementioned forcing conditions, the heating was initially kept to 80
°C, but was raised to 135 °C when no reaction was observed. After heating, this reaction
yielded only the mono-alkylated product (3.1). Some amount of it being formed was ex-
pected, but the total absence of the bis-alkylated amine species (3.2) was disappointing.
This was confirmed by 1H NMR spectroscopy shown in the Appendix in Figure A.5 and
Figure A.6 and the yield of (3.1) was very low at 3%. Efforts to remove water and grease



K,COs5 R
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* T2N""NHBoc > NoNHBoc
DMF, 135°C, 17 h R2

3%

(3.1): R"=H, R2=Pil
(3.2): R" =R2=Pill

()

Scheme 2.2: Reaction scheme showing the synthesis of amino bis-pillar[5]arene (3) with the
yield of the mono-substituted product (3.1) reported. Conversion of starting material or
yield were not obtained for this reaction due to difficulty interpreting the 1H NMR spectrum

contaminants (that were originally thought to be hexane) culminating in heating the sample
under reduced pressure were made, but these extreme conditions led to the decomposition
of the mono-alkylated amine (3.1) into a substituted pillar[5]arene species which resembles
the 4-bromobutane-pillar[5|arene (2) starting material, as shown on the "H NMR spectrum

in the Appendix in Figure A.7.

To conserve the pillar[5]arene starting material in the face of this extremely low yield, the
next attempt was performed on an analogue, 1-bromohexane, and N-Boc-ethylenediamine

under the same conditions as shown in Scheme 2.3.

: KaCOs R
- H,N > '
: + 2NN NHBoc > N NHBoc

DMF, 135°C, 48 h R?

(4.1): R" = H, R? = Hex
Br (4.2): R' = R? = Hex

Scheme 2.3: Reaction scheme showing the synthesis of the analogue (4).

Unlike the previous reaction, electrospray ionisation mass spectrometry (ESI-MS) showed

the mono- (4.1) and bis-alkylated (4.2) products at (m/z calc’d for [M+H]" (245.2224);
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found (245.2208)) and (m/z calc’d for [M+H] " (329.3163); found (329.3169)) respectively.
The pillar[5]arene containing (3.1) and (3.2) species might have been too large for the ESI-
MS. The reaction was stopped when N-Boc-ethylenediamine and (4.1) was no longer de-
tectable using ESI-MS. 'H NMR spectra of the crude product were taken after extraction
with CH9Cly and are shown in the Appendix in Figure A.8 and A.9. They show many of
the expected peaks, but also ones that are difficult to identify. The IH NMR spectrum also
exhibits signs of many possible side products being present. This reaction could have led to
the formation of the quaternary amine product in addition to the mono- and bis-substituted
ones, and the mono-substituted product’s non-protected amine could attack the N-Boc’s

carbonyl to form a cyclic side product (imidazolin-2-one). 8]

To avoid at least the quaternary amine side product, an aldehyde substituted pil-
lar[5]arene could be considered in a sequential reductive amination with N-Boc-ethylenediamine.
An oxybenzaldehyde-substituted pillar[5]arene has been reported previously as the product
of a reaction between 4-bromobutane-pillar[5jarene (2) and 4-hydroxybenzaldehyde in the
presence of potassium carbonate and potassium iodide in good yields of 70-80%. [89,90] yp-

7991,92] which seem more

fortunately, other authors report much lower yields of 20730%,[
realistic after the low yields and difficulties with separations in a similar reaction that will
be discussed in the next chapter in section 3.1.1. Furthermore, it is not certain that adding

two oxybenzaldehydes to an amine would be sterically possible.

Due to the somewhat disappointing results with the amino linker, work on that linker

was paused while another linker was explored.
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2.2.4 The synthesis of an amido bis-pillar[5]arene species

The second linker chosen was the readily available 5-aminoisophthalic acid, with the expec-
tation that an amide coupling with an amine substituted pillar[5]arene would prove to be a
more reliable reaction. The proposed structure of the triple decker handcuff rotaxane that

utilises this linker s shown in Figure 2.4

Figure 2.4: Proposed structure of a triple decker handcuff with PDI cores, pillar[5]arene
macrocycles and imidazolium units. The linker is highlighted in blue.

The abundance of amide coupling agents should make it possible to find favourable
conditions for this reaction. The final amide should also prove more stable to heat and hence
avoid accidental decomposition as was the case for amino bis-pillar[5]arene (3). In this case
the chosen linker was rigid, which could be advantageous for keeping the macrocycles in

positions that make threading more likely. Finally, the reaction between isophthalic acid
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and PTCDA has been widely reported in the literature, [93-96] confirming the feasibility of

making the handcuff body with this amido bis-pillar[5]arene.

First, 4-aminobutane-pillar[5]arene (6) is needed for this amide coupling. It can be
produced from 4-bromobutane-pillar[5]arene (2) through the Gabriel synthesis®7) shown in
Scheme 2.4. Using 4-phthalimidobutane-pillar[5]arene (5) as an intermediate avoids multiple

aminations.

NH2NH2’H20
DMF THF
60 °C, 17 h 65°C,17h
82% 48%
Br % NH,
(2) (6)

Scheme 2.4: Reaction scheme for the Gabriel synthesis of 4-aminobutane-pillar[5|arene (6)
with 4-phthalimidobutane-pillar[5]arene (5) as an intermediate.

4-bromobutane-pillar[5]arene (2) and potassium phthalimide were mixed together to give
4-phthalimidobutane-pillar[5]arene (5). Its presence was confirmed by 'H NMR spectroscopy
shown in the Appendix in Figure A.10 and Figure A.11. It then reacted with hydrazine to
give 4-aminobutane-pillar[5]arene (6). Its presence was confirmed by 'H NMR spectroscopy

shown in the Appendix in Figure A.12 and Figure A.13.

Before two 4-aminobutane-pillar[5]arene (6) macrocycles can be joined using the 5-
aminoisophthalic acid linker, the linker itself needed to have its amine group protected [98] as
shown in Scheme 2.5 giving Boc-5-aminoisophthalic acid (7). This was to avoid side reactions

between the acid group of one and amine group of another linker molecule.
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HO OH
NH,
1:1 DMF: H,O
Boc,O, NaOH | -10°Ctort, 17 h
67%
0 0
O o) 1 2
R R
TEA, SOCl,
, HO OH .~
THF, 40 min, rt NHBoc
~50%
NHBoc i (8.1): R" = OH, RZ = Pil
(8.2): R = R2= Pil
(6) (7)

Scheme 2.5: Reaction scheme for the synthesis of the amido bis-pillar[5]arene (8) from Boc-5-
aminoisophthalic acid (7) and 4-aminobutane-pillar[5]arene (6). ~50% is the lower estimated
conversion rate of (6) according to 'H NMR as the mono- (8.1) and bis-substituted (8.2)
products were not definitively separated.

The protected linker B, Boc-5-aminoisophthalic acid (7), was then mixed with 4-aminobutane-
pillar[5]arene (6) and thionyl chloride. The mono-substituted version of the desired product
(8.1) was detected using ESI-MS (m/z calc’d for [M+H]" (1069.4703); found (1069.4675)),
but the desired bis-substituted product (8.2) was not. Another aliquot of thionyl chloride
and 4-aminobutane-pillar[5]arene (6) was added to promote the second amide formation.
The desired product was still not detected using ESI-MS, but to ensure that this was due to
the molecule’s absence rather than its large size or fragility, the reaction mixture was also
tested using MALDI-TOF MS. Both the mono- and bis-substituted products were detected

using MALDI-TOF MS, as shown in Figure 2.5, so the reaction mixture was purified.
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Figure 2.5: Zoom of the MALDI-TOF MS of (8.1): MALDI m/z calc’d for [M] (1069.4703);
found (1070.467),and (8.2): MALDI m/z calc’d for [M] (1759.8129); found (1860.781)

The 'H NMR of this reaction mixture after purification is shown in Figure 2.6(b). The
starting material, Boc-5-aminoisophthalic acid (7), is not soluble in chloroform or CHyClg
so was assumed to be entirely removed during purification. This means that the Boc (1.55
ppm), aromatic isophthalic (7.98 ppm) and amide (7.17 ppm) peaks should belong to the
mono- (8.1) and bis- (8.2) substituted products and are hence useful diagnostic peaks. The
amide hydrogens can undergo hydrogen-deuterium exchange and are therefore unreliable, the
Boc group peak appears in a region with a lot of other peaks, hence its integration might
also be unreliable, leaving the aromatic isophthalamide peaks as the most reliable diagnostic

peaks. All other peaks are here integrated against those isophthalamide aromatic peaks.

For the desired (8.2), the ratio of aromatic isophthalamide peaks to the pillar[5]arene
aromatic peaks (6.77 ppm) should be 3:20 (3:10 for mono- (8.1)). In this case, it is 3:30.
The higher pillar[5]arene integrations are therefore likely due to unreacted 4-aminobutane-
pillar[5]arene (6), which has ten aromatic hydrogens. If we assume that this mixture con-
tained only (8.2) and no (8.1), that would give us a lower estimate of ~50% unreacted
starting material. A pure (8.1), would give us ~67% unreacted starting material. In either

case, the conversion rate of starting material is quite low for a multistep synthesis.
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Figure 2.6: 'H NMR Spectrum of (a) 4-aminobutane-pillar[5]arene (6) and (b) amido bis-
pillar[5)arene (8).

It is harder to estimate the ratios of (8.1) to (8.2) present in this mixture from the
IH NMR spectrum, as the only peak which would allow us to do so is the unreliable amide
peak, as it is different for the two products (1 for (8.1), 2 for (8.2)), and also not present
in 4-aminobutane-pillar[5]arene (6). If no exchange was happening, then the ratio of 3:1
observed here would clearly signify this to be majority (8.1), but without further evidence,

this is not at all certain.

Attempts at further purification did not yield better results or definitively remove one
of the products from the potential mixture. The possible presence of both the desired and
side product, the difficulty in separating them and the overall low conversion of the starting

material for this reaction suggested that trying a different coupling agent would be beneficial.
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To conserve 4-aminobutane-pillar[5]arene (6) the next attempt of this synthesis was on
an analogue, which was chosen to be l-octylamine as shown in Scheme 2.6. For the first
attempt, the conditions were kept the same as for the amido bis-pillar[5]arene (8) reaction

to have a good comparison.

: : 0 0

: O O 1 2

| : TEA, SOCl, R R

. ' HO OH -

X X + -

E E THF, 40 min, rt NHBoc

AW NHBoc (9.1): R" = OH, R2 = Oct
A 1 = Oct (9.2): R' = R2= Oct

(7)

Scheme 2.6: Reaction scheme for the synthesis of the analogue species (9). Conversion of
starting material or yield were not obtained for this reaction due to difficulty interpreting
the 'H NMR spectrum.

The reaction was monitored using ESI-MS as the mono-substituted product (9.1) was
easily visible (m/z calc’d for [M+H]" (393.2384); found (393.2385)). The bis-substituted
product (9.2) was sometimes visible (m/z calc’d for [M+H]" (504.3796); found (504.3777)).
This time, additional equivalents of amine and thionyl chloride were added three times over
the course of the reaction aiming to drive the reaction to completion. Unfortunately this did
not succeed. An aliquot of the reaction mixture was worked up and subjected to 'H NMR

spectroscopy, shown in the Appendix Figure A.17.

Without the pillar[5]arene peaks obscuring the aromatic region, two sets of aromatic
isophthalic peaks are visible (7.97 and 7.84 ppm) and (6.98 and 6.87 ppm). Two aliphatic
quartets at 3.43 ppm and 3.14 ppm (-CHy-NHC=0-) appear similarly duplicated. Finally,
the t-Bu peak is also duplicated at 1.43 and 1.42 ppm. These duplicated peaks are shown in
Figure 2.7. Such duplication could signify the presence of both (9.1) and (9.2).

As with amido bis-pillar[5]arene (8), thionyl chloride was deemed an unsuitable coupling
agent for this reaction. One reason that conversion of starting material to product could be

suffering is if the HCI given off during the formation of the intermediate acid chloride was
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Figure 2.7: Duplicated peaks in the I'H NMR spectrum of the (9) reaction mixture.

protonating the amine and hence making it non-nucleophilic, stopping its reaction with the
acid chloride. The TEA added to the reaction mixture should quench the HCIl, but was
perhaps insufficient. Increasing the amount of TEA in this reaction to improve conversion

could be worthwhile.

The next attempt to synthesise the analogue (9) was performed using carbonyldiimida-
zole (CDI) as a coupling agent. 99 This attempt was even less successful; TLC monitoring
of the reaction did not show any progression and ESI-MS only found the mono-substituted
product (9.1) (m/z calc’d for [M+Na] " (415.2209); found (415.2203)) very rarely. Some of

the difficulty could be explained by CDI’s instability towards atmospheric moisture. [100]

When looking back at these syntheses during the writing of this thesis, it became appar-
ent that EDC is a more promising coupling agent that should have been explored. This cou-

pling agent has been used for similar coupling reactions with pillar[5]arene substrates. [101,102]
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2.2.5 The synthesis of an ether bis-pillar[5]arene species

The next linker chosen for these experiments was 5-aminobenzene-1,3-diol. This is another
rigid linker like 5-aminoisophthalic acid, but it would rely on a substitution reaction between
the alcohol groups of the linker and the bromide from 4-bromobutane-pillar[5]arene (2),
allowing us to sample a different chemical space with the aim of finding better yielding
reactions. This was also an attempt to avoid problems with doubly substituting an amine
encountered with amino bis-pillar[5]arene (3). The proposed structure of this triple decker

handcuff is shown in Figure 2.8.

Figure 2.8: Proposed structure of a triple decker handcuff with PDI cores, pillar[5]arene
macrocycles and imidazolium units. The linker is highlighted in blue.



Due to limiting costs of 5-aminobenzene-1,3-diol, the reaction was first explored with

phloroglucinol (benzene-1,3,5-triol) as an analogue. The first attempt following literature

[103-105]

methods was therefore between phloroglucinol and 4-bromobutane-pillar[5]arene (2)

as shown in Scheme 2.7.

OH OR!

K5;CO3
+ >
HO A1. DMF, reflux, 48 h R30 OR?

OH A2. Acetone, reflux, 6 d
31%

(10.1): R'"=Pil, RZ=R3=H
(10.2): R" =R2=Pill, R = H
(10.3): R'=R2=R3 = Pill

()

Scheme 2.7: Reaction scheme for the synthesis of ether bis-pillar[5]arene (10). The yield
quoted here is for the tris-substituted product (10.3) isolated during the second attempt
(A2) at this synthesis.

A mixture of mono- (10.1), bis- (10.2), and tris-substituted (10.3) products was ex-
pected during the reflux of three equivalents of 4-bromobutane-pillar[5]arene (2) with one
equivalent of phloroglucinol, and an excess of potassium carbonate. However, after 24 h
none of the possible products were detected using ESI-MS; so the reaction was continued for
another day. All three products were detected after 48 h with MALDI-TOF MS as shown in
Figure 2.9, however the signal for the bis-substituted (10.2) product was rather weak. The

reaction was stopped at this point to evaluate its success.
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Figure 2.9: Zoom of the MALDI-TOF MS of (10.1): MALDI m/z calc’d for [M] (916.4034);
found (916.450). (10.2): MALDI m/z calc’d for [M] (1706.7751); found (1706.956). (10.3):
MALDI m/z calc’d for [M] (2497.1468); found (2497.052).

After multiple flash column chromatography purifications, a white solid was obtained.
The MALDI-TOF MS spectrum still confirmed the presence of all three species (10.1),
(10.2), and (10.3), as well as the starting material (2). The 'H NMR spectrum (shown as
(b) in Figure 2.10) provides supporting evidence for this solid being a mixture of products
and starting material. The integral ratio of the aromatic pillar[5]arene peaks at 6.83 — 6.74
ppm to the aromatic phloroglucinol peaks at 6.18 — 6.09 ppm would be 10:3 for (10.1), 20:3
for (10.2) and 30:3 for (10.3). (10.3) would also only have single aromatic phloroglucinol
peak. For any mixture of just those three compounds that integral ratio would be below 30:3
in line with the exact amounts of each of those compounds present. For this mixture, that
ratio is 36:3. The ratios of the rest of the peaks relative to the aromatic core peaks are also

higher than possible for (10.3).

The two aromatic core peaks at 6.14 (rather than one peak) suggest that there are also
significant amounts of (10.1) or (10.2) or both, present, which should bias all the ratios to
be lower than those of pure (10.3). With that in mind, the higher than expected integrations

can only be explained by the presence of a significant amount of the starting material (2)
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in this mixture as well. This could also explain the three multiplets in the shifted aliphatic
region at 3.95 ppm (For any pure ether bis-pillar[5]arene (10) this should be two peaks and
for (2) it is one peak).

WU s

= = —
2.14 10.14 27 12 214 195 1.98

Mix of:

A L

I I I e
1485 3694  96.30 14.94
68 67 66 65 64 63 62 61 60 59 40 39 38 37 36 35 21 20 19 18 17 16 15
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Figure 2.10: 'H NMR spectra of (a) 4-bromobutane-pillar[5]arene (2), (b) Mixture of mono-
(10.1), bis- (10.2), and tris-substituted (10.3) products.

DMF can decompose to dimethylamine when heated near its boiling point or in the

presence of acidic or basic materials. [106]

In this reaction it was both heated for a long time
and in the presence of potassium carbonate, which could have led to an appreciable quantity
of dimethylamine being formed. Dimethylamine can react with 4-bromobutane-pillar[5]arene
(2) and hence interfere with its desired reaction with phloroglucinol, which might be why

the yield for this reaction was so low. Due to this, a solvent change was deemed necessary

for further exploration.
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For the second attempt, acetone was used as a solvent instead of DMF and the reaction
was also left to continue for a longer period of six days, which could improve conversion of
starting materials to products. Furthermore, this time two equivalents of 4-bromobutane-
pillar[5]arene (2) were mixed with one equivalent of phloroglucinol (instead of three and one).
The new ratio of starting materials was intended to cause less of the tris-substituted product

(10.3) to form.

The MALDI-TOF MS of the purified reaction mixture did not show (10.1) or (10.2),
but did show the starting material (2) and the tris-substituted product (10.3). Its 'H NMR is
assigned in the Appendix in Figure A.18. The integral ratios of the aromatic phloroglucinol
core peaks to the rest of the peaks were much closer to the expected ratios for the tris-
substituted product (10.3). It also confirms the lack of (10.1) and (10.2) observed by
MALDI-TOF MS, as the extra aliphatic and aromatic peaks present in the mixture are not
present here. Based on this it can be concluded that these new conditions led to a majority
tris-substituted product (10.3) being formed with much less of the starting material still
present. This might be due to the extended reaction time which should favour the more
substituted product, or due to the solvent change. The yield for this new set of conditions

was however still poor at 31%.

Despite not being the desired product in this reaction, this novel tris-pillar[5]arene species
could have uses of its own. If paired with a tri-armed rod species, a threefold interlocked

handcuff rotaxane (sometimes called molecular bundle) could be formed. These have been

34,107-114]

used as elevators where a platform moves between stations. | More similarly to this

novel compound, other tris-pillar[5]arene species have been previously synthesised and have

varied applications such as: nanofibres, spherical vesicles, sheet superstructures[lw]

[115]

or can

transform from 0D to 3D assemblies based on concentration changes.

To conserve 4-bromobutane-pillar[5]arene (2), the next attempt at synthesis was per-
formed on the substituted monomer unit (1) as shown in Scheme 2.8. Different conditions for
ether synthesis were found (as described in Section 3.1.1) and used here with the expectation

of better yields.

Two equivalents of (1) were mixed with one equivalent of phloroglucinol in the presence of
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sodium hydride and 18-crown-6 (18C6). [116] Ap aliquot of the reaction mixture was removed
after 24 h to monitor progress via ESI-MS, which detected the mono- (11.1) (m/z calc’d for
[M+Na] " (327.1203); found (327.1215)) and bis-substituted (11.2) products (m/z calc’d for
[M+Na] " (505.2197); found (505.2207)), but not the tris-substituted (11.2) product.

18C6 - 18-crown-6

OH OR

: : NaH, 18C6

: : + >

1 ! o)

| o) 5 HO oy THF.80°C,Np,13d oo OR

~50%

(11.1): R" = PrePill, R2=R3=H
(11.2): R =R2?=PrePill, R3=H
) (11.3): R" = R?2 = R3 = PrePill

Scheme 2.8: Reaction scheme for the synthesis of the analogue species (11). The conversion
rate of the starting material according to 1H NMR is ~ 50%, which is quoted here as the
different products were not separated.

At the same time a 'H NMR spectrum was acquired, shown in Figure 2.11(a). Two
diagnostic peaks were useful for progression monitoring: the aliphatic R-CHa-Br peak of the
starting material, (1), at 3.51 ppm (see Appendix Figure A.1 for the 'H NMR spectrum
of (1)) and the aromatic core peaks of the products, (11) at 5.97 ppm. The former exists
exclusively in the starting material and the latter exclusively in the products. After 24 h
the product aromatic peaks were detected, but the reagent aliphatic peak was also present,

suggesting that the reaction was progressing, but not yet finished.

The reaction was continued and monitored daily for another two days, then for another
ten days without monitoring, whereupon it was stopped and a final I'H NMR spectrum was
taken. The progress of this reaction at those points in time is shown in Figure 2.11(b), (c),
and (d). The integrations of the product aromatic peak increases relative to the integrations
of the reagent aliphatic peak with time, showing the product being formed and the starting
material being consumed. This process is also visible in the coalescence of the two aliphatic

peaks (2.08 (R-CH9-CH3-CHgBr), 1.95 (R-CHg-CHg-CH9Br)) of the starting material, (1),
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Figure 2.11: 'H NMR spectra for the reaction mixture of (11) after (a) 24 h, (b) 48 h, (c) 72
h, (d) 13 d. All peaks are integrated relative to the aliphatic R-CH9-Br peak from reactant
molecule (1) that only appears in the starting material to monitor the progression of reaction.

into one aliphatic peak at 1.93 in (Figure 2.11(d)) (resulting in 3 peaks in that area for
this reaction mixture, two for the starting material and one for the product) since their

environments are much more similar to each other in the product.

The ratio of the integrations of the diagnostic peaks implies that there is a ~50% con-
version of starting materials to products, at both the three (c¢) and thirteen (d) day points.
From this we can infer that an equilibrium is being approached and it’s unlikely that the
reaction would proceed significantly further. This synthetic route was not deemed suitable

due to the low conversion of this test reaction.

The apparent absence of the tris-substituted species is interesting. Despite the same
ratio of starting materials being used, the A2 attempt between 4-bromobutane-pillar[5]arene

(2) and phloroglucinol (Scheme 2.7) gave mostly the tris-substituted product. With the data
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obtained for this experiment it is, however, not actually possible to rule out that the absence
of the tris-substituted species in MS is due to reasons of instability during ionisation or
difficulties during vaporisation. If we assume that the tris-substituted product is not present,
then we can subtract the integrations of the starting material, (1), from the reaction mixture
integrations (when normalised against the peak which only appears for the starting material),
and roughly deduce that the bis-substituted product is the majority product. However, with
the uncertainties present in manually integrating peaks on a 'H NMR spectrum, it is not

advisable to narrow down the believed ratios any more than this.

Due to time constraints, this route was not pursued further, despite the cautiously
positive results. Had it been continued, trying to improve the conversion of starting material
to product by adding further equivalents of NaH to the reaction after ~50% conversion could
make this a suitable synthesis after-all. Another promising set of conditions was also found
after the discontinuation of this route. Zn powder was reported to catalyse the reaction of
phloroglucinol (and other alcohols) with N-bromobutane in high yields and with selectivity
over the number of substitutions that occurred based on the ratios of starting materials. [117]
This reaction does not require anhydrous conditions or reagents that are liable to degrade

over time, and the Zn powder can be reused multiple times without loss of activity and hence

it would be very interesting to attempt the synthesis of the analogue species (11) this way.

This would, of course, have to be also then attempted on 4-bromobutane-pillar[5]arene
(2) rather than the precursor. That could prove challenging, as the one thing that became
clear through these syntheses and those described in the next chapter, is that reactions in-
volving pillar[5]arene based compounds are difficult to successfully perform in high yields.
Sometimes this can be due to ineffective reactions, as was the case for amino bis-pillar[5|arene
(3), other times this can be due to the difficulties in purification. The synthesis of any substi-
tuted pillar[5]arene results in a product that is difficult to separate from the majority unsub-
stituted pillar[5]arene produced at the same time. Hence, most syntheses performed here had
to contend with pillar[5]arene impurities. Working with mixtures of desired pillar[5]arenes
and pillar[5]arene impurities, both of which drag on silica during chromatography due to their

host-guest chemistry leads to large losses in material as crude products need to be purified
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multiple times to achieve a pure compound. Low yields this early on in a multi-step synthesis
make its success unlikely, so other handcuff synthesis methods were explored in parallel to

this one and will be discussed in the next chapter (3).
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2.3 Conclusions and future work
2.3.1 Other linkers

Click chemistry could be an alternative way of joining pillar[5]arenes to a linker that would
allow for different types of reactions to the ones already attempted. The bromide functional
group of 4-bromobutane-pillar[5]arene (2) can be converted to an azide with very high yields,
though care has to be taken to work on small scales to avoid generating diazidomethane. [48]
Such an azide-substituted pillar[5]arene could then react with a bis-alkyne linker, e.g. a bis-
propargyl-aromatic ester generated from Boc-5-aminoisophthalic acid (7). The reaction of
isophthalic acid with propargyl bromide has over 80% yields in the literature, while similar

[118]

reactions with alcohols have much lower yields, so phloroglucinol would be a worse linker

to explore here. Such a synthesis is proposed in Scheme 2.9. A species with four pillar[5]arene
[119]

moieties has been generated using a similar synthesis route.
1
1
1
1
1
1
1
1
1
1
1
1

SA = Sodium ascorbate

N—N

If N A
0 0 BN
K2003 o (@)
HO OH
DMF, 60 °C o O CuS0,4*5H,0/SA 0 o
THF/H,0, rt
NHBoc

NHBoc
NHBoc

Scheme 2.9: Reaction scheme for the synthesis of a proposed bis-pillar[5]arene species based
on click chemistry.
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An alternative way of using click chemistry to achieve this would be to have the alkyne
groups on the pillar[5]arene and azide groups on the linker as shown in Scheme 2.10. An
n-butyne substituted pillar[5]arene has not been reported yet, though similar pillar[5]arenes
have been made through demethylation of pillar[5|arene and then addition of a suitably

[120,121] [122] The cocylisation-based synthesis

functionalised species, or through cocyclisation.
for 3-butene-substituted pillar[5]arene (13) optimised in Chapter 3.2.1 gives better yields than
any of the works cited here and should be applicable to 4-bromobut-1-yne just as much as

it is to 4-bromobut-1-ene. This could then be combined with a diazidoamine if one could be

synthesised similarly to diazidoalkanes. [123-125]
PFA = Paraformaldehyde | ‘ OMe
SA = Sodium ascorbate o
OH gz -
=
BrM 0]
K2CO3 OMe, PFA, FeCI3
Acetonitrile CH,CI,
OMe  reflux, 72 h rt,3h
OMe
CUSO4'5H20/SA
THF/H,0, rt

Scheme 2.10: Reaction scheme for the synthesis of a proposed bis-pillar[5]arene species based
on click chemistry.



2.3.2 Proposed assembly of triple decker handcuff

Despite attempts involving multiple synthetic routes, the synthesis of a triple decker handcuff
was unsuccessful. If a bis-pillar[5|arene species with a free amine group is synthesised in the
future, the remaining steps to producing a triple decker handcuff are as follows: synthesise
the handcuff body, synthesise the handcuff rod, thread component molecules together and

then stopper them in place.

To synthesise the handcuff body, the bis-pillar[5]arene species can be reacted with
PTCDA120] a5 shown in Scheme 2.11 to give the handcuff body.

0.0 0

Imidazole,
130 °C, N,
0”0”0

Scheme 2.11: Proposed reaction scheme for the synthesis of the handcuff body once a bis-
pillar[5]arene species is synthesised.

To synthesise a handcuff rod, which contains a PDI core with aliphatic groups capped
by imidazole moieties, those aliphatic chains need to be synthesised first. 39 A twelve carbon
aliphatic chain was chosen to approximately mimic the length of the handcuff body on each
side of the PDI core. The synthesis of the eight carbon analogue and then its reaction with

PTCDA to give a similar handcuff rod is described in Chapter 3.2.3.

Once all the individual parts of this triple decker rotaxane handcuff are synthesised,
they can be mixed together to achieve threading, then a stopper can be added to prevent
dethreading as shown in Scheme 2.12. A similar handcuff rotaxane formation is described in

Chapter 3.2.4.

This triple decker handcuff rotaxane would have then been investigated with cyclic

voltammetry to elucidate its electrochemical properties.
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CHCl3, dark

——_—

Scheme 2.12: proposed reaction scheme for the synthesis of the triple decker handcuff rotax-
ane.

2.3.3 Conclusions

A triple decker handcuff synthesis was attempted in this work. The most crucial step, the
synthesis of a bis-pillar[5|arene linker that can also react with PTCDA was unsuccessful
and hence the envisaged triple decker handcuff was never made. The original amino bis-
pillar[5]arene (3) designed for the triple decker handcuff was based on doubly alkylating one
end of ethylenediamine with 4-bromobutane-pillar[5]arene (2). This type of linker should
have been flexible, nucleophilic and easy to modify, but it only gave mono-substituted species
when attempted on the desired starting materials and many side products when attempted
on a simpler analogue. To circumvent both of those issues, an oxybenzaldehyde-substituted
pillar[5]arene could be combined with ethylene diamine twice over two reductive aminations

to give amino bis-pillar[5]arene (3).
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The second species, amido bis-pillar[5]arene (8), was based on two amide couplings of 5-
aminoisophthalic acid with 4-aminobutane-pillar[5]arene (6). This should have been a more
reliable reaction than the alkylation for the previous species at the cost of less flexibility.
Unfortunately the reaction procedure with thionyl chloride as a coupling agent yielded a
difficult to separate mixture of the mono- and bis-substituted products with a conversion of
~50%. Attempts with other coupling agents (CDI) were also unsuccessful, although EDC

seems like a promising coupling agent to circumvent these issues.

The final species that was attempted here, ether bis-pillar[5]arene (10), was based on an
ether synthesis between phloroglucinol and 4-bromobutane-pillar[5]arene (2). This reaction
suffered from mixtures of mono-, bis-, and tris-substituted products, then from poor yields.
Upon change of base, more promising results were obtained, but ultimately not good enough

to continue at that stage.

Based on these results however, it might be more worthwhile to try the click chemistry
routes suggested in Section 2.3.1. Alternatively, an even more radical change might be nec-
essary to bring a triple decker handcuff into existence. Instead of the tetrakis-pillar[5]arene
species proposed here, a tetrakis-imidazole-capped-alkane species could be made as the hand-
cuff rod. This could be paired with two bis-pillar[5]arene handcuff bodies in an inversion of
the handcuff body and rod roles proposed in this work so far. This modification would avoid
the need for reacting a linker with two pillar[5]arene species. The handcuff body from the
PDI-PDI handcuff39 could be used. It would still require a linker to link the four imidazole-
capped-alkane species to PTCDA, but perhaps having fewer pillar[5]arene-based reactions

would be advantageous.
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3 Synthesis of [2]handcuff rotaxane

3.1 Synthesis of tetrazine handcuff

While the work discussed thus far was based on symmetric PDI-PDI templating interactions
between the handcuff rod and body, combinations of PDIs with other moieties are also inter-
esting and have been explored within the group, e.g. PDI-NDI| [39] or PDI-naphthalene, [40]
the latter of which has been discussed in the Introduction (1.4.2). In this chapter we hence
consider the synthesis of a PDI-tetrazine handcuff as no handcuffs containing tetrazine motifs

127] Metal-Organic Frameworks

were found in the literature, though a [3]pseudo—r0taxane,[
(MOF)S[BS’BO] and cages based on it do exist.[!31:132] This dearth of tetrazine containing
interlocked molecules was deemed necessary to rectify, especially since similarly to PDIs,
tetrazines are interesting electrochemically, as they can be reversibly reduced to radical an-
ions. 5% Just like for the PDI-PDI handcuff (see Introduction 1.4.2), it should be possible to
hold a PDI core and a tetrazine core in proximity to each other in a fixed orientation using
mechanical bonds and explore their through-space interactions (e.g. m, cation-t and anion-r

interactions) in detail to see what effects this proximity has on the paramagnetism, emission

and aggregation properties of these compounds.

Furthermore, this research could shed further light on the reactivity of tetrazines. They
can take part in Inverse Electron-Demand Diels-Alder (IEDDA) reactions as tetrazines serve
as a 4n-reagent when coupled with a 2n dienophiles such as alkenes or alkynes. This reaction
is catalyst free, with conditions that are often benign, which reduces toxicity issues, and is

[133] Diels-Alder ezo vs endo selectivity

very fast, which is convenient and more sustainable.
is influenced by n-m interactions, and it is likely that IEDDA reactions are also influenced in
this way. Synthesising PDI-tetrazine handcuffs and manipulating their electronic properties,

then performing IEDDA reactions on them would help elucidate these effects.

The handcuff was designed to be a ‘double decker’ as opposed to the thus far considered
‘triple decker’” handcuffs, or between one bis-pillar[5]arene handcuff body and one rod, one
with a PDI core and the other with an aromatic tetrazine core. For this synthesis, a body

with a tetrazine core and a rod with a PDI core was chosen as shown in Figure 3.1, because
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the PDI rod was already reported, although the opposite design should be just as interesting
as discussed at the end of this section. In either case, the stacking interactions between the
PDI core and the tetrazine core should facilitate association in the threading step of the

synthesis.

Figure 3.1: Double Decker Handcuff with a tetrazine and PDI core.

Unlike the PDI cores discussed so far, tetrazine cores need to be synthesised from scratch,
as reasonably priced precursors such as tetrazine synthons are not commercially available.
Furthermore, as tetrazine is poorly soluble in organic solvents, it would not be easy to attach
two pillar[5]arenes to an already formed tetrazine core to form a handcuff body. Instead,
the approach taken was to join two nitrile-substituted pillar[5)arenes via the modified Pinner

synthesis method. [58]

3.1.1 Synthesis of nitrile substituted pillar[5]arene

Benzonitrile was chosen to create a tetrazine core that would stack well with a PDI core as
the created tetrazine would be a part of an extended conjugated network. The benzonitrile
identified for this purpose was 4-(hydroxymethyl)benzonitrile. It would be combined with 4-
bromobutane-pillar[5]arene (2) to give benzonitrile-pillar[5]arene (12) using the Williamson

134]

ether synthesis,[ as shown in Scheme 3.1.

Sodium hydride was added to a solution of the commercially available 4-(hydroxymethyl)-
benzonitrile. To this reaction mixture 4-bromobutane-pillar[5]arene (2) was added to give a
mixture of substitution and elimination products; the desired benzonitrile-pillar[5]arene (12)
was obtained in a 24% yield and the side product 3-butene-substituted pillar[5]arene (13)
in a 61% yield. The spectra of the two products are fully assigned in the Appendix (Fig-
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THF, 80 °C, 17 h

N
N
24% 61%
(2) (12) (13)

Scheme 3.1: Reaction scheme for the synthesis of benzonitrile-pillar[5]arene (12) and 3-
butene-substituted pillar[5]arene (13).

ure Figures A.20, A.21, A.24 and A.25). Both are novel substituted pillar[5]arenes, though

[135])

a nitrile-substituted pillar[5]arene (pentakis-acetonitrile-substituted pillar[5]arene and

a quadruply and triply substituted version of 3-butene-substituted pillar[5]arene (13) have

been reported. [136]

To try and improve yields, a slight modification of this reaction was attempted. The 4-
bromobutane-pillar[5]arene (2) was stirred with tetrabutylammonium iodide (TBAI) before
being added to the 4-(hydroxymethyl)benzonitrile and sodium hydride reaction mixture, but

this gave lower yields.

Further attempts to optimise this reaction were carried out on an analogue: 1-(4-
bromobutoxy)-4-methoxybenzene (1). High-yielding Williamson ether syntheses available
in published literature were compared to each other and a selection of facile and cheap

[116,137-140)

preparations were attempted. The test reactions were performed on small scales.

The success of each reaction was judged based on 'H NMR peak ratios of the desired to side
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product. To confirm that this was a sensible approximation to make, such a ratio was first
obtained for the above where the yields of both are known.
The 'H NMR spectrum for the reaction mixture is shown in Figure 3.2 along with

the spectra of the side product 3-butene-substituted pillar[5]arene (13), and desired prod-

uct benzonitrile-pillar[5]arene (12) with peaks used to calculate the ratio of desired to side

product integrated.

"
2
(&)
m)
D7
2.00
N
3 [re
5 4|57
2.00
(©
2m| (1)
5.06 4.54
3.77 2.01
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Chemical Shift /[ppm]

Figure 3.2: 'H NMR (300 MHz, CDCl3 298 K) spectra of (a) side product 3-butene-
substituted pillar[5]arene (13), (b) desired product benzonitrile-pillar[5]arene (12), and (c)
the reaction mixture that contains both compounds with peaks used to calculate the ratio of

desired to side product integrated.

Peak 11 was chosen as NC-CgHy-CH2O- is unique to benzonitrile-pillar[5]arene (12)
(it does not overlap with any other peaks in this mixture, including the starting material’s

equivalent NC-CgHy-CH9OH peak) and peak 12 was chosen as -CH=CHy is unique to 3-
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butene-substituted pillar[5]arene (13). The integral ratio calculation is explained in the
Appendix Section A.2. The calculated molar ratio of desired to side product is 35:65 in the
synthetic mixture. The isolated yields of those two products from that reaction were 24%
and 61%, which gives them a ratio of 28:72. These ratios obtained through 'H NMR analysis
of the reaction mixture and of the isolated products are approximately the same, showing

that 'H NMR analysis can be used to quickly determine reaction success.

The reagents and conditions attempted for the synthesis of the analogue species, nitrile-

methoxybenzene (14), are summarised in Scheme 3.2 as A1 — A5.

OH 0
0NN BT o 0N
Reagents
+ - > +
Conditions
OMe |l OMe (If OMe
N N
(1) (14) (15)
Summary of conditions
Attempt [ Reagents Conditions Ratio of P:SP
A1 NaH,TBAI Tolene, Ny, 80 °C 68:32
A2 NaH THF/DMF, N,, 80 °C 81:19
A3 NaH,18C6 THF, N,, 80 °C 100:0
A4 KOH AcN, N,, 60 °C 49:51
A5 AgO CHCls;, Ny, 60 °C N/A

Scheme 3.2: Reaction scheme for the synthesis of the desired product nitrile-methoxybenzene
(14) and side product 3-butene-substituted pillar[5]arene (13) with the reagents, conditions,
and ratio of product to side product (P:SP) enumerated A1 — A5 in the table.

For each attempted optimisation, the ratio of the desired product (14) to side product
(15) was calculated using equations 2 and 3 to assess the results. The analogous 'H NMR
peaks as used for this calculation for benzonitrile-pillar[5]arene (12) could be used for nitrile-
methoxybenzene (14) as they also exist for those analogue molecules. The 'H NMR spectra

for these attempts (A1l — Ab) are shown in Figure 3.3.
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Figure 3.3: 'H NMR (300 MHz, CDCl3 298 K) spectra of the reaction mixtures for methods
A1 — A5 with peaks used to calculate the ratio of desired to side product integrated.

The ratios calculated from these spectra are tabulated in Scheme 3.2 and show that A3
(NaH, 18C6, THF, Ny, 80 °C) gave the best results. It was then applied to the original
4-bromobutane-pillar[5]arene (2), but none of the three attempts surpassed a ratio of 44:56,
which is not significantly superior to the original ratio of 35:65. The conditions optimised on

(1) were concluded to be not as optimal for 4-bromobutane-pillar[5]arene (2).

While the optimised method A3 in Scheme 3.3 could only efficiently produce nitrile-
methoxybenzene (14) and not the desired benzonitrile-pillar[5]arene (12), this does still
present the possibility of rearranging the order of steps in the reaction scheme - first obtaining
nitrile-methoxybenzene (14) and only then proceeding with the cocyclisation reaction to

indirectly obtain benzonitrile-pillar[5]arene (12).
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PFA = Paraformaldehyde OMe
O/\/\/O
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© e een ety (]
CH,Cl,, rt, 3 h
OMe | l 2z
N

(14) (12)

Scheme 3.3: Proposed reaction scheme for the synthesis of the benzonitrile-pillar[5]arene (12)
from nitrile-methoxybenzene (14).

However, since the pillar[5]arene reaction is itself low yielding (20-30%), the nitrile-
methoxybenzene (14) reaction had to be done on larger scales. Two attempts at scaling
the reaction up to 3 g and 1.5 g scales yielded ratios of around 50:50 of the desired to
side products, much less than the 100:0 from the previous attempt of the A3 conditions.
Attempting to reproduce the original A3 conditions exactly once again resulted in a ratio
of ~ 50:50. It remains unclear what caused the anomalously high efficiency in the initial

experiment.

Looking back at this work now, a comparison with the same set of conditions used
in the previous chapter comes to mind (Scheme 2.8). For phloroglucinol, no elimination
products were detected at all. This is likely due to the differences in nucleophilicity and
basicity between phenols and benzyl alcohols. Since deprotonated benzyl alcohols are more
basic, they would lead to eliminations, while the nucleophilic phenols only give substitution
products. Perhaps cynaophenol would have been a more promising species to try in this

synthesis.

While this optimisation was underway, an attempt at making the tetrazine handcuff

body was made with the small amounts of benzonitrile-pillar[5]arene (12) combined from

[58]

various previous reactions via the modified Pinner synthesis as shown in Scheme 3.4.

Benzonitrile-pillar[5]arene (12) was mixed with hydrazine hydrate and sulfur, then ox-

idised; conditions typically employed for the conversion of benzonitriles to tetrazines. [141-143]
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(1 ) NH2NH2'H20
Sg, EtOH

reflux, 2 h, R-0O N=N
< > <\ /> < > \
N—N O-R

(2) 'BUONO, rt, 18 h
then reflux 30 min

N
N

(12)

Scheme 3.4: Reaction scheme for the synthesis of the tetrazine handcuff body.

No tetrazine-containing product was detected using ESI-MS, 'H NMR spectroscopy or MALDI
MS. The lack of solubility of benzonitrile-pillar[5]arene (12) in ethanol, which was the sol-
vent for this reaction is likely to blame for this. Later, it became apparent that tetrazine
formation reactions can be performed in CH9Cly, which would have possibly avoided these
issues. [56] However, due to time constraints this synthesis was not pursued further. Had this
handcuff synthesis been continued, an aromatic tetrazine substituted with an alkene on each
side could be synthesised, which could be coupled to 3-butene-substituted pillar[5]arene (13)
through alkene metathesis.

Alternatively, synthesising a tetrazine rod with aliphatic-imidazole arms, by modifying

an existing benzonitrile-alkane synthesis[144]

rather than synthesising a tetrazine body would
likely allow for the solubility issues to be overcome. This rod could then be combined with a
bis-pillar[5]arene handcuff body. However, perhaps a tetrazine rotaxane with a pillar[5]arene
macrocycle should be synthesised first, as a simpler species that would allow for the optimi-

sation of conditions for these compounds.
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3.2 Synthesis of the alkene handcuff

Having synthesised a novel substituted pillar[5|arene as a side product, it seemed worth-
while to utilise it in its own [2]handcuff rotaxane synthesis. With this compound a bis-
pillar[5]arene handcuff body could be synthesised in one step by joining two moieties of
3-butene-substituted pillar[5]arene (13) via an alkene metathesis reaction. This could then
be threaded by a rod with a PDI core. The proposed structure of this handcuff is shown in
Figure 6.23.

Figure 3.4: [2]handcuff rotaxane with alkene and PDI moieties.

Unlike previously discussed double and triple decker handcuffs, the PDI-alkene hand-
cuff would be mostly or entirely lacking the stacking recognition motif of PDI-PDI or PDI-
tetrazine handcuffs and only rely on the rotaxane like templating between a macrocycle

[49,145,146]

and a rod. In this case that would be, alkane-pillar[5]arene templating , imidazole-

[147-149]

pillar[5]arene templating and favourable entropic effects of displacing solvent molecules

from the pillar[5)arene cavity to drive threading. The relative contribution of the entropic

effects, however,are likely pretty small compared to the other interactions. [150]

During the synthesis of the similar PDI-based handcuffs previously discussed in the Intro-
duction (1.4.2), it was hypothesised that the synthesis method used only required templating
between the host’s macrocycles and the rod. The proposed synthesis of the PDI-alkene hand-
cuff is a good way to test this. Because the PDI-alkene handcuff is so similar to the previously
synthesised PDI-PDI handcuff, it will allow for a deeper understanding of how important the

mutual n-stacking recognition motif is for the synthesis of the handcuff.
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3.2.1 Synthesis of substituted pillar[5]arene

A new synthesis route where 3-butene-substituted pillar[5]arene (13) is the desired product

rather than just a side product was devised and is shown in Scheme 3.5.

PFA = Paraformaldehyde

. O

cho3 OMe, PFA, FeCly
Acetonitrile CHyCly, rt, 3 h
OMe  reflux, 72 h 20 — 30%
85% OMe
(15) (13)

Scheme 3.5: Reaction scheme for the synthesis of the 3-butene-substituted pillar[5]arene (13).

Commercially available 4-methoxyphenol and 4-bromobut-1-ene were combined in the
presence of potassium carbonate and reacted to give 1-(but-3-en-1-yloxy)-4-methoxybenzene
(15). The product was characterised with "H NMR spectroscopy shown in the Appendix
in Figure A.22 and Figure A.23. It was then co-cyclised with 1,4-dimethoxybenzene in
the presence of iron(III) chloride to give the 3-butene-substituted pillar[5]arene (13) and
unsubstituted pillar[5]arene (16), which were separated using flash column chromatography.
The product was characterised with 'H NMR spectroscopy shown in the Appendix in Figure
A.24 and Figure A.25.

Yields in the range of 20-30% were obtained for this reaction across several experi-
ments, which is in line with values for similar reactions. The low yields are due to the
reaction stoichiometry, which uses a large excess of 1,4-dimethoxybenzne to avoid the forma-
tion of multiply-substituted pillar[5]arenes with more than one unit of 1-(but-3-en-1-yloxy)-
4-methoxybenzene (15), which are more difficult to separate from the desired product than
the unsubstituted pillararene. As such, the majority product is unsubstituted pillar|[5]arene
as identified by 'H NMR spectroscopy shown in the Appendix in Figure A.26. Despite this,
multiply-substituted pillar[5]arenes are also formed as confirmed by IH NMR spectroscopy
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shown in the Appendix in Figure A.27.

The redox behaviour of 3-butene-substituted pillar[5]arene (13) was investigated by
cyclic voltammetry (CV) in CHyCly with added ["BuyN]|[BF4]| (0.2 M) as the supporting
electrolyte, at ambient temperature and at a scan rate of 0.10 Vs~ as shown in Figure 3.5

and Table 3.2.

0.0 0.2 0.4 0.6 0.8 1.0
Potential/ [V]

Figure 3.5: CV of 3-butene-substituted pillar[5larene (13) in CHyCls containing
["BuyN][BF4] (0.2 M) as supporting electrolyte, at ambient temperature and at a scan rate
of 0.10 Vs~1. Potentials reported vs. Fc' /Fc.

In line with expectations, no redox processes were detected at negative potentials. At
positive potentials the first oxidation (at E; /2 0.61 vs. Fc' /Fc) shows reversible behaviour.
The remaining oxidations are poorly resolved and correspond to the loss of multiple electrons.

[151] indicate that beyond the first oxidation these become a series of closely

Previous studies
overlapped multi-electron oxidations. These poorly resolved oxidations were better resolved

by square wave voltammetry, shown in Figure 3.6 and Table 3.3 at the end of this chapter.
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Figure 3.6: Square wave voltammetry of 3-butene-substituted pillar[5]arene (13) in CHyClg
containing ["BuyN][BF4] (0.2 M) as the supporting electrolyte, at ambient temperature. The
process is referenced to Fc' /Fc, at 0 V, added as the internal standard. Potentials reported
vs. Fc' /Fc.

Under UV /vis spectroelectrochemistry experiments, the oxidation processes appear chem
ically reversible under these conditions as shown in Figure 3.7. These findings are similar
to those for pillar[5]arene (16) found within our group previously. [151] Neutral, 3-butene-
substituted pillar[5]arene (13) shows a peak at 295 nm due to presence of aromatic rings
and no other features. When a potential of +1.28 V (vs the saturated calomel electrode)
was applied to a solution of 3-butene-substituted pillar[5]arene (13) in CH5Cly, containing
["BuyN]|[BF4] (0.2 M) as a supporting electrolyte, oxidation resulted in the emergence of
new absorbance bands at 440 and 467 nm. The original band was shifted to 297 nm with no
significant loss of intensity observed. When a potential of 0 V was applied, the spectrum of

the neutral 3-butene-substituted pillar[5]arene (13) was fully regenerated.
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Figure 3.7: UV /vis absorption spectra showing: Top: the inter-conversion of redox states
in 3-butene-substituted pillar[5]arene (13) between (13) and (13)"; Bottom: 3-butene-
substituted pillar[5]arene (13) (A) before oxidation, (B) after oxidation, and (C) after the
redox cycle. A is not visible, as it lies exactly beneath C. Spectra were recorded in CH9Cly
containing ["BuyN][BF4] (0.2 M) as the supporting electrolyte at 273 K.
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An Electron Paramagnetic Resonance (EPR) spectrum was also recorded for the one-
electron oxidised 3-butene-substituted pillar[5]arene (13) as shown in Figure 3.8. A simu-
lation was then performed to model the experimental behaviour using a series of 2, 4 and
8 equivalent hydrogens with hyperfine couplings of 1.700, 1.151 and 0.560 x 10~% ¢cm™1,
respectively. The results strongly resemble the EPR spectrum for pillar[5]arene (16) [151],
and so it is likely also true in the case of 3-butene-substituted pillar[5]arene (13) that the
unpaired electron is located around the core of a single arene subunit, and this unpaired

electron is interacting with each methylene bridge’s two equivalent protons, each methoxy

group’s six equivalent protons, and each adjacent arene group’s single proton.

T T T T T v T
3500 3505 3510 3515
Magnetic Field / G

Figure 3.8: Experimental (black) and simulated (red) X-band EPR spectra of 3-butene-
substituted pillar[5]arene (13). The sample was electrogenerated at 273 K from the parent
molecule in CHyCly with ["BuyN][BF4] (0.2 M) as the supporting electrolyte. The simulated
spectrum was generated using g;s, of 2.0038, a;s, of 1.700 (2H), 1.151(4H) and 0.560(8H) x
10~% em™!, a line-width of 0.65 G and a Gaussian line-shape.
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Finally, 3-butene-substituted pillar[5]arene (13) was crystallised by slow diffusion of
hexane into a solution of the compound in chloroform. A single crystal was taken for crys-
tallography and confirmed the compound’s structure as shown in Figure 3.9. The butene
arm of this macrocycle was observed to be disordered over three positions on two attachment

points. A disordered molecule of hexane was also found inside the cavity.

Figure 3.9: X-ray crystal structure of 3-butene-substituted pillar[5]arene (13). Grey = car-
bon, red = oxygen, hydrogen atoms and solvent molecules are omitted for clarity.
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3.2.2 Synthesis of the handcuff body

The Hoveyda-Grubbs II catalyst [152] was chosen for the joining of the two 3-butene-substituted

pillar[5]arene (13) moieties as an easily available option that has been frequently utilised for

109,153,154]

supramolecular syntheses.[ The synthesis of this species is shown in Scheme 3.6.

Y

DCE, N, 80 °C,
microwave, 90 min

49%

(13) (17)

Scheme 3.6: Reaction scheme for the synthesis of the alkene handcuff body (17).

The details of this synthesis are adapted from conditions employed for the synthesis of
molecular knots using alkene metathesis1%3. The first attempt was performed at 40 °C in
CH3Cly, since pillar[5]arenes are most soluble in halogenated solvents like chloroform and
CHyClg, but only yields of around 20% were obtained. Fortunately, 3-butene-substituted
pillar[5]arene (13) is also soluble in DCE which allowed for this reaction to be conducted at
110 °C in a microwave reactor, and this increased the yields to around 50% after purification
using flash column chromatography. The structure of the alkene handcuff body (17) was
confirmed by 'H NMR spectroscopy shown in the Appendix in Figure A.28 and Figure A.29.
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The Hoveyda-Grubbs II catalyst is an F-selective catalyst. 3-butene-substituted pil-
lar[5]arene (13), as a terminal olefin is a Type I olefin and hence can rapidly homodimerise
and then undergo secondary metathesis, which favours the more thermodynamically stable
product (£). This specific catalyst has been reported to catalyse a metathesis reaction be-
tween two Type I olefins in an F/Z ratio of 7:1.1156] Ag the alkene peak in the 1H NMR
spectrum of 3-butene-substituted pillar[5]arene (13) is broad and hence no coupling constant
could be obtained, it was assumed that the major product in this reaction is the F isomer

based on theory.

A 'H DOSY NMR of (17) was also attempted since it was possible that the cis/trans
alkene versions of this compound would differ enough in size for it to be detectable. The
spectrum is shown in the Appendix in Figure A.30, but it does not show two compounds of
differing sizes, which could mean that they are of a similar size or that purification removed
the Z isomer. Since it is likely that the major product was the F isomer, the rest of the

handcuff synthesis that follows assumes the E isomer to be the relevant one.

The redox behaviour of (17) was investigated by Cyclic Voltammetry (CV) in CHaCls,
containing ["BuyN][BF4] (0.2 M) as the supporting electrolyte, at ambient temperature and
at 0.10 Vs~1 as shown in Figure 3.10 and Table 3.2 at the end of the chapter. Similarly to 3-
butene-substituted pillar[5]arene (13), no electrochemical processes were detected at negative
potentials. At positive potentials the first oxidation (at E; 5 0.62 V vs. Fc' /Fc) shows
reversible behaviour. Again, the remaining oxidations are poorly resolved, and correspond
to the loss of multiple electrons as this is a complex series of overlapping oxidation processes.
These oxidations were better resolved by the square wave voltammetry shown in Figure 3.11

and Table 3.3 at the end of the chapter.
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Figure 3.10: Cyclic voltammogram of (17) in CHsCly containing ["BuyN]|[BFy] (0.2 M) as
supporting electrolyte, at ambient temperature and at 0.10 Vs~L. Potentials reported vs.
Fc' /Fec.
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Figure 3.11: Square wave voltammetry of (17) in CHyCly containing ["BuyN]|[BF4] (0.2 M)

as the supporting electrolyte, at ambient temperature. The process at 0 V is Fc™ /Fc added
as the internal standard. Potentials reported vs. Fc' /Fc.
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Overall, the cyclic voltammetry for 3-butene-substituted pillar[5]arene (13) and (17)
are similar to each other, showing that the alkene core does not have a significant effect on
the molecular orbitals of the macrocycles since it is both far removed and not active in this

potential window, as shown in Figure 3.12.
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Figure 3.12: Left: cyclic voltammograms, Right: square wave voltammograms of the alkene
handcuff body (17) (orange) and 3-butene-substituted pillar[5]arene (13) (blue) in CHyClg
containing ["BuyN][BFy] (0.2 M) as supporting electrolyte, at ambient temperature and at
0.10 Vs~1. The square wave process at 0 V is Fet /Fc added as the internal standard.
Potentials reported vs. Fc' /Fc.

An attempt at crystallising (17) for the purposes of X-ray crystallography was made in
the same conditions as for 3-butene-substituted pillar[5]arene (13) (slow diffusion of hexane

into a solution of the compound in chloroform), but only amorphous solids were obtained

which did not diffract.
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3.2.3 Synthesis of the handcuff rod

A rod with a PDI core with an 8-imidazolyloctane chain on each side was chosen for ease of

[39]

comparison to a handcuff rotaxane previously synthesised within the group. Its synthesis

is shown in Scheme 3.7.
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Scheme 3.7: Reaction scheme for the synthesis of the handcuff rod (21).

Commercially available 1,8-dibromooctane was mixed with potassium phthalimide to
give N-(8-bromooctyl)phthalimide (18), which was then mixed with imidazole to give N-(8-
imidazolyloctyl)phthalimide (19). The phthalimide group was then cleaved using hydrazine
hydrate to give 8-(1H-imidazol-1-yl)octan-1-amine (20), which was mixed with PTCDA in
molten imidazole to afford the handcuff rod (21). [126] The successful synthesis of all of these
products was confirmed by lH NMR spectroscopy shown in the Appendix in Figures A.31—
A.38.



3.2.4 Alkene handcuff synthesis

Once all the individual parts of this handcuff rotaxane were synthesised, the final threading

and stoppering reaction could be undertaken. The synthesis of the alkene handcuff (23),
[39]

is shown in Scheme 3.8.

which follows the method used earlier in the group

/ \

‘ / CHCls, dark
CC R S vs v iy,
[+
b N N . N /<N
A ) M
~ 2 0 o RO

(24

(21) (17)

Scheme 3.8: Reaction scheme for the synthesis of the alkene handcuff rotaxane (23) and the
stoppered rod (24).

The handcuff body (17) and handcuff rod (21) were dissolved in a minimum amount of
chloroform (~ mg/ml scale) to encourage threading. Several cycles of heating close to the
boiling point of the solvent, swirling and sonicating the reaction mixture were undertaken,
replenishing the chloroform as needed. This method of saturating the solution with both

starting materials is crucial for threading to be successful.

Once the starting materials were fully dissolved and assumed to be threaded, the reaction
mixture was cooled to -10 °C to discourage kinetic dethreading. At this point the light
sensitive stopper group (22) was added in the dark and the reaction mixture was gently

stirred for 72 hours to yield the handcuff species (23). The first sign of an interlocked
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pillar[5]arene-alkane species was visible even in the TH NMR spectrum of the crude reaction
mixture, as the rod’s alkane proton signals are shifted upfield due to shielding from the
pillar[5]arene macrocycles. [49] As there are usually no other peaks in this region, it is easy to
observe rotaxane formation even in complex mixtures. This was corroborated with the correct
mass found with ESI-MS (m/z caled for [M]?> (1283.1380); found (1283.1322)). However,
both the negative 'H NMR peaks and the correct mass could be observed for a rotaxane

where only one end of the rod was threaded through one macrocycle.

The purification of this handcuff proved challenging. The first attempt at flash column
chromatography yielded poor results as the crude product adhered strongly to the silica. Once
the crude product’s iodide counteranions were exchanged with PFg’, sticking to the silica was
a much smaller issue. The next attempts at synthesis therefore included anion exchange prior
to purification. However, even after anion exchange, the purification remained challenging
due to the streaking. It was difficult to resolve separate spots or bands on TLC, prep TLC
and flash column chromatography alike. The lack of stacking molecular recognition between
the body and the rod, and this need for multiple purifications led to yields of 10% being

observed for this synthesis.

Despite the difficulties, the presence of the alkene handcuff (23) was confirmed by Iy
NMR spectroscopy shown in the Appendix in Figures A.41 and A.42. A comparison of the
I'H NMR spectra of the alkene handcuff body (17), handcuff (23) and handcuff rod (21) is
shown in Figure 3.13 assigned with the help of 'H -1H COSY and NOESY NMR spectra
shown in the Appendix in Figures A.43 and A.44.

The upfield shifting of the aliphatic arms of the handcuff rod component is illustrated
with dotted lines. The protons which exhibit the largest ppm shifts (x — 3.71, v — 3.45 and
¥ — 2.18) can be understood to be within the macrocycle’s cavity as they should receive the
strongest shielding effect. The proton with a less extreme shift, — 1.12, is a bit further away
from the bulk of the donated electron density, while protons {, €, 6 and y are closest to the
PDI core and hence exhibit little shifting. This high degree of symmetry and the integral
values for the peaks rule out that this compound could be a rotaxane where only one end of

the rod was threaded through one macrocycle.
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Figure 3.13: TH NMR (300 MHz, CDCl3 298 K) spectra of the alkene a) handcuff body (17),

b) handcuff (23) and c) handcuff rod (24) showing the characteristic upfield shift of many
of the handcuff’s aliphatic rod peaks.

A further level of complexity displayed in this spectrum is due to the substituted nature
of the pillar[5]arenes. The substitution makes their rims no longer equivalent and threading
can occur through either rim. It has been postulated previously that this inequivalency
leads to handcuffs with three possible stereoisomers. 33] This was observed in the PDI-PDI
handcuff in some 1H NMR peak splittings. It is not possible to determine if this is happening

for the PDI-alkene handcuff (23) as the corresponding peaks are too broad, but the systems
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are very similar.

Even after multiple attempts to purify with prep TLC, flash column chromatography
and recrystallisation, it is likely that the sample still contained the stoppered rod (24) which
was formed as a side product alongside the handcuff. This is most visible in Figure A.41 in
peak y which is integrates to more than 4, and has a shoulder, but other peaks like 6, 1, C
are also affected as shown in the Appendix in Figure A.41. Multiple samples of this handcuff
were synthesised and purified separately and then together but it was not possible to obtain
a sample with less than approximately 20 — 30 % of the rod also present (as calculated by
I'H NMR peak ratio). This suggests that the ~ 10% yield for this reaction is an overestimate
and the true yield is lower than that.

The successful synthesis of this handcuff confirms the hypothesis that this method only
requires templating between the body’s macrocycles and the rod. However the much lower
yields observed (vs the PDI-PDI and PDI-naphthalene handcuffs yields of 81% and 78%
respectively both shown in the Introduction Section 1.4.2) [40] 4o indicate that the stacking
interaction between the rod and the body is very important in improving its efficiency. The
handcuff body for this handcuff was also shorter (a double bond vs a PDI core), which might
have impacted threading efficiency. Furthermore, if the threading is inefficient, more of the

stoppered rod is likely formed, which makes the purification harder, further lowering yields.

To complete the comparison with the PDI-PDI and PDI-naphthalene handcuffs, the

PDI-alkene handcuff (23) was investigated by UV /vis spectroscopy and cyclic voltammetry.
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The UV /vis spectrum of (23) in CHCly shows three bands of increasing intensity, an

absorption profile expected of unaggregated PDIs in solution as shown in Figure 3.14. [39,68]
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Figure 3.14: UV /vis absorption spectrum of the alkene handcuff (23) in CHyCls.

The spectrum shape looks similar to that of the stoppered rod (24) previously obtained

within the group, and the peaks appear at similar wavelengths as shown in Table 3.1.

Wavelength / [nm]|
(24) | 459 480 525
(23) | 461 491 526

Table 3.1: UV /vis absorption data for the alkene handcuff (23) and the stoppered rod (24) 39

This is consistent with the handcuff only containing one PDI core, but does not exclude
the presence of a free rod in solution, as mixtures of different PDI species do not display
reordering in the intensity of these bands or blue shifts relative to the monomers, which are

characteristic of stacking species. [39]
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Cyclic (CV) and square-wave (SW) voltammetry in CHaCly, containing ["BuyN|[BFy]
(0.2 M) as the supporting electrolyte, at ambient temperature and at 0.10 Vs~ were used
to probe how the proximity of a perylene diimide to an alkene affects the PDI molecular

orbitals as shown in Figure 3.15.
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Figure 3.15: Cyclic Voltammogram of the alkene handcuff (23) in CH5Cly containing
["BuyN][BF,] (0.2 M) as supporting electrolyte, at ambient temperature and at 0.10 Vs~1.
Potentials reported vs. Fc' /Fc.

For the PDI-naphthalene handcuff (25) (Figure 1.11) the redox-active PDI core links
the two pillar[5]arenes to form the body of the handcuff, whilst the rod contains the naph-
thalene moiety. This contrasts with the PDI-alkene handcuff (23) for which it is the rod that
contains the redox active PDI core. However, for both handcuffs the non-PDI cores do not
interact with the PDI core to extend the molecular orbital system across multiple cores as

was supposed to be the case for the triple decker handcuff envisioned in the previous chapter

or in the PDI-PDI handcuff. [39)

For the PDI-PDI handcuff, three redox couples were observed, with the first two corre-
sponding to one electron being added to one and then the other PDI core. The third couple
corresponded to two electrons being simultaneously added to the PDI cores. The presence

of these processes support the existence of an extended molecular orbital system delocalised
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over the two PDI cores. The alkene handcuff (23) and naphthalene handcuft (25) CVs shown
in Figure 3.16 do not show those three redox couples which were observed for the PDI-PDI
handcuff.
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Figure 3.16: Cyclic Voltammograms of the alkene handcuff (23) (blue) and a similar handcuff
(25) (orange) in CHyCly at ambient temperature and at 0.10 Vs~1, containing ["BuyN][BF4]
(0.2 M) as supporting electrolyte for the former and (0.4 M) for the latter. 40l Potentials
reported vs. Fc' /Fe.

In fact, despite being a complex interlocked molecule, the naphthalene handcuff shows
two one-electron reductions (at Eq 5 -1.00 and -1.22 V vs. Fc' /Fc) separated by ~0.2 V
as is standard for simple PDI species unsubstituted in the bay regions, such as the alkene
handcuff rod (24) (reductions at Eq 5 -0.96 and -1.15 V vs. Fc' /Fc) as shown in Figure
3.17 and Table 3.2. Despite the similarity in structural features, the reduction signals for the
alkene handcuff (23) look different, showing what appears to be an overlap of at least three,
possibly four reduction processes around two areas of E; /2 -1.01 and -1.24 V vs. Fc'/Fe.
Square wave voltammetry for these species was also performed as shown in the same figure,
but did not resolve the reduction signals of the alkene handcuff (23) any further hence they
are quoted as only two peaks in Tables 3.2 and 3.3.

Upon closer inspection, the alkene handcuff (23) CV and SW may be interpreted as a
combination of the voltammograms for the PDI-naphthalene handcuff (25) and the stoppered
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Figure 3.17: Left: cyclic voltammorgram; Right: square wave voltammogram of the alkene
handcuff (23) (blue), similar handcuff (25) (orange) and the stoppered rod (24) (green)
in CHyCly at ambient temperature and at 0.10 Vs~!, containing [*"BuyN]|[BF4] (0.2 M) as

supporting electrolyte for the former and (0.4 M) for the latter. [40], The square wave process
at 0 V (blue) is Fc " /Fc added as the internal standard, and the one at -0.52 V (orange, green)
is [(n°-CsMes)oFe] ™ /[(n7-C5Mes)oFe] also added as the internal standard, later referenced
to the Fc4/Fc couple by an independent calibration. Potentials reported vs. Fc' /Fe.

rod (24). This would support observations made during the analysis of the 1H NMR data

where some of the rod appeared present in addition to the handcuff.

Next, the oxidations of the alkene handcuff (23) were compared to those of its starting
material, the handcuff body (17) as shown in Figure 3.18. The first oxidation process (at
Eq /2 0.61 V vs. Fc' /Fc) appears very similar to the first oxidation process for the handcuff
body (17) (at Eq /9 0.62 V vs. Fc' /Fc). The remaining oxidations are poorly resolved and
correspond to the loss of multiple electrons, observations consistent with the pillar[5]arene-
based starting materials, hence only the first oxidation (Ox A) is quoted for all of these
compounds in Table 3.2. The oxidations were better resolved by the square wave voltammetry

shown in the same figure.
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Figure 3.18: Left: cyclic voltammogram; Right: square wave voltammogram of the alkene
handcuff (23) (blue) and starting material (17) (orange) in CHaCly containing ["BuyN][BF 4]
(0.2 M) as supporting electrolyte, at ambient temperature. The square wave process at 0 V
is Fc™ /Fc added as the internal standard. Potentials reported vs. Fc' /Fe.

Overall, the CV oxidations for (23) look different to those for 3-butene-substituted

pillar[5]arene (13) and (17). These differences are possibly due to the imidazolium species,

which might be reactive in this potential window. This could potentially explain the extra

SW peak observed for (23) at 0.90 V vs. Fc¢' /Fc (Ox D in Table 3.3. Unfortunately,

no oxidation experiments on the handcuff rod (24) and no SW oxidation experiments on

the naphthalene handcuff (25) were performed so there are no direct comparisons with the

current data.
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Compound | Ox A | Red A | Red B
(13) 0.61 |- -

(17) 0.62 | - -

(24) - 0.96 |-1.15
(25) - -1.00 | -1.22
(23) 0.61 |-1.01 |-1.24

Table 3.2: CV data in V for 3-butene-substituted pillar[5]arene (13), handcuff body (17),
stoppered rod (24), naphthalene handcuff (25), and alkene handcuff (23) in CHyCly at
ambient temperature, containing ["BuyN|[BF4] (0.2 M) as supporting electrolyte for (13)

(17), (23), and (0.4 M) for (24), (25).[40)

Compound | Ox A |OxB | OxC | OxD | OxE | Red A | Red B
(13) 061 076 |0.84 |- 098 |- -

(17) 062 |0.75 |0.82 |- 0.96 | - -

(24) - - ; - - 0.96 | -1.15
(25) - - - - - 100 | -1.22
(23) 0.61 076 |083 |0.90 | 098 |-1.01 |-1.22

Table 3.3: SW data in V for 3-butene-substituted pillar[5]arene (13), handcuff body (17),
stoppered rod (24), naphthalene handcuff (25), and alkene handcuff (23) in CHyCly at
ambient temperature, containing ["BuyN|[BF4] (0.2 M) as supporting electrolyte for (13)

(17), (23), and (0.4 M) for (24), (25).[40)
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3.2.5 Synthesis of a [3|rotaxane through alkene metathesis

A natural next step after synthesising the PDI-alkene handcuff (23) was to attempt to
cleave the handcuff body to give a [3]rotaxane made of the handcuff rod and two separated
macrocycles. A similar reaction has been successful before. 31 To that end the same alkene
metathesis conditions as had been utilised to synthesise (17) were used on the handcuff and a

convenient alkene that was available on hand: 1-(but-3-en-1-yloxy)-4-methoxybenzene (15).

DCE, Ny, 80 °C,
microwave, 90 min

Scheme 3.9: Reaction scheme for the synthesis of a [3|rotaxane from the alkene handcuff
rotaxane (23).

Unfortunately no products or intermediates of the correct masses were found using
MALDI-TOF MS. It is possible that this handcuff and the Hoveyda-Grubbs-II catalyst are
both sterically crowded and hence no reaction was observed. Ozonolysis might be a potential
pathway to achieving a cleaving of the handcuff body, but it could cleave more than just the

desired double bond and hence was not attempted at this time.
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3.3 Conclusions

A PDI-tetrazine handcuff synthesis, with a tetrazine bis-pillar[5]arene body and a PDI bis-
imidazole rod was attempted. During this process two novel pillar[5]arene species, the desired
benzonitrile-pillar[5]arene (12) and a side product: 3-butene-substituted pillar[5]arene (13)
were synthesised. However due to issues with yields for benzonitrile-pillar[5]arene (12) and
issues with solubility during the tetrazine reaction, a handcuff body was not synthesised.
Finding an alternative set of conditions or attempting to make a handcuff with a PDI and
pillar[5]arene body and a tetrazine and imidazole rod might make the synthesis of this rod

possible.

The side product 3-butene-substituted pillar[5]arene (13) was then used, after its synthe-
sis was optimised, to synthesise a PDI-alkene handcuff (23). This proved an earlier hypothesis
that the described handcuff threading method only required templating between the rod and
the macrocycles, but through a comparison with the PDI-PDI and PDI-naphthalene hand-
cuffs previously synthesised within the group, it became apparent that the lack of a stacking
interaction which guides the approach of the body and rod, makes this reaction inefficient

and the purification of the final handcuff difficult.

The alkene handcuff (23) showed a UV /vis absorption profile consistent with an unag-
gregated PDI in solution. The CV is consistent with a PDI-based species, but different to
the PDI-PDI or PDI-naphthalene handcuff voltammograms, likely because up to 30% of the

stoppered rod (21) was also present in the investigated samples of (23).

An attempt at turning the PDI-alkene handcuff (23) into a [3|rotaxane through another
alkene metathesis reaction was made, but was not successful. Ozonolysis could be another

reaction that would cleave the alkene, but it could also damage other parts of the molecule.
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4 Introduction to leather

Leather is a historically and culturally important material throughout much of the world,
and as such numerous artefacts such as clothing and book covers are made from or contain
it. Leathercraft is a diverse and complex topic with both traditional methods and modern
industrial techniques, and as such the varieties of produced leather differ considerably from
one another. Scientific understanding and analysis of leather is concerned with categorising
leathers by what they were made from and how they were processed, determining the chemical
composition of each kind, ascertaining how this leads to the physical properties of the objects
made from them, and, in particular for the focus of this chapter, deducing why and how these
chemicals deteriorate over time so as to better conserve and safely handle historic leather

items.

This chapter will begin by introducing what is known about the chemical composition
and structure of leather, existing knowledge of its decay routes and what analytical techniques
can be employed to study this. This body of knowledge will then be applied to a collection
of both modern leather reference samples, as well as deteriorated historic leather book bind-
ings from the Natural History Museum (NHM)’s collection to investigate the chemistry of
a particular type of leather deterioration known to conservators as red rot. This work was
conducted in part during a five month placement at the NHM in collaboration with scientists
there as well as the Business Partnership Unit at the University of Nottingham after being

awarded an EPSRC TAA grant of £10 000.

4.1 Leather

The raw starting material from which leather is produced is the skin or hide of various
animals such as cows, goats and pigs. As such the discussion of the chemistry of leather
begins from the biochemistry of animal skins. Skins are primarily made of long, three-
dimensional polymerised amino acid chains linked by peptide bonds. These chains fold and
twist through one another to form a complex supramolecular structure that supports and

stabilises the material. [157]
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The most important chemical in this structure is the protein collagen. Collagen molecules
are 280 nm long and 1.4 nm wide triple helices of an amino acid polymer with glycine
in every third position, which in the skin naturally align to form bundles of interwoven
fibrils. Skin obtained from different animals or indeed different parts of the same animal
have different inter- and intra-fibril structure, which can be seen under Scanning Electron
Microscopy (SEM) and helps explain the variability in leather’s firmness, flexibility, and other

physical bulk properties. [158]

It is also important to note that the skins used to make leather consist of multiple layers.
The outermost layer, the epidermis, is made up of keratinised cells that are removed along
with the hair using an aqueous mixture of lime and sodium sulfide before a skin is tanned.
Below the epidermis lies the dermis, termed grain in leather. This layer is made up of fine
collagen fibres that give leather a smooth surface. Below the grain, the collagen fibrils grow
in width and are called the corium. Finally, towards the bottom, they lie parallel to the
surface and form a limiting layer that separates the skin from the flesh. This is illustrated in
Figure 4.1. Other steps preceding the tanning include bating which uses ammonium sulfate

and makes the skin soft and silky and pickling in acid and sodium chloride. [159]

4.2 Tanning process

Unless stored in protective environments, raw skins are subject to physical damage, chem-
ical reactions and bacterial or fungal attack, leading to gradual decay. Various methods of
protecting against these sources of damage to make a durable, stable and useful product
have been used throughout human history. Drying out the skins, treating them with oils
or fats to imbue the collagen fibre network with hydrophobic properties, applying waxes to
provide surface protection and many other approaches have been used. Products of such
methods, such as parchment or vellum, are beyond the scope of this work, and this work
instead focuses on understanding vegetable tanning of skins to produce leather. Vegetable
tanning specifically uses chemicals called tannins as the primary agent for the treatment of

animal skins, so an understanding of what tannins are is necessary. [160]
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Figure 4.1: Left: diagram showing the cross section structure of cattle skin , left: cross
section of cattle leather after tanning as seen under a microscope, where A is the grain, B is
the corium and C is the limiting flesh layer. [158]

4.2.1 Tannins

Tannins, are large polyphenolic molecules produced by plants and used in their biochemistry
to bind to and precipitate proteins, alkaloids and polysaccharides. Of the tannins found in
nature, those that do not exceed around 3000 Da are small enough to penetrate the fibre

network of a skin and hence be of use to leathercraft. [161]

There are four classes of vegetable tannins; hydrolysable, condensed, complex and

[162] Kyt it is only the first two which are relevant to tanning. Hydrolysable

phlorotannins
tannins are further divided into gallotannins and ellagitannins depending on whether they are
esters of gallic acid or hexahydrodiphenoic acid (a precursor of ellagic acid), while condensed
tannins are polymers of flavan-3-ol units linked via carbon-carbon single bonds. Both types
have a polyol core, (e.g. D-glucose for gallotannins) as shown in Figure 4.2. Hydrolysable
tannins come from plants such as sumac, oak, chestnut or valonea, and produce light brown

or yellow/green tinted leathers, while condensed tannins are found in mimosa and quebracho

for example, and lead to a brown-red colour that darkens when exposed to light. A sin-
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gle plant may contain just one type of tannin or a mixture of hydrolysable and condensed

tannins. [163-166]
2;)%':0039 OG ester of hexahydrodiphenoic acid
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GO 0 oH OH
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Figure 4.2: Classes of vegetable tannins adapted from Falcao et al. [167]

Chemical tests for the presence of different tannin types exist (e.g. the ferric and vanillin

tests) [168]

, but as these stain the leather, they are inappropriate for museum items. Further-
more, the reliability of these tests decreases with degradation, making them doubly unsuitable

here. The techniques applied instead in this context are discussed in Section 4.5.1.

The wide range of possible choices of both the animal that the skin is obtained from
as well as the plants from which tanning agents are derived, make leather a diverse and

versatile material with significant geographic variation based on the locally available raw
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[169]

materials. . Sources of tannins historically used for leather tanning and their categorisa-

tion into the above mentioned types has been investigated by Falcao et al and are useful to

this work. [163]

Additionally to these vegetable tannins with a long record of historical use, modern
industrial methods of producing leather based on mineral tanning agents such as chromium
salts, named chrome tanning, are also currently used, but as this work focuses on decay
of historic leathers in museums and collections, the majority of which were produced via

[170,171]

vegetable tanning, this is largely beyond the scope of this work.

4.2.2 Effects of tanning on skins

Each collagen helix is structured such that carboxyl and amine groups are exposed, facing
outwards from the helix as shown in Figure 4.3. These present a large number of potential
sites for hydrogen bonding to occur. Tanning primarily works by utilising this feature;
the large number of densely packed alcohol groups on vegetable tannins allow them to form
multiple hydrogen bonds with a unit of the collagen helix. This, combined with their suitable
size for this purpose, leads to tannins inserting between adjacent fibres, hydrogen bonding to
both, and thus reinforcing the structure of the network via cross-linking. Some bonds with
covalent and ionic characteristic may also be formed with certain tannins, leading to even

further fortification. [160]

e

A B
> ?, > ~ - ~] HO OH,
&s——l = 1 _%6__; | o “
. o -— — - o*
e e NS S, o i
A4

s /-\’C_'!* u-g’
\ Polyphenols &
=0. -
* Ho
C Gly

OH
Gly Gly Gly
/ K R Collagen "o Collagen

Y X Y X Y X ¥ X 1
~ N -, = s s s Hydrogen bonding

Figure 4.3: The inter- and intra-fibre collagen structure and tannin cross-linking adapted
from Dickinson et all1™ and Moujahed et al. [173]

The amount of tannin required to effectively stabilise the collagen network is between

15% and 40% of the dehydrated mass of the skin depending of the type of leather pro-
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duced. [171174] Thig permanent change to the skin’s large scale structure changes the macro-
scopic properties of the final leather item, and microscopically makes its chemical components

less water soluble, more resistant to microbial attack and less prone to decomposition with

[175] Tanning also typically leaves a calcium carbonate residue in the leather,

176)

heat or just time.

as the calcium hydroxide used in preparing the skin reacts with atmospheric COQ.[

Chromium salt based tanning also works by cross-linking collagen fibres but through
chromium complexes forming between the chromium centres of the tannins and the carboxyl

groups in the collagen. [157]

4.3 Book Binding

As well as these general properties of leathers, further processing or treatment is also done
depending on the intended use of the tanned skin. As this project is concerned with leather-
bound historical books, the details of the bookbinding process and how it might effect the
final chemistry of the artefacts studied will be reviewed here. Different considerations would
influence study of leather used as, for example, clothing, but this is beyond the scope of this

work.

Firstly, bookbinding requires a relatively thin leather that can still withstand repeatedly
being bent open as a book is used. It hence has to be strong for its thickness, and the
grain layer is typically kept to give a distinctive surface texture and pattern for aesthetic
reasons. Thicker skins from, for example adult cattle, need to have much of the corium
removed to reach an acceptable thickness but this disproportionately reduces its strength.
The variation in material properties from location to location on a single animal’s skin also
leads to considerations in where the skin is taken from, with regions of denser fibre packing
and hence higher strength preferred for areas of the book that will be exposed to mechanical
stress. Post tanning, dyes are often applied to achieve a desirable colour, and fats are used
to soften the final leather for better feel and flexibility. If the tanning process produced an
acidic leather, it is neutralised with a weak base such as sodium bicarbonate. Waterproofing
may be carried out using silicones, fluorocarbons or other agents. Finally, the finished leather

for a book cover may be covered with a suspension of pigments in a resin emulsion to produce
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a pleasing effect such as shininess or smoothness as desired. All of these processes may leave
residues that affect the results observed when analysing the leather objects in this project

and should thus be kept in mind when forming hypotheses or explanations. [177]

4.4 Leather Deterioration

While tanned leather is certainly far more resistant to decomposition than a raw skin, over
the timescale of centuries the collagen-tannin network does still gradually deteriorate. The
obvious implications of this to conservation of historical leather artefacts has motivated

[178,179]

studies of the mechanisms by which deterioration proceeds. The two main processes

identified as relevant are oxidation and hydrolysis in both the tannins and the collagen peptide

chains. [157]

Hydrolysis will be discussed at greater length in Section 4.4.1, but first the effects of
oxidation and general deterioration processes is briefly reviewed. Oxidative breakdown of
collagen is usually induced by one of several factors. Heat can increase the rate of reaction
with atmospheric oxygen and ozone, as well as thermally excite bonds and cause units of a
polymer to separate, and in more extreme cases lead to the unwinding of the collagen helix.
Light exposure can cause photolysis of C-C bonds in the collagen backbone, and photo-
oxidation can form oxygen free radicals and then peroxides that oxidise parts of the leather.
Lubricants introduced in the leather making process may contain unsaturated lipids which
can autoxidise to produce free radicals and cause oxidative chain reactions throughout the
collagen network. All of these factors reduce the amount of intermolecular cross linking that

was introduced by tanning, and thus weakens the protections it brought. [160,171]

Once oxidation has left the leather no longer protected by a tightly cross-linked tan-
nin network, both hydrolysis and further oxidation can then go on to disturb the inter-

nal structure of the collagen fibres, causing it to denature into disordered, water-soluble

180,181] These molecular changes are observed macroscopically as fraying, brittleness

[182]

gelatin.[
and other physical changes to the leather, initially on the surface of the item and then

proceeding towards the centre.
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Precisely how a given leather sample deteriorates depends largely on environmental

160,171]

conditions! such as changes in temperature of surroundings, atmospheric pollutants,

and pH. Oxidative breakdown is promoted by alkaline conditions while hydrolysis is acid-

catalysed. [157,183]

Leathers made from different animals or using different tannins are observed to dete-

riorate at different rates. For example, leather tanned with condensed tannins more easily

[177,184] leading to increased acidic hydrolysis of

[185,186]

absorbs sulfur dioxide up to 6% of its weight

[171] Tannins ex-

collagen. Increased thermal degradation is reported in sheep leather.
tracted from plants are also naturally impure and depending on the source introduce, among
other things, metals including Cu, Fe, Al, Mn or Zn which can catalyse or impede oxidative
processes. Leather objects may also deteriorate faster depending on how they were used,
with items exposed to perspiration for example containing higher levels of chloride and hence

decreased pH. [160]

4.4.1 Red Rot

The particular type of deterioration important for this work is commonly referred to as red
rot, owing to the distinctive symptoms of leather that often becomes dry and reddish, or in

[187,188] Despite the possible implications of

advanced stages crumbles into a dark powder.
the word “rot” it is not decay of biological origin. An example of a book suffering from red

rot is shown in Figure 4.4.

Past studies have associated red rot with sulfuric acid formed in humid storage conditions
from either sulfur introduced in the tanning process, or atmospheric sulphur dioxide perme-
ating the collagen—tannin matrix. Sulfur dioxide is transformed into a trioxide when exposed
to light, and this adsorbs onto tannins where it proceeds to react with moisture present in the

160] This can lead to surface pH readings of 3-4189,190]

leather and produces hydronium ions. [
and leads to hydrolysis of the peptide bonds holding the collagen molecules together, as well
as the tannins themselves. As previously noted, as condensed tannin leathers are more prone
to absorbing atmospheric sulfur, and as expected red rot is hence more frequently observed

191]

in these rather than hydrolysable tannin leathers. The distinctive red colour sometimes
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DICTIONA

Figure 4.4: Book affected by red rot, especially on the spine.

observed is due to particular decay products of the tannins such as phlobophenes and antho-

cyadins. [192]

Furthermore, leather items made with condensed tannins from the late 19% and early
200 centuries are thought to be especially vulnerable to red rot due to changes in the tanning
process, with more aggressive acids beginning to be used for removing hair from the raw skins.
This both increased the acidity of the leather product and destroyed enzymes found in animal

skin that offer protection from environmental influences. [193]

For prevention of red rot and other forms of degradation, vegetable-tanned leather is
recommended to be stored in a stable environment with less than 0.06 ppb sulfur dioxide, no
exposure to electromagnetic radiation with wavelength 100-1000 nm, and relative humidity

between 50-55%. [194]
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4.5 Analytical techniques
4.5.1 FTIR

Fourier Transform Infrared (FTIR) Spectroscopy is a technique in which the interaction of
IR radiation with matter is measured. More specifically, for Attenuated Total Reflectance
(ATR)-FTIR Spectroscopy, which is used in this work, the IR radiation interacts with the
surface of the sample and is reflected. The reflections are measured and recorded as spectra

that can be used to identify or quantify a material, as they identify the chemical bonds inside

its molecules.

The FTIR spectra of leather are mostly made up of collagen signals, as that is the most
abundant compound within it. [195] For vegetable tanned leathers, a smaller but important
component of these spectra are tannin signals. The ATR-FTIR spectrum of a piece of leather
is compared with the spectrum of collagen and the tanning agent in Figure 4.5. The leather

spectrum contains the signals from both collagen and tannins.
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Figure 4.5: The ATR-FTIR spectrum of a piece of leather is compared with the spectrum of
collagen and quebracho adapted from Sendrea et al. [196]
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Because collagen dominates the spectra, when Falcao et al. were trying to find out
what tannins were used in tanning historical leathers, they decided to extract the samples
in water/acetone solutions due to collagen’s lack of solubility in that solvent system, and
this removed many of the collagen bands. Thanks to this simplification of the spectra, they
developed a method for determining if a piece of leather was tanned with condensed or

hydrolysable tannins, which is useful to know for leather conservation purposes. [163,167,169)]

They extracted tannins from plant powders and leather fibres with aqueous or aqueous-
acetone solutions and deposited each liquid sample on the surface of an ATR crystal and
evaporated to dryness under nitrogen flow. They then examined the FTIR signals in the
region of 1750-700 cm ™! of tannins from different plants and compared them against modern

and historical leathers to narrow down diagnostic bands.

The diagnostic peaks that this group found are shown as an identification flowchart in
Figure 4.6 and are used in the experimental section of this work. The assignments of these

peaks are shown in Table 4.1.

" )
COMMON BANDS TO ALL
VEGETABLE TANNINS
em™)
1615-1606
1518-1507
1452-1446
1211-1196
1043-1030
_ )
A 4 A\ 4
r N
CONDENSED TANNINS HYDROLYSABLE TANNINS
(e cm)
1288-1282 1731-1704
1162-1155 13251317
1116-1110
976 1
\ J
GALLOTANNINS
em”)
1088-1082
872-870
763-758

Figure 4.6: Diagram adapted from Falcao et al. [167]
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Tannin peaks Assignment

All tannins:
1615-1606 (m-vs) | v C=C aromatic ring
1518-1507 (w—m) | v C=C skeletal ring
14521446 (m-s v C=C aromatic ring
1211-1196 (m-vs) | v aromatic C-OH
1043-1030 (m-vs) | B = C-H deformation

Hydrolysable:
1731-1704 (m-s) v C=0 phenolic esters/lactones
1325-1317 (m-s) v C-0O lactones and O-H deformation

Gallotannins:

1088-1082 (m) v C-O-C aryl phenolic ester

872-870 (w) vy OH and vy tetrasubsituted aromatic C-H
763-768 (w—m) v skeletal (sugar ring breathing vibration)
Condensed:

1288-1282 (ms-vs) | v C-O pyran ring/flavonoids

1162-1155 (s) v C-O-C cyclic ether

1116-1110 (s—vs) | v C-O—C cyclic ether

976 (w)

Table 4.1: Table adapted from Falcao et al. [163]

Extraction is a destructive process, so Sebestyén et al. later used these assignments on

197]

four un-extracted pieces of leather with good results. [ The ATR attachment only leaves an

imprint in the leather, so it is much less destructive. The work in this report continues analysis
on many more un-extracted pieces to further understanding of these complex collagen—tannin

spectra.

The complexity in the following analysis arises when tannin peaks overlap to some extent
with collagen peaks. More specifically for peaks common to all vegetable tannins there is

overlap with: amide I at 1650 cm ™!, (157) amide 1T at 1550 Cm_l,[157] deformation of proteins

1 [199]

and lipids at 1448 cm_l,[lgg} amide IIT and glycine/proline chains at 1200 cm™*, and

1 [199]

carbohydrate residues in collagen at 1031 cm™ However, the ~1035 cm ™! tannin peak

is quite large, while the carbohydrate residue peak present in collagen in the same region is

199]

very small199]. This can be useful for telling apart vegetable and chrome tanned leathers as

chrome tanned leathers should not have a large peak there.
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For hydrolysable tannin peaks, the ~1715 cm ! peak doesn’t overlap, but the ~1320

1 [199] Fop gallotannin peaks, the

199]

cm ™! peak overlaps with proline side chains at 1337 cm™
~1085 cm ™1 peak overlaps with carbohydrate residues in collagen at 1082 cm_l,[ while
the remaining peaks don’t overlap. Finally, for condensed tannin peaks there are overlaps
with: amide III in collagen as well as CH wag from glycine backbone and proline side chains at
1282 cm™ 1, [199] the C-O stretching vibrations of the carbohydrate residues at 1160 cm ™1, [200]
the v(C-0) v(C-O-C) carbohydrates at 1121 cm ™!, 204 and amide I11 at 974 cm—1.1172) For

this reason the analysis of the FTIR will have to be detailed.

Furthermore, FTIR data can also be used to compare concentrations of one species to
another within a mixture through comparison of the absorbances of their respective peaks,
as concentration and absorbance are related through the Beer-Lambert Law. A ratio of the
absorbance of one peak of interest to another is taken and calibrated by inspecting reference
samples. For example, as collagen deteriorates, the intensity of the amide I and amide II peaks

changes and a ratio of these peaks can be used to quantify deterioration. This has been used

202-205]

in the past to study the deterioration of collagen and more specifically collagen in

196,206] This work aims to find a suitable ratio for evaluating red rot deterioration.

[172]

Jeathers. |

Once that is achieved, multivariate analysis could be used to study deterioration or

[207]

tannins within leathers further.
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4.5.2 SEM

Scanning electron microscopy (SEM) is an imaging technique that exploits the wavelengths
of electrons (much shorter than that of photons) to allow for the creation of images with
nanometre resolution. SEM overlaps with optical microscopy in what it can show for a piece
of leather (e.g. grain pattern, grain and corium structure, collagen fibres), but SEM can
achieve higher magnifications to elucidate fibril structure and can be coupled with Energy
Dispersive X-ray (EDX) analysis to understand the elemental composition of a surface being
examined. SEM has been widely used to gain a better understanding of the supramolecular

structure of leather, [198,159,208]

Cavities are left behind in the grain layer of a leather when hair is removed during

leather-making. These cavities are arranged in different patterns for different animals, as

shown in Figure 4.7, and hence can be used to identify the animal of origin when inspected
[158]

with an optical microscopy or SEM.

Figure 4.7: SEM of left: goatskin [208] 4nq right: cattle skin [159] showing their different grain
patterns.

SEM can also show biological degradation e.g. fungal colonies, as shown in Figure
4.8. These are not related to red rot, but should be ruled out when inspecting deteriorated

samples.
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Figure 4.8: SEM of fungal colonies on leather. [209,210]

Most importantly for this work, SEM can help understand the various processes and
stages of degradation. Surface erosion, loss of the fibre matrix cohesion, and criss crossing of

fibrils is shown in Figure 4.9.

2B RN

Figure 4.9: SEM of surface erosion, loss of the fibre matrix cohesion, and criss crossing of
fibrils. [190,211,212]

Elemental analysis performed with SEM-EDX has previously been useful in determining

the identity of a white ‘bloom’ on a lether book binding as calcium salts of fatty acids as well

213] [214]

specific inorganic dyes used on the surfaces, and changes in elemental

210]

as silicates,

composition of historical vs new leathers. [

4.5.3 ICP-OES and ICP-MS

Modern leather manufacturers submit their products to certification processes which include
Inductively Coupled Plasma (ICP) analysis to determine if they are safe before being sold.
ICP techniques such as Optical Emission Spectroscopy (OES), or Mass Spectrometry (MS)

are used to identify what elements are present in a sample (both trace and major elements).
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This technique requires liquid samples, so in the case of solid samples such as leather,
extractions (suspending samples in solution and analysing species that dissolve) or digestions
(fully dissolving a solid sample, usually with strong acids) are necessary. These give rise to
two different methods of elemental analysis; extractable elemental content and total elemental
content. A plasma torch is then used to vaporise droplets of the liquid sample and ionise
them. For OES the ionised gaseous mixture emits photons which can be collected and
analysed, while MS analyses atoms based on their mass to charge ratios. These techniques
also have different sensitivities of parts per million (ppm) and as low as parts per trillion

(ppt) respectively.

The methodology for this process from one commercial certification body, OEKO TEX,
was chosen for this project as they publish their certification process openly and provide
permissible limits for different types of products to the public based on safety evaluations.
For these purposes, heavy metals are the elements tested for, as they can be toxic to humans.
The permissible limits of total heavy metal content and extractable heavy metal content in
decorative leather items (book bindings fall into this category) according to OEKO TEX are
provided in Table 4.2. [215]

Element | Extractable | Total
As 1 100
Pb 1 90
Cd 0.1 40
Hg 0.02 0.5
Cr 200 -
Cr(VI) |3 -
Co 4 -
Cu 50 -
Ni 4 -
Ba 1000 -

Se 100 -

Table 4.2: Permissible limits of extractable heavy metal content for decorative items (category
IV) in mg/kg according to OEKO-TEX certification.

While ICP has been previously used to probe elemental make up of historical leathers

216,217

to help identify pigments,[ no studies focusing on red-rot and ICP have been found.
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5 Exploration of red rot

5.1 Aims

After consulting with the Natural History Museum (NHM) on what research would be of
help to their conservators, the aims for this project were agreed. They were three-fold.
Firstly, to make an initial exploration of health and safety aspects of red rot dust using a
range of spectroscopic techniques and, from there, suggest further necessary tests. Secondly,
to understand more about the red rot deterioration process by comparing undeteriorated
and deteriorated leather samples, also with spectroscopic techniques. Thirdly, to attempt to

quantify the degree of deterioration of book bindings suffering from red rot.

The project therefore required collection and categorisation of samples of reference and
deteriorated leathers, and access to spectroscopic techniques such as FTIR, SEM-EDX, ICP-
OES and ICP-MS. The process of achieving these aims is described below.

5.2 Reference and deteriorated samples
5.2.1 Sample naming conventions

All of the pieces of leather collected for this project from the NHM, Leather Conservation
Centre (LCC), Museum of Leathercraft (MOL), Graham Lampard and the University of
Northampton (UON) have the prefix RR (red rot) for organisational purposes. A set of
modern leathers was gathered as reference samples (R1 — 19) and a set of historical leathers
displaying signs of red rot was collected from historic bindings as deteriorated samples (S1 —
24). Within the text they are referred to by their R and S codes respectively (e.g. reference
sample R11 or deteriorated sample S10), but in spreadsheets and on spectra they appear as
RRR and RRS codes respectively (e.g. RRR11 or RRS10). The deteriorated samples are
dated based on the publication information found on one of the first few pages of the book
they come from. This is an underestimate of the leather’s age, as the leather would have had
to be tanned and ready for book binding before that date. However, it is likely that the true

date of manufacture is close to the date published as leather was in high demand at the time
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and would have been sold and used soon after being made.

Categories of the collected pieces of leather:

e Strips were collected from all reference samples (R1 - 19) and some deteriorated samples
(S1, 2, 3, 6, 8, 10, 18) as cuttings from spools or bindings (a few cm x a few cm), which
have a grain or top side (T'S), a corium or cross section (CS) and a flesh or bottom side

(BS).

e Scrapings were collected from all deteriorated samples. They were scraped off of the

leather bindings with a spatula and look like powder (P) or clumps of fibres (C).

e Filter Papers (FP) were collected from all deteriorated samples: filter paper was used

to wipe powders off of the surface of the leather bindings.

Modern Spool

Deteriorated Book
— Strip (S)

| —

Clump (C)

Powder (P) —

— Scrapings

—— Filter Paper (FP)

Figure 5.1: Types of reference and deteriorated samples.
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5.2.2 Sample metadata

Since it is not usual for information about the binding to be included in a book or records
about said book, deteriorated samples have limited metadata associated with them. This
means that it is not certain what type of animal the book bindings used in this study are
made of. However, most book binding leathers are made of split cattle hide, calfskin, sheep,

[177] For the sake of comparison, reference samples of those types of animals

goat, or pig.
including duplicates, when available were obtained. The type of animal and tannage used
for creation of the leather was fully or partially provided for the reference samples collected,
though tannage information is often obfuscated, since exact tanning recipes are each tannery’s

secret. [218]

All the books used to collect samples were categorised into three levels of red rot dete-
rioration: small (S), medium (M), large (L), based on the severity of deterioration over the
entire leather-covered area. The metadata along with visual observations is contained in a
spreadsheet, which along with photos of the origins (e.g. books, spools, sample booklets) of
each sample, and the collected strips, scrapings and filter papers are provided in the electronic
appendices. An explanation of the structure of the electronic appendices and a reminder of

what the abbreviations mentioned above mean can be found in the Appendix A.6.

5.3 ATR-FTIR

For the ATR-FTIR analysis, a Thermo Fisher Scientific Nicolet iS50 Fourier Transform In-
frared (FTIR) Spectrometer equipped with a diamond Attenuated Total Reflectance (ATR)
attachment was used. Spectra were acquired on both sides of the strips, on scrapings, and
filter papers from 4000 to 400 cm ™! by performing 16 scans with a resolution of 4 cm™1. For
reasons of non-destructibility and ease of preparation, the ATR-FTIR spectra were recorded
on samples with no further preparation. Photos of the ATR-FTIR instrumentation for each

test and all of the collected .csv files can be found in the electronic appendices.

OMNIC software was used for processing the spectra and bespoke python scripts utilising

standard libraries such as numpy and matplotlib were written to analyse and visualise data.
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Original code written for this project can also be found in the electronic appendices. All
absorbance spectra are non-normalised. The normalisation applied is explained individually
for each transmission spectrum. An example set up for an ATR-FTIR measurement is shown

in Figure 5.2.

Figure 5.2: ATR-FTIR set up for the grain (TS) and flesh (BS) measurement for sample
R15.

Two skiver (goat or sheep), two calf, two goat, two pig, one sheep, and one cattle (R10 -
R19) reference samples were chosen for FTIR ATR analysis. Out of the deteriorated samples,
two of each degradation classification (S, M, L) were chosen for detailed tests (S1, 2, 3, 6,
10, 18), and two samples treated with Klucel G (a cellulose-based conservation treatment)

were chosen (S15, 16) for less detailed tests.

Spectra discussed but not reproduced within the text can be also found within the elec-

tronic appendices as pdfs. The collected FTIR spectra were analysed between 1800 and 600

cm ™!, as is common for leather. Peaks in the 4000 — 3000 cm ™! region are often obscured by

[219]

water peaks due to leather’s absorptive properties. Bulk water content increases further

in deteriorated leathers due to the polar groups present in the unfolded collagen structure
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which can bind more water, [190)

5.3.1 ATR-FTIR of reference samples

The first obvious difference between the reference and deteriorated sample FTIR spectra was
homogeneity. Reference samples have very similar spectra for BS and TS, while samples are
more inhomogeneous, as shown in Figure 5.3. This is related to degradation, as structural
inhomogeneity of leather has been correlated to these sequential steps: thermal destabilisation
of the collagen—tannin matrix, de-tanning, and thermal destabilisation of de-tanned collagen

followed by gelatinisation. [220]
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Figure 5.3: FTIR spectra showing the homogeneity in a reference sample (R15) vs inhomo-
geneity in a deteriorated sample (S18).

The only reference that displayed significant differences between the two sides was R12,
as shown in Figure 5.4. This sample is embossed with a straight grain pattern and was likely
sanded beforehand to remove the original grain pattern. The embossing process changes
the surface of a piece of leather by stamping a pattern into it. As ATR-FTIR is a surface
technique, these surface modifications have likely resulted in a different signal, but more

testing would be necessary to be sure.
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Figure 5.4: FTIR spectrum of the flesh (BS) and grain (TS) side of R12.

Next, the reference samples collected were compared to each other, e.g. R17 and R18.
They are very similar in appearance and mechanical properties, with a thickness of around 2
mm, and are both goat samples likely tanned with sumac. Their FTIR spectra are qualita-
tively very similar, with most of the same peaks appearing in both spectra, but with slight

intensity differences between them.

As explained in the Introduction (4.5.1), it is possible to differentiate between con-
densed and hydrolysable tannins based on their FTIR spectra through qualitative analy-

167,169,197) Reference samples R17 and R18 were concluded to have been tanned using

sis. |
vegetable tanning methods, as the peaks common to all vegetable tanned leathers were found
(red dotted lines). Furthermore, hydrolysable (blue dotted lines) and gallo-(purple dotted
lines) tannin peaks were found; however, condensed tannin peaks (green dotted lines) were
not present or only faintly visible as shoulders, as shown in Figure 5.5. It is not possible to
rule a contributing condensed tannage out completely, as many collagen and tannin peaks
broadly overlap, making the small peaks hard to assign. A mostly hydrolysable tannage is
consistent with the information on these samples provided by the LCC, as sumac contains

hydrolysable gallotannins. [163]
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Figure 5.5: FTIR spectrum of the flesh side (BS) of R17 and R18 and assignments for
vegetable (red), hydrolysable (blue), gallo- (purple) and condensed (green) tannins. The
first two vegetable peaks at 1607 and 1510 cm™1 are visible as shoulders on the collagen
amide I and II bands usually centred around 1630 and 1540 ¢cm™!.These spectra show
clear hydrolysable and gallo- tannin peaks but display only faint condensed tannin peaks if
present.

Reference samples R13 and R16 have very similar FTIR spectra, but differ in appearance;
brown in colour and 0.5 mm thick vs tan and 1 mm thick. Such differences are expected of
leathers produced from pig and calf respectively. However, the fact that the FTIR spectra
are so similar, does showcase the difficulty in differentiating between collagen taken from
different sources — the differences are often too subtle for a qualitative assessment and need,

for example, a deconvolution of the amide I band to be differentiated. [220]

Upon careful examination of the FTIR spectrum shown in Figure 5.6, R13 contains
a few peaks that R16 lacks (1725, 1314, 758 cm’l), which are diagnostic of hydrolysable
and more specifically, gallo- tannins (blue and purple dotted lines). This is consistent with
the information provided about R13 as a sumac, tara and myrobalan tanned leather. Both
reference samples also show peaks consistent with condensed tannins (green dotted lines),
which matches the information provided about R16, as a mimosa tanned leather, but not
about R13. Perhaps R13 was originally tanned with a condensed tannin and later retanned

with hydrolysable tannins as is common practice in industry, and hence shows both.
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Figure 5.6: FTIR spectrum of the flesh side (BS) of R13 and R16 and assignments for
vegetable (red), hydrolysable (blue), gallo- (purple) and condensed (green) tannins. The
~1610 em™! peak of vegetable tannins is not visible even as a shoulder under the collagen

amide I band. These spectra show clear hydrolysable and gallo- tannin peaks for R13 and a
lack of those peaks for R16.

Reference samples R12 and R15 show somewhat similar FTIR spectra, but differ in
appearance. R12 is black and 0.5 mm thick, while R15 is tan and 1 mm thick. The former
is sheepskin, while the latter is calf. The tannages for these reference samples are harder to
analyse, as shown in Figure 5.7. The hydrolysable peak at 1728 cm ™1 is only present for
R12 and not for R15 but the other hydrolysable peak at 1317 cm ™1 is present for both. It
is perhaps only present in R15 due to some other structural feature and not hydrolysable
tannins. Most of the gallotannin peaks are absent for both reference samples, while condensed
peaks are more visible for R15. This is broadly in line with the provided information of
R12 being a sumac, tara, myrobalan tanned leather (hydrolysable gallotannins), though the
gallotannin peaks are mostly absent. Perhaps the surface black dye is adding an additional
layer of complexity to the spectrum. R15 peaks are also in line with being mimosa tanned
(condensed). However, based on the difficulty with these assignments, it might not always

be possible to determine tannin type on un-extracted pieces of leather.
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Figure 5.7: FTIR spectrum of the flesh side (BS) of R12 and R15 and assignments for
vegetable (red), hydrolysable (blue), gallo- (purple) and condensed (green) tannins. The
~1610 em™! peak of vegetable tannins is not visible even as a shoulder under the collagen

amide I band. These spectra show some hydrolysable peaks for R12 and condensed peaks
for R15.

Reference samples R14 and R19 display somewhat similar spectra, but are different in
appearance, with R14 being a medium tan in colour and 2.5 mm in thickness cow leather
and R19 being a dark tan in colour and 3 mm in thickness pig leather with a very visible
grain pattern. These reference samples did not come with more information than vegetable
tanned, so they are appropriate for testing the method for determination of tanning type

described above on samples of known tannage type.

Both reference samples show the vegetable tannin peaks. Both also show hydrolysable
peaks, but gallotannins are more uncertain, though the peak at 757 cm ! looks pronounced
for R14 (similarly to R17 and R18), which perhaps suggests that R14 was tanned with
hydrolysable gallotannins, while R19 was tanned with hydrolysable ellagitannins. The con-
densed peaks are subdued for both, so perhaps both samples have been in contact with

condensed tannins, but they contributed less to the final tannage.
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Figure 5.8: FTIR spectrum of the grain side (TS) of R14 and R19 and assignments for
vegetable (red), hydrolysable (blue), gallo- (purple) and condensed (green) tannins. The
~1610 em™! peak of vegetable tannins is not visible even as a shoulder under the collagen
amide I band for R19. These spectra show clear hydrolysable peaks and suppressed condensed
peaks.

Reference samples R10 and R11 are both skivers (young sheep or goats), with R10 being
dark brown and 0.5 mm thick, and R11 being tan, lightly painted and embossed, and 0.5
mm thick. These samples are from the 1900s, but they have been kept in a pristine sample
book that has been rarely opened and hence show no signs of deterioration despite being of
a similar age to the deteriorated samples. Due to the lack of observed deterioration and the
qualitative similarities of their spectra to R17 and R18, they have been treated as equivalent
to the modern leather reference samples. Both reference samples show qualitatively similar
FTIR spectra, displaying vegetable tannin peaks, as shown in Figure 5.9. Both also show
clear hydrolysable and gallo- peaks, but condensed tannin peaks are not present in either,
suggesting a hydrolysable gallotannin tannage. The similarity to R17 and R18 might suggest
that these were goat skivers and that goat collagen does look identifiably different to the

remaining sheep, pig and cattle collagen types studied here.
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Figure 5.9: FTIR spectrum of flesh side (BS) of R10 and R11 and assignments for vegetable
(red), hydrolysable (blue), gallo- (purple) and condensed (green) tannins. The ~1610 cm ™!
peak of vegetable tannins is not visible even as a shoulder under the collagen amide I band.
These spectra show clear hydrolysable and gallotannin peaks and a lack of condensed peaks.

In almost all cases it was possible to determine whether a piece of un-deteriorated leather
was tanned using condensed or hydrolysable tanning methods, and the hydrolysable category
could often be split further into gallo- or ellagi- tannins without the need for extraction. It
also seems that goat leathers display spectra different enough to pig, sheep and cattle to
make qualitative identification possible in some cases. Both of these are however hard to
reliably conclude on such small sample sizes. This is especially true when taking into account
anomalous dispersion with a diamond ATR crystal, which causes red shifts with respect to
the band positions of spectra collected in transmission mode. For future work, it will be
important to use the same set up to analyse pure collagen, tannins and any other relevant

compounds to confirm their peak positions more accurately. [176]
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5.3.2 ATR-FTIR of deteriorated samples

For the deteriorated samples scrapings were collected to test whether they would be as good
as strips, in case that is all that was available, but also because they are primarily composed
of the corium. The grain layer is very thin and hence contributes little to the overall volume

[221]

of scrapings. The corium might not display surface dyes or treatments and hence be

easier to analyse or have a different level of deterioration than the grain and flesh.

For S1, the scrapings are most similar to the most deteriorated grain samples as shown
in Figure 5.10, which is consistent with them having been obtained mostly from the surface
and having been subjected to mechanical destruction as part of the scraping process. This is
useful to understand, as depending on available instruments and permissions obtained from
specimen owners it might be necessary to work with only pieces that have fallen off the

bindings of their own accord and cannot be reattached during consolidation.
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Figure 5.10: FTIR spectrum showing the similarity between grain (TS) and scrapings for S1.

S1 shows vegetable tannin peaks, as shown in Figure 5.11. In fact, all the sample spectra
display the vegetable tannin peaks other than the ~1610 cm ™1 peak, which is not visible
even as a shoulder under the collagen amide I peak. For deteriorated samples, this is to be

expected, as the 1651 cm ™1 component is correlated with denatured collagen which increases
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with deterioration. These will not be pointed out for each sample going forward.
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Figure 5.11: FTIR spectra of flesh (BS) and grain (TS) sides of S1. The ~1715 cm™!
hydrolysable peak is present. Gallotannin peaks are possibly present though ~871 cm™! and
~760 cm ™! are faint. Meanwhile, condensed peaks are mostly or entirely absent.

S1 is possibly a hydrolysable tanned leather, as one correct peak is present, while con-
densed peaks are mostly or entirely absent. Out of the hydrolysable peaks ~1715 cm ™1 is
clearly visible, while ~1320 cm ™1 isn’t. Since it is rare to see overlaps with collagen peaks
in the 1700s cm ™! area, this peak is taken as diagnostic for hydrolysable tannins even if the
second peak is uncertain. It is hard to determine if gallotannins are present or not. For any
sample, the ~1085 cm ™1 gallotannin peak overlaps with a collagen peak at 1080 em ™1, so
is not enough to be diagnostic, and for S1 the other two gallotannin peaks are very small.

This sample is too deteriorated to reliably be assigned a tannage.

The peak at 1080 cm~! dominates the S1 spectra, relegating the usually dominant fifth
vegetable tannin peak at 1030 cm ™! to a small shoulder. This is not something observed
in the reference samples. If this is a collagen based peak, then its increased size might be
due to a deterioration based structure change. This seems likely since it is strongly present
in all deteriorated sample spectra and changes in intensities of collagen amide sub-bands are

documented. 222l
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To quantify this effect, a ratio of the absorbances at 1030 cm ™! and 1080 cm™! for the
grain and flesh side of multiple locations for one piece and then for all reference samples in
one flesh and grain location each was taken, as calculated in the electronic appendices and

shown in Tables 5.1 and 5.2. FTIR peak ratios are often used to quantify degradation in
leather. [196,206,222]

The three ratios for R15 were the same to two decimal places for the BS (1.12) and TS
(1.06) respectively. They are shown to three decimal places in the table to display the small
differences between locations on the same sample. This is in line with the previous statement

about the homogeneity of undeteriorated samples.

Name ratio
R15 TSL | 1.057
R15 TSR | 1.063
R15 TSM | 1.060
R15 BSL | 1.122
R15 BSM | 1.118
R15 BSR | 1.116

Table 5.1: The ratio of the peak at 1030 cm ™! to the peak at 1080 cm ™ for three locations
each (L - left, M - middle, R - right) for the grain (T'S) and flesh (BS) sides of R15.

Henceforth ratios will be displayed to two decimal places, to avoid focusing on the small
inhomogeneities present in even the least deteriorated piece of leather. Based on the R15
results the assumption that undeteriorated pieces of leather display ratios which are the same
to two decimal places across different locations for a given side was made. Hence, in interests
of limited time, the remaining reference samples were only scanned in one location each per
side. However, it would be prudent to examine a larger number of pieces in this way to

confirm that this assumption is true.

Focusing on Table 5.2, all of the ratios for the flesh side (BS) are above 1, though R12
and R15 are closer to 1 than the other reference samples. R12 could be explained through
the mechanical strain that the surface modifications have had on the overall structure, but
R15 is an anomaly. The flesh side (BS) ratios are generally higher than the grain side (TS)
ratios, which would be consistent with the grain side being the side usually more exposed

to the atmosphere and touch and hence more prone to degradation. Alternatively, it could
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be an intrinsic property difference between the two sides or even both of those effects at the
same time. Further investigation of this difference is recommended. The R12 TS ratio is the
only ratio below 1, which is again likely caused by its weakened structure. Another departure

from the trends are that the ratios for R16 and R18 TS are higher than for their BS ratios.

Name | BS ratio | TS ratio
R10 1.4 1.31
R11 1.25 1.24
R12 1.04 0.90
R13 1.26 1.14
R14 1.79 1.61
R15 1.12 1.06
R16 1.31 1.40
R17 1.28 1.27
R18 1.46 1.60
R19 1.15 1.18

Table 5.2: The ratio of the peak at 1030 cm ™! to the peak at 1080 cm ™! for the grain (TS)
and flesh (BS) sides of each reference sample.

This 1030/1080 ratio was also then calculated for the S1 spectra (electronic appendices).
The S1 ratios are a lot more variable than the ratios for R15 and overall lower (below 1) than
those of the reference samples, ranging from 0.73 to 0.87. In fact, S1 is so inhomogeneous
that rotating the sample in place (as far as that was possible with human precision) under
the ATR attachment changed the ratio from 0.87 to 0.82. It is likely that a small shift

[223] (Photos of exact sample positions for

in the strip’s position occurred during rotation.
measurements are in the electronic appendices). This inhomogeneity might also be the reason
the grain ratios are not smaller than the flesh ratios, in contrast with most of the reference

samples.

The S10 sample is another very deteriorated sample, as can be seen on the photo shown
in Figure 5.12, where the tan powdery areas have almost completely obscured the original
brown leather. Despite this serious level of deterioration, the spectra display hydrolysable
and gallo- tannin peaks clearly, so are easy to assign. Even if the peak at 1080 cm™!
is an overlapped tannin and collagen peak enlarged by deterioration, the second and third

gallotannin peaks are isolated from other collagen peaks (as discussed in 4.5.1) and hence

good diagnostic peaks for gallotannins. Condensed tannins are a minor component if present
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at all. This suggests that S10 was tanned with hydrolysable gallotannins.

The spectra are inhomogeneous overall, which is consistent with an advanced level of
degradation. The TS is more inhomogeneous than BS which is consistent with it being more
exposed to the atmosphere and touch. Those conclusions are also confirmed by the 1030/1080

ratios, which are lower for the TS (0.76 — 0.86) than the BS (0.99 — 1.05), with the T'S placing

far below 1.
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Figure 5.12: Photo of the spine of S10; FTIR spectra of the flesh (BS) vs grain (TS) side of
S10 displaying higher level of homogeneity for the former than for the latter

The spectrum of the scrapings (C) qualitatively looks like the spectra of the TS, as
shown in Figure 5.13 and its ratio (0.81) also falls within the TS range. A new type of
sample (P) was tested for this binding. The library book code was stuck onto this book
with some sticky tape, which came off of the book with a layer of the deteriorated leather
stuck to it. This sticky tape was placed under the ATR attachment as with all the previous
samples and gave a spectrum that qualitatively resembled the BS spectra, but was more
intense and resolved, as shown in Figure 5.13 despite being taken from the cover (TS) of this
book. This is consistent with the hypothesis that the TS becomes more deteriorated, as it is
more exposed, and this small part of it, which was protected by sticky tape has deteriorated
less. If further investigated this could lead to some coatings that could be applied to the

leather to keep it from deteriorating.
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Figure 5.13: Photo of RRS10P; FTIR spectra of the grain (TS) side of S10 and C showing
similarity; FTIR of the flesh (BS) side of S10 and P showing similarity.

The S6 sample was the least deteriorated sample available. In fact, it might not be
suffering from red rot at all, as the smell associated with red rot degradation was hard to
detect. Qualitatively, the S6 spectra look like the reference spectra identified as goat origin
and in particular like R10, as shown in Figure 5.14. They display hydrolysable and gallo-
tannin peaks clearly. Condensed tannin peaks are a minor component more visible in TS,

[221]

which might signify that the dye is condensed tannin based. Perhaps, this book was

bound in goat origin leather tanned with hydrolysable gallotannins.

The S6 scrapings (C) give a less intense signal than the strip, unlike in S1 where they
are similar in intensity. This is consistent with the S6 strip being in an un-deteriorated state,
while the scrapings are much more deteriorated since the process of obtaining the scrapings
mechanically destroys the collagen and tannin structures. For S1, the strips are deteriorated
enough to be crumbling off of the surface and hence there isn’t much difference between them
and the scrapings. However, the S6 scrapings do resemble the TS once rescaled so that the
most and least intense peaks are normalised from 0 — 100 transmittance, as shown in Figure
5.14. That figure also shows a third type of sample (FP), which was collected by wiping a
piece of filter paper against the surface of the binding, to keep the books as intact as possible.
A clean piece of filter paper was used as the background and subtracted from this spectrum.

The signal for FP was much less intense than even that for the scrapings. When rescaled, it
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became clear that FP samples would not be enough for the planned analysis, as they were

not comparable to the strips and scrapings and are hence not discussed any further.
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Figure 5.14: Photo of the spine of S6; FTIR spectra of the flesh side of S6 in comparison with
R10; FTIR spectra of the grain side in comparison with scrapings and filter paper sample of

S6.

The 1030/1080 BS ratios are (1.22 — 1.26), higher than TS ratios (1.14 — 1.17), but both
above 1. The spectra are also very homogenous with BS being slightly more homogenous
than TS. They resemble the reference samples in that, which is consistent with S6 being
the least deteriorated-looking sample. The scrapings have the lowest ratio (1.03) of the S6

samples, which is consistent with them being most damaged.

The S3 spectra display hydrolysable tannin peaks. The gallo- and condensed tannin
peaks are a minor component if present at all. By process of elimination, it is possible that
this leather was therefore tanned with ellagitannins. Moreover, the grain side is dyed an
intense black (unlike the light brown flesh side) which might be why its FTIR signals display
peaks not observed for its flesh side or for the heretofore examined leathers; most notably a

very large peak at 1014 cm™!, as shown in Figure 5.15.

The unusual results for the TS extend to the 1030/1080 ratios, which are above 1 (1.01 —
1.13) and higher than for BS (0.78 — 0.86). BS ratios are quite low, which in conjunction with
the presence of the smell associated with red rot and the ease with which pieces of the grain

layer flaked off of the surface of the binding prompted a reclassification of this sample from
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the original S to current L. The reason for the original classification was that the saturated
layer of dye on the surface of the binding did not display the usual red rot powderiness, as

can be seen in Figure 5.15.
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Figure 5.15: Photo of the spine of S3 showing the black dye and flaking, and FTIR spectra
of the grain vs flesh side of S3 displaying higher level of homogeneity for the former than for
the latter.

This initial confusion over the deterioration classification, the high 1030/1080 TS ratios
and the fact that the TS spectra appear homogenous unlike the BS spectra, as shown in
Figure 5.15, suggests that a thick layer of dye on the surface of a binding keeps the collagen
and tannin structure from deteriorating. Since this is only true for the surface of the binding,
however, the corium and flesh layers, which the dye does not reach, deteriorate, as expected.
This would also explain the ease with which only the topmost, dyed grain layer flakes off of
the binding.

The spectrum of the scrapings is slightly lower intensity than the spectra for the BS
but it does resemble them strongly, even without rescaling. This is in line with the new
classification of this sample, as very deteriorated and confirms that scrapings could be used

if strips were unavailable.
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S2 is another deeply dyed sample like S3, as shown in Figure 5.16. The S2 spectra
display hydrolysable and gallo- tannin peaks clearly, while condensed tannin peaks are a
minor component if present at all. This suggests that S2 was likely tanned with hydrolysable
gallotannins. The very large peak at 1014 ecm ™! visible for S3 is not present for S2, suggesting

that that peak is particular to the black dye.
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Figure 5.16: Photo of the spine of S2 showing the green dye and flaking and FTIR spectra
of the grain vs flesh side of S2 displaying higher level of homogeneity for the former than for
the latter.

The 1030/1080 ratios are lower for the TS (0.94 — 0.99) than for the BS (0.97 — 1.02)
and close to 1, which is consistent with TS being more deteriorated, but the overall sample

being only moderately deteriorated (M).

Similarly to S3, the TS is overall slightly more homogenous than the BS and visually a
similar flaking effect of the green dye can be observed on the surface of the binding, as shown
in Figure 5.16. Perhaps dying a cover green requires less coating than black, which would
explain why the S2 T'S FTIR spectrum is more similar to the usual leather spectra than that
of S3. S2 is also less deteriorated than S3. These factors in combination could explain why

the dye effect is less pronounced here.

As with S3, the spectrum of the S2 scrapings looks qualitatively like the BS spectra, but
need rescaling like the spectrum for S6 for finer analysis, as the S2 strips are only moderately

deteriorated.
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S18 spectra display hydrolysable and gallo- tannin peaks clearly. Condensed tannins are
a minor component if present at all. This suggests a hydrolysable gallotannin based tannage.
The 1030/1080 ratios for TS (0.81 — 0.89) are lower than BS (1.03 — 1.19) and below 1 for
TS but above 1 for BS. This is consistent with a moderately deteriorated sample.

The edges of the flesh side (BS) for S18 give spectra that look quite similar to the S3 TS
spectra, as shown in Figure 5.17. In particular, S18 also shows a strong peak at 1014 cm ™!,
The binding for S18 is very dark in colour, similarly to S3, adding weight to the hypothesis
that these features are associated with strong dyes. That this effect is observed for the BS
and not the TS, is unexpected. A closer examination of the S18 piece shows that the TS is
missing dye in many places, and the light brown corium layer usually found below the grain
is visible. It is likely that the TS spectra taken for this piece have avoided the dyed grain
and captured the undyed corium. Meanwhile, the BS is also a very dark colour, suggesting
that it too was dyed, unlike in the case of S3 where the BS remained undyed. That accounts
for the dye effect observed for the edges of this piece. The 1030/1080 ratios for the edges are

also the highest, which is in line with the S3 TS ratios.
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Figure 5.17: Photo of the strip on both TS and BS of S18 used for FTIR experiments with
positions (left - L, middle - M, and right - R) the ATR attachment scanned circled in red;
FTIR spectrum of S18 BSR in comparison with S3 TSL.
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However, one spectrum from the middle of the flesh (BS) side for S18 looks similar to
those of S2 instead, as shown in Figure 5.18. The middle part of the S18 piece is more light
brown than the rest, and hence likely showing the undyed corium below, but on the flesh
side this time. The low 1030/1080 ratio (1.03) for this part is also consistent with the lack

of dye.

The spectrum of the scrapings (P) qualitatively looks like the spectrum for the TS, as
shown in Figure 5.18, which is consistent with the TS spectra actually showing the corium,
as surface scrapings would include mostly upper corium, as the grain is only a thin layer on

top of it.
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Figure 5.18: Photo of the spine of S18; FTIR spectrum of SI8M BS in comparison with S2
BSM; FTIR spectra of the TS and scrapings of S18.

Samples S16 and S15 are still part of the NHM collection and hence only tiny pieces,
equivalent to scrapings, that fell off while handling were collected. Both spectra show the
first but not second hydrolysable peak. The gallotannin second and third peaks are also
very faint, while condensed peaks are prominent, making it likely that these samples are
condensed or at least of mixed hydrolysable/condensed tannage. These are the first such
mixed tannages observed among these samples. The 1030/1080 ratio for S15 is 0.95 and 1.00
for S16. Despite both of these bindings having been dyed black, as previously mentioned

scrapings are mostly composed of the corium and hence are unlikely to show the dye effect.
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Finally, both of these samples have been treated with Klucel G - a cellulose based
treatment used in leather conservation. The FTIR spectrum for Klucel G was also obtained
and is shown along with the spectra of S15 and S16 in Figure 5.19. The Klucel G peaks are
not visible in the S15 and S16 spectra, suggesting that this treatment either doesn’t penetrate

into the corium, or that it might have been scraped away during normal use.
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Figure 5.19: A photo of the cover of S16; FTIR spectra of the scrapings of S15 and S16, as
well as for Klucel G.

5.3.3 Conclusion

A summary of all of the findings about tannage and 1030/1080 ratios discussed above can
be found in Table 5.3. The tannages for most samples could be determined with the method
developed on the reference samples. The most common tannage within the sample data set
is hydrolysable gallotannin. Leathers tanned with hydrolysable tannins have been shown

[224], so this seemed

to be less prone to red rot than those tanned with condensed tannins
surprising at first. However, condensed samples could have not lasted at all to this day and

the NHM collection could be biased due to availability of tannins or tanner preference.
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Sample | Tannage Deterioration | T'S range | BS range | Scrapings
S1 Unknown L 0.76 - 0.87 | 0.73 - 0.79 | 0.89
S2 Gallotannin | M 0.94-0.99 | 0.97-1.02 | 1.00
S3 Ellagitannin | L 1.01 - 1.13 | 0.78 - 0.86 | 0.90
S6 Gallotannin | S 1.14 - 1.17 | 1.22 - 1.26 | 1.03
S10 Gallotannin | L 0.76 - 0.86 | 0.86 - 0.99 | 0.81
515 Mixed M N/A N/A 0.95
516 Mixed M N/A N/A 1.00
S18 Gallotannin | M 0.84-0.89 | 1.03-1.19 | 0.88

Table 5.3: The proposed tannages, deterioration levels, and ratios of the peak at 1030 cm !
to the peak at 1080 cm ™1 for each sample.

Some tannin peaks used for identification are present as shoulders and hence hard to
assign, which could be improved by using 1st and 2nd derivatives. However, due to the data
having been collected at 16 sample scans per spectrum, no matter the accuracy of the finite
difference method used on the data, the resulting derivatives are incredibly messy. At such
a low scan number the data’s signal to noise ratio is too low, and calculating derivatives
hugely amplifies high frequency noise and makes differentiating signal from noise impossible.
It would be prudent to collect data with higher numbers of sample scans and analyse it with

derivatives to confirm these findings.

Another check needed to validate these results would be to remove the collagen peak
overlaps with the tannin peaks. This could be done through obtaining ATR-FTIR collagen
spectra and subtracting them from the leather spectra or through extracting the tannins

from the leathers into solution. Both would be interesting to see.

When looking at the entire 1030/1080 ratio data set and discounting the S3 TS due
to its strong dye effect, the ranges for different degradation levels are, as shown in Table
5.4. These ratios could be used to determine degradation classifications for leather bindings,

which should prove useful to conservators.

However, these ratios are somewhat imprecise due to the differences between types of
animal of origin, tannage, and especially strong dyes. Therefore at present, these ratios
should be used in conjunction with other observations and only when a thorough analysis of

a number of positions on a piece can be performed.
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TS BS Scrapings
S | 1.14-1.17 | 1.22-1.26 | 1.03
M| 0.84-0.99|0.97-1.19 | 0.88-1.00
L |0.76-0.87]0.73-0.99 | 0.81-0.90

Table 5.4: The proposed ratio ranges of the peak at 1030 cm ™! to the peak at 1080 cm ™!
for different degradation levels.

In addition, the 1030/1080 ratios are not precise without deconvolution, as has been

[206,225,226] Hepce they are examined in this

previously done by others in such circumstances.
work as a quick proof of principle. Since it looks like there is a pattern worth investigating

here, these peaks should be deconvoluted and identified and then tried out on more samples.

Furthermore, while a general degradation pattern has clearly been identified here, it
might not be red rot specific. No historic, but definitely unaffected by red rot bindings
were analysed in this study, since they are considered more valuable and hence not open to
destructive analysis. Having extensively compared different types of samples using FTIR,
it is clear that a lot can be gleaned from studying pieces that have fallen off and cannot
be reattached, but also that entire books can be subjected to the ATR attachment. This
method is non-destructive, with only a small imprint of the ATR attachment left behind in
the leather surface after testing. To determine if the above observations are red rot specific,

historic books of various levels of degradation, but which are not suffering from red rot should

be examined.

During this project, it also became apparent that red rot degrading leather emits a hard

[160] A different method of identifying red rot degradation

to describe but characteristic smell.
and even classifying the level of such degradation worth exploring is gas chromatography
(GC). No studies of red rot degraded leathers with GC were found within the literature, but

GC has been used on modern collagen-based materials. [227-229]
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54 SEM

For the Scanning Electron Microscopy (SEM) analysis a JEOL JSM—-IT500 scanning electron
microscope was used. Samples were prepared on 10 mm aluminium stubs and attached with
an adhesive carbon tab without coating. The strip samples were cut into three pieces to
show the grain (TS), flesh (BS), and cross section (CS), while scrapings (C and P) were
either placed onto the adhesive directly or the adhesive was lightly pressed to the surface
of a book binding taking away with it some material. Imaging was conducted at a range
of distances matching specimen heights and an electron gun accelerating potential of 15
kV. Qualitative X-ray microanalysis was carried out using an Oxford Instruments XMax
80 solid state Energy Dispersive Spectrometer (EDS) detector, controlled by Aztec software
Version 5.0. No corrections or additional measurements that would allow for quantification

230]

were performed. All of the images and spectra obtained can be found in the electronic

appendices. An example set up for an SEM measurement is shown in Figure 5.20.

Figure 5.20: SEM set up showing samples attached to stubs with adhesive.
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One of each type of animal was chosen for reference sample testing (R12, 13, 15, 17).
Out of deteriorated samples, at least two samples of each degradation classification (S,M,L)
were chosen for detailed tests (S1 —4, 6, 8, 10, 18, 20), and two samples treated with Klucel
G (S15, S16).All collected SEM and EDX data is included in the electronic appendix folders
as image files. Fungi colonies were not identified in any of the deteriorated leathers, as was

210]

expected from these samples.[ This confirms the long established treatment of red rot as

a different process to bio-deterioration.

5.4.1 SEM of reference samples

An example set of TS, CS, and BS images for R15 is shown in Figure 5.21. The grain pattern
is clearly visible on the reference samples (Figure5.21 left) and can be used to identify the
animal of origin for a piece of leather. R15 was confirmed as calf leather when compared to

the literature, [208,231,232]
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Figure 5.21: SEM of R15 showing left: the grain (TS), middle: cross section (CS), and right:
flesh (BS) sides.

The cross sections of the reference samples show a very ordered structure of the collagen
fibre matrix. The largest bundles are seen in the centre of the corium and they become more
horizontal, forming a limiting layer below which the muscles would have been (Figure5.21
middle). The fibre bundles can also be clearly seen on the flesh side (Figure5.21 right).
However, they get progressively smaller as they approach the grain, where they form a layer
of tightly-woven, fine fibres that cannot be resolved without staining. [158] This network of

collagen fibres is most clearly visible in R17 as shown in Figure 5.22.
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Figure 5.22: A zoom into an SEM image of R17 showing the cross section. Taken from A.47.

R12 was the only reference sample that did not display a grain pattern, likely because
it has been sanded and embossed, as shown in Figure 5.23. The cross section also looks
more disordered than for the other samples, which could be due to loss of structural integrity
during embossing or due to the fragility of the leather itself, if for example it was taken from

a young animal. This is consistent with observations made about R12 in the FTIR section.

100 Pa [G1x30 — 500 M 3ED-S 0. High-PC 700 100 Pa [S1x30 — 500 M

Figure 5.23: SEM of R12 showing left: the grain (TS), right: the cross section (CS).
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5.4.2 SEM-EDX of reference samples

The grain (TS), corium (CS) and flesh (BS) side of each strip was then subjected to EDX
analysis. All examined samples contain mostly C, O, and N, which is expected of a collagen-
based material. The other most common elements are: Na, Mg, Al, Si, P, S, Cl, Ca with
K and Fe sometimes present. All of these elements are expected due to the various leather-
making processes described in the Introduction (4.1). R12 was the only reference sample
that showed the presence of Cr, as shown in the SEM-EDX in Figure 5.24. This suggests

that it was chrome tanned before being retanned with vegetable tannins.

All reference samples also sometimes show bright ‘specks’ among the collagen fibres, as
can be seen in the centre of the SEM image from the top of Figure 5.24. When these white
specks are subjected to EDX analysis they show presence of Si, Al, Na and/or Ca which are
either absent or much less visible in spectra taken from other areas of the sample. Many
specks also show an increased presence of O (compare spectrum 1 with spectrum 3). These
could be silicates and/or salts of fatty acids which are likely present due to leather-making

[190,210,213]

processes or as part of dust and dirt. A spreadsheet with the elements detected

in each area, with the specks highlighted is available in the electronic appendices.

Finally, Ti was found in R13. Titanium and combined chrome-titanium tanning is an

[233-236] 4nd hence it is possible that the

area that is an actively explored area of research
detected Ti comes from the tanning method. Despite R13 being a sample from J Hewit &
Sons, which prides itself on not using heavy metals such as Cr or Ti in their tanning, the
leathers they purchase often come already tanned and are only retanned by them. Hence it

is difficult to rule out titanium tanning in this case.
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RR12 BSMx230 Spectrum - [¢ RRR12 BSMx230 Spectrum 3
RRR12 BSMx2: P 1 RRR12 BSMx230 Sp 3

Figure 5.24: Top: SEM of R12 showing where EDX spectra were taken from; bottom left:
EDX spectrum 1, bottom right: EDX spectrum 3. Spectrum 2 can be found in A.48.
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5.4.3 SEM of deteriorated samples

The SEM images of the grain (TS) of deteriorated samples S6, S2 and S10, which show
increasing (S, M, L) levels of degradation, are shown in Figure 5.25. S6 shows a smooth top
layer broken up by cracks and some gaps. For S2, the top layer is partially missing, exposing
the collagen fibrils beneath. For S10 what looks like a powdery surface to the naked eye looks
fibrous under SEM. This is in great contrast to the reference samples which show a smooth
and unbroken top layer with a visible grain pattern. The deteriorated samples do not display
a grain pattern which is understandable for the samples that have eroded and deformed, but

even the least deteriorated S6 is lacking a grain pattern.

Figure 5.25: SEM of the grain (TS) of deteriorated samples. Left: S6, middle: S2, right:
S10.

Red rot is characterised by the leather surface cracking and then turning into a powder
(4.4.1). This powder that comes off the leather upon touch was analysed. It was confirmed
to be made of segmented collagen fibres of varying lengths and thicknesses. When compared
to the fibres found in the flesh side (BS) of the same sample, they are on average clearly

much shorter and thinner, as shown in Figure 5.26.

The cross sections of deteriorated samples shown in Figure 5.27 illustrate what happens
to the collagen fibres in the corium during deterioration. The very ordered fibrillar network
displayed by the reference sample cross sections is still somewhat visible in S6. In S2 a loss
of the fibre matrix cohesion can be observed due to partial unwinding of collagen fibres and
in S8 the grain layer is splitting away from the corium and the fibrils appear to be melting

together or gelatinising.
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Figure 5.27: SEM of the cross section of deteriorated samples left: S6, middle: S2, right: S8.

Finally, the flesh side of the deteriorated samples, shown in Figure 5.28 shows long,
thick and ordered fibrils for S6, cohesion loss and criss crossing in S2 and S3, and some

gelatinisation present in S3 as well.

Figure 5.28: SEM of the flesh (BS) of deteriorated samples left: S6, middle: S2, right: S3.
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Some deteriorated samples like S1 or S8 have a layer of paper stuck to the flesh side (BS).
Paper is a cellulose-based material with a supramolecular fibre matrix, somewhat similar
to that of leather. Paper has its own set of deterioration processes though they are also
hydrolysis- and oxidation-based. The solutions to those problems are different. 237 The
details of those problems and solutions both are beyond the scope of this work. The paper

fibres can be clearly seen on SEM, as shown in Figure 5.29 in contrast with the leather fibres.

C 9mm  High-PC
NOR 0 NOR 0006 June

Figure 5.29: SEM of the deteriorated sample S1. Left: flesh side (BS) with paper stuck to
it, right: grain (TS) with no paper.

Similarly to what was found in the FTIR results, S3 and S18 look unusually intact in
some ways. S3 shows a smooth and intact top layer on the grain (TS) with some cracks, as
shown in Figure 5.30. It resembles S6 more than any of the other deteriorated samples. S18
shows such a layer on both the grain (TS) and the flesh (BS) sides, as shown in the same
figure, though the edges of the flesh side show fraying as well. A smooth layer on the flesh
side is quite unusual - neither the reference samples, nor the other deteriorated samples show
that. This is however consistent with the hypothesis postulated in the FTIR section, that
the TS for both S3 and S18 and the BS for S18 have a thick layer of dye on top. In both
deteriorated samples the dye gives a smooth surface layer, which resembles an undeteriorated

sample, while the fibres underneath display more deterioration.
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Figure 5.30: SEM of deteriorated samples left: S3 grain (TS), middle: S18 grain (TS), right:
S18 flesh (BS).

Similarly to what was seen in the FTIR section, the S16 and S15 scrapings do not look
different to other leather samples despite having been treated with Klucel G in the past.

SEM images of deteriorating samples of leather found in the literature have shown erod-

211,238,239 and a similar effect was even achieved on new leathers

[159]

ing surfaces like these,

through the use of mechanical force. Loss of the order in the fibre matrix cohesion has

212,220,240] 44 well as the criss-crossing. [190:241.242] Thig gug-

also been observed previously,[
gests that these features are common to most types of leather deterioration which are not

biologically based, such as hydrolysis or oxidation (4.4), and not just red rot.
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5.4.4 SEM-EDX of deteriorated samples

SEM-EDX analysis was performed on the deteriorated samples. Frequently detected elements
are as follows: C, N, O, Na, Mg, Al, Si, P, S, Cl, Ca, K and sometimes Fe and Cu, which
is comparable to the reference samples. Many of the EDX spectra for the more deteriorated
samples show a much smaller diversity of elements, which is consistent with a slow loss of
material, leaving behind only the collagen fibres. The presence of Fe and Cu in some samples
can be explained by the marbling baths sometimes used for leather decoration containing iron

[243]

and copper sulfate. This could have contributed to deterioration of the leathers, as the

presence of metal ions can cause damage in a few different ways: through catalysing oxidation
reactions, through reacting with tannins and causing detanning and by crystallising as salts

[243]

and loosening the collagen network. Cr was not found in any deteriorated sample, which

is in line with the expectations that these books predate chrome tanning.

Overall, more bright specks are visible in the deteriorated samples than in the refer-
ence samples. Crystalline deposits are called ‘spues’ in the leather trade and happen when

unbound species within the leather migrate to its surface due to cyclical changes in environ-

[244]

mental conditions. S6 is a good illustration of this. While no specks were visible on the

intact top layer of the grain, the exposed fibres of the corium and flesh side exhibit many

bright spots, as shown in Figure 5.31.

When analysed these specks are confirmed to sometimes be made of Si, Al, O, and K,
likely silicates, as discussed previously. There are also a lot of Ca specks. Calcium hydroxide
is used in the liming baths during leather manufacture and it can react with COg9 in the

atmosphere to give calcium carbonate. Powdered gypsum (CaSO,4) was also sometimes used

174]

to remove fat,[ or created when sulfate ions react with calcium milk used in the unhairing

243] Either source of Ca can also saponify when near fatty acids (present in oils used

176]

process. [

S6 also shows one Na and Cl speck, which is much rarer, but
[245]

to treat leather surfaces).[
likely due to sodium chloride used in curing. The scrapings (P and C) show some specks
as well, but fewer than strips. This is presumably due to there being less material overall for
the scrapings. More deteriorated samples show fewer specks, likely because the spues that

have migrated to the surface, could detach from the leather more easily.

136



Figure 5.31: Top: SEM of the flesh side (BS) of deteriorated samples S6. Bottom: SEM-EDX
of the specks found on the fibres of S6 showing left: Ca speck, middle: Si, Al, O and K speck,
right: Na and Cl speck.

More interestingly, Ti was found in S3, as shown in Figure 5.32. S3 is a much older
sample than R13 (a reference sample containing Ti), as the book it came from was published
in 1965, which predates the early patents for use of Ti in leather tanning. For leathers of

such age it is more likely that Ti was used in a dye, perhaps titanium dioxide, frequently used

246]

to lighten other dyes.[ Titanium dioxide has also been used in disinfection of parchments

[247,248]

and leather bindings, so it could have been used in conservation.
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[ RRS3S BSMx150 Spectrum 11

Figure 5.32: SEM of the flesh side (BS) of S3 and SEM-EDX of the speck. The speck is
labelled Spectrum 1 on the SEM image. Spectra 2 and 3 can be found in A.49.

Finally, Ba was detected in S2 and S16, as shown in Figure 5.33. Ba has been found
in leathers before, likely as a component of the pigments used to dye or paint them. [214,217]
The two bindings that contain Ba are not the same colour (green and black) and the most
well known use of Ba in pigmentation is barium white, so again it might have been used to
lighten the colour. Alternatively, barium hydroxide has been used in paper conservation for

purposes of deacidification, which could be another source. [249]

[ RRS2Cx95 Spectrum 1

500um

Figure 5.33: SEM of a scraping (C) of S2 and SEM-EDX Spectrum of the speck. The speck
is labelled Spectrum 1 on the SEM image. Spectra 2, 3, and 4 can be found in A.50.
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5.4.5 Conclusion

Leather book bindings suffering from red rot appear similar to those suffering of other types of
non-biological deterioration. The powder that comes off of the leather upon touch is made of
collagen fibres with occasional specks mostly made up of calcium salts or silicates. However,
these findings would benefit from being compared to historical book bindings which are not
suffering from red rot as well as to modern book bindings. A calibration with standards
would allow for more precision when determining the chemical make up of the surfaces with
SEM-EDX, which could allow for more understanding of the deterioration processes, through
for example, a comparison of sulfur content between deteriorated samples, as sulfur presence

is linked to red rot.

As for conservation purposes, the surface dye effect observed with FTIR and SEM sug-
gests that protecting the leather from the elements might be beneficial, but that doing so
only to the surface is not enough and it would need to penetrate into the corium to have
satisfactory results. However, this might be challenging to develop without negatively im-
pacting the feel of the leather, which is an important part of a leather book binding. This
is not the focus of this project, but various coatings for leather are being investigated in the

wider literature. [224,242,250]
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5.5 ICP Analysis
5.5.1 ICP-OES

An attempt at measuring the total metal content for pieces of leather was made. For initial
experiments, 100 mg of R15 was left stirring in nitric acid overnight, and the digestion looked
successful, however, a precipitate was formed upon dilution. Since the solution did not retain
all of the matter, testing this sample would not give meaningful results. Aqua regia did not
digest the entire sample even after a few weeks and leaving the sample in the original nitric
acid for a week also did not avoid precipitation. A microwave digestion could be successful,

251] Due to these problems, total metal content was not

but it was deemed too dangerous.
assessed and extractable heavy metal content was assessed instead. Fortunately, total metal
content is the less useful measure of the two for this work, as the book bindings are touched by
people rather than consumed, therefore it is more important to know what can be extracted
from the leathers into human sweat than what exactly is present in total.

Next, the extractable heavy metal content was assessed. OEKO TEX (see Section 4.5.3)

uses ISO methodology [252:253]

for this purpose. It requires 2 g of leather in 100 ml of artificial
sweat solution or 1 g in 50 ml. The latter was chosen to preserve resources, however, even 1 g
is a large proportion of the entire binding, as leather is not a dense material. Therefore only
four deteriorated samples were available for testing (S3, 5, 6, 21), S6 having a degradation

classification of S, while the others are L. To complement these, four reference samples, one

of each type of animal were also tested (R12, 13, 15, 17).

The ISO methodology was followed during sample preparation. Leathers with water
content above 30% need to be dried according to said methodology, but vegetable tanned
leathers do not exceed that limit in the current atmospheric conditions within the UK, [219]
therefore drying was deemed unnecessary. Measurements without humidity errors could be

obtained if the samples were dried to ensure the lowest permissible elements are definitely

within regulations, in the future.

A gram of each sample, cut into small pieces (~5 mm x 2 mm) was weighed out and

stirred in 50 ml of an artificial sweat solution (per litre: 0,5 g of L-histidine monohydrochloride
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monohydrate; 5 g of sodium chloride; 2,2 g of sodium dihydrogen phosphate dihydrate) for
4 h. The leather pieces were then filtered out and the solution was acidified with 2.5 ml of

nitric acid (70%). The solutions obtained are shown in Figure 5.34.

=

Figure 5.34: Solutions of extracted reference and deteriorated leathers.

An Optima 2000 ICP-OES spectrometer (PerkinElmer, MA, USA) in the axial view
mode was used for elemental analysis. Operating conditions, accessories, and spectral lines
monitored are summarised as follows: plasma power of 1300 W, signal integration time (5 s),
and processed in peak area mode, using 7 points/peak for integration. The injector tube was
made of alumina and had an internal diameter of 2 mm. Argon was used as the plasma (15
L/min), auxiliary (0.2 L/min) and nebuliser gas (0.6 L/min). Nitrogen was used as purging
gas (2 L/min) in the optical system of the spectrometer. The analytical wavelengths were
(nm): Ba-233.527, Cd-214.44, Co-228.616, Cr—267.716, Cu-327.393, Ni—221.648, Pb(II)-
220.353. A multi-element standard with Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In,
K, Li, Mg, Mn, Na, Ni, Pb, Sr, T1, Zn, in the range 1 — 100 mg/L (0, 1, 5, 20, 40, 60, 100
and 10 as quality control mg/L ) was used for calibration. The measured mass fractions were

then corrected to account for the dilutions according to Equation 1. [254]

Won i — Wh

Where wy is the mass fraction of the metal extracted from the leather (mg/kg), wy ; is
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the concentration of the metal in question determined by the instrument (mg/L), wy ; is the
concentration of the blank (artificial sweat solution) determined by the instrument (mg/L),
m is the mass of the sample (g), V7 is the volume of the artificial sweat solution (ml), F; is

the dilution factor derived from the acidification or any further dilutions.

Out of the heavy metals that OEKO-TEX publishes permissible limits for As, Cr(VI),
Hg and Se were the only metals not included in this test, as they were not present in the
multi-element standard used. Cr(VI) can be present in chrome tanned leathers in very small
amounts, as it exists in an equilibrium with Cr(III), but it is not relevant to vegetable tanned

leathers which do not contain large amounts of chromium. [255]

The machine calibration combined with the correction to the measured mass fractions
means that the range of corrected mass fractions that can be reliably measured is ~ 52.5 —

5250 mg/kg.

No elements other than Cr for reference samples R12 and R15 were detected within

those limits, as shown in Table 5.5.

Sample ID | Element | w; (mg/kg)
R12 Cr 94.4
R15 Cr 79.7

Table 5.5: Corrected mass fractions (w;) of detected elements extracted from leather samples
using an artificial sweat solution. Remaining results can be found in the electronic appendices.

All samples are therefore within the OEKO-TEX Cr limits of 200 mg/kg. The high levels
of Cr in R12 and R15 could mean that they were originally chrome tanned before being re-
tanned with vegetable tanning methods if the metadata classifying them as vegetable tanned
is assumed to be correct. The analysis of the SEM-EDX results has already flagged R12 as
containing Cr, but for R15 it did not show much presence of Cr. Chrome tanned leather
has been reported to have mass fractions of extractable Cr between 50 - 500 mg/kg. [255]
Both R12 and R15 fall within that range. As SEM-EDX was not able to identify R15 as a

sample with significant Cr content, it is an unsuitable technique for telling apart chrome and

vegetable tanned leathers.
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The only other limit tested for that is also above the lowest reliable range of detectable
mass fractions of ~ 52.5 mg/kg for this method is Ba at 1000 mg/kg. Since Ba was not
detected, all samples are also within the safe limits for Ba. Since the remaining elements
were not detected at this sensitivity, the extracts will need to be tested with a different

technique.

5.5.2 ICP-MS

Multi-element analysis of diluted solutions was undertaken by ICP-MS (Thermo-Fisher Sci-
entific iICAP-Q). Samples were introduced (flow rate 1.2 ml/min) from an autosampler (Cetac
ASX-520) incorporating an ASXpress rapid uptake module through a perfluoroalkoxy (PFA)
Microflow PFA-ST nebuliser. Sample processing was undertaken using Qtegra software util-
ising external cross-calibration between pulse-counting and analogue detector modes when
required. Internal standards, used to correct for instrumental drift, were introduced to the
sample stream on a separate line (equal flow rate) via the ASXpress unit or added directly
to calibration standards and samples and introduced on a single line. Internal standards
included combinations of Sc (10), Ge (10), Rh (5), Re (5) and Ir (5) pg/L. The matrices
used for internal standards, calibration standards and sample diluents are typically either
2% Primar grade HNOj3 (Fisher Scientific, UK) with 4% methanol (to enhance ionisation of
some elements). A multi-element solution with Ag, Al, As, Ba, Be, Cd, Ca, Co, Cr, Cs, Cu,
Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Rb, S, Se, Sr, Ti, T1, U, V and Zn, in the range 0 —
100 pg/L (0, 20, 40, 100 pg/L) was used.

Hg was not tested for due to the high carryover effect, which can cause problems for

future measurements with this machine. [256]

Alternative equipment such as the DMA-80 is
available, but requires a different preparation method and was hence not explored in this

work.

The leather extracts needed to be diluted fifty-fold for ICP MS due to the very high
concentrations of Na ~ 2300 mg/L in the artificial sweat solution. High concentrations of Na
reduce the ionisation rate of the elements in the plasma making the internal STD correction

not reliable which is an analytical limitation of the technique. If the mass fractions of any
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of the elements of interest fall below the limit of detection (LOD) as a result of this dilution

then another technique will be necessary to measure them.

To determine the LOD, the artificial sweat solution was tested four times as a blank for
all of the elements and the mean (u) and standard deviation (o) of these results were used to
calculate the LOD = p + 30 and limit of quantification (LOQ) = p+ 100. [257] The LOD for
Cd is below but within the order of magnitude of the very low permissible limit of extraction
for leather (0.1 mg/kg) after the dilutions. The remaining LODs are at least an order to

several orders of magnitude higher.

The detected mass fractions were corrected according to Equation 1 and are shown in
Table 5.6. Mass fractions measured for the samples that fall below the LOD are denoted as
<LOD in the table.

Cr Co Ni Cu | As Se Cd Ba Pb
R12 160 0.0540 | 0.348 | 1.32 | 0.0353 | <LOD | 0.0224 | 0.804 | 0.111
R13 21.9 | 0.0426 | 0.274 | 1.67 | 0.0488 | <LOD | <LOD | 5.21 | 54.2
R15 132 0.0263 | 0.438 | 1.83 | 0.0396 | <LOD | 0.0276 | 1.24 | 0.686
R17 1.51 | 0.0446 | 0.516 | 2.85 | 0.0327 | <LOD | 0.0343 | 1.68 | 1.88

S3 7.75 | 0.0882 | 0.646 | 7.78 | 0.526 | 0.0784 | 0.316 | 6.99 | 71.0
S5 0.986 | 0.161 | 0.439 | 3.50 | 1.08 0.0570 | 0.0918 | 2.06 | 20.0
S6 0.337 | 0.481 | 0.515 | 5.32 | 1.26 0.0178 | 0.0994 | 3.18 | 8.09
521 1.71 | 0.0907 | 0.375 | 3.34 | 14.2 0.0581 | 0.520 | 3.33 | 8.92
Limits | 200 |4 4 50 1 100 0.1 1000 |1

Table 5.6: Corrected mass fractions (w;) of detected elements extracted from leather samples
using an artificial sweat solution and the OEKO-TEX permissible limits in mg/kg.

As was already established with ICP-OES, all of the reference samples are within the
permissible Cr and Ba limits, with R12 and R15 showing the highest mass fractions of Cr.
Ni, Cu, and As were detected far below the permissible limits. Se is also definitely within the
permissible limits, as the mass fractions fall below the LOD, it is even possible that none is
present in solution. Co is a bit more complex, as the measured mass fractions fall above the
LOD but below the LOQ for R13, R15, and R17. This makes the mass fractions for those
reference samples less certain, but they are definitely present. However, considering that the
permissible limit is two orders of magnitude higher than the detected mass fractions it is very

unlikely that it is exceeded. Hence, it is likely that all the reference samples fall within the
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permissible Co limit. Pb is a more worrying case; R12 and R15 fall within the permissible
limit, while R17 exceeds it, and R13 exceeds it by far. Finally, R13 is below LOD for Cd,
but R12, R15, and R17 are above LOD and below LOQ and since they are within the order
of magnitude of the permissible limit, it is not certain if those values are actually within it
or not. Cd and Pb are hence a possible concern for these reference samples, but a different

technique might prove more useful for Cd.

Similarly, the deteriorated samples were also all within the Cr and Ba limits. Ni and Cu
were detected far below the permissible limits. The Se values are within permissible limits
for S3, S5, and S21, but below the LOQ for S6. Following similar logic to above though, all
of the samples should fall far below the permissible Se limits. S3 falls below the permissible
limit for As, but S5, S6 and S21 are above it. S5 and S6 are very close to the Cd permissible
limit, while S3 and S21 exceed it and all deteriorated samples exceed the Pb permissible

limit, so it appears that these deteriorated samples may have unsafe levels of As, Cd, and

Pb.

The extractable content of other elements (B, Na, Mg, P, S, K, Ca, Ti, Li, Be, Al, V,
Mn, Fe, Zn, Rb, Sr, Mo, Ag, Cs, T1, U) was measured at the same time as the heavy metals.
Mg, K, Ca, Ti, Al and Zn were detected for all samples and Ag for some, confirming some
of the SEM-EDX detections. Na and P could not be quantified, as they are present in large
quantities in the artificial sweat solution. The mass fractions for S come out to a few thousand
mg/kg for the reference samples, while for the deteriorated samples they are in the tens of
thousands. The mass fraction for the least deteriorated sample, S6, is 13k while the more
deteriorated S5 and S21 are above 20k. S3 has so far been classified as very degraded (L) but
its S mass fractions is only 15k, which could be due to the dye effect. An interesting pattern
emerges here, but four deteriorated samples is far too few for any certainty. As S content
could be related to red rot (4.4.1), this idea should be further pursued but perhaps a less
destructive technique such as X-ray photoelectron spectroscopy (XPS) which only requires a
small amount of material could be used. The mass fraction data for ICP-OES and MS can

be found in the electronic appendices.
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5.5.3 Conclusion

With this, the methodology for assessing extractable heavy metal content in deteriorated
leather samples for most elements of concern is developed. Application of the OEKO-TEX
and ISO methodologies to testing for the safety of leather-based objects has not previously
been attempted on historic samples. Due to the need for large dilutions to avoid matrix effects

[258] i1 combination with the low permissible

arising from high concentrations of electrolytes
limits set for Cd and Hg, a different technique is necessary for those two elements. Further
research into Atomic Absorption Spectroscopy (AAS) for these purposes is recommended.
Furthermore, more repeats for these samples should be run and more different samples should

be tested to confirm these results, as a single test is insufficient to be certain of the veracity

of these results.

The results are, however, concerning enough to continue testing or to warrant precautions
when handling these samples and the books they come from. The typical precaution which
reduces skin contact with harmful materials is to cover relevant body parts with personal

259 Care

protective equipment (PPE) in the form of gloves (e.g. natural rubber gloves).[
should be taken to not touch exposed skin (e.g. face) or eyes with gloved hands. Regardless of
its chemical composition, exposure to any dust in excessive amounts can cause skin irritation,
eye damage and respiratory problems. To assess this the extent of dust present in the air
in libraries containing deteriorating leather-bound tomes, air sampling may be needed and
PPE such as gloves, coveralls, goggles and a respirator that fit the wearer, might need to

260]

be provided in line with the findings of such an assessment. | Furthermore, leathers can

emit volatile organic compounds (VOCs), which could be harmful and should be separately

investigated. [201:262]
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5.6 Conclusions and future work

Upon inspection of reference and deteriorated leather samples with ATR-FTIR spectroscopy,
it became clear that deteriorated leathers display greater spatial inhomogeneity of spectral
features than fresh leathers. Based on previous work in the literature, ATR-FTIR was then
used to make the first substantial investigation into distinguishing between types of tannins
in leathers in a non-destructive way. Following these promising initial results, more robust
detection methods such as 2nd derivatives and deconvolution should be used to verify these
claims. Furthermore, a new ratio of peaks was developed as a way of categorising the level of
deterioration and should be investigated further after deconvolution of peaks. Such a ratio
could be widely applicable to leather-bound tomes, however as dye effects can disrupt it
care needs to be taken. Such analysis can be performed on whole books, strips or scrapings,
which makes it versatile, but at this stage measurements from multiple locations are needed
to perform it. Finally, as these findings might not be specific to red rot affected books, a

comparison with non-red rot affected books of historical origin is called for.

SEM analysis was also performed on reference and deteriorated samples. It revealed the
difficulty in finding the grain pattern that could identify the animal origin of a tome. The
characteristic red rot powder which detaches from the leather and covers nearby surfaces was
shown to be made mostly of short and thin collagen fibres, with few silicate or calcium based
specks present. Both FTIR and SEM analysis led to the conclusion that a thick top layer of
dye can keep the collagen fibres it affects more intact, but the fibres below it deteriorate as
usual. This likely means that any conservation treatments would benefit from permeating
the entirety of the leather, to avoid the flaking off of the top protected layer, when the lower
layers lose their cohesion. Furthermore, red rot deterioration observed with SEM for these
bindings, such as surface erosion, criss-crossing of fibres, and loss of matrix cohesion, looked

very similar to non-red rot deterioration (hydrolysis, oxidation and gelatinisation).

At this stage, due to the lack of clear visual or spectroscopic markers for red rot, it
appears that a more characteristic feature of red rot affected leathers than the appearance or
chemical make up of the collagen-tannin matrix, might be their smell. Gas chromatography

analysis of the distinctive smell should be performed, as it could reveal something particular
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to red rot that has been missed so far.

Finally, elemental analysis of a few samples using ICP-OES and ICP-MS was performed.
It is advantageous to perform such analysis on artificial sweat solution extracts of leathers,
rather than on fully dissolved leathers, as it is difficult to fully digest pieces of leather for
total heavy metal content analysis. Furthermore, ICP-OES is not sufficiently sensitive to
test for elements other than Cr and Ba, which have much higher permissible limits than
other elements such as As, Pb, Co, Cu and Ni. For those elements ICP-MS is recommended
and a methodology for using it on historical leathers was described here. This is however a
destructive technique that requires a large sample mass, and it is still insufficiently sensitive
for Cd and Hg. Nevertheless, levels above the permissible limits of As, Cd, and Pb were
detected for several samples, hence further tests into heavy metal content, air-sampling, and
VOC analysis inside enclosed spaces that store deteriorating leather bindings, as well as

appropriate precautions in the form of PPE, are recommended.
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6 Experimental

6.1 General equipment

IH and 13C NMR spectra were recorded using either a Bruker DPX300, AV400 or DPX400
machines at room temperature. Chemical shifts are reported with respect to the CDClg
residual peak at 7.26 ppm for 1H spectra and 77.00 ppm for 13C spectra or with respect to
the DMSO residual peak at 2.50 ppm for 'H spectra and 39.50 ppm for 3C spectra. For
IH NMR spectroscopy, splitting patterns are described using the following abbreviations H
- number of hydrogen atoms in an environment, s = singlet, d = doublet, t = triplet, q =

quartet, m = multiplet, br = broad; coupling constant (J in Hz).

Electrospray ionisation mass spectra (ESI-MS) were recorded with a Bruker MicroTOF
using methanol or acetonitrile as the solvent. MALDI-TOF mass spectra were recorded with
a Bruker Ultraflex IIT mass spectrometer using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]-malononitrile as the matrix.

Cyclic voltammetry was carried out using an Autolab PGSTAT20 potentiostat under an
argon atmosphere using a three-electrode arrangement in a single compartment cell. Glassy
carbon was used as the working electrode, platinum wire as the secondary electrode and
a saturated calomel reference electrode, chemically isolated from the test solution via a
fritted bridge tube containing electrolyte solution, in the cell. An analyte concentration of
1 mM was used with ["BuyN]|[BF4] (200 mM) as a supporting electrolyte. Redox potentials
are referenced to the ferrocenium/ferrocene couple, which was implemented as an internal

reference. No compensation was applied for internal resistance.

UV /vis spectroelectrochemical measurements were performed using an optically trans-
parent quartz electrochemical cell, with a 0.5 mm path length. A three-electrode configu-
ration of a platinum/rhodium gauze working electrode, platinum wire secondary electrode
and a silver/silver chloride reference electrode (chemically isolated via a fritted bridge tube)
were used in the cell. The potential at the working electrode was regulated with a Sycopel
Scientific Ltd DD10M potentiostat and the spectra recorded with a Perkin Elmer 16 spec-

trophotometer. Temperature control was achieved with a stream of chilled nitrogen gas
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(cooled by passing through a tube submerged in liquid nitrogen) across the surface of the
cell, adjusting the flow rate as necessary in response to a temperature sensor (+0.1 °C).

["BuyN][BF4] (200 mM) was used as the supporting electrolyte for the experiments.

Bulk electrolysis was performed under an argon atmosphere at 0 °C in a two-component
cell: a platinum/rhodium gauze working electrode and secondary electrode are separated
by a glass frit. A silver/silver chloride reference electrode was bridged to the test solution
through a vycor frit, oriented at the centre of the working electrode. The working electrode
compartment, containing analyte (1 mM), was stirred rapidly with a magnetic stirrer bar
during electrolysis. ["BuyN]|[BF4] (200 mM) was used as the supporting electrolyte for the
experiments. After electrolysis was completed, the prepared solution was transferred by
cannula to a quartz EPR tube for analysis on a Bruker EMX spectrometer. Solution phase

(fluid) spectra were recorded at room temperature Spectra were simulated when possible

using WIN EPR SimFonia software.

6.2 1-(4-bromobutoxy)-4-methoxybenzene (1)

O/\/\/BI"

OMe

Original method: To a suspension of potassium carbonate (6.30 g, 45.6 mmol) in
1,4-dibromobutane (6.0 ml, 50 mmol), a solution of 4-methoxyphenol (3.76 g, 30.2 mmol) in
70 ml acetone was added dropwise. The reaction mixture was heated at 65 °C and stirred
for 24 h. It was then cooled to r.t. and the excess solid potassium carbonate was filtered
out. The solvent was then removed under reduced pressure and the resulting oily mixture
was dissolved in 100 ml dichloromethane and washed with 100 ml of water, then 100 ml of
brine. The organic layer was then dried over magnesium sulphate, which was then filtered
out. The solvent was then removed under reduced pressure. The resulting oily mixture was
then dripped into cold hexane forming white iridescent precipitate, which was removed and

confirmed to be the dimer side product (1,4-bis(4-methoxyphenoxy)butane). The solvent was
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removed from the hexane solution and the resulting oily liquid was frozen solid. This solid
was washed with 3 x 20 ml of cold hexane under reduced pressure giving a white crystalline
solid (1.78 g, 6.90 mmol, 23%) "H NMR. (300 MHz, Chloroform-d) 3 6.85 (4 H, s), 3.97 (2
H, t,J6.1),3.79 (3H,s), 3.51 (2H, t, J 6.6), 2.14 - 2.03 (2 H, m), 1.99 - 1.87 (2 H, m). 13C
NMR (75 MHz, Chloroform-d) § 153.8, 153.0, 115.4, 114.7, 67.5, 55.8, 33.5, 29.5, 28.0.

New method: 4-methoxyphenol (2.48 g, 20.0 mmol), 1,4-dibromobutane (9.50 ml, 80.1
mmol), potassium carbonate (8.49 g, 61.4 mmol) and potassium iodide (3.36 g, 20.2 mmol)
were mixed in acetone (400 ml). The reaction mixture was heated at reflux and stirred for
48h. It was then cooled to r.t. and the excess potassium carbonate was filtered out. The
solvent was then removed under reduced pressure and the resulting oily mixture was purified
using flash column chromatography (silica, 60:40 CH9Cly: Cyclohexane) to give a colourless
solid (2.26 g, 16.4 mmol, 82%).

6.3 4-bromobutane-pillar[5]arene (2)

A solution of 1,4-dimethoxybenzene (13.3 g, 96.0 mmol), 1-(4-bromobutoxy)-4-methoxybenzene
(1.56 g, 6.04 mmol) and paraformaldehyde (8.71 g, 290 mmol) in 900 ml dichloromethane
was stirred for 10 min in an oven dried flask under Ng. To this reaction mixture anhydrous
iron(III)chloride (2.53 g, 15.1 mmol) was added and stirred at room temperature for 3 h. The
reaction mixture was then quenched with water (500 ml) and extracted with water 200 ml
X 3. The organic layer was then concentrated under reduced pressure and silica was added
to form a viscous suspension. The entirety of the solvent was then removed under reduced
pressure. The resulting solid was dry loaded for the purposes of flash column chromatogra-

phy (silica, CH5Cls) to give an orange crude product which was further repeatedly purified
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in combination with similar samples from repeated reactions using flash column chromatog-
raphy (silica, CHyCly) to give a pale cream powder in approximately 20-30% yield over all
reactions. 'H NMR (300 MHz, Chloroform-d) & 6.85 - 6.62 (m, 1H), 3.82 (t, J = 6.1 Hz,
2H), 3.77 (d, J = 3.5 Hz, 10H), 3.68 - 3.61 (m, 27H), 3.49 (q, J = 6.1 Hz, 2H), 1.68 (dq, J
= 8.3, 6.3 Hz, 2H), 1.62 - 1.50 (m, 2H). 3¢ NMR (75 MHz, Chloroform-d) § 151.0, 150.9,
150.8, 150.0, 128.7, 128.4, 128.4, 128.4, 128.3, 128.2, 115.0, 114.5, 114.2, 114.1, 114.0, 113.9,
67.6, 56.2, 56.1, 55.9, 33.3, 29.9, 29.9, 29.7, 29.0, 28.5. ESI-HRMS m/z calc’d for [M+H]"
(871.3051); found (871.3010).

6.4 N-Boc-ethylenediaminobutane-pillar[5]arene (3.1)

To a solution of 4-bromobutane-pillar[5]arene (2) (2.13 g, 0.810 mmol) in DMF (125
ml), N-Boc-ethylenediamine (0.058 g, 0.362 mmol) and potassium carbonate (0.322 g, 2.33
mmol) were added. The mixture was heated at 135 °C and stirred for 24 h. The reaction
mixture was then cooled to r.t. then the solvent was removed under reduced pressure. The
cream solid was then dissolved in 40 ml of chloroform and washed with water 3 x 40 ml. The
solvent was then removed under reduced pressure to give a cream solid. The crude product
was then purified using flash column chromatography to give a yellow oil (20.0 mg, 0.0210
mmol, 3%), which was confirmed to be the mono-alkylated species. lH NMR (300 MHz,
Chloroform-d) & 6.94 - 6.56 (m, 10H), 4.04 (s, 2H), 3.92 (d, J = 5.9 Hz, 2H), 3.80 - 3.74 (m,
10H), 3.68 (dd, J = 9.5, 4.1 Hz, 25H), 2.39 - 2.23 (m, 2H), 2.21 - 2.09 (m, 2H) 1.83 (s, 4H).
13C NMR (75 MHz, Chloroform-d) & 150.9, 128.4, 114.3, 67.6, 64.2, 55.9, 39.9, 29.5, 28.6,
26.3, 25.9.
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6.5 Attempt at N-Boc-ethylenediamino-bis-hexane (4)

K,COs3 R!

L

1 : H N 1
: X R \/\NHBOC - /N\/\NHBOC

DMF, 135°C, 48 h R?

L (4.1): R' = H, R2 = Hex
Br (4.2): R' = R? = Hex

To a solution of bromohexane (0.500 g, 3.03 mmol ) in DMF (100 ml), N-Boc-ethylenediamine
(0.164 g, 1.01 mmol) and potassium carbonate (0.900 g, 6.06 mmol) were added. The mixture
was heated at 135 °C and stirred for 48 h. The reaction mixture was then cooled to r.t. then
the solvent was removed under reduced pressure. The yellow solid was then dissolved in 40
ml of chloroform and washed with water 3 x 40 ml. The solvent was then removed under
reduced pressure to give a dark orange oil. MALDI: mono- (4.1) (m/z calc’d for [M+H] "
(245.2224); found (245.2208)) and bis-alkylated (4.2) (m/z calc’d for [M+H]" (329.3163);
found (329.3169)).

6.6 4-phthalimidobutane-pillar[5]arene (5)

To a solution of 4-bromobutane-pillar[5]arene (2) (3.42 g, 3.92 mmol) in DMF (50 ml),
potassium phthalimide (1.05 g, 5.67 mmol) was added. The reaction mixture was heated at
60 °C and stirred for 17 h. It was then cooled to r.t. and the solvent was removed under
reduced pressure. The yellow solid was dissolved in 40 ml dichloromethane and extracted
with brine. The organic layer was then dried over magnesium sulfate. The solvent was then
removed under reduced pressure to give a yellow solid, which was then purified using flash

column chromatography (silica, dichloromethane) to give a yellow solid (3.01 g, 3.21 mmol,
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82%). 'H NMR. (400 MHz, Chloroform-d) & 7.85 (dd, J = 5.5, 3.0 Hz, 2H), 7.72 (dd, J =
5.4, 3.0 Hz, 2H), 6.80 — 6.67 (m, 10H), 3.86 (t, J = 6.2 Hz, 2H), 3.81 — 3.73 (m, 12H), 3.68 -
3.56 (m, 27H), 1.98 — 1.89 (m, 2H), 1.88 — 1.80 (m, 2H). 13C NMR (101 MHz, Chloroform-d)
5 168.4, 150.8, 134.0, 132.1, 128.3, 128.3, 128.2, 128.2, 123.2, 114.2, 114.1, 114.0, 114.0, 67.9,
55.8, 55.8, 55.8, 55.7, 37.8, 29.8, 29.7, 27.2, 25.6.

6.7 4-aminobutane-pillar[5]arene (6)

A mixture of 4-phthalimidobutane-pillar[5]arene (5) (1.22 g, 1.30 mmol) and NHoNH,
(0.417 g, 13.0 mmol) was heated at 65 °C in MeOH (50 ml) for 17 h. The solvent was removed
using filtration and the solid was dissolved in CHoCly and washed with saturated NaoCOg
then dried over magnesium sulfate. The solvent was then removed under reduced pressure
to give a white solid (1.32 g, 1.64 mmol, 46%). '"H NMR (400 MHz, Chloroform-d) 3 6.90 —
6.69 (m, 10H), 3.91 — 3.73 (m, 14H), 3.75 — 3.54 (m, 27H), 2.02 — 1.77 (m, 4H), 1.72 — 1.55
(m, 2H). C NMR (101 MHz, Chloroform-d) & 150.9, 150.8, 128.4, 114.0, 68.2, 55.9, 55.9,
55.9, 55.9, 55.8, 55.7, 53.3, 29.6, 29.5, 26.8. ESI-HRMS m/z calc’d for [M+H]" (808.4055);
found (808.4092).
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6.8 Boc-5-aminoisophthalic acid (7)

O 0]
HO OH

NHBoc

A mixture of 5-aminoisophthalic acid (5.65 g, 31.5 mmol), and NaOH (2.75 g, 69 mmol)
was stirred in 1:1 DMF:water (50 ml) at 0 °C. Di-tert-butyl dicarbonate (7.01 g, 32.0 mmol)
was added to this suspension. The reaction mixture was warmed to room temperature and
stirred overnight, then the product was precipitated through the addition of 3M HCI (25 ml).
The product was filtered out and washed with water then dried to give an off-white product
without need for further purification (5.75 g, 21.1 mmol, 67%). 'H NMR (400 MHz, DMSO)
5 13.16 (s, 2H), 9.78 (s, 1H), 8.31 (d, J = 1.6 Hz, 2H), 8.08 (t, J = 1.5 Hz, 1H), 1.56 — 1.40
(m, 10H). 13C NMR (101 MHz, Chloroform-d) § 167.0, 153.2, 140.7, 132.1, 124.0, 123.0, 80.2,
28.5, 27.3. ESI-HRMS m/z calc’'d for [M+Na] " (304.0792); found (304.0780).

6.9 Attempt at amido bis-pillar[5]arene (8)

0 0
(@] O 1 R2
TEA, SOCl, R
, Ho OH -
THF, 40 min, rt NHBoc
NHBoc ~50%

(8.1): R" = OH, RZ = Pill
(8.2): R" = R2=Pill

(7)

Boc-5-aminoisophthalic acid (7) (0.061 g, 0.216 mmol), 4-aminobutane-pillar[5]arene (6)
(0.384 g, 0.476 mmol) and thriethylamine (88 mg, 0.865 mmol) were dissolved in anhydrous
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THE. Thionyl chloride (0.064 g, 0.540 mmol) was added to this solution at room temperature.
The mixture was stirred for 40 minutes, then another aliquot of thionyl chloride and 4-
aminobutane-pillar[5]arene (6) was added. The solvent was then removed under reduced
pressure. The resulting solid was then extracted from sodium bisulfite 5% solution in water,
then from sodium hydroxide solution, then dried over magnesium sulfate. The solvent was
then removed under reduced pressure. The crude product was purified using flash column
chromatography (silica, CHaCly with 1% acetone) to give a brown solid (60 mg) which was
likely to be a mixture of the starting material 4-aminobutane-pillar[5]arene (6), the mono
(8.1) and di-substituted (8.2) products. (8.1): MALDI m/z calc’d for [M] (1069.4703);
found (1070.467),and (8.2): MALDI m/z calc’d for [M] (1759.8129); found (1860.781)

6.10 Attempts at amido bis-octane (9)

: - 0 0

5 : o O 1 2

: : TEA, SOCl, R R

. . HO OH o

: A -

: : THF, 40 min, rt NHBoc

-\ NHBoc (9.1): R" = OH, R? = Oct
A (9.2): R' = R? = Oct

(7)

SOCI;, coupling: Boc-5-aminoisophthalic acid (7) (0.100 g, 0.3566 mmol), octylamine
(0.101 g, 0.783 mmol) and thriethylamine (0.216 g, 2.14 mmol) were dissolved in anhydrous
THF. Thionyl chloride (0.093 g, 0.783 mmol) was added to this solution at room tempera-
ture. The mixture was stirred for 40 minutes, then another aliquot of thionyl chloride and
octylamine was added three times. The solvent was then removed under reduced pressure.
The resulting solid was then extracted from sodium bisulfite 5% solution in water, then from
sodium hydroxide solution, then dried over magnesium sulfate. The solvent was then re-
moved under reduced pressure. ESI-MS of (9.1): (m/z calc’d for [M+H] " (393.2384); found
(393.2385));(9.2): (m/z calc’d for [M+H] " (504.3796); found (504.3777)).
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CDI coupling: CDI (0.105 g, 0.647 mmol) was added portionwise to a solution of Boc-
5-aminoisophthalic acid (7) (0.100 g, 0.356 mmol) in DCM (50 ml) at room temperature and
the mixture was stirred for 1 hour, then octylamine (0.084 g, 647 mmol) was added and the
reaction mixture was stirred for another 24 hours. Another aliquot of Boc-5-aminoisophthalic

acid (7) and CDI was added and the reaction was stirred for another 24 hours. The solvent

was then removed. ESI-MS (9.1) (m/z calc’d for [M+Na] " (415.2209); found (415.2203)).

6.11 Ether tris-pillar[5]arene (10.3)

Attempt 1: 4-bromobutane-pillar[5]arene (2) (0.512 g, 0.588 mmol), phloroglucinol
(0.024 g, 0.192 mmol) and potassium carbonate (0.158 g, 1.14 mmol) were mixed in DMF
50 ml at 80 °C for 48 h. The reaction mixture was then cooled and the solvent was removed
under reduced pressure. The sticky oil was then extracted from CHoClo, water and brine then

dried with magnesium sulfate. The solvent was again removed under reduced pressure to give
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an orange solid, which was purified using flash column chromatography (silica, CH9Cls) to
give a white solid (40 mg) which was identified as a mixture of the mono- (10.1), di- (10.2),
and tri-substituted (10.3) products as discussed in 2.2.5. Mono- (10.1): MALDI m/z calc’d
for [M] (916.4034); found (916.450). Di- (10.2): MALDI m/z calc’d for [M] (1706.7751);
found (1706.956). Tri- (10.3): MALDI m/z calc’d for [M] (2497.1468); found (2497.052).

Attempt 2: 4-bromobutane-pillar[5]arene (2) (0.502 g, 0.577 mmol), phloroglucinol
(0.037 g, 0.294 mmol) and potassium carbonate (0.234 g, 1.69 mmol) were mixed in acetone
(50 ml) at 70 °C for 6 d. The reaction mixture was then cooled and the solvent was removed
under reduced pressure. The sticky oil was dissolved in CH9Clg and washed with water
and brine then dried with magnesium sulfate. The solvent was again removed under reduced
pressure to give an orange solid, which was purified using flash column chromatography (silica,
CH5Cly) to give a white solid (0.233 g, 0.0893 mmol, 31%) identified as the tri-substituted
(10.3) product. 'H NMR (400 MHz, Chloroform-d) & 6.83 — 6.74 (m, 30H), 6.10 (s, 3H),
4.03 - 3.94 (m, 6H), 3.94 — 3.87 (m, 6H), 3.83 — 3.74 (m, 30H), 3.72 — 3.56 (m, 81H), 2.06 —
1.90 (m, 12H). 13C NMR (101 MHz, Chloroform-d) & 162.6, 160.9, 150.9, 150.8, 128.3, 128.2,
128.2, 128.2, 128.2, 114.2, 114.2, 114.1, 114.1, 67.6, 55.9, 55.8, 36.3, 29.7, 29.7, 29.5, 26.6,
26.4. MALDI m/z calc’d for [M] (2497.1468); found (2497.816).

6.12 Attempt at ether bis-pillar[5]arene analogue (11)
18C6 - 18-crown-6

OH OR

: : NaH, 18C6

E : + -

1 ! 0

| o) 5 HO oy THF80°C, Ny 13d o OR

~50%

(11.1): R' = PrePil, R2=R3=H
(11.2): R' = R2 = PrePill, R®=H
(11.3): R' = R2=R3 = PrePill
(1)
A flame dried flask was charged with phloroglucinol (41 mg, 323 mmol) and anhydrous

THF (1.3 ml) under an atmosphere of Ny at 0 °C. Sodium hydride 60 % dispersion in mineral
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oil (10 mg, 0.250 mmol) was added, followed by (1) (102 mg, 0.388 mmol) and 18-crown-6
(1.00 mg, 0.00194 mmol). The reaction mixture was then refluxed at 80 °C for 13 days.
An aliquot of this reaction mixture was removed and extracted from CHyCly and water,
concentrated and subjected to 'H NMR to determine the conversion rate of 50% of starting
material to products in lieu of a yield, as this reaction mixture was never purified. Mono-
(11.1): ESI-HRMS m/z calc’d for [M+Na] " (327.1203); found (327.1215). Di- (11.2): ESI-
HRMS m/z calc’'d for [M+Na] " (505.2197); found (505.2207).

6.13 Benzonitrile-pillar[5]arene (12)

A flame dried flask was charged with 4-(hydroxymethyl)benzonitrile (66.0 mg, 0.551
mmol) dissolved in anhydrous THF (20 ml) from a departmental still, under an atmo-
sphere of No then cooled to 0°C. Sodium hydride (60 % dispersion in mineral oil) (26.0
mg, 1.10 mmol) was added to this solution and kept cool for 30 min. A solution of 4-
bromobutane-pillar[5]arene (2) (200 mg, 0.229 mmol) dissolved in anhydrous THF (5 ml)
was then added dropwise to the reaction mixture. The mixture was brought to reflux and
left stirring overnight. The reaction mixture was then cooled, quenched with concentrated
ammonium chloride (5 ml) and diethyl ether (5 ml), then washed with water and brine. It
was then dried over sodium sulfate, concentrated in vacuo and purified using flash column
chromatography (CHyCly) to give a colourless solid (50 mg, 0.054 mmol, 24%) 'H NMR (400
MHz, Chloroform-d) & 7.57 (d, J = 8.2 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 6.90 — 6.77 (m,
10H), 4.57 (s, 2H), 3.93 — 3.86 (m, 2H), 3.79 — 3.72 (m, 10H), 3.73 — 3.63 (m, 27H), 3.64
~3.57 (m, 2H), 1.97 — 1.86 (m, 4H). 13C NMR (101 MHz, Chloroform-d) & 150.60, 150.58,
150.53, 149.71, 144.07, 132.22, 128.45, 128.38, 128.34, 128.32, 128.28, 128.21, 128.18, 127.62,
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118.86, 114.62, 113.83, 113.79, 113.76, 113.73, 113.68, 113.65, 113.59, 111.23, 71.98, 70.74,
68.08, 55.77, 55.74, 55.68, 55.66, 55.56, 29.60, 29.54, 29.37, 29.32, 26.77, 26.67. ESI-HRMS
m/z calc’d for [M+H] " (924.4317); found (924.4305).

6.14 3-butene-substituted pillar[5]arene (13)

A mixture of 1-(but-3-en-1-yloxy)-4-methoxybenzene (15) (1.90 g, 10.7 mmol), dimethoxy
benzene (13.5 g, 97.8 mmol) and formaldehyde (8.82 g, 293 mmol) was stirred inCHaCly (700
ml) in an oven dried flask under No for 10 min. Iron (III) chloride (2.56 g, 15.3 mmol) was
then added to the reaction mixture which was left stirring at room temperature for 3h. The
reaction was then quenched with water (700 ml). The organic phase was separated out and
washed with water (300 ml) and brine (300 ml) then dry loaded onto silica. The mixture
was purified using flash column chromatography (silica, CH9Cls) to give a cream coloured
solid which is a ~20:80 mixture of 3-butene-substituted pillar[5]arene (13) and pillar[5]arene
(16). This mixture was further repeatedly purified in combination with similar samples
from repeated reactions using flash column chromatography (silica, CHoCls) to give a lightly
cream coloured solid in approximately 20-30% yield over all reactions. g NMR (400 MHz,
Chloroform-d) 6 6.80 — 6.73 (m, 10H), 5.89 (ddt, J = 17.0, 10.1, 6.7 Hz, 1H), 5.15 — 4.97 (m,
2H), 3.88 (t, J = 6.6 Hz, 2H), 3.81 — 3.74 (m, 10H), 3.64 (dd, J = 4.3, 1.7 Hz, 28H), 2.48 (qt,
J = 6.6, 1.5 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) & 150.84, 150.82, 150.79, 149.94,
128.46, 128.30, 128.27, 128.23, 128.21, 128.20, 128.15, 115.15, 114.20, 114.15, 114.10, 114.07,
67.84, 55.85, 55.83, 55.79, 55.77, 55.75, 34.20, 29.72, 29.69, 29.65, 29.62. ESI-HRMS m/z
calc’d for [M+Na] " (813.3609); found (813.3656). Crystal Data: orthorhombic, space group
Pna2; (no. 33), a = 35.9157(3) A, b = 12.0571(1) A, ¢ = 11.4426(1) A, V = 4955.09(7) A3,
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Z =5, T = 120(10) K, p(Cu Ko) = 0.637 mm™!, Dy, = 1.164 g/cm?, 87942 reflections
measured (7.74° < 20 < 145.06°), 9751 unique (R;;¢ = 0.0226, Rgjgpmq = 0.0104) which were
used in all calculations. The final Ry was 0.0458 (I>=2u(I)) and wR2 was 0.1314 (all data).

6.15 Attempts at nitrile-methoxybenzene (14)

Reagents
Cond|t|ons

(1) (14) (15)

Summary of conditions

Attempt | Reagents Conditions Ratio of P:SP
A1 NaH, TBAI Tolene, Ny, 80 °C 68:32
A2 NaH THF/DMF, N, 80 °C 81:19
A3 NaH,18C6 THF, N,, 80 °C 100:0
A4 KOH AcN, N,, 60 °C 49:51
A5 AgoO CHCl3, Ny, 60 °C N/A

Attempt 1: A flame dried flask was charged with sodium hydride 60 % dispersion in
mineral oil (10 mg, 0.250 mmol) and anhydrous toluene (0.24 ml) under an atmosphere of No.
This mixture was stirred for 15 min before adding 4-(hydroxymethyl)benzonitrile (58.0 mg,
0.484 mmol) dissolved in anhydrous toluene (0.24 ml). The reaction mixture was left stirring
overnight then (1) (50.0 mg, 0.194 mmol) and TBAI (4.00 mg, 0.0100 mmol) dissolved in
anhydrous toluene (0.8 ml) was added to it. The reaction mixture was refluxed at 80 °C for

17 hours. The solvent was then removed under reduced pressure.

Attempt 2: A flame dried flask was charged with 4-(hydroxymethyl)benzonitrile (58.0
mg, 0.484 mmol) and (1) (50.0 mg, 0.194 mmol) and anhydrous THF (5.4 ml) and DMF
(Iml) under an atmosphere of No. This mixture was stirred at 0 °C and sodium hydride
60 % dispersion in mineral oil (10 mg, 0.250 mmol) was added to it. The reaction mixture
was stirred at room temperature for 25 min then heated to reflux at 80 °C and left heating

overnight. The solvent was then removed under reduced pressure.
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Attempt 3: A flame dried flask was charged with 4-(hydroxymethyl)benzonitrile (58.0
mg, 0.484 mmol) and anhydrous THF (2 ml) under an atmosphere of N9 at 0 °C. Sodium
hydride 60 % dispersion in mineral oil (10 mg, 0.250 mmol) was added, followed by (1) (50.0
mg, 0.194 mmol) and 18-Crown-6 (1.00 mg, 0.00194 mmol). The reaction mixture was then

refluxed at 80 °C overnight. The solvent was then removed under reduced pressure.

Attempt 4: A flask was charged with 4-(hydroxymethyl)benzonitrile (58.0 mg, 0.484
mmol), (1) (50.0 mg, 0.194 mmol) and potassium hydroxide (41.0 mg, 0.736 mmol) in ace-
tonitrile (20 ml) and refluxed at 90 °C overnight under an atmosphere of No. The solvent

was then removed under reduced pressure.

Attempt 5: A flame dried flask was charged with 4-(hydroxymethyl)benzonitrile (58.0
mg, 0.484 mmol), silver oxide (0.193 mg, 0.833 mmol), molecular sieves 3 A(200 mg) and
anhydrous chloroform (2 ml) under an atmosphere of No . This mixture was stirred for an
hour. A solution of (1) (50.0 mg, 0.194 mmol) in anhydrous chloroform (1 ml) was added to
the reaction mixture over 30 min. The reaction mixture was then refluxed at 60 °C overnight.

The solvent was then removed under reduced pressure.

6.16 1-(but-3-en-1-yloxy)-4-methoxybenzene (15)
0N

OMe

A mixture of 4-methoxyphenol (2.76 g, 22.2 mmol), 4-bromobut-1-ene (6.00 g, 44.4
mmol) and potassium carbonate (7.68 g, 55.5 mmol) in acetonitrile (50 ml) was refluxed
in the dark for 3 days. The progression of the reaction was monitored using NMR and
further aliquots of 4-bromobut-1-ene were added when it was no longer visible on NMR until
a stable ratio of product to phenol starting material of ~85:15 was achieved. The reaction
mixture was cooled and the solids removed by filtration. The remaining reaction mixture
was concentrated in vacuo and then purified using flash column chromatography (silica, 60:40

CH5Cly: Cyclohexane gradually increased to 100%CH2Cly) to give a colourless liquid (3.36
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g, 18.9 mmol, 85%). 'H NMR (400 MHz, Chloroform-d) & 6.84 (d, J = 1.6 Hz, 4H), 5.91
(ddt, J = 17.0, 10.3, 6.7 Hz, 1H), 5.21 - 5.06 (m, 2H), 3.97 (t, J = 6.7 Hz, 2H), 3.77 (s, 3H),
2.52 (qt, J = 6.7, 1.4 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) 3 153.84, 153.06, 134.60,
116.92, 115.62, 114.64, 77.04, 67.95, 55.74, 33.79.

6.17 Alkene handcuff body (17)

A solution of 3-butene-substituted pillar[5]arene (13) (500 mg, 0.633 mmol) in dry DCE
(40 ml) was added to a flame dried microwave flask. The solution was then degassed with
Ny for 10 min. To the degassed solution HG-II (40.0 mg, 0.0638 mmol) was added under
No. The reaction mixture was then irradiated with a CEM batch reactor at 110 °C for 90
min. The solvent was then removed in vacuo and the crude product was purified using flash
column chromatography with a solvent gradient (silica, 100% CH2Cly gradually mixed to
2% Acetone in 98% CH9Cls) to give a cream coloured powder (241 mg, 0.155 mg, 49%) .
'H NMR (400 MHz, Chloroform-d) 8 6.88 — 6.69 (m, 20H), 6.04 — 5.62 (m, 2H), 3.93 - 3.80
(m, 4H), 3.82 — 3.70 (m, 20H), 3.71 — 3.55 (m, 54H), 2.69 — 2.45 (m, 4H). 3C NMR (101
MHz, Chloroform-d) 8 150.77, 150.75, 149.90, 128.77, 128.52, 128.31, 128.28, 128.25, 128.22,
128.20, 128.18, 115.16, 114.12, 114.08, 114.04, 114.01, 113.99, 113.97, 68.29, 55.80, 33.31,
29.63. ESI-HRMS m/z calc’d for [M+Na] " (1575.7014); found (1575.6806).

6.18 N-(8-bromooctyl)phthalimide (18)
Potassium phthalimide (1.14 g, 6.12 mmol) and 1,8-dibromooctane (5.04 g, 18.4 mmol) was

suspended in DMF (125 ml) and stirred overnight. The solvent was then removed under
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reduced pressure. The reaction mixture was then dissolved in EtOAc and washed with
water, saturated NH4Cl and brine. The organic fraction was reduced under pressure and
frozen. The frozen liquid was then broken up into small pieces and filtered under reduced
pressure and washed with cold hexane, which gave a white solid (1.32 g, 3.93 mmol, 64%).
I'H NMR (400 MHz, Chloroform-d) 8 7.83 (dd, J = 5.4, 3.0 Hz, 2H), 7.70 (dd, J = 5.4, 3.0
Hz, 2H), 3.67 (t, 2H), 3.38 (t, J = 6.9 Hz, 2H), 1.83 (p, J = 6.9 Hz, 2H), 1.71 — 1.62 (m, 2H),
1.47 — 1.24 (m, 8H). 13C NMR (101 MHz, Chloroform-d) & 168.48, 132.18, 132.17, 123.17,
37.99, 33.96, 32.74, 28.95, 28.59, 28.53, 28.06, 26.72. ESI-HRMS m/z calc’d for [M+H] "
(338.0677); found (338.0750).

6.19 N-(8- imidazolyloctyl)phthalimide (19)

N\
& A
(0]

N-(8-bromooctyl)phthalimide (18) (1.00 g, 2.97 mmol), potassium carbonate (0.616 g,
4.46 mmol) and imidazole (0.405 g, 5.95 mmol) was suspended in DMF (10 ml) and stirred

at 80 °C overnight. The reaction mixture was then filtered and the solvent was removed
from the filtrate under reduced pressure. The crude product was purified using flash column
chromatography (silica, CHoCly with 2% MeOH) to give a white product (0.651 g, 2.00 mmol,
68%). 'H NMR (400 MHz, Chloroform-d)  7.83 (dd, J = 5.4, 3.0 Hz, 2H), 7.70 (dd, J = 5.5,
3.0 Hz, 2H), 7.45 (s, 1H), 7.04 (s, 1H), 6.89 (s, 1H), 3.90 (t, J = 7.2 Hz, 2H), 3.67 (t, J = 7.3
Hz, 2H), 1.79 — 1.73 (m, 2H), 1.69 - 1.60 (m, 2H), 1.35 - 1.27 (m, 8H). 13C NMR (101 MHz,
Chloroform-d) 8 168.48, 137.07, 133.89, 132.16, 129.38, 123.18, 46.99, 37.93, 31.03, 28.88,
28.88, 28.48, 26.66, 26.45. ESI-HRMS m/z calc’'d for [M+H] " (326.1790); found 326.1863.
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6.20 8-(1H-imidazol-1-yl)octan-1-amine (20)

N-(8- imidazolyloctyl)phthalimide (19) (0.502 g, 1.54 mmol) was dissolved in ethanol (20
ml) and refluxed with hydrazine monohydrate (0.467 g, 9.33 mmol) under an No atmosphere
overnight. The reaction mixture was then cooled and 4M HCIl (6 ml) was added. This
reaction mixture was refluxed for a further 6h. The formed solid was then filtered out, then
the solution was concentrated under reduced pressure. The solution was basified with 2M
NaOH and then extracted with CH9Cly. The organic layer was dried with sodium sulfate
and the solvent was removed under reduced pressure to afford a crude product, which was
taken to the next step without purification (0.201 g, 1.03 mmol, 67 %). 'H NMR (400 MHz,
Chloroform-d) 6 7.46 (s, 1H), 7.05 (s, 1H), 6.89 (s, 1H), 3.91 (t, J = 7.1 Hz, 2H), 2.10 — 1.94
(m, 2H), 1.82 ~ 1.71 (m, 2H), 1.60 - 1.46 (m, 2H), 1.31 — 1.26 (m, 8H). The 3C NMR was too
contaminated to assign. ESI-HRMS m/z calc’d for [M+H] " (196.1735); found (196.1764).

6.21 Alkene handcuff rod (21)

PTCDA (101 mg, 0.257 mmol) and 8-(1H-imidazol-1-yl)octan-1-amine (20) (100 mg,
0.512 mmol) were mixed in DMF (7 ml) under No. The reaction mixture was heated at 160
°C overnight. It was then cooled, filtered and the solid was washed with acetone to give (125
mg, 0.167 mmol, 65%) of the red product. 'H NMR (400 MHz, Chloroform-d) & 8.65 (d, J
= 7.9 Hz, 4H), 8.57 (d, J = 8.1 Hz, 4H), 7.47 (s, 2H), 7.05 (d, J = 1.1 Hz, 2H), 6.91 (t, J =
1.3 Hz, 2H), 4.19 (t, J = 7.7 Hz, 4H), 3.93 (t, J = 7.2 Hz, 4H), 1.77 (h, J = 8.5, 8.0 Hz, 8H),
1.47 - 1.29 (m, 16H). MALDI m/z calc’d for [M] (746.358); found (746.539).
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6.22 2,4,6- trimethylbenzyl iodide (22)
Ssg

Mesitylmethanol (1.02 g, 6.65 mmol) was dissolved in dry dioxane (10 ml). To this
solution potassium iodide (1.10 g, 6.65 mmol) and BF3.EtoO (0.945 g, 6.65 mmol) were
added. The reaction mixture was stirred at room temperature in the dark for 4h. The
reaction mixture was then quenched with ice water and extracted with diethyl ether. The
organic layer was then dried over anhydrous magnesium sulfate and the solvent was removed
under reduced pressure. The crude product was purified using distillation to give (1.23 g,
4.75 mmol, 71%) of pale yellow product. 'H NMR. (400 MHz, Chloroform-d) 8 6.85 (s, 2H),

4.53 (d, J = 38.5 Hz, 2H), 2.36 (d, J = 12.7 Hz, 6H), 2.27 (d, J = 3.7 Hz, 3H). 13C NMR
(101 MHz, Chloroform-d) & 137.83, 136.83, 129.42, 21.09, 19.26, 3.95.

6.23 Alkene handcuff (23)

A solution of the alkene handcuff body (17) (100 mg, 0.0644 mmol) and the handcuff rod
(21) (51.0 mg, 0.0683 mmol) was prepared in a minimum amount of chloroform (~5 ml) and
was alternately heated and sonicated to ensure maximum saturation. The chloroform was
replenished if necessary. The solution was then cooled at -10 °C for half an hour before 2,4,6-
trimethylbenzyl iodide (22) (42.0 mg, 0.162 mmol) was added in the absence of light. The
reaction mixture was then stirred in the dark and allowed to slowly reach room temperature
then left to continue for 3 days. The solvent was then removed in vacuo. The resulting
red solid was dissolved in hot ethanol (125 ml) to which ammonium hexafluorophosphate

(101 mg, 620 mmol) was added. The mixture was allowed to cool, forming red precipitate.

166



The precipitate was compacted on a centrifuge and the solvent decanted. The solid was then
suspended in methanol (125 ml), the mixture sonicated, centrifuged and the solvent decanted
three more times before being dried and giving a red solid. This crude product (57.0 mg,
0.0200 mmol, 31%) was purified using column chromatography (silica, chloroform, gradually
mixed to 15% methanol in chloroform) to give a red solid (0.0140 mg, 0.00491 mmol, 8%).
I'H NMR (400 MHz, Chloroform-d) 3 8.78 — 8.13 (m, 10H), 7.20 (s, 2H), 7.04 (s, 4H), 6.95 —
6.59 (m, 20H), 6.07 — 5.88 (m, 2H), 5.85 — 5.60 (m, 2H), 5.57 — 5.41 (m, 4H), 4.26 (s, 4H),
3.99 — 3.40 (m, 78H), 2.96 — 2.56 (m, 4H), 2.39 (d, J = 13.1 Hz, 18H), 1.81 (s, 4H), 1.42
(s, 4H), 1.03 (s, 4H), 0.48 (s, 4H), 0.25 (s, 4H), -0.81 (s, 4H), -1.66 (s, 4H). 13C NMR. (101
MHz, Chloroform-d) § 163.34, 162.86, 151.24, 150.68, 150.34, 140.18, 138.18, 138.01, 133.66,
132.13, 131.39, 130.11, 130.01, 129.09, 128.91, 128.26, 125.39, 123.31, 121.38, 116.05, 115.04,
114.07, 113.94, 113.64, 68.32, 58.50, 58.01, 55.75, 55.53, 47.94, 47.41, 40.55, 33.71, 31.94,
30.79, 30.18, 29.38, 29.09, 28.84, 28.21, 27.83, 26.72, 25.96, 25.44, 21.17, 21.04, 19.56, 19.51.
ESI-HRMS m/z calc’d for [M]?>™ (1283.1380); found (1283.1322).
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A Appendix

A.1 Index

An index connecting all of the compounds synthesised in this work with the data obtained

for each. Some data is not available (N/A) for some compounds.

Compound

Experimental

No Scheme Section NMR MS Other
(1) 2.1 6.2. Lit. [ A1, A2 |N/A
(2) 2.1 6.3. Lit.[49] A3, A4 | 63
(3) 2.2 6.4. Lit.[3487] A5, A6, AT | N/A
(4) 2.3 6.5. Lit. (5487 A8 A9 6.5
(5) 2.4 6.6. Lit. 97 A10,A.11 | N/A
(6) 2.4 6.7. Lit. 97 Al12,A13 | 6.7
(7) 2.5 6.8. Lit.[%] Al4,A15 | 638
(8) 2.5 6.9. Lit. [263] A16 2.5
(9) 2.6 6.10. Lit.[99,263] A17 6.9
(10) 2.7 6.11. Lit. 1031051 [ A 18 A19 | 2.9
(11) 2.8 6.12. 211 6.12
(12) 3.1 6.13. Lit.[134] A20,A21 | 6.13
CV: 3.5, SW: 3.6,
(13) 3.5 6.14. Lit.[49] A'jS’ ;;'25’ 6.14 | SEC: 3.7, EPR: 3.8,
' XRC: 3.9
(14) 32 | 6.15. Lit.[116,137-140] 3.3 N/A
(15) 35 6.16. Lit. [ A22,A23 | N/A
. CV, SW: A .45,
(16) 1.15 N/A Lit. [44] A.26 N/A | GEC EPR: A46
(17) 3.6 6.17. Lit.[155] A'Qi’ %’29’ 6.17 | CV: 3.10, SW: 3.11
(18) 3.7 6.18. Lit.[126] A31,A32 |6.18
(19) 3.7 6.19. Lit.[126] A33,A34 | 6.19
(20) 3.7 6.20. Lit.[126] A35,A36 | 6.20
(21) 3.7 6.21. Lit.[120] A.37,A.38 | 6.21
(22) 3.8 6.22. Lit.[120] A.39,A40 | N/A
(23) 3.8 6.23. Lit. (39 iié’, i‘i’ 3.8 | UV:3.14, CV: 3.15
(24) 3.8 6.23. Lit. [ N/A N/A| CV,SW:3.17
(25) 1.11 N/A Lit.[40] N/A N/A| CV,SW:3.17

168




A.2 NMR Peak ratio calculation

This!H NMR spectrum is a mixture of compound A and compound B in the stroichiometric
ratio of z parts A to y parts B. Let us identify two peaks in the 'TH NMR spectrum with
integrations I; and Is, which respectively are present solely in compound A and compound B
and not in both. Furthermore, the number of hydrogens contributing to peak 1’s integration

due to compound A is H a1 while peak 2’s integration is influenced by Hps hydrogens from B.

We can then infer that

I{ xxHpq,

Is x yHpy .
Which we can combine to produce

r  I1Hpy ()
y I2Hp

Denoting r = x/y we can then find the percentage of the mixture which is A and B as

100 100
Percentage of A = i ! ,
r+y 1+r
100 100
Percentage of B = y_ ,
r+y 1+r
and a ratio in terms of A:B as
100r 100
; 3
1+7r 1+7r (3)
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A.3

IH NMR spectra

6¥°¢€
L9'€>
€g'e
6L €~
96'¢
16°€~\L
66'¢”

G8'9—

€10ad0 8¢’ L—

8 10 Br
o Yo7 i

£3
SN
- - - - Fiee |
» o
< Fsie
FEN b
© o %}voz
N— 3
J N\ /
— +— QO
N\ _/
O—
@
NS J} .
= 00 |
©
1

T T T T T T T T T T T T T T T T T T T T T T T T T T T T

T

72 70 6.8 66 64 62 60 58 56 54 52 50 48 46 44 42 40 3.8 36 34 32 30 28 26 24 22 20

Chemical Shift /[ppm]

Figure A.1: 'H NMR spectrum of 1-(4-bromobutoxy)-4-methoxybenzene (1).
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Figure A.2: 13C NMR spectrum of 1-(4-bromobutoxy)-4-methoxybenzene (1).
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Figure A.4: 13C NMR spectrum of 4-bromobutane-pillar[5]arene (2).
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its decomposition.
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Figure A.10: 'H NMR spectrum of 4-phthalimidobutane-pillar[5]arene (5).
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Figure A.11: 13C NMR spectrum of 4-phthalimidobutane-pillar[5]arene (5).
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Figure A.12: 'H NMR spectrum of 4-aminobutane-pillar[5]arene (6).
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Figure A.13: 13C NMR spectrum of 4-aminobutane-pillar[5]arene (6).
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Figure A.15: 13C NMR spectrum of Boc-5-aminoisophthalic acid (7).
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Figure A.20: 'H NMR spectrum of benzonitrile-pillar[5]arene (12).
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Figure A.21: 13C NMR spectrum of benzonitrile-pillar[5]arene (12).
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Figure A.24: 'H NMR spectrum of 3-butene-substituted pillar[5]arene (13).
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Figure A.29: 13C NMR spectrum of the alkene handcuff body (17).
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Figure A.31: 'H NMR spectrum of the N-(8-bromooctyl)phthalimide (18).
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Figure A.32: 13C NMR spectrum of the N-(8-bromooctyl)phthalimide (18).
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Figure A.34: 13C NMR spectrum of the N-(8- imidazolyloctyl)phthalimide (19).
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Figure A.39: 'H NMR spectrum of the alkene handcuff stopper (22).
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Figure A.40: 13C NMR spectrum of the alkene handcuff stopper (22).
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Figure A.41: TH NMR spectrum of the alkene handcuff (23).
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Figure A.42: 13C NMR spectrum
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Figure A.43: 'H -1H COSY NMR (300 MHz, CDCl;3 298 K) spectrum of the alkene handcuff
(23).
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Figure A.44: 1'H -1H NOESY NMR spectrum of the alkene handcuff (23).
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A.4 Crystallography

Empirical formula Cy492.8H52.1508

Formula weight 694.656

Temperature/K 120(10)

Crystal system orthorhombic

Space group Pna2;

a/A 35.9157(3)

b/A 12.0571(1)

c/A 11.4426(1)

o/° 90

B 9

Y/ 90

Volume/A3 4955.09(7)

Z 5

Pcalc g/CIﬂB 1.164

p/mm" 0.637

F(000) 1871.0

Crystal size/mm? 0.2 x 0.1 x 0.05

Radiation Cu Ko (A = 1.54184)

20 range for data collection/® 7.74 to 145.06

Index ranges 43 <h <42 -14<k<14,-14<1< 14
Reflections collected 87942

Independent reflections 9751 [Rjpt = 0.0226, Ryjgma = 0.0104]
Data/restraints/parameters 9751/20/640

Goodness-of-fit on F? 1.039

Final R indexes [I>=20(I)] Ry = 0.0458, wRo = 0.1306
Final R indexes [all data] Ry = 0.0463, wRy = 0.1314
Largest diff. peak/hole / e A=3 | 0.42/-0.29

Flack parameter 0.434(19)

Table A.1: Crystal data and structure refinement for 3-butene-substituted pillar[5]arene (13).

Experimental

Single crystals of 3-butene-substituted pillar[5]arene (13) were obtained through slow vapour
diffusion from chloroform into hexane. A suitable crystal was selected and mounted in fomblin
oil on a mitegen loop on a GV1000, TitanS2 diffractometer. The crystal was kept at 120(10)
K during data collection. Using Olex2, the structure was solved with the olex2.solve structure
solution program using Charge Flipping and refined with the olex2.refine refinement package

using Gauss-Newton minimisation.
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A.5 Reproduced data for pillar[5]arene (16)

Data for pillar[5|arene (16) as a comparison with 3-butene-substituted pillar[5|arene (13)

discussed in this work. Figures adapted from Champness et all151],

30pA

25 20 15 10 05 00 05 10 5 o 45 40 05 00 05 10
Potential / V (vs. F¢'/ Fc) Potential /V (vs. Fc’/ Fc)
Figure A.45: Left: cyclic voltammogram; right: square wave voltammogram of pillar[5]arene

(16) (black trace) in CH2Cly containing ["BuyN]|[BF,4] (0.4 M) as supporting electrolyte, at
ambient temperature and at 0.10 Vs~1.

a)

300 400 500 600 700 3500 3504 3508 3512
Wavelength | nm Magnetic Field / G

Figure A.46: Left: UV-vis absorption spectra showing the inter-conversion of redox states
in pillar[5]arene (16) between P5A and [P5A]"; right: experimental (black) and simulated
(red) X-band EPR spectra of [P5A]". Both spectra were recorded in CHyCly containing
["BuyN][BF4] (0.4 M) as supporting electrolyte at 273 K. The simulated EPR spectrum was
generated using g;, of 2.0038, a;g, of 1.720 (2H), 1.136(4H) and 0.570(8H) x 10~% cm ™!, a
line-width of 0.25 G and a Gaussian line-shape.
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1. Introduction

The design of mechanically interlocked molecular components
and architectures that resemble real-world objects is often
a pursuit of the supramolecular chemist, as evidenced in the
constructions of molecular knots," Borromean rings,” and
complex higher-order catenanes such as olympiadane which
resembles the Olympic rings.* The field has developed rapidly
over the past few years and has recently been termed molecular
nanotopology. Indeed, frequently when it comes to the
nomenclature of such complex mechanically interlocked
molecules, these structures have their names derived from the
objects that their structure resembles. One example that fits this
vernacular convention is molecular handcuffs, where the name
perhaps implies their structure of a bis(macrocyclic) host
‘arresting’ a guest molecule.

“School of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT,
UK. E-mail: n.champness@bham.ac.uk

’School of Chemistry, University of Nottingham, University Park, Nottingham, NG7
2RD, UK. E-mail: ben.pilgrim@nottingham.ac.uk

Nicholas Pearce is a post-
doctoral researcher at the
University of Birmingham whose
current work is based around
constructing mechanically inter-
locked  molecules  featuring
redox and photo active compo-
nents. He obtained his PhD at
the University of Nottingham
under the supervision of Prof.
Neil Champness studying the
effects of sulfur atom substitu-
tion on rylene diimide systems.

© 2022 The Author(s). Published by the Royal Society of Chemistry

opportunities for employing this structural unit for new architectures.

In this review we seek to explore the diversity of structures
based on molecular handcuffs and related systems, introducing
the reader to these fascinating molecular structures and their
utility in studying complex interactions. We also present a new
convention for the naming of these intricate and complex
structures. Whilst several attempts have been made to intro-
duce a systematic nomenclature to the world of mechanically
locked molecules,>® including recommendations by IUPAC,*
a widespread adoption of any naming convention has yet to
occur. Although the name ‘molecular handcuff’ is open to
interpretation, and at times even conflicts with other naming
conventions, we hope in this review article to make some
headway towards defining what qualifies as a molecular hand-
cuff. In simplistic terms a handcuff molecule consists of two
molecular components: a host component with a structure of
two joined macrocycles; and a guest component that is threaded
through each of the host's two rings, as a doubly mechanically
interlocked molecule. In this simple sense the molecule
resembles real-world handcuffs, which are two joined metal
rings that can be used to restrain a prisoner. As with all areas of
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chemistry, our imagination is not restrained to the real-world
and therefore the term molecular handcuff may be applied to
ring systems of two or more joined loops, and molecular
handcuffs may form multiple mechanical bonds with a single
axle molecule.

Broadly, mechanically interlocked molecules are classified
into two main categories: catenanes and rotaxanes. Molecular
handcuffs too, can be divided into these two classes. For
handcuff rotaxanes, the guest ‘axle’ does not form a closed
macrocyclic loop but should penetrate both host macrocycles
(Fig. 1a). The analogy with real world handcuffs is clearest in the
case of handcuff rotaxanes, where the handcuffs represent the
bis(macrocyclic) species and the person's arms correspond to
the threaded dumbbell molecule. In this physical analogy, the
arrestee's wrists serve as the recognition sites for the handcuff
clips. In the case of handcuff catenanes (Fig. 1b),
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a bis(macrocyclic) molecule is threaded through both of its
macrocycles by another macrocyclic guest molecule. This guest
species may assume the form of a bis(macrocycle) itself, so both
bis(macrocycles) are mutually interlocked as a cyclic
bis[2]catenane.

The diversity of mechanically interlocked molecules invokes
topological and architectural considerations, especially when it
comes to rationalising their structure and nomenclature. As
such, we have chosen to omit certain examples from this review
that do not follow either a topological or architectural approach
to the goal of achieving a handcuff structure. Generally, those
mechanically interlocked molecules that employ a host mole-
cule with a cryptand or cage-like structure,”® have been
excluded, since the cavity of these hosts typically presents only
one guest recognition site and demonstrating that multiple
rings have been threaded is debatable (or that multiple
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Fig. 1 Schematic representation of the types of handcuff mechano-
molecules reviewed in this work.

mechanical bonds are present) from a strictly topological
standpoint. We have also chosen to omit unimolecular species
such as pretzelanes,”® which resemble handcuffs that are
‘arresting’ themselves, as well as bis(macrocyclic) hosts that
serve multiple guests, where the handcuff is serving as a tether
between the two ensnared guests. We have, however, included
higher order handcuff structures: species that comprise an
oligo(macrocyclic) host to a single guest molecule that threads
each of the host's macrocycles, since these species are analo-
gous to handcuffs that would be used to arrest an entity with
additional arms. These structures are clearly related to the other
forms of molecular handcuffs, since in every case, the parent
compound can be reduced to a handcuff system by ration-
alisation of the oligo(macrocyclic) host as a bis(macrocycle) that
possesses additional complexity (Fig. 1c).

Considering these factors, this review aims to comprehen-
sively survey the molecular design and synthesis of
mechanically-bonded handcuff architectures as well as
providing an insight into their properties and functions. We
have framed our discussion of molecular handcuffs against
other naming conventions, where relevant, to draw compari-
sons between the taxonomy of mechanically interlocked mole-
cules, as well as to inform the reader of handcuff examples that
have been alternatively categorized. We have used a new
terminology to describe handcuffed structures of the form (x)
handcuff [y]rotaxane/catenane. In this naming system x refers

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to the number of threaded macrocyclic hosts that are joined in
the handcuff component of the mechanically interlocked
molecule. Thus, if two macrocycles are joined, as in the
simplest handcuff systems, then x = 2; if there are three joined
macrocycles then x = 3 and so forth. If only two rings of
a tris(macrocyclic) host are occupied by the guest, the result
would be a (2)handcuff. The second term, y, refers to the
number of mechanically bonded components of the rotaxane,
or catenane, following the well-established protocols in the
field.® Examples discussed throughout this article will make it
clear how this terminology has been applied and where addi-
tional descriptors are required. Our discussion of handcuff
architectures has been divided into three main classes based
upon their structure: (i) handcuff rotaxanes, (ii) handcuff cate-
nanes and (iii) higher order handcuff architectures (Fig. 1), and
each class will be discussed in turn.

2. Handcuff rotaxanes

Perhaps the most straightforward form of molecular handcuffs to
rationalise are handcuff rotaxanes that consist of a bis(macro-
cylic) component that forms two mechanical bonds with a single
axle component that has threaded through each macrocycle.
Invoking our proposed nomenclature described above, such
a system would be termed a (2)handcuff [2]rotaxane and is the
closest parallel to ‘real-world’ handcuffs: the bis(macrocyclic)
host reflects the pair of handcuffs and the molecular axle can be
thought of as the person trapped within them. Indeed the
most common form of molecular handcuffs are (2)handcuff
[2]Jrotaxanes. An alternative name for this type of bridged
macromolecule was proposed by Vogtle," who pioneered some of
the early work into handcuff rotaxanes. He suggested ‘Bonnanes’
after the city of Bonn in which they were based, the former bridge
capital of Germany, to reflect the bridge between the pair of
macrocycles.

A unique opportunity afforded by handcuff rotaxanes that
does not exist for simpler [2]rotaxanes is the possibility of
mechanically bonding the system with a single stopper group
that lies between both macrocycles. If the system is rigid
enough, dethreading can still be prevented by a sufficiently
bulky central group, without the need for the axle to possess
stoppers at each terminus. This principle is well demonstrated
by ‘suit[n]anes’, a term proposed by Stoddart to describe
a molecular body encapsulated within a molecular suit in which
n limbs are protruding. In the case of a suit[2]ane, two limbs of
a central axle (the ‘torso’) protrude from a bis(macrocyclic) host
that is typically connected with two covalent bridges (the ‘suit’).
Due to the great similarity between suitanes and handcuff
rotaxanes, we reason that suitanes are a form of handcuff
rotaxane and will discuss them as part of this section.

2.1 Strategies for handcuff rotaxane synthesis

Much as there are different mechanisms by which [2]rotaxanes
can be prepared (for example: capping, slipping, ring-clipping
and templating), several strategies towards the synthesis of
handcuff rotaxanes have been demonstrated that include the

Chem. Sci,, 2022,13, 3915-3941 | 3917
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linking of macrocycles in a 2-ring [3]rotaxane; the linking of
axles in a 2-axle [3]rotaxane; as well as the more traditional
threading followed by stoppering method. Although to date the
number of different synthetic approaches that have been real-
ised in pursuit of handcuff rotaxane synthesis is quite small, we
note that other methods are viable, including both ring-clipping
and templating. For example, consider the case of ring-clipping;
the precursor to the bis(macrocyclic) species might exist as
a double clamp like molecule that associates with two active
sites on a separate axle molecule; the handcuff rotaxane could
then be generated by simultaneous ring closing reactions.
Similarly, with suitably designed molecular components,
concurrent active-templating reactions could be used to end-
cap a central axle within the cavities of a bis(macrocylic) cata-
lyst. Since these methods of handcuff synthesis have yet to be
achieved, we will duly focus on those strategies which do have
a literature precedent and describe them in more detail.

2.1.1 Linking synthesis. One of the earliest examples of
a handcuff rotaxane-like molecule came from the Stoddart group

(a) Covalently linking macrocycles to form a (2)handcuff [2]rotaxane

=

[3]rotaxane

|
singly bridged (2)handcuff [2]rotaxane \ﬁ%

oo

doubly bridged (2)handcuff [2]rotaxane
(b) Covalently linking axles to form a (2)handcuff [2]rotaxane

ofte - ofte

(c) Separate end threading to form a pseudo(2)handcuff [2]rotaxane

== Dty

(d) Sequential linear threading of an axle stoppered at one end

O—O

Fig. 2 Methods of (2

threading.
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in 2005, who employed a dialkylammonium axle that formed
a pseudo[3]rotaxane with two crown ether hosts bearing olefin
groups, which could then be coupled by olefin cross metathesis
to afford a pseudo(2)handcuff [2]rotaxane.”® Also in 2005 the
Stoddart group reported a strategy for the reaction of dialdehyde
and diamine compounds that are designed to clip around
dialkyl-ammonium containing dumbbells, forming imine bonds
under thermodynamic control.” Amongst a number of exam-
ples, the authors described a ‘cyclic [4]rotaxane’ which contains
two handcuff molecules but as each of these do not bind to the
same axle component the molecule does not fit our definition of
a mechanically interlocked handcuff structure.

Soon afterwards, Sato and Takata also used the strategy of
covalently linking the macrocycles of a [3]rotaxane to form
a true (2)handcuff [2]rotaxane.'® Two dibenzo[24]crown-8
(DB24C8) macrocycles functionalised with methacrylate
groups on each of the benzene rings were threaded onto a dia-
lkylammonium axle and end-capped, producing a [3]rotaxane
(Fig. 2a). Connection between the wheels was subsequently

© 2022 The Author(s). Published by the Royal Society of Chemistry
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achieved by two conjugate additions of hexanedithiol to this
[3]rotaxane, forming the singly bridged handcuff compound as
the main product when using lower reactant concentration.
When the initial concentration of reactants was increased, an
additional tether between the remaining methacrylate groups
on the other side of the macrocycles is able to react, forming
a doubly bridged (2)handcuff [2]rotaxane. Interestingly, when
the conjugate addition reaction was performed on free macro-
cycle no bis(macrocyclic) product was detected, instead only
a polymer was observed, revealing both the advantages of
organising reactive components with mechanical bonds and
the control over the chemistry provided through a handcuffing
strategy.

The related approach of threading two axles through each
ring of a bis(macrocycle) prior to linking the axles together was
exhibited by Iwamoto and co-workers.'®'” DB24C8 macrocycles
were linked with ester groups and threaded with half-dumbbell
alkylammonium axles bearing terminal olefins. The pre-
organisation of these components permitted linking of the axles
with an olefin metathesis reaction, producing the handcuff
rotaxane (Fig. 2b). Ultimately the authors were interested in
pursuing a high yielding synthesis of a [3]rotaxane, which could
be produced directly from the handcuff by using a saponifica-
tion reaction to remove the bridge between the macrocycles.
The rationale of temporarily tethering the macrocycles and
proceeding via a handcuffed intermediate proved advantageous
towards overcoming the entropic limitations of directly
coupling two pseudo[2]rotaxanes, where the labile macrocycles
could more easily slip away prior to the metathesis reaction.

2.1.2 Threading synthesis. The majority of examples of
(2)handcuff [2]rotaxanes have been formed by employing
a threading and end capping process. Typically, in this proce-
dure an axle molecule that bears two host recognition sites is
mixed with a bis(macrocycle) and the two components are
allowed to associate before both ends of the axle are reacted
with sterically encumbering stopper groups. The recognition
sites of each component must be at an appropriate spacing to
permit the threading interactions, or the tethers linking each
recognition unit ought to offer enough conformational flexi-
bility such that a bimolecular association is possible. The
mechanism of threading can vary between systems: the axle
molecule may thread outwardly, with each end separately
piercing each macrocycle (this is necessarily the case if the axle
contains a central group too large to pass through either mac-
rocycle); or by a leading end of the axle first threading one
macrocycle, then the other.

A detailed study into the thermodynamic and kinetic effects
of these different threading mechanisms in pseudo(2)handcuff
[2]rotaxanes has been published by the Schalley group.'® For
homodivalent (symmetrical) pseudorotaxanes utilising
ammonium/crown ether recognition, two mechanistic steps are
involved: (i) the threading of one ammonium arm of the axle
into one crown ether, followed by (ii) the threading of the
second arm into the remaining crown (Fig. 2c). The Schalley
group showed that if a pseudo[3]rotaxane comprised of two
ammonium axles and a bis(crown ether) is mixed with a pseudo

© 2022 The Author(s). Published by the Royal Society of Chemistry
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[3]rotaxane made from a divalent ammonium axle and two
crown ethers, the mixture will form an equilibrium that shifts
towards the formation of the pseudo(2)handcuff [2]rotaxane
product where the divalent ammonium axle is associated with
the bis(crown ether), and the remaining monovalent compo-
nents form pseudo[2]rotaxanes. Thus, for handcuff rotaxanes,
the second threading event becomes favourable due to a chelate
cooperativity. Furthermore, the effects on binding of the axle to
the bis(macrocyclic) host can be pronounced by additional
favourable interactions between the spacer groups of the host
and guest entities. If the spacer is ‘hon-innocent’ and partici-
pates in a binding interaction or is the correct length to
modulate additional favourable interactions, an enhanced
chelate cooperativity is observed, representing additional ther-
modynamic effects upon threading.

On the other hand, Schalley and co-workers'® were able to
force sequential linear threading of a divalent ammonium
axle that was stoppered at one end through a heterodivalent
bis(crown ether) with two different cavity sizes. In this case
threading now involves three steps: (i) threading of the leading
end of the axle into the larger crown ether cavity up to the first
ammonium recognition site, (ii) migration of the larger crown
ether along the axle to the second ammonium station and lastly,
(iii) the threading of the leading end of the axle into the smaller
crown ether cavity (Fig. 2d). The different cavity sizes allowed for
the kinetics of each threading step to be monitored indepen-
dently, with (i) occurring on the millisecond timescale, (ii) on
the second timescale and (iii) on the order of minutes. Differ-
ences in spacer length were also considered, the authors this
time finding that longer spacers were more able to overcome the
activation enthalpy of the second threading event, where strain
in the transition state presents a barrier to handcuff formation.
Consequently, the kinetically optimum spacer length may be
different to the thermodynamically ideal option. Importantly,
the authors conclude that whilst longer spacers can be slightly
less favourable due to entropic effects, this effect is only slight,
and that long, flexible tethers between binding sites remain
potent to the assembly of handcuff species. A similar study into
this sequential ‘inchworm’ mechanism of threading has been
recently published by Chen and co-workers," also utilising
multivalent ammonium axle/crown ether host binding interac-
tions. Through a combination of NMR spectroscopy and
molecular dynamics simulations, a study into the kinetics of
threading the three station axle through either bis(macrocyclic)
or tris(macrocyclic) hosts was performed. The results supported
those of Schalley and co-workers, confirming that whilst the
first threading event is very fast, it was considerably slower for
the additional threading steps to occur, due to a gradual
decrease in the freedom of movement of both host and guest
components imposing a significant entropic effect upon the
system. When a more conformationally flexible guest was used,
complete threading was achieved more quickly, accompanied
by an increase in the proportion of complexed components,
establishing how important axle flexibility can be in the
successful synthesis of handcuff rotaxanes.

Chem. Sci,, 2022, 13, 3915-3941 | 3919
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2.2 Chemical topology in handcuff rotaxane systems

The arrangement of components within handcuff rotaxanes can
lead to deeper structural complexity in the form of topological
isomerism. This topoisomerism may become apparent in the
relative orientation of the two macrocycles (especially if chiral or
cone-shaped macrocycles are used), or in the way the axle
weaves around the host before threading. For heterodivalent
bis(macrocycles) and directional axles, the order in which each
ring is threaded also affords the possibility of topoisomerism.
In this section some of the ways in which the topology of
handcuff rotaxanes has been studied will be explored.

2.2.1 Stereoisomerism in handcuff rotaxanes. One of the
first reported syntheses of a (2)handcuff [2]rotaxane came from
the Vogtle group in 2006 who were investigating covalent reac-
tions of rotaxanes for further preparative chemistry."* Vogtle
and coworkers first prepared a [3]rotaxane that consisted of two
sulfonamide containing macrocycles about a single axle
(Fig. 3a). By reaction of the sulfonamide groups with a diha-
loalkane tether, a covalent bridge was installed between the two
macrocycles, forming a handcuff rotaxane by a linking
synthesis. Due to the presence of one sulfonamide group per
macrocyclic ring, the possibility of cyclodirectionality is intro-
duced depending on the whether the sequence of sulfonamide
and amide groups occurs in a clockwise or anticlockwise
manner about the axle. Since an achiral axle was employed,
cyclochirality®® is only manifested in the relative orientation of
the two macrocycles, both in the parent [3]rotaxane and the
handcuff rotaxane: a meso form of the handcuff exists where
both macrocycles share the same orientation and a pair of
enantiomers (p and . forms) arise if the macrocycles have

(a) Topological isomerism from the relative cyclochirality of each macrocycle

(c) Directional threading of asymmetric macrocycles

Head-to-Head

Tail-to-Tail
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opposite directionality. All three cyclodiastereoisomeric forms
were detected and separation proved to be possible. The
chirality of the parent [3]rotaxane was more pronounced in the
CD spectra of the enantiomers than in the handcuff form where
the wheels could not rotate freely with respect to each other due
to the tether, a finding which may be of significance in the
creation of molecular motors or ratchets where controlled
rotational motion is essential.

A study by Tokunaga and co-workers®* examined the forma-
tion of a helically chiral (2)handcuff [2]rotaxane from achiral
components. A calix[4]arene frame was used to orthogonally
position two crown ether macrocycles, which were attached to
alternating subunits of the calixarene. A bis-ammonium axle
was complexed with the bis(calix-crown ether) and stoppered
(Fig. 3b). Given the orthogonal orientation of the macrocycles,
following the first ammonium/crown ether binding, the second
threading event can occur from either side of the other mac-
rocycle. Since threading from either direction is equally likely,
a racemic mixture of the two helical handcuff enantiomers is
produced, which could be separated by chiral HPLC. As with the
cyclodirectional macrocycles of Vogtle's system, chirality was
only induced when both wheels are threaded.

Tokunaga and co-workers also reported an alternative
approach to introducing chirality to handcuff rotaxanes.” In
this later example a (2)handcuff [2]rotaxane was prepared using
a handcuff molecule comprising two crown ethers linked
through a biphenyl group combined with a symmetrical
bis-ammonium salt. The resulting species exhibits both
mechanically planar and axial chirality.

(b) Helical chirality from different threading directions

Head-to-Tail

Fig. 3 Topological isomerism in (2)handcuff [2]rotaxanes. (a) Relative cyclochirality of each macrocycle; (b) helical chirality resulting from
direction of threading; (c) directional threading of asymmetric macrocycles.
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Another form of stereoisomerism in handcuff rotaxanes can
be instituted using non-symmetrical macrocycles. Neri and
coworkers note that for a bis(macrocycle) with cone-shaped
calix[6]arene hosts, three stereoisomeric handcuff rotaxanes
are possible with head-to-head, tail-to-tail and head-to-tail
relative orientations of the calix-wheels (Fig. 3c).”® Taking
advantage of the “endo-alkyl rule”,* the preference for direc-
tional threading of a calixarene by an alkylbenzylammonium
guest to have the benzene ring of the guest on the phenol rim
side of the calixarene, Neri and coworkers were able to synthe-
sise a (2)handcuff [2]rotaxane with exclusively tail-to-tail orien-
tational isomerism. Knowledge of synthetic strategies such as
this can be valuable in the construction of molecular architec-
tures with higher-order topologies, without the concern of
generating undesired mechanoisomers.

2.2.2 Mechanical bond location. Described in the Intro-
duction to this section, handcuff rotaxanes allow for the pros-
pect of forming a mechanically bonded system where only one
stopper group is required. Dethreading of the bis(macrocycle)
can be limited if the axle molecule is sufficiently long that one of
the macrocycles would have to pass over a sterically demanding
blocking group located at the axle's centre. Indeed, this prin-
ciple has been demonstrated by Chen and co-workers,* who
were able to synthesise a pseudo(2)handcuff [2]rotaxane by
complexing a triptycene derived bis(crown ether) host and
a dibenzylammonium guest that contained a central anthra-
cenyl unit too large to pass through the crown cavity. Despite
lacking terminal blocking groups on the threaded axle, the

(a) Synthesis of a polyhandcuff rotaxane

Cu(CH{CN),PFs
S CH,Cl

(b) Internal stoppering of a suit[2]ane
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stability of the complex was confirmed by NMR and fluores-
cence spectroscopy, as well as through an X-ray crystal structure.
The guest molecule was modified further to present terminal
propargyl groups, for subsequent reaction of the handcuff
complex. Instead of a reaction with bulky stoppering groups,
Chen decided to combine the propargyl-handcuff with a diazide
using a copper-catalysed azide-alkyne Huisgen cycloaddition or
‘click’ reaction to form a polyhandcuff rotaxane, averaging
seven handcuff monomer units (Fig. 4a). To our knowledge, this
is the only example of a polyhandcuff rotaxane, and it stands to
reason that the bis(crown ether) hosts must be truly mechan-
ically bonded since the axle is comprised of numerous repeating
blocking anthracenyl moieties.

Stoddart introduced us to the concept of suitanes in 2006 **
as a mechanically interlocked molecular architecture in which
a central molecular body is encompassed by a close fitting
molecular ‘suit’ that is distinguishable from capsules and car-
ceplexes by the protruding limbs of the central body. In pursuit
of this molecular composition, Stoddart and co-workers
assembled a pseudo[3]rotaxane from two [24]crown-8 rings
bearing aldehyde groups and a dibenzylammonium axle. The
ammonium recognition sites of the axle were separated by
a bis(anthracenyl) core, able to prohibit further movement of
the macrocycles. A dynamic covalent chemistry approach was
used to connect the two macrocycles in the pseudo[3]rotaxane
with imine bonds through the reaction of the aldehyde groups
with two equivalents of p-phenylenediamine, forming the sui-
tane. Computational force-field modelling, coupled with solid-

Fig. 4 Handcuff rotaxanes with sterically limiting groups placed between the two macrocycles. (a) Synthesis of a polyhandcuff rotaxane; (b)

single crystal X-ray structure of a suit[2]ane.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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state structural data of the suitane from single crystal X-ray
crystallography indicate that supplementary interactions
between the phenylene linker and the anthracenyl core play
arole in further stabilising the structure (Fig. 4b). Moreover, the
integrity of the suitane's mechanical bonds was evidenced by
the lack of any free host or guest present in a sample of the
suitane that had been heated for 30 days. Comparing the sui-
tane's synthetic strategy with the linking synthesis of Sato and
Takata' (see Section 2.1.1), reveals many similarities between
the suitane and doubly-bridged handcuff rotaxanes: the differ-
ence in mechanical bond location is somewhat superficial to
the overall structure; the deeper principles of rational molecular
design and supramolecular chemistry unite suitanes and
handcuffs.

In suitanes and doubly-bridged handcuff rotaxanes, the
second connecting bridge between the macrocycles creates
a third macrocyclic unit, the aperture of which lies perpendic-
ular to those of the original macrocycles. The different
composition of the third macrocycle endows it with different
chemical properties to the two flanking macrocycles and thus,
may provide the possibility of different host-guest chemistry.
The threading modes of a macrotricyclic host consisting of two
DB24C8 macrocycles, wherein one pair of benzene rings formed
part of a triptycene bridge and the other pair an anthracene
bridge, was examined by Chen and co-workers.?® The aliphatic
paraquat derivative, 1,1’-di(6-hydroxyhexyl)-4,4"-bipyridinium
formed complexes with the macrotricyclic host where each
hydroxyhexyl tail participated in a threading interaction with
each DB24C8 host, and could later be stoppered to form the
corresponding (2)handcuff [2]rotaxane. Modification of the
viologen to replace the hydroxyhexyl groups with a bulkier
substituent that could not thread the crown cavity still allowed
for construction of a [2]rotaxane, in this case however, it was the
third macrocylic cavity, circumscribed by the triptycene and
anthracene bridges that was threaded, and no handcuff was
formed. A related structure published by Chiu and co-workers,*”
complexed a bridged DB24C8 macrotricyclic cage with an
alkylammonium axle to form a [2]rotaxane. The axle only con-
tained one ammonium recognition site and consequently only
one crown ether was threaded. Despite certain topological
similarities between this rotaxane and handcuff structures,
from a supramolecular standpoint, the mechanical bond loca-
tion sets this structure apart from true handcuff species.

A conceptually related strategy has been reported recently
by Pothig and co-workers.”® In their system they assemble
a [2]rotaxane using a macrocyclic component based on a so-
called ‘pillarplex’, a complex in which two imidazolium con-
taining macrocycles are linked through the formation of
bis-N-heterocyclic carbene silver(i) moieties. This cylindrical
macrocycle is threaded by simple a diamine rod which can be
stoppered through amide bond formation. Interestingly, the
silver cations can be removed by addition of acid leading to the
formation of a [3]rotaxane in which the two imidazolium-
containing macrocycles are separated from each other. The
process is reversible establishing a mechanism for conversion
between [2] and [3]rotaxanes. The system has clear parallels to
the suitane structures described above.

3922 | Chem. Sci,, 2022, 13, 3915-3941
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2.3 Controlling motion in handcuff rotaxanes

Precise control over molecular motion is one of the most
significant attributes of mechanically interlocked supramolec-
ular chemistry. Compared to covalent chemistry, the freedom of
movement permitted by the mechanical bond allows for the
construction of more advanced molecular machines.” In the
field of rotaxanes, perhaps the most prevalent example of
controlling molecular motion leading to a machine-like appli-
cation is the construction of bistable molecular switches.?® The
position of the macrocycle along an axle containing two
chemically distinct stations can be reversibly controlled by
external stimuli that favour interactions between one station
over the other. In [2]rotaxane switches, typically the motion of
the components is purely relative: the ring moving along the
axle is indistinguishable from the axle moving through the ring.
This is not necessarily the case in switches built using handcuff
rotaxanes, where conformational rigidity of either the
bis(macrocyclic) component or the axle means that more
substantial rearrangement might be imposed on just one of the
molecular species for the system to move between its two states.
We will demonstrate this principle in detail by first considering
motion in switchable (2)handcuff [2]rotaxane systems built
around conformationally restrictive bis(macrocycles).

2.3.1 Rigidity in the bis(macrocyclic) component. An early
doubly-bridged handcuff rotaxane was reported in 2007 by Chiu
and co-workers*! that could undergo translational motion of the
host about the axle in response to various stimuli. The system
incorporated a macrotricyclic host; where two DB24C8 moieties
were bridged with bicyclo[2.2.2]octyl linkers to form a rigid
cage-like structure; and an axle with central pyridinium sites
and terminal benzylammonium stoppers (Fig. 5a). Translation
of the host to one end of the axle could be achieved by
increasing affinity of the host for the ammonium stations,
which proved to be possible through three mechanisms: (i)
altering the polarity of the solvent, (ii) changing the counter-
ions, or by (iii) lowering the pH. Decreasing the affinity of the
host for the ammonium stations (e.g., by increasing the pH),
saw the position of the host return to the centre of the axle and
occupy both pyridinium stations.

A subsequent collaboration between Chao and Chiu®** used
the same macrotricyclic host with a restructured axle that con-
tained central alkylammonium stations and pyridinium stop-
pers. Synthesised and crystallised as the PF¢~ salt, the crown
ethers interact with the central alkylammonium stations, and
the axle can adopt a linear ‘stretched’ conformation (Fig. 5b).
Upon the addition of four equivalents of tetrabutylammonium
fluoride, the axle rearranges to allow for interaction between the
pyridyl and crown ether groups, established by changes to the
NMR spectrum of the handcuff that showed the extrusion of the
central aliphatic chain through the flanking macrocycles with
changes to the shifts of the pyridinium and aliphatic chain
protons, indicating complexation. The authors advocate that
this rearrangement is due to disruption of hydrogen bonds
between the ammonium centres and crown ethers by the fluo-
ride ions, leading to a more favourable interaction with the
pyridinium units. As the fluoride salt, the axle of the handcuff is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Shuttling in a (2)handcuff [2]rotaxane

(b) Axle contraction in a (2)handcuff [2]rotaxane
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[ ——
E
Y, N~ pH
e N
/
Q p ke basic acidic
OO
———
~~
" Q
acidic basic

Fig. 5 Controllable motion in (2)handcuff [2]rotaxanes. (a) Shuttling motion including a view of the single crystal X-ray structure; (b) axle

contraction; (c) ‘butterfly-like’ bending; (d) ‘elevator-like' shuttling.

considerably shorter end-to-end since the central portion must
move out through the aperture of the remaining (non-crown)
ring, dubbed the ‘contracted’ form. The rigidity of the bridges
connecting the crown ethers prohibits expansion of the host to
accommodate this change. The length change between
stretched and contracted states was calculated through molec-
ular dynamics simulations as 36%, which is greater than in
human muscle. Precipitation of the fluoride with calcium tet-
rafluoroborate restored the stretched conformation of the
handcuff.

A very similar study into a handcuff rotaxane derived
molecular muscles was published by Qu and co-workers.** An

© 2022 The Author(s). Published by the Royal Society of Chemistry

anthracene bridged bis(crown ether) was complexed with an
axle containing a central ferrocene unit, that was flanked by
benzylammonium groups and capped with triazolium based
stoppers. Under acidic conditions, the protonated ammonium
groups interact strongly with the crown ethers and under basic
conditions, the outmost triazolium moieties are preferred over
the deprotonated benzylamines. Here, a length change of 15.8 A
or 48% is reported, facilitated by mutual rotation of the two
cyclopentadienyl rings of the ferrocene, displaying a combina-
tion of both translational and rotary motion in a single-
molecule system. Chen and co-workers also employed an axle
composed of central benzylammonium recognition sites and
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flanking triazolium stoppers in an acid/base switchable
(2)handcuff [2]rotaxane.** Some key differences are that the
DB24C8 macrocycles were connected as part of a larger, pen-
tiptycene based scaffold, and secondly the central benzy-
lammonium sites were directly adjoined as p-biphenyl (Fig. 5¢).
In this instance, although switching from ammonium to tri-
azolium stations does cause a similar bending of the axle,
a concomitant distortion of the pentiptycene host is required.
This opening out of the bis(macrocycle) was likened to that of “a
butterfly spreading its wings” and represents another form of
controllable motion available to handcuff systems.
Elevator-like motion has also been described for handcuff
rotaxanes. A two station benzylammonium/triazolium axle with
a central naphthalene diimide (NDI) was complexed with an
anthracene bridged bis(crown ether) by Liu and co-workers
(Fig. 5d).** At low pH, the inner benzylammonium groups are
protonated and interact with the crown ethers, which also
brings the axle's NDI and host's anthracenyl chromophores in
close proximity (3.9 A), quenching the fluorescence of the
system. A charge transfer band can be observed in the absorp-
tion spectrum of the handcuff that is not present for either
isolated component. Addition of base to the handcuff moves the
bis(crown ether) elevator platform to the triazolium stations

[CH(CH:CN).)(PFe)
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and separates the anthracenyl and NDI chromophores to
a distance of 12.4 A. Interestingly, we note that although Liu®
used the same bis(macrocycle) as Qu,** the computationally
calculated structures of the systems exhibit markedly different
conformations of the bis(macrocycle). In Liu's work, the
bis(macrocycle) possesses an almost planar conformation,
which means the axle must adopt a U-shaped conformation to
thread through both rings, and the two arms of the axle serve as
the elevator ‘shaft’. On the other hand, in the system described
by Qu, the crown ether units curl round and allow the axle to
thread both rings whilst remaining roughly linear and stretched
out. We reason that the size and charge complementarity
between the two central components in Liu's handcuff may
account for the conformational differences that lead to the
dissimilarities in reported motion.

2.3.2 Rigidity in the threaded component. When a more
conformationally restrictive axle is used in a handcuff rotaxane
system, it is instead the bis(macrocyclic) element that may have
to endure structural rearrangement to allow for motion between
stations along the axle. Sauvage and co-workers®***” prepared
a [3]rotaxane that used a linear rod-like axle whose central
portion contained eight para-connected aromatic rings (Fig. 6).
The central four rings provided a dual 2,2-bipyridine

Fig. 6 Compressor/extensor or accordion-like motion about a rigid axle.
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functionality from a 4,7-phenanthroline nucleus, allowing
metal-templated complexation with 1,10-phenanthroline-based
macrocycles, and the system was then stoppered using a ‘click’
reaction that introduced triazole stations to the axle as well as
the encumbering end caps. The macrocycles of the [3]rotaxane
also bore zinc-porphyrin functional groups that were connected
directly to the phenanthroline moieties by a fused ring
arrangement.

This [3]rotaxane could be converted into a handcuff rotaxane
by using a linking synthesis to bridge the zinc-porphyrin centres
with various dipyridyl ligands. When the rotaxane is complexed
with copper(r), the positions of the two porphyrin plates are
controlled by the geometry of the central axle, which forms
coordination complexes with through its bipyridyl units with
the phenanthroline groups of each macrocycle. Since the posi-
tion of the macrocycles is rigidly defined, the linking dipyridyl
tethering molecule must adopt a conformation to fit in the
available space between the two porphyrin plates and may have
to fold or compress considerably. If the copper(i) centres are
removed, the macrocycles become free to glide along the 80 A
axle and the tether can extend to a preferred conformation that
will instead determine the separation of the macrocyclic
‘wheels’. Sauvage found that this [3]rotaxane architecture could
form handcuff compounds with tethers ranging from 2.8 A
(DABCO) to 18 A (1,10-di(4-pyridyl)decane). In the case of the
18 A tether, the metalated form of the handcuff complex
becomes destabilised due to distortions imposed on the teth-
ering molecule, however, the tether is still able to bind. As such,
the authors rationalised the motion exhibited by this structure
as functioning as a reversible ‘compressor/extensor’, or perhaps
like an accordion.

2.3.3 Redox control over handcuff systems. Mechanically
binding molecules together as handcuffs is an efficient strategy
for the positioning interesting molecular species close in space,
whilst still allowing for free movement as required. Schalley and
co-workers*® prepared a (2)handcuff [2]rotaxane from a tetra-
thiafulvalene (TTF) based bis(macrocycle) and an NDI equipped
with the appropriate benzylammonium recognition sites. The
absorption spectrum of the resulting handcuff displayed
a strong intramolecular charge-transfer between the electron
donating TTF unit and the electron accepting NDI, which may
have helped the self-assembly process. Electrochemical inves-
tigations of the NDI-TTF handcuff revealed that the compound
was stable across five redox states, and this redox stability was
improved greatly over the free axle and wheel components,
although the first oxidation potential (associated with the TTF
chromophore) occurred at higher potential, due to stabilisation
of the neutral state by intramolecular charge-transfer and the
already dicationic nature of the handcuff. The optimised
geometries of all five redox states of the complex were
computed, finding that the separation between the NDI and
TTF planes increases with both oxidation and reduction as the
attractive charge-transfer interaction is lost.

Champness and co-workers* also prepared redox active
handcuff rotaxanes that positioned perylene diimide (PDI)
chromophores in close proximity by means of pillar[5]arene/
imidazolium rotaxane formation. The PDI units of axle and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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host species communicate strongly with m-stacking interac-
tions, especially visible in the emission spectrum of the hand-
cuff, which displayed an excimer-like profile, indicating
electronic coupling between the two 7-systems. This handcuf-
fed compound was also stable across multiple redox states and
capable of accepting four electrons. Spectroelectrochemical
measurements of the two-electron reduced PDI-PDI handcuff
unveiled a unique absorption profile for a PDI-based molecule
that was assigned to the formation of a w-dimer that is not seen
for rigidly spaced PDI-PDI dimers. The addition of two more
electrons to the handcuff resulted in the loss of interaction
between the two PDI units. A similar NDI-PDI handcuff rotax-
ane was also synthesised in which the addition of four electrons
could be achieved in independent steps. Although features in
the absorption and EPR spectra of the one-electron reduced
NDI-PDI handcuff show little evidence of charge hopping
between the two chromophores, this does seem to be possible
for the two-electron reduced handcuff: EPR activity is lost, and
the absorption profile is distinct from those of typical NDI" and
PDI" chromophores. The strategy of molecular handcuffs
provided a unique opportunity to probe interactions between
redox centres that was enhanced by the flexibility granted to the
system from the use of mechanical, not covalent bonds.

3. Handcuff catenanes

The natural partner to handcuff rotaxanes are handcuff cate-
nanes, where the bis(macrocyclic) species is threaded through
each ring by another single macrocycle. Following our suggested
terminology, this arrangement would be called a (2)handcuff
[2]catenane, reflecting that a two-ringed host is threaded by
a second guest molecule. Since a handcuff catenane is the
topological result of covalently connecting the two outer rings in
a linear [3]catenane, the name pseudo[3]catenanes, introduced
by Becher is also used occasionally in the literature. Interest-
ingly, despite being a viable synthetic strategy for the synthesis of
handcuff catenanes, we have not found any examples of hand-
cuff catenanes that were constructed in this manner.

We also consider the mutual interlocking of two separate
bis(macrocyclic) species to be a form of (2)handcuff [2]catenane:
a two-ringed component is threaded through each macrocycle
by a single species (that happens to also have bis(macrocyclic)
structure), and two mechanical bonds are present in the form of
the intertwined rings of a catenane, so the structure must
qualify as both a (2)handcuff and a [2]catenane. This molecular
architecture is most commonly referred to as a cyclic
bis[2]catenane and we expand our discussion of handcuff cat-
enanes to include these interesting arrangements.

3.1 Linear handcuff catenanes

Much as described for handcuff rotaxanes in Section 2.1, one
might imagine different synthetic routes could be employed to
produce a handcuff catenane. The catenane counterpart to the
rotaxane ‘linking synthesis’ would involve covalently bridging
two macrocycles in a [3]catenane to form the bis(macrocycle);
whereas a threading synthesis would proceed as it does for
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a handcuff rotaxane, but instead of introducing stopper groups
to the pseudo(2)handcuff [2]catenane, the ends of the threaded
component are joined to each other, forming the third macro-
cycle. The latter case of threading a bis(macrocycle) is consid-
erably more common amongst literature examples, though
some differences arise from the connectivity of the two macro-
cycles. The two rings might be fused together by a central
molecular species that serves as the recognition site for the
thread, such that encircling this central species is accompanied
by a concomitant threading of both macrocycles. Alternatively,
the two macrocycles might be separated by a non-interacting
tether and it is more important for the threading species to
have affinity for the macrocyclic loops to ensure that threading
occurs prior to the macrocyclisation step.

3.1.1 Fused-ring handcuff catenanes. The earliest synthesis
of a (2)handcuff [2]catenane was reported by Becher and co-

(a) Templating formation of guest macrocycle
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Fig. 7 Structures of (2)handcuff [2]catenanes. (a) Fused-ring cate-
nanes synthesised by templating the formation of the guest macro-
cycle; (b) tethered-ring handcuff catenanes synthesised through
copper(l)-phenanthroline templating; (c) tethered-ring handcuff cat-
enanes synthesised through chloride-amide hydrogen bond tem-
plating including a view of the single crystal X-ray structure.
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workers in 1995.* Taking advantage of the tendency of TTF to
form a strongly associated 1:1 charge-transfer complex with
cyclobis(paraquat-p-phenylene), a bis(macrocycle) was designed
around the TTF unit that would maximise - interactions with
the paraquat species (Fig. 7a). Thus, macrocycles were formed by
equipping a tetrathiolated TTF with glycolic loops, bridged by
hydroquinone or anthraquinone spacers, that would lead to
a separation between the TTF and these electron rich spacers of
approximately 7 A, optimal for binding the paraquat cyclophane.
Unlike Schalley's TTF-based bis(macrocycle)*® where each end of
the TTF unit was part of a separate macrocycle, in Becher's
system, the macrocycles were connected across the long axis of
the TTF centre, leading to cis/trans isomers that could intercon-
vert in solution. Handcuff catenanes were synthesised via the
reaction of the precursor components of cyclobis(paraquat-p-
phenylene) in the presence of the TTF bis(macrocycle). For the
hydroquinone-spaced bis(macrocycle), both cis and trans isomers
of the handcuff were obtained, which could be separated from
each other and characterised independently. These isomers did
not interconvert, even in the presence of trifluoroacetic acid,
indicating that the paraquat cyclophane inhibits TTF protonation
that would lead to isomerisation. The oxidation potentials of the
TTF centre increase for the handcuff catenanes compared to the
free bis(macrocycles) due to charge transfer between the cyclo-
bis(paraquat-p-phenylene) and the encircled TTF, though no
significant difference was noted for the cis and trans isomers,
implying that the change in handcuff configuration does not
greatly affect its electron donating ability.

The handcuff catenane containing anthraquinone spacers
was only obtained as the trans isomer, the yield of which was
greatly improved by repeating the reaction at high (10 kbar)
pressure. A supplementary study by Li and Becher*' replaced the
anthraquinone moieties with further TTF units, which CPK
modelling determined would allow for essential -7 donor-
acceptor interactions only when the central bis-loop TTF unit
was in the cis-configuration.

This proved to be true experimentally, and the correspond-
ing handcuff catenane was obtained solely as the cis-isomer,
whose D,;, symmetry was readily identifiable by "H NMR spec-
troscopy. On the other hand, the anthraquinone trans-isomer
possesses D, symmetry and a strong temperature dependence is
seen in the '"H NMR spectrum.*® Handcuff catenane formation
was also explored with bis(macrocycles) incorporating 1,5- and
2,7-dioxynaphthalene spacing units.*> The 1,5-dioxynaph-
thalene containing bis(macrocycle) efficiently and exclusively
formed the trans-isomer in 48% yield, whereas its constitutional
isomer containing 2,7-dioxynaphthalene formed a mixture of
handcuff isomers in a lower overall yield of 28%. CPK modelling
showed only the trans-configuration of the bis(macrocycle)
containing 1,5-dioxynaphthalene spacers can adopt an ener-
getically favourable conformation for the self-assembly process;
the 2,7-variant must twist into an energetically unfavourable
state to achieve a suitable orientation for handcuff catenane
formation.

Finally, Li and Becher** examined the effect of modification
to the cyclobis(paraquat-p-phenylene) component of their
handcuff catenane systems by replacement of the phenylene
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linkers in the cyclophane with tetrafluorophenylene. Compared
to the highly efficient trans-handcuff catenane formation for the
1,5-dioxynaphthalene spaced bis(macrocycle),** the introduc-
tion of fluorine reduces the efficiency of the self-assembly
process and also reverses the configurational selectivity. When
both phenylene linkers are tetrafluorophenylene linkers, the
cis-handcuff is the major product; when only one phenylene
linker is fluorinated, the trans-isomer is still preferred over the
cis-configuration in a 5:3 ratio, contrasting the exclusively
trans-arrangement for unfluorinated cyclobis(paraquat-p-phe-
nylene). In this case, -7 interactions between the threading
species and the loops of the bis(macrocyclic) host become more
relevant, as the electron deficient tetrafluorobenzene forms
donor-acceptor stacking interactions with the electron rich
1,5-dioxynaphthalene units.

3.1.2 Tethered-ring handcuff catenanes. In designing
handcuff catenanes in which the two macrocycles of the
bis(macrocyclic) component are separated spatially by a cova-
lent tether that does not contain a useful chemical recognition
site, some mechanism must be put in place to ensure the
threading species passes through the macrocycles and remains
there until the final macrocycle has been synthesised. To this
effect, Sauvage and co-workers used an ion templating strategy
in the self-assembly of a pseudo[3]rotaxane,**** where allylic
ends of the two threaded species could be coupled together with
simultaneous ring-closing metathesis (RCM) reactions (Fig. 7b).
A bis(macrocycle) was designed with back-to-back chelating
phenanthroline units that could take advantage of the tem-
plating effect of copper(i) cations to hold two phenanthroline
threads within each of its cavities. The ends of these threads
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were held in close proximity, so the olefin metathesis reactions
that form the final macrocycle proceeded efficiently, although
no diastereomeric selectivity was reported. Despite the aromatic
link between the two copper centres in the handcuff complex,
no electronic communication between them was found by
electrochemical analysis.

A very similar approach towards handcuff synthesis was
realised by Beer and co-workers,* who employed a chloride
anion template to organise isophthalamide components in
a suitable orientation for RCM reactions to afford a handcuff
catenane (Fig. 7c). Elucidation of the single crystal structure of
the handcuff revealed the importance of the chloride template
by the orthogonal arrangement of isophthalamide recognition
sites in the host bis(macrocycle) and guest macrocycle. In the
solid state, bunching of the ethereal portions of the guest
macrocycle and bis(macrocyclic) tether occurs creating a crypt-
and-like cavity, which the authors propose might serve as
a useful cationic binding site. Overall, this might allow the
handcuff catenane to function as an ion-pair receptor.

3.1.3 Chemical topology in handcuff catenanes. As with
handcuff rotaxanes (see Section 2.2), handcuff catenanes also
offer the possibility of topological isomerism as the compo-
nents orient themselves around and through each other. Stod-
dart and co-workers have demonstrated such topological
isomerism in the self-assembly of a (2)handcuff [2]catenane
comprised of two fused cyclobis(paraquat-p-phenylene)
cyclophanes through which a bis-1,5-dioxynaphtho[50]crown-14
macrocycle was threaded (Fig. 8).*” The synthesis of this hand-
cuff catenane is unique in that the guest naphtho-macrocycle
templates the formation of the bis(macrocyclic) host. Similar

single crystal structure of one major diastereomer *

view bisecting
meta substituents

view bisecting
ortho substituents

Fig. 8 Chemical topology in handcuff catenanes governed by the large macrocycle orientation, with two views of the single crystal X-ray

structure of the major diastereoisomer.
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to the chiral handcuff rotaxane reported by Tokunaga,* a pair of
mirror-image enantiomers are formed depending on which
direction the crown ether threads through the cavity of the
second paraquat box of the bis(macrocycle). Unlike Tokunaga's
system where the two rings of the bis(macrocycle) were fused
orthogonally, in Stoddart's bis(macrocycle), the two cyclophane
rings are fused about a phenyl ring, at 60° to each other,
allowing the large macrocycle to wind about its host in two
distinct paths. The naphtho-crown ether may pass over the
central phenyl ring of the bis(macrocycle) through the small gap
between the cyclophanes (designated the ‘ortho-region’), or
through the large gap (the ‘meta-region’), creating a pair of
topological diastereoisomers that cannot interconvert without
the breaking of a covalent bond. Single crystal structure deter-
mination of the handcuff catenane ascertained that the major
product of the synthesis was the meta isomer, which co-
crystallised as an enantiomeric pair. Careful analysis of the
handcuff in the solution state by NMR spectroscopy indicated
the presence of another molecular species, whose identity was
assumed to be the ortho-topological isomer. Interestingly, DFT
calculations predict that in a vacuum the ortho-isomer is slightly
favoured energetically, whereas under a solvation model the
meta-isomer is thermodynamically preferred, matching the
experimental outcome. Compared with handcuff rotaxanes,
studies into the chemical topology offered by their catenane
counterparts are much rarer. Many of the same opportunities
for mechanoisomerism exist that may be explored in the future.

3.2 Cyclic handcuff catenanes

Cyclic bis[2]catenanes are mutually interlocked bis(macrocyclic)
systems akin to two pairs of handcuffs that are arresting each
other. Cyclic handcuff catenanes are topologically distin-
guished from linear (2)handcuff [2]catenanes, which are made
from a total of three macrocycles instead of four. Here we note
that related cyclic [2]rotaxane systems, or [c2] daisy chain
rotaxanes,”*® are the only remaining example of two-
component doubly mechanically bonded structures, though in
this case the absence of a bis(macrocyclic) species from their
structure precludes them from classification as handcuff
molecules. Preparation of cyclic bis[2]catenanes may follow
many of the same design and construction principles seen
already for handcuff rotaxanes and linear handcuff catenanes:
i.e., a bis(macrocycle) must form two mechanical bonds with
a single guest species, though new synthetic avenues are also
opened as a result of their homodimeric nature.

3.2.1 Cyclic handcuff catenanes with simple tethers. Some
of the earliest examples of cyclic bis[2]catenanes that have been
reported were side products in the attempted synthesis of
pretzelanes,® interlocked structures based upon [2]catenanes
whose rings are also linked covalently. Vogtle and co-workers
prepared a [2]catenane system from macrocycles that con-
tained sulfonamide groups,’ offering a reactive site for further
functionalisation. Alkylation with a suitable difunctional
reagent did succeed in intramolecularly linking the two cate-
nated rings, producing the pretzelane target, but also afforded
a cyclic bis[2]catenane product where pairs of [2]catenanes are
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linked through reaction with two of the tethering molecules.
Stoddart and co-workers also produced a cyclic bis[2]catenane
as a side product of a pretzelane synthesis.’” An electron rich
dioxynaphtho-crown ether was functionalised with a p-xylylene
dibromide derivative that is capable of reacting to form the
familiar electron deficient macrocycle cyclobis(paraquat-p-phe-
nylene) cyclophane, when combined with its bis(paraquat-p-
phenylene) precursor (Fig. 9a). The dioxynaphthalene group
templates the formation of the cyclophane, so if the cyclisation
occurs intramolecularly a pretzelane forms and intermolecular
reactions lead to cyclic (or linear) catenane oligomers. Experi-
mentally, the cyclic bis[2]catenane was favoured over the pret-
zelane with respective isolated yields of 20% and 14% for the
two compounds. Stoddart's cyclic crown ether/paraquat cyclo-
phane handcuff represents the only example of a bis[2]catenane
where the bis(macrocyclic) component contains two different
types of macrocycle.

Yano and co-workers have also reported several cyclic
bis[2]catenanes as side products of poly[2]catenane synthesis,
where [2]catenanes bearing reactive groups have been linked by
further covalent coupling reactions.”* In some cases two
complementary [2]catenanes were joined directly, for example,
[2]catenanes containing pendent carboxylic acid groups were
combined with [2]catenanes bearing pendent phenol or aniline
moieties to form ester-bridged or amide-bridged polycatenanes
and cyclic handcuffs.*® In another instance, a simple ditopic
bisalkyne linker was employed as a means of linking [2]cate-
nane monomers with pendent azide groups through a ‘click’
reaction (Fig. 9b).”

A targeted approach to cyclic handcuff catenane synthesis
was reported by Fujita and co-workers as a method of producing
exceptionally large ‘ultramacrocycles’.* Taking advantage of the
reversible ‘magic-ring’ catenation exhibited by palladium clip-
ped macrocycles when exposed to polar solvents,* a bis(ma-
crocycle) was prepared that tethered two of these palladium
macrocycles together (Fig. 9¢). The addition of water to a DMSO
solution of the palladium-bis(macrocycle) induced catenation
of the coordination rings as cyclic handcuff dimers, confirmed
by mass spectrometry and DOSY spectroscopy. The authors
suggest that their technique of using reversible catenation
overcomes some of the entropic disadvantages of uniting large
components by providing a comparably large reaction centre.
Due to the labile nature of the mechanical bonds in this system,
this study represents an example of molecular handcuffs that
can be unlocked and relocked at will.

Stang and co-workers have also recently reported a cyclic bis
[2]catenane platinum metallacage that can be transformed
between locked and unlocked topologies by guest exchange,
concentration and solvent stimuli (Fig. 9d).*® The cyclic bis[2]
catenane formed at much lower concentrations than homolo-
gous [2]catenane monomers of the untethered macrocycle, due
to the synergistic effect of multiple catenation events.

Dynamic ring formation has also been used by Chiu and co-
workers in the fabrication of cyclic bis[2]catenanes.?” The group
had previously developed a [2]catenane synthesis that uses
sodium ions to template the orthogonal alignment of two
di(ethylene glycol) diamines which are then cyclised through

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Cyclic bis[2]catenanes via one pot catenation and linking (b) Cyclic bis[2]catenanes via post catenation linking

(c) Cyclic bis[2]catenanes via the ‘Magic Ring' synthesis
. - N N
o L
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Fig. 9 Cyclic bis[2]catenanes. (a) A one-pot approach with simultaneous catenation and linking; (b) post-catenation linking of [2]catenanes
through azide—alkyne cycloadditions; (c) a ‘magic ring’ synthesis using the reversible ring locking/unlocking of Pd(i) macrocycles; (d) using the
reversible locking/unlocking of metallacages. Hydrogen atoms have been omitted on the representation of the single crystal X-ray structure; (e)
templation around sodium ions to construct cyclic bis[2]catenates. The crystal structure of the reduced and methylated form without sodium
jons. Hydrogen atoms have been omitted on the representation of the single crystal X-ray structure.

condensation with isophthalaldehyde units.*® Chiu constructed
a tetraaldehyde species that consisted of two rigid dialdehyde
arms held at ~90° to each other, to counteract the linearly
functionalised catenane structural motif. Condensation of this

© 2022 The Author(s). Published by the Royal Society of Chemistry

tetraaldehyde with the protocatenane template gave a cyclic bis
[2]catenane product (Fig. 9e), as well as cyclic trimers and
tetramers.*” Reduction of the imine groups to amines locked the
structure in place and allowed for purification of the handcuff.
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3.2.2 Cyclic handcuff catenanes with macrocyclic tethers.
Another approach taken in the synthesis of cyclic bis[2]catenanes
has been demonstrated by Bohmer and co-workers, based upon
dimeric tetraurea calix[4]arene capsules.” A calix[4Jarene was
functionalised on its wide rim with urea groups that lead into
terminal octenyl residues. Under a solvent template, two such
calix[4]arenes form hydrogen-bonded dimers and olefin
metathesis was employed to form covalent connections between
the octenyl residues. When the metathesis reaction unites adja-
cent residues of just one calix[4]arene, a cyclic bis[2]catenane
product is obtained; though side products are possible if
connections form between the two different calix[4]arene
monomers in the dimeric capsule. Any cis/trans isomeric
complications were removed by subsequent hydrogenation. Once
mechanically bonded, the capsule can be closed (Fig. 10a) and
opened (Fig. 10b) by changing solvent due to the relative stability
of the hydrogen-bonded seam in solvents of differing polarity.
This allows for the release and exchange of guest molecules.

The yield of the cyclic bis[2]catenane handcuff was greatly
improved by first ensuring one of the calix[4]arenes was already
connected as the bis-loop derivative before forming the hand-
cuff, avoiding any possible cross-connection between the two
monomeric units.* This strategy also allowed for the formation
of heterodimeric capsules, with different loop sizes.®* When the
pairs of loops of the second calix[4]Jarene monomer are closed
by the metathesis reaction, this may occur in either direction
(that is to say a particular thread may react with its clockwise or
anticlockwise neighbour). In the homodimeric handcuff
capsule, this leads to an enantiomeric pair of topological
isomers of the resulting bis[2]catenane with D, point group
symmetry. However, the point group symmetry is reduced to C,
when the cyclodirectionality of the hydrogen-bonded urea belt
(which is kinetically stable) is considered (Fig. 10c). The parent
heterodimeric handcuff capsule possess C, point group
symmetry. The cyclodirectionality of the hydrogen-bonded urea
here adds an independent element of chirality but does not
change the point group and so two diastereomeric pairs of
enantiomers are observed (Fig. 10d).

Bohmer and co-workers were able to chromatographically
resolve the two enantiomers of various capsules with a chiral
stationary phase. The reversible opening of the capsule
combined with the chirality might lead to useful applications of
these handcuff molecules in the discrimination of chiral guest
moieties.

Chas and Ballester® built upon Bohmer's earlier calix[4]arene
capsule work and created heterodimeric handcuff capsules built
from interlocked calix[4]arene and calix[4]pyrrole hemispheres.
The substitution of one of the calix[4]arenes with a calix[4]pyrrole
provides different functionality to each interior pole of the
capsule. Amine oxide guest molecules were found to interact
strongly with the capsule; the pyrrole portion forms hydrogen
bonds with the N-oxide and the calixarene provides stabilising
C-H- interactions. Stabilisation of particularly reactive N-oxide
guests was also possible by confinement within the handcuff
capsule.®® The polarised inner space also permitted co-
encapsulation of ion pairs; experiments with both

3930 | Chem. Sci., 2022, 13, 3915-3941
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Fig. 10 Cyclic (2)handcuff [2]catenanes synthesised via dimeric calix
[4]arene capsules. (a) Chemical structure and schematic representa-
tion of such a handcuff in the closed form; (b) schematic represen-
tations and a crystal structure representation of the open form.
Hydrogen atoms have been omitted on the representation of the
single crystal X-ray structure; (c) stereoisomerism possible in
a homodimeric handcuff capsule, with grey arrows indicating the
direction of the hydrogen bonding in the urea belt; (d) stereoisom-
erism possible in a heterodimeric handcuff capsule, with grey arrows
indicating the direction of the hydrogen bonding in the urea belt.
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tetramethylammonium chloride and tetraethylphosphonium
chloride salts showed complete encapsulation of both ions of the
salt.®* The co-encapsulation of such guests might allow for the
possibility of using this architecture as a vessel for certain
chemical reactions. More recent work performed by Ballester and
co-workers® examined the use of the calix[4]arene/calix[4]pyrrole
handcuff to encapsulate a series of alkylated N,N-dimethylamine
N-oxide guests where the non-methyl alkyl group varied in length
from C1 to C10. Smaller N-oxides were co-encapsulated with
a solvent molecule which would occupy the calixarene hemi-
sphere; larger N-oxide molecules occupied the entire cavity by
themselves, with the alkyl chain undergoing severe coiling to fit
into the capsule. Competitive addition of shorter N-oxides to
capsules hosting longer ones saw the complete replacement of
the longer guest with the shorter one, even if it also meant
entropic costs associated with encapsulating a solvent molecule
as well, revealing the capsule's ability to stabilise sterically
demanding gauche states of coiled aliphatic chains. Further-
more, the advantages of the handcuff topology were established
by comparing host properties against an analogous non-
interlocked capsule. The largest guest that could be trapped
without the supporting mechanical bonds bore just a C5 chain,
thus, the mechanical bonds helped stabilise against the ther-
modynamic instability of the multiple gauche interactions
present for the convoluted aliphatic chains.

4. Higher handcuff architectures

Finally, we turn our attention to molecular handcuffs of
a higher order; species that possess not only the doubly inter-
locked handcuff motif described thus far but carry further
complexity in the form of additional mechanical bonds. As an
example, a molecular structure comprising a four ring system
that is able to lock on to a guest molecule with four separate
‘limbs’ would be analogous to a harness style restraint that
simultaneously binds the wrists and ankles. This arrangement
would be called a (4)handcuff [2]rotaxane under our nomen-
clature, since the hosting component has four occupied rings.
Developments in the field of mechanically interlocked
chemistry have allowed for the construction of many intricate
molecular architectures. Within this section we describe
supramolecular bundles, pseudo[4]catenanes, as well as exam-
ples of handcuff systems that involve more than just two
components. The limit to the complexity that can be achieved
by molecular handcuffing is still far from becoming realised.

4.1 Threefold interlocked handcuff structures

Beginning our exploration of higher order handcuffs are
structures that involve expansion of the bis(macrocyclic)
component to a three-loop tris(macrocycle). The arrangement of
the three macrocycles within the host offers a new avenue of
topological considerations: the three rings may be coplanar or
orthogonal to a common plane (or perhaps neither), likewise
the three rings might be arranged linearly or branching from
a central point. These differences in host topology can have
a profound effect on the structure of the guest molecule, which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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could thread all rings from the same side, as is the case for
supramolecular bundles, or pass through the rings in sequence
from one end to the other, like a braid. The relationship
between tris(macrocyclic) systems and (2)handcuffs should be
apparent when considering the threading of the guest compo-
nent. If during association of the two components the guest
fails to thread through the third macrocycle, the resulting
supramolecule would still bear all the hallmarks of a traditional
(2)handcuff. As such, we reason that whether the third macro-
cycle is threaded or not, the resulting structure should be
considered part of the handcuff family of supramolecules.

4.1.1 Handcuff rotaxanes with three mechanical bonds -
(3)handcuff [2]rotaxanes. The first host-guest inclusion
complex using a tris(macrocyclic) host and trivalent guest was
reported by Stoddart and co-workers.* A triphenylene core was
used to fuse three benzo[24]crown-8 macrocycles and a trifur-
cated guest was made from three dibenzylammonium cations
linked in the meta positions around a central benzene core. The
resulting 1:1 assembly of these components was termed
a ‘supramolecular bundle’. The collective stabilising -7
interactions between the cores of the two components as well as
hydrogen bonding between the crown ether and ammonium
recognition sites meant that the compound retained its integ-
rity in the solution phase, despite the lack of stoppering groups,
although dethreading could be stimulated by the addition of
base. Rotaxane variants based on the same tritopic recognition
motif were later constructed by post-assembly stoppering®® and
by templating formation of the tris(macrocycle) with the tri-
sammonium guest in a triple ring closing metathesis reaction.®”

A study into the kinetics of the multivalent bundle threading
was also performed with a related guest molecule that con-
tained dicationic viologen units instead of the dibenzylammo-
nium recognition sites.*® Threading of two of the viologen arms
into the receptor proceeded almost instantly, whereas the third
threading event was considerably slower, eventually equili-
brating to the fully threaded complex after ten days. Schalley
and co-workers also evaluated the thermodynamic threading
behaviour of trivalent pseudorotaxanes constructed from
a tris(tetralactam) host and a trifurcated axle with three bisa-
mide arms using NMR and ITC experiments.®® The second
binding event was found to exhibit a slightly positive coopera-
tivity, the third binding event, however, was non-cooperative
due to unfavourable strain, perhaps due to a slight mismatch
in the size of the receptor and guest. The preorganisation of the
host and guest components still ultimately ensures formation
of the completely threaded complex, and after stoppering with
copper-catalysed azide-alkyne Huisgen cycloaddition reactions
gives the (3)handcuff [2]rotaxane (Fig. 11a).

Stoddart and co-workers also constructed (3)handcuff
[2]rotaxane supramolecular bundles with axles whose arms con-
tained both dibenzylammonium and viologen stations
(Fig. 11b).”™* These elevators could be operated as bistable
rotaxanes. Through the addition of base the dibenzylammonium
sites are deprotonated and the tris(macrocyclic) ‘platform’ moves
along the axle to the viologen stations, travelling a distance of
0.7 nm. Subsequent protonation of the ammonium stations by
acidification restabilised the platform in its upper position. The
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(3)Handcuff [2]rotaxanes. (a) The stoppering of a supramolecular bundle made from a tris(tetralactam) host via azide—alkyne cycload-

ditions to give a (3)handcuff [2]rotaxane; (b) a two station molecular elevator with a platform that moves between viologen and dibenzy-
lammonium stations; (c) linking synthesis of supramolecular bundles using olefin metathesis and imine formation.

authors estimate that the downward force exerted by the
tris(macrocyclic) platform is around 200 pN, roughly one order of
magnitude larger than forces provided by linear motors such as
the muscle protein myosin.” Interestingly, the motion of the host
appears to follow a three-step pathway rather than moving
smoothly in a concerted process. Schalley and co-workers also
constructed a switchable (3)handcuff [2]rotaxane elevator based
upon the tris(tetralactam) host and a trifurcated axle with bisa-
mide and triazole stations.*® The addition of chloride to the
rotaxane caused a shift in binding from the bisamide to triazole
sites, which can be completely reversed by precipitation of the
chloride using sodium tetraphenylborate.

Alternative approaches to (3)handcuff [2]rotaxane synthesis
have also been reported that make use of a linking approach
(see Section 2.1.1) to covalently join three macrocycles together
in a pseudo[4]rotaxane. In a collaboration between Stoddart and
Grubbs,” the familiar 1,3,5-tris(dibenzylammonium) axle self-

3932 | Chem. Sci., 2022, 13, 3915-3941

assembled with three equivalents of a dibenzo[24]crown-8
derivative that bore two olefinic side arms. A simultaneous
olefin metathesis reaction was able to link the three threaded
macrocycles, forming a cyclic trimer of the crown ether mono-
mers and yielding the (3)handcuff [2]rotaxane (Fig. 11c). In the
absence of the template this unique cyclisation could not occur,
and no trimers were formed. A dynamic covalent strategy in
tandem with the tritopic template approach was used to link
together formyl appended dipyrido[24]crown-8 macrocycles
through reaction with 1,3,5-triaminobenzene to form imine
bonds (Fig. 11c).”* The short bridging unit between the three
macrocycles constrained the system rigidly enough to provide
mechanical bonding, even without the need for conventional
stoppers, akin to suitanes (see Section 2.2). Indeed, a suit[3]ane
was also synthesised through the reaction of two 1,3,5-tri-
aminobenzene caps with three dipyrido[24]crown-8 rings that
were functionalised on both pyridine units with formyl moieties
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in the presence of the trisammonium template. Chan and co-
workers also created a suit[3]ane by linking together the three
macrocyclic monomers with coordination bonds.” A dibenzo
[24]crown-8 macrocycle was functionalised with four terpyr-
idine groups, two for each of the macrocycle's benzene rings.
Coordination of these ligands with cadmium(u) ions generated
a metalloprism ‘suit’ that could encapsulate a tris(ammonium)
guest molecule, connected to a central 1,3,5-substituted
benzene core by flexible aliphatic chains (Fig. 12a). Encapsula-
tion of the guest component further stabilised the complex.

So far all the axle components of the (3)handcuff
[2]rotaxanes described have had a radially branched structure,
where identical recognition sites extend as spokes from
a central unit. In contrast, a linear threadlike component with
three ammonium recognition sites was used by Tian and co-
workers in the construction of a handcuff rotaxane with
a braided topology.” A tris(macrocycle) with a central DB24C8
unit and smaller flanking benzo[21]crown-7 macrocycles was
mixed with the flexible tris(ammonium) axle, which self-
assembled into the fully threaded pseudo[2]rotaxane, with
subsequent introduction of phenyl stoppers (Fig. 12b). Since the
phenyl rings of the axle are too large to pass through the cavity
of the benzo[21]crown-7 macrocycles, the mechanism of
threading cannot proceed via a single leading end passing in
turn through all three macrocycles, but the central DB24C8
must at least be threaded ahead of one of the smaller outer
macrocycles in order to produce the (3)handcuff.

(a) A suit[3]ane formed with cadmium(ll) ions
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A linear thread was also used by Meng and Chen to fabricate
a molecular pulley based upon a triply interlocked [2]rotaxane.”
A triptycene core connected three DB24C8 macrocycles so that
the planes of the macrocycles were rotated 120° with respect to
each other. An axle molecule made of alternating dibenzy-
lammonium and triazole stations, stoppered at one end, was
able to thread sequentially through the host's three rings,
following the inchworm mechanism described earlier.” Once
fully associated the axle was stoppered on its leading end
(introducing a third triazole group as part of the reaction) to
give a (3)handcuff [2]rotaxane. Methylation of the triazole
stations created cationic triazolium recognition sites (Fig. 13a).
The thread of the system could be pulled through by deproto-
nation of the ammonium sites, causing the macrocycles to
favour the triazolium stations and subsequently retracted by
reprotonating, similar to the motion of a rope about a pulley.
The unique pulley geometry combines the linear translocation
of a [2]rotaxane with the rotary motion typical of a [2]catenane.

4.1.2 Handcuff catenanes with three mechanical bonds -
(3)handcuff [2]catenanes. The work of the Chen group has also
extended to producing triply interlocked catenane structures
based upon the triptycene tris(macrocycle) described above.
Their first (3)handcuff [2]catenane was synthesised from a triple
olefin metathesis reaction from a pseudo[4]rotaxane
precursor.”® The triptycene tris(macrocycle) was threaded
through each cavity by a dibenzylammonium thread function-
alised with terminal olefin groups. The tris(macrocycle)

Fig.12 Other approaches to (3)handcuff [2]rotaxanes. (a) A suit[3]ane formed from the coordination of terpyridine groups to cadmium(i) ions; (b)

a braided (3)handcuff [2]rotaxane architecture.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) A two station (3)handcuff [2]rotaxane pulley

Fig. 13 Two station (3)handcuffs based upon a tris(macrocycle)
derived from a triptycene core. (a) A [2]rotaxane pulley with dibenzy-
lammonium and triazolium stations; (b) stepwise motion of the mac-
rocycles in a (3)handcuff [2]catenane between dibenzylammonium
and triazolium stations.

positioned the olefin termini of the threads in close proximity,
facilitating the ring-closing metathesis reaction and any
isomeric complications were removed by hydrogenation. This
method of handcuff catenane synthesis is very similar in
approach to the (2)handcuff [2]catenane work of Sauvage®***
and Beer*® outlined in Section 3.1.2, where the large guest
macrocycle is formed by multiple olefin metathesis reactions.
The crystal structure of the (3)handcuff [2]catenane showed
three large cavities formed by the space between the triptycene
core of the host and the large guest macrocycle. Later work
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demonstrated it was also possible to produce the same
(3)handcuff [2]catenane architecture by starting with an olefin-
terminated tris(benzylammonium) strand.” Interestingly, if
this strand was already conjoined as a macrocycle and later
mixed with the tris(macrocyclic) host, a reversible ring-opening
ring-closing metathesis reaction could be stimulated by the
addition of Grubbs II catalyst, forming the triply catenated
product in high yield. A chiral variation was also reported,*
where  the  tris(macrocycle) modified  with
(R)-1,1"-binaphthyl moieties. Post-synthetic N-acylation of the
tris(ammonium) thread created stopper units that limited
rotation of the large macrocycle. Compared to the unthreaded
host, the guest's presence greatly reduced the Cotton effect of
the binaphthyl chromophore at 241 nm, but increased the effect
at 248 nm, possibly indicative of chirality transfer to the large
threaded macrocycle.

More recently, Chen and co-workers developed a (3)handcuff
[2]catenane from a pyrazine extended version of their triptycene
tris(crown ether) and a thread made from alternating dibenzy-
lammonium and methyltriazolium stations.** Familiar to us
from related systems, deprotonation of the ammonium sites
caused rotation of the thread so that the triazolium stations
associated with the cavities of the tris(macrocyclic) host, which
could be reversed by reprotonation. The switching between
these two states also corresponded with a change in emission
intensity from the central quinoxaline fluorophore. A detailed
investigation into the relative motion of the two components
revealed that a stepwise motion was generated by the appro-
priate stimulus; with the crown ether moieties migrating one at
a time to their new stations through a series of four stable states
(Fig. 13b). This stepwise motion also supports the one-ring-at-a-
time observation of motion in the molecular elevator described
in the previous section.”™

was

4.2 Fourfold interlocked handcuff structures

Increasing the ring count of the host component from three to
four boosts the topological possibilities of the resulting handcuff
systems as new connective opportunities are available for
arranging the rings before even considering their three-
dimensional orientations. Fortunately for our discussion, the
difficulties of synthesising such highly intricate topological
systems have limited the structures of (4)handcuff systems pres-
ently realised to those that contain a tetrakis(macrocyclic) host
with four rings branching symmetrically from a central nucleus.

4.2.1 Handcuff rotaxanes with four mechanical bonds - (4)
handcuff [2]rotaxanes. Quadruply interlocked [2]rotaxanes were
first reported by Bohmer and co-workers®»** who made use of
the well-defined hydrogen-bonded arrangement between two
urea functionalised calix[4]arenes (see Section 3.2.2) to organise
the components for mechanical bonding. In the first instance,*
a tetraloop calixarene was prepared by olefin metathesis of an
tetra-bis(alkenyl) functionalised calix[4]arene,* where adjacent
alkenyl arms were coupled to produce the four new macro-
cycles. When mixed with a second calix[4]arene derivative
carrying four pendent alkylmaleimide arms in apolar solvents,
heterodimeric capsules of the two calixarenes formed, with the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Stoppering via a Diels-Alder reaction to form a calixarene-based (4)handcuff [2]rotaxane

(b) Switchable spin-spin pp
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Fig. 14 Structures of (4)handcuff [2]rotaxanes. (a) Diels—Alder reactions between maleimide and anthracene units to stopper a dimeric
calix[4]arene capsule; (b) Addition of acid or base to a copper phthalocyanine—porphyrin handcuff rotaxane moves the handcuff position along
the axle and controls the spin—spin communication between the metal centres; (c) a phthalocyanine—porphyrin handcuff rotaxane acting as
a receptor for a third tetraanionic porphyrin. Hydrogen atoms have been omitted on the two views of the single crystal X-ray structure; (d)
proposed mechanism for oxygen reduction in an oxo-bridged handcuff rotaxane.

alkylmaleimide arms threaded through each of the four loops of
the host component (Fig. 14a). This pseudo(4)handcuff
[2]rotaxane could then be stoppered through a Diels-Alder
reaction between the maleimide groups and 1,4,5,8-tetraalkox-
yanthracene. In the other instance,® the tetraloop host was
created by ring closing around the four armed guest calixarene
in a heterodimeric capsule of the two calix[4]arenes. This
alternative pathway allowed for the use of a shorter axle
component and smaller threaded macrocycles. The more tightly

© 2022 The Author(s). Published by the Royal Society of Chemistry

knitted (4)handcuff [2]rotaxane was stable in solvents that
would typically break the hydrogen bonded seam between the
two calixarene hemispheres and exchange of solvent molecules
entrapped within the capsule was completely suppressed. As
such the authors compared this fourfold rotaxane to
a mechanically bonded equivalent of a hemicarcerand.
Tanaka and co-workers employed mechanical bonding as
a method of cofacially stacking dimers of porphyrin and
phthalocyanine chromophores.** A phthalocyanine unit with
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four peripheral DB24C8 macrocycles and a porphyrin
substituted with four benzylammonium arms formed a pseu-
dorotaxane complex that was locked with the introduction of
phosphoramidate stopper groups to the threaded arms of the
porphyrin (Fig. 14b). Both porphyrinic centres were then met-
allated with copper(u). In the fully protonated (4)handcuff
[2]rotaxane, the two copper centres do not interact and the EPR
spectrum of the complex shows two isolated doublet (S = 1/2)
spins. When deprotonated by strong base, the two copper
centres move closer together, allowing an antiferromagnetic
(S = 0) interaction between the spins. The switchable spin-spin
communication afforded by this mechanically interlocked
architecture was recognised as valuable progress towards
spintronic nanomachines.

Subsequent work exploited the size and charge comple-
mentarity between the porphyrin-phthalocyanine (4)handcuff
and a tetraanionic porphyrin to form a three membered
columnar array,® sandwiching the tetrakis(macrocyclic)
phthalocyanine between the two porphyrin species (Fig. 14c).
The identity of the metal centres of each member of the (4)
handcuff assembly could be programmed, either by pre-
metallating the components prior to rotaxane self-assembly,*”
or by site specific metallation of either component.®® The
phthalocyanine host selected for manganese(u) ions, the
porphyrin guest showed selectivity for iron(ur) and nickel(u) ions.
Complexation of the rotaxane to the tetraanionic porphyrin
expanded the heterometallic array to a third metal ion. The
spin-spin communication of paramagnetic copper(un) ions
confined within the central phthalocyanine moiety could be
programmed by the identity of metal centres in the surrounding
porphyrins.* Similarly, the electrochemical properties of the
(4)handcuff [2]rotaxane were affected by the charge density of
the metal within the electrostatically bonded porphyrin.*®

The close-stacked but flexible arrangement of metal centres
within the porphyrin-phthalocyanine could also be exploited
for catalytic purposes. Metallation with iron(un) followed by
aerobic oxidation afforded a p-oxo-bridged complex that
showed efficient catalytic reduction of oxygen to water
(Fig. 14d).”* The structural adaptability provided by the
mechanical bonds suitably accommodated peroxide and
superoxide intermediates in the proposed catalytic pathway. A
p-nitrido-bridged diiron version of the (4)handcuff showed
oxidative properties towards methane and ethane in the pres-
ence of hydrogen peroxide.”” The -catalytic potency was
enhanced by the addition of a tetraanionic porphyrin cofactor,
which caused electronic perturbation of the metallic active
sites. For greater detail, an in-depth review of their fourfold
rotaxane work was recently published by Yamada and Tanaka
within the context of face-to-face assemblies of porphyrinoids.*

A related (4)handcuff [2]rotaxane has been reported® that
combines a resorcinarene-based cavitand with four crown ether
macrocyclic appendages with a porphyrin decorated with four
imidazolium arms. Similar in architecture to Tanaka's
(4)handcuff [2]rotaxanes, the authors compared the cavitand to
a “bowl” and the porphyrin component to the lid of that bowl.

4.2.2 Handcuff catenanes with tetrakis(macrocyclic) hosts
- (4)handcuff [2]catenanes. Catenane structures based upon the

3936 | Chem. Sci., 2022, 13, 3915-3941
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tetraloop calixarene described above have also been synthesised
by the Bohmer group.”®” The assembly of heterodimeric
capsules between the tetraloop calix[4]arene and calix[4]arenes
substituted with four terminal olefin groups allowed for a ring
closing metathesis reaction to occur between the adjacent
alkenyl residues, forming a multiply catenated architecture.

The two newly created macrocyclic rings each formed
mechanical bonds with two of the loops in the tetrakis(macro-
cyclic) calixarene template, resulting in a cyclic catenane topology
(Fig. 15a). The structure resembles a pair of (2)handcuff
[2]catenanes with separate covalent connections between the
bis(macrocyclic) components and threaded guests, or rather, the
structure could be reduced to two discrete (2)handcuff
[2]catenane molecules by cutting along a mirror plane perpen-
dicular to the interlocked rings. A crystal structure confirmed the
interlocked arrangement of the two calixarene hemispheres.*®
Catenated homodimers of the tetraloop calixarene were also
synthesised by starting with a tetra(bis)alkenyl guest. A total of
eight catenated rings can be seen in the crystal structure of the
compound (Fig. 15b).”” Starting with the open-loop form of the
tetraloop species was also considered as a synthetic route to both
these structures, although it proved much more effective to form
the tetrakis(macrocyclic) host first due to limiting the number of
‘wrong’ connections between the terminal olefinic side-chains
during the ring-closing metathesis reaction. As with the rotax-
ane analogue above, the tight-knit structure of the capsule
provided a cavity for (almost) permanent guest inclusion; the
strength of the inclusion could be modulated by the number of
catenated rings, and by their length.*

Tanaka and co-workers have also reported a multiply inter-
locked catenane derived from their porphyrin-phthalocyanine
model.”® A pseudorotaxane consisting of the tetrakis(macrocyclic)
phthalocyanine threaded with a porphyrin substituted with long
alkylammonium arms that terminated in benzaldehyde residues
underwent reaction with pyrrole, creating a new porphyrin cap
from the benzaldehyde arms and locking the structure as a cate-
nane (Fig. 15¢). The movement of the phthalocyanine component
along the alkylammonium arms allowed for the invasion of two
dianionic porphyrins, which could occupy the space between the
phthalocyanine platform and the porphyrin end caps. As a trinu-
clear copper(u) complex, the spin-spin communication could be
modulated by pH, or switched off by the intercalation of dia-
nionic porphyrins.

4.3 Three component handcuffs - (n)handcuff [3]rotaxanes

We conclude our discussion of higher order handcuff archi-
tectures with a few examples of handcuff rotaxanes that contain
more than two distinct components that are interlocked by the
handcuff motif ie., each threadlike component must form at
least two mechanical bonds with its host. Sauvage and co-
workers synthesised a tetrakis(macrocyclic) porphyrin with
each loop containing a 1,10-phenanthroline group.”® An axle
molecule was designed with a central bis-3,8-(o-pyridyl)-4,7-
phenanthroline fragment, such that the gathering and thread-
ing effect of copper(1) would associate each axle molecule with
two of the macrocycles of the porphyrin host. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Bisloop formation around a tetraloop host
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Fig. 15 Structures of (4)handcuff [2]catenanes. (a) Bisloop formation around a tetraloop host synthesised via olefin metathesis/hydrogenation,
with a view of the single crystal X-ray structure; (b) tetraloop formation around a tetraloop host synthesised via olefin metathesis/hydrogenation,
with a view of the single crystal X-ray structure; (c) a quadruply interlocked phthalocyanine/porphyrin handcuff into which two dianionic

porphyrins could intercalate.

pseudo[3]rotaxane underwent reaction with encumbering
stopper groups to generate a [3]rotaxane species that resembles
two (2)handcuff [2]rotaxanes that are connected by linking the
tether between the bis(macrocyclic) host of two separate mole-
cules (Fig. 16a).

Tanaka and co-workers published a method of repetitive
stepwise handcuff rotaxane formation that begins with a trans-
A,B, porphyrin functionalised with two benzylammonium arms
(Fig. 16b).* A trans-bis(macrocylic) porphyrin could then be
threaded on to this axle as a (2)handcuff [2]rotaxane after
stoppering. The remaining meso positions of the bis(macrocy-
clic) porphyrin were then converted into new benzylammonium
arms and the threading-stoppering sequence of reactions could
be repeated to add more porphyrin layers. In principle, this
‘daisy-chain’ strategy of oligomeric (2)handcuff [2]rotaxane
synthesis could be extended to any number of porphyrin layers.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The control of sequence offered by this approach for a similar
metalloporphyrin assembly presents great opportunity to
develop molecular wires and unique spintronic devices.
Finally, we turn our attention to a handcuff [3]rotaxane
synthesised by the Tanaka group in 2016."* Their fourfold
rotaxane approach was repeated with a porphyrin axle, deco-
rated in each of its meso positions with long arms containing
two alkylammonium stations (Fig. 16¢). This axle was able to
assemble into a 1:2 complex with two equivalents of their
tetra(macrocyclic) phthalocyanine host; the first phthalocya-
nine moving along the axle to the second set of alkylammonium
stations to allow a second phthalocyanine to thread onto the
axle before stoppering. Electrochemical measurements of the
[3]rotaxane indicated substantial electronic interaction between
the components, especially the two phthalocyanine hosts.
When both phthalocyanines were added as their copper(n)
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(a) Two threads sharing a tetraloop host

(c) A [3]rotaxane with a total of eight threaded rings
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Fig. 16 Structures of multiple component handcuff rotaxanes. (a) Two threads sharing a tetraloop host held in place with copper(l) phenan-
throline coordination before stoppering; (b) stepwise assembly and stoppering of an oligohandcuff rotaxane; (c) two tetrakis(macrocyclic) hosts

threaded onto a single tetrafurcated axle.

complexes, the trimeric assembly displayed an antiferromag-
netic interaction in its protonated form, contrasting the spin-
spin interaction of the analogous dimeric stack.®® This three
component architecture comprising a total of eight threaded
rings represents the most complicated molecular handcuff
species we have encountered to date, and likely one of the most
intricate mechanically bonded systems currently achieved.

3938 | Chem. Sci., 2022, 13, 3915-3941

5. Conclusions

In this article we have attempted to bring together the variety of
mechanically interlocked molecules that employ the use of
a molecular handcuff motif. One issue we have encountered in
doing so, is the variation and breadth of terminology that has
been used to discuss these topologically related structures. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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diffuse terminology that has been employed in the field has
perhaps obscured the commonalities in approaches that have
been used across these molecular systems. We have attempted
to bring together systems which are conceptually associated,
and in doing so have introduced a new nomenclature that can
be employed to compare and contrast this range of structures.
We anticipate that our new terminology will aid researchers to
describe their structures more readily, and to identify related
structures for comparison.

Many successful strategies have been developed to synthe-
sise molecular handcuffs that build upon traditional mechan-
ically interlocked techniques. The advancement of handcuffed
structures has led to unique examples of topological chirality,'**
as well as unique control of relative motion, seen in examples of
elevators®** and pulleys.”” The precise but flexible arrange-
ment of molecular fragments offered by handcuff rotaxane
formation has enabled unprecedented investigation of molec-
ular interactions, whether through communication between
redox active chromophores,****® or through programmable
spin-spin interactions across nearby metal cations.®>#9%10t
These studies illustrate the exceptional power of the handcuff
scaffold as a tool for positioning chemical entities, where the
adaptable, flexible nature of the mechanical bond prevails over
the more restricting covalent counterpart.

Another feature of reviewing the variety of handcuff struc-
tures is to draw out synergies between different systems. We
hope that readers of this article will see new approaches to the
expansion of available handcuff architectures. Indeed, it
becomes apparent that the use of handcuffs to assemble new
molecular constructs is perhaps only limited by our imagina-
tion. As such, we wish to stimulate our readers' creativity and
encourage researchers within this field to explore the use of
handcuffs in their own mechanically interlocked designs.
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A.6 Electronic Appendices

The electronic appendices can be found here. The included README which can serve as an

explanation of the structure of the electronic appendices is reproduced below:

A.6.1 Artefact Data

Folder : All the deteriorated artefacts were photographed before sample collection or analysis,
and the pictures can be found in this folder. For deteriorated samples (S), the spine, the
cover (b), and the title page (c) of the book when available are given. For reference samples

(R) the spool or sample book the sample originates from is shown.

Sample Data.xlsx : Information about each deteriorated and reference sample (such as age,

colour, etc) and the Electronic Appendix Inventory Sheet.

Electronic Appendix Inventory Sheet : Ticked boxes for if the photos a-c are present

A.6.2 Photos of Samples

Folder : Photographs of the samples removed from the artefacts above, in the form they were

taken for analysis.

A.6.3 FTIR

FTIR Results Folder : Contains all the csv format data obtained from the IR machine

measurements of the samples.

FTIR Setup Folder : Photographs of the sample placed in the IR machine to make a mea-

surement.

Electronic Appendix Inventory Sheet : Ticked boxes for if data is present and if setup is

present in above folders

FTIR Processed Data/Tannin assignments S.xlsx : FTIR detections of tannin types in dete-

riorated samples
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FTIR Processed Data/FTIRPeakRatios1030vs1080.xlsx : Measuring deterioration of samples

by comparing ratios of collagen and tannin FTIR peaks

FTIR Processed Data/FTIR1030vs1080RBS.pdf and FTIR1030vs1080RTS.pdf : As above
but for the BS and TS of reference samples.

A.6.4 SEM

SEM Results Folder : Images of samples. Typically a small zoom factor (x30 or x45 for
example) shows the whole sample. Files with A are annotations of these which show where

larger zoom factor images were taken from, which are then shown in separate images.

SEM-EDX Folder : Spectra taken of SEM images with names corresponding to those in SEM

folder. One image showing where spectra were taken, and then one file per spectrum.

Electronic Appendix Inventory Sheet : List of samples with SEM taken, all magnifications

they are taken at, and below those how many spectra at that magnification are present.

SEM Processed Data/SEM Elemental Composition.xlsx : Summary of SEM-EDS spectra,

what elements are in each sample and how much.
SEM Samples Folder : photographs of the samples used for SEM, in boxes or on pucks
A.6.5 ICP

ICP Results: Contains all of the ICP-OES and ICP-MS data obtained from the respective

machines.

ICP Processed Data: Contains all of the ICP-OES and ICP-MS data processed as described

in the thesis.

ICP Setup: Contains pictures taken while preparing samples.

A.6.6 Loose .py files

Code written to process the ICP and FTIR data.
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A.6.7 Abbreviations in file names

RRS - red rot deteriorated sample

RRR - red rot reference sample

BS - bottom side
TS - top side

CS - cross section

L - left

R - right
M - middle
E - edge

F - fibres

S - strip

C - clump
P - powder

FP - filter paper
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A.7 Additional SEM and SEM-EDX

BED-S 15.0kV WD 11.6 mm  High-PC 80.0 80Pa [Blx27
NOR 0335 Aug. 08 2022

Figure A.47: The original SEM image of R17 with the area that the zoom was taken from
for Figure 5.22 in the main text highlighted in orange.

[l RRR12 BSMx230 Spectrum 2

Figure A.48: EDX spectrum 2 from Figure 5.24 in the main text.

246



[ RRS3S BSMx150 Spectrum 12 Z I [l RRS3S BSMx150 Spectrum 13

Figure A.49: Remaining SEM-EDX for Figure 5.32.

Figure A.50: Remaining SEM-EDX for Figure 5.33.
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