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| Abstract
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This thesis explores a route towards the enantioselective electrochemical reduction of
prochiral starting materials using glassy carbon electrodes modified with chiral calix[4]arenes.

The research is divided into three chapters:

The first chapter discusses the synthesis of novel double-sided, “Janus” calix[4]arenes that
have four molecular tethering sites. These allowed for the immobilisation of the macrocycle
onto the electrode surface by either the upper or lower rim; whilst the opposite face of the
calix[4]arene was appropriately functionalised to facilitate its decoration with a wide array of

substrates.

The second chapter examines the immobilisation process required to fix the calix[4]arenes
onto the electrode surface and the subsequent characterisation of these modified materials by
both electrochemical and X-ray photoelectron spectroscopy analysis. This section also
demonstrates the ease by which these functionalised materials can be further customised

whilst immobilised onto the electrode surface.

The third and final part of this thesis describes attempts to use these tailored electrodes for
the electrochemical reduction of prochiral ketones and compares these results to those

obtained using unmodified surfaces.
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1.1 The importance of asymmetric synthesis

Asymmetric synthesis is an important topic in synthetic organic chemistry that is used
in both academic and industrial laboratories. The subject matter is a major challenge in an
extremely fertile field of research that is commonly utilised in the development of new
agrochemicals and pharmaceuticals. As shown in Figure 1, the number of publications
focussing on the asymmetric synthesis of organic compounds has increased year on year from

2,637 in 2004 to 4,144 in 2015.

4000 P
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Citations

1000
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Year

Figure 1: Citations per year for the search term "Asymmetric synthesis" supplied by Web of Science™ (accessed

08/08/2016)

The importance of being able to synthesise enantiomerically pure compounds is of
great significance, especially for agrochemical and pharmaceutical applications as in biological
systems, enzymes and other biological receptors are able to discriminate between different
enantiomers of a chiral compound and may interact with them in different ways.! Although it
is important to note that two enantiomers of the same drug may have very similar effects,
such as making the drug marginally less effective, to completely different effects, such as
promoting an entirely different physiological response, within the subject.> A couple of
interesting examples include the differences in activity between L-DOPA L[-1 and D-DOPA D-1
as well as the change in biological activity observed between the enantiomers of thalidomide

2.
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Figure 2: Chemical structures of the two enantiomers of DOPA and thalidomide

DOPA is a commonly used pro-drug, a biologically inactive compound that is
metabolised in the body to produce the active drug, for the treatment of Parkinson’s disease.
To become biologically active the compound needs to pass through the blood-brain barrier
where it is decarboxylated by an enzyme catalysed reaction to the biologically active achiral
compound dopamine. Unfortunately the decarboxylase enzyme which catalyses the
decarboxylation of the pro-drug is able to discriminate between the two enantiomers of DOPA
and therefore only the L-DOPA is converted into the active drug. It is therefore essential to
administer L-DOPA in its enantiomerically pure form otherwise D-DOPA may accumulate in the

human body leading to possible adverse side-effects.>**

The use of thalidomide in the late 1950s is a devastating example that highlights how the
differences in chirality of a drug compound can alter the biological effect that it has on the
subject. The drug was being used as a sedative and anti-nausea agent to help pregnant females
suppress “morning sickness” but the adverse side effects attributed to this compound caused
an estimated 10,000 infants to be born with deformities world-wide.® The problem arose
because the drug molecule was being administered in its racemic form and one of the
enantiomers was very harmful to the foetus due to some very potent teratogen effects.’ It was
later discovered that the R-isomer 2 was the active sedative and did not appear to cause any
deformities whereas the S-isomer 2 was found to be the cause of the potent teratogen

effects.®

There has been a large drive in both academic and pharmaceutical laboratories to develop a

“tool box” of techniques that can be utilised in organic synthesis to aid the formation of one
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enantiomer of a chiral organic molecule. These methods of asymmetric synthesis can be split

into four generations and will be discussed briefly.’

1.1.1 First generations of chiral synthesis: chiral starting materials
The use of readily available, naturally occurring enantiomerically pure starting

|ll

materials from what is commonly referred to as the “chiral pool” is a simplistic way of forming
optically active compounds. It is important to note that virtually all known methods of
asymmetric synthesis find their origin from the chiral pool. An example of this is the famous
catalyst utilised in the Sharpless epoxidation that finds its source of chirality from the naturally
occurring tartaric acid 3, which is formed by the fermentation of sugars using yeast."* These
naturally occurring compounds are commonly used as cheap starting materials in the synthesis
of a much more valuable natural product. For instance in the synthesis of avenaciolide 4 Fraser
and co-workers used diacetone D-glucose 5 as their starting material due to the large degree
of overlap between the sugar and their target molecule (structures shown in Figure 3).*?
However this strategy is not without limitation as it requires the desired structure to bears a
close resemblance to a compound within the chiral pool otherwise a difficult synthesis
involving multiple steps and large losses in yield is required. Furthermore the use of chiral
starting materials relies on the preservation of the stereogenic centre(s) during each synthetic

transformation which can be problematic.

OH O OH O
\/ONO/\ \/ONO/\
O OH O OH
S,5-3 RR-3
CgH
8M17_Q _0 A/O
O
(e
H
(e
o

Figure 3: Showing the structures of tartaric acid, diazcetone D-glucose and avenaciolide.
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1.1.2 Second generation of chiral synthesis: chiral auxiliaries

A chiral auxiliary is an enantiomerically pure compound that can be temporarily
attached to a prochiral substrate to direct the reaction resulting in the formation of an
optically-active compound, once the auxiliary is removed. *** This methodology is effective
because the relative energies of the diastereomeric transition states that are formed during
the reaction are not equivalent and therefore one enantiomer will be formed preferentially.
Furthermore, the diastereomeric products that are formed while the chiral auxiliary is still

attached are not chemically equivalent and as such can be purified by flash chromatography. *°

Two examples of chiral auxiliaries that are commonly used in asymmetric synthesis are (S)-
amino-2-methoxymethylpyrrolidine 6 and (R)-amino-2-methoxymethylpyrrolidine 7, both of
which are synthesised from naturally occurring amino acids;' the use of these molecules in
asymmetric alkylations was originally developed by Enders and Corey.'”'® The pathway in

which 6 and 7 impart chirality onto the substrate is shown in Scheme 1.%

'.“

NH, C/\ C[

: Cﬁ 0
\)\R2 R2 1 - Rz §3

O R'] F_{3

up to 99% e.e.
R1\)J\
R2

‘OMe

~0OMe ~OMe
Ore i, an
L > _LDA N\N Mol R1\‘)J\R
{ \ I HCI 2
R R
"/,/O\ 1\)\R2 %\RZ 1 R, R3
l?l R4 Rs up to 99% e.e.
NH»>
7

Scheme 1: Reaction pathway using 6 and 7 in the alkylation of a prochiral starting material

As is highlighted in Scheme 1 the reaction pathway follows three steps; first the chiral
auxiliary reacts with the prochiral ketone to form an imine and then de-protonation at the
alpha position is conducted using LDA to form an aza-enolate intermediate. The anionic

intermediate is stabilised by the lithium cation which is co-ordinated between the negatively
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charged nitrogen atom and the ether.”® The alkylating agent then attacks the least hindered
face of the intermediate to form a diastereomerically enriched species which, after removal of
the chiral auxiliary, yields the desired (R) or (S) product with an enantiomeric excess (e.e.) of

up to 99%.

1.1.3 Third generation of chiral synthesis: asymmetric reagents

Asymmetric reagents are chiral molecules that are used to impart chirality upon a
prochiral starting material through an intermolecular process. Usage of these reagents is
advantageous over the use of chiral auxiliaries because the two extra steps required for the
attachment and subsequent removal of the auxiliary are no longer necessary. This makes the
use of these reagents a very attractive technique but unfortunately effective asymmetric

reagents currently only exist for a small range of reactions.’

An example of an asymmetric reagent is Alpine-Borane® 8, which is commonly used in the

2L22 This reaction involves

stereoselective reduction reaction known as the Midland reduction.
the reduction of prochiral starting materials, such as ketone 9, and follows the reaction
pathway described in Scheme 2. The chirality induced from this reaction can be predicted by
considering the boat like transition state of the possible intermediates, 10 and 11. The
intermediate with the least-hindered side group occupying the axial-like position is favoured;

this leads to preferential formation of the R isomer in the example shown in Scheme 2.7
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Z% Q ‘JjJB%“O " BZo
B 4+ — " He + TH-s/ —
CSHﬁ)J\% H- 4 CoHy —=

CsH14

f
8 9 10 favoured 11 disfavoured
OH OH

C5H11)\ C5H11/\

(R)-12 Major Product (S)-12 Minor Product

Scheme 2: Midland reduction of compound 9 showing boat like transition states

1.1.4 Fourth generation of chiral synthesis: asymmetric catalysts

Chiral catalysts are very important in asymmetric synthesis because, unlike when using
a chiral reagent, only a catalytic quantity of the chiral compound is required for stereocontrol
of the reaction. This is essential, especially in industrial processes: if only a small amount of the
catalyst is required the cost of the asymmetric reaction is kept relatively low, even when using
precious metal catalysts. Furthermore, the catalyst can normally be recovered from the

reaction, once the synthetic transformation is complete, and used again in future reactions.

Asymmetric catalysts can generally be split into two categories; metal catalysts with chiral
ligands that are used to control the chirality, such as the Noyori’s asymmetric hydrogenation
using 2,2’-bis-1,1’-binaphthalene (BINAP)-Ru 13, or more recently organic asymmetric catalysts

such as (L)-Proline 18.

1.1.4.1 Metal asymmetric catalysts

This section of chemistry describes the use of metal catalysts that are bound to chiral
molecules to create a complex that can be utilised in the synthesis of optically active
compounds. An example of this type of catalyst can be found in the work reported by Noyori
and Takaya into the metal catalysed asymmetric hydrogenation of achiral starting materials.*
The chiral ligands that were used in their catalysts were BINAPs synthesised from either

racemic or enantiomerically pure samples of 1,1’-bi-2-naphthol (BINOL)*?. Interestingly these
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compounds do not possess point chirality, as in they do not have a stereogenic centre, instead
they exhibit axial chirality wherein the axis on which the substituents are held is trapped in a
specific spatial arrangement and as such the enantiomers of this molecule are non-

superimposable.

These catalysts are prepared by the treatment of [RuCl,COD] with (R)-or (S)-BINAP in toluene

followed by reaction with sodium acetate to afford catalysts (R) or (5)-13.2"%

It was found by
Takaya that 0.5 mol% of (R)-13 could be used in the asymmetric hydrogenation of enaminde
14 to form the enantiomerically pure (>99.5% e.e.) product 15, with a quantitative yield.”
Meanwhile the (S) enantiomer of 13 has been used effectively in the asymmetric synthesis of
the nonsteroidal anti-inflammatory drug Naproxen 17, which was synthesised from prochiral
alkene 16 by Noyori and co-workers,?” using 0.5 mol % of the catalyst they achieved a yield of

92% and an enantiomeric excess of 97%. Both of these reactions and the structures of the

catalysts used are shown in Scheme 3.

Me

(T ]
1.0
o
O
Arzox
OO Me

[Ru-(R)-BINAP(OAC),]

(R)13
MeO MeO
e T
MeO | [Ru-(S)-BINAP], EtOH  MeO Y
O OMe 135 atm H, :\@ome
i OMe 15 OMe
>99.5% e.e.
CO,H [Ru-(R)-BINAP], EtOH, CH,Cl, : CO,H
4 atm H,
MeO MeO
16 17
97% e.e.

Scheme 3: Asymmetric reductions of prochiral starting materials using 13
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1.1.4.2 Organic asymmetric catalysts

The realisation that small molecules such as L-proline 18 could be used as asymmetric
catalysts sparked a renewed interest in the field of asymmetric synthesis, as it demonstrated
that these transformations were not limited to metal complexes and enzymes.* This strategy
was first brought to light by the Hajos-Parrish-Eder-Sauer-Wiechert reaction which involves the

3132 However, it wasn’t until the early 2000s that

proline-catalysed intramolecular aldolisation.
the first examples of asymmetric intermolecular aldol reactions were published by Gréger and
co-workers.”®> Their work showed that small organic molecules could provide promising
alternatives to reactions that were commonly catalysed using either enzymes or metallic
catalysts. They believed that these systems would have several advantages over their enzyme

driven counter parts in that the organic catalysts would have:

e Both enantiomers readily available at a comparable price (due to availability of most

compounds from the chiral pool).
e Relatively low molecular weight (so high atom efficiency).
e Ease of separation
e And simplistic recovery of the catalyst after workup

Scheme 4 depicts the direct asymmetric aldol reaction of 2-propanone 19 and
isobutyraldehyde 20 catalysed by 18 resulting in the formation of the (R)-enantiomer of 22
with a yield of 97% and an e.e. of 96%. It is important to note that this reaction does not
proceed through the normal aldol reaction pathway. Instead, it is speculated that the enamine
intermediate 21 is formed by the reaction of 18 with 19 and this intermediate then attacks the
aldehyde 20 on the least hindered face (the re face); subsequent hydrolysis of the resulting

iminium with water affords the desired product 22 as the R enantiomer.
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Scheme 4: Asymmetric aldol reaction catalysed by L-Proline

This was an important discovery as it showed that small chiral molecules can mimic
enzymes. For instance in the case described in Scheme 4 the L-proline is behaving as an

aldolase type | enzyme mimic.

1.1.5 The hunt for a fifth generation of asymmetric catalysis: enzymes
Enzymes or biological devices are at the forefront in the “hunt” for another generation
of asymmetric techniques. They have proven to be able to drastically accelerate the rate of
reactions, be extremely selective in the formation of enantiomerically pure compounds, and
be subject to regulation (as the catalytic activity of the enzyme is strongly influenced by the
concentration of substrates, products or other species).>**> Enzyme-catalysed reactions are
frequently used to provide a rich source of chiral starting materials as they are able to
selectively generate chiral materials from prochiral compounds with high optical purities.*® An
example of this is shown in the work reported by Gu and co-workers wherein they describe the
selective reduction of both ketones and di-ketones using either baker’s yeast (Saccharomyces
cerevisidae) to form the S enantiomer or Geotrichum sp. 38 to yield the R enantiomer of the

product, with enantiomeric excesses of up to 99% (as shown in Scheme 5).*

10
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O OH

\J

)J\ Baker's yeast
R Rg 5 % glucose solution R/ Rs

Up to 91% e.e.

O . OH
)J\ Geotrichumsp. 38 B
> _
R, Rs 5 % glucose solution RL/\ Rs

Up to 99% e.e.

Scheme 5: Asymmetric reduction of prochiral ketones using baker's yeast and Geotrichum sp. 38

Enzymes are also used routinely in the asymmetric formation of C-C bonds. The
example | am going to talk about is the enantioselective formation of cyanohydrins.
Cyanohydrins are an important class of starting materials as they can be readily converted to a
wide range of desirable functionalities such as a-amino acids, a-hydroxy acids and vicinal diols.
The asymmetric synthesis of these compounds is already well established using chiral catalysts
such as cyclic dipeptides® or chiral complexes containing aluminium,” titanium*' or boron** as
the reactive metal centre. However these reactions can also be conducted using a class of
enzymes called hydronitrilases (or oxynitrilases) which are obtained from plant sources. The
origin of the enzyme is of upmost importance because hydronitrilases isolated from bitter
almonds (prunus amygdalus) have been shown to be selective towards the R enantiomer®
whereas oxynitrilases isolated from the leaves of hevea brasiliensis are shown to be selective
towards the formation of the S enantiomer.* Both of these enzymes are able to catalyse the
addition of the cyanide ion onto a range of different aromatic or alkyl aldehydes to afford the

desired cyanohydrins with e.e. of up to 99%, Scheme 6.

11
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Scheme 6: Asymmetric C-C bond formation using hydronitrilases

Although extremely useful these biological machines do not come without limitations,

the largest of which include:
e The narrow range of substrates that the enzymes can effectively catalyse.

e The majority of enzymes require aqueous systems to operate which is problematic as

many organic compounds are sparingly soluble in water.

e And that they are very sensitive to different reaction conditions such as changes in pH

and temperature.

Enzymes with narrow substrate specificity are normally very efficient at catalysing a reaction
using their natural substrate; however this property becomes a problem when trying to
develop a catalytic system that will be effective towards a wide range of unnatural substrates.
Fortunately many enzymes have now been found to be synthetically useful towards unnatural
materials and are commercially available, although it is important to note that there are many

bond formations that are required in organic chemistry that enzymes are unable to create.*™*

1.1.6 The hunt for a fifth generation of asymmetric catalysis:
electrosynthesis

Since the discovery of the Kolbe reaction in 1854 electrosynthesis is becoming more
and more important in synthetic organic chemistry.” The reaction was one of the first organic
reactions that was conducted using electrolysis and it showed that the electron itself could be
used as the worlds simplest chemical reagent.”® This opened up a new avenue of green

chemistry that could be used to perform reductive reactions at room temperature, without

12
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toxic solvent systems, with high energy and atom efficiency, using an electrode as the source

of electrons opposed to toxic reagents. >

It took until the late 1960s before the first asymmetric electrosynthetic reduction (to my
knowledge) was reported by Horner and Degner.*® Using both enantiomers of ephedrine as a
chiral inducer, in the electrochemical solution, they were able to selectively reduce
acetophenone 23 to phenylethanol 24 with optical purities of up to 5%. Interestingly using (-)-
ephedrine (-)-25 formed the R isomer of 24 whereas using (+)-25 preferentially created the (S)

enantiomer, as shown in Scheme 7.

OH
+2e,+2H"
OH
(S)-24
HN\ 4.6% Optical purity
o (+)-25
23
OH
+2¢, +2H* ©/\
(R)-24

4.2% Optical purity

(25

Scheme 7: The first reported example of an asymmetric electrochemical reduction

The asymmetric electrochemical reduction of prochiral starting materials has been
developed since the 1960s, with considerable progress in both the application and the theory
surrounding the technique. This field of research can be split into several categories separated
by the method in which chirality is induced upon the products, each of these categories will be

described in the following sections with a couple of examples for each.

13
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1.1.6.1 Chiral additives

A similar system to the one described in Scheme 7 was reported by Oei and Seebach in
1975; they investigated the asymmetric reduction of acetophenone 23 in the presence of
chiral additives (+)- and (-)-2,3-dimethoxy-1,4-bis(dimethylamino)butane 26.>* In their research
the main product from the reduction was not the alcohol but pinacol 27, which was formed as

the R,R diastereoisomer (shown in Scheme 8).

o) +2e, +2 H

23 \N/\‘)\/N\
I

Scheme 8: Selective pinacol formation

It is important to note that the electrochemical reduction of ketones can result in the
formation of alcohols or pinacols; selective formation of one product is complicated, and this
was one of the problems encountered in my research (section 4.2). The formation of the
alcoholic product requires two one—electron reductions to first the radical anion and then to
the alcohol, after protonation at each step. On the other hand, to make the pinacol product
the ketone has to be reduced to the radical anion but then, instead of being reduced again by
another electron, the radical undergoes bimolecular termination with another radical resulting
in the formation of the pinacol, as shown in Scheme 9.%® Results reported by Lu and co-workers
suggest that increasing the water content of the electrochemical system promotes the
formation of the alcoholic product stating that “a rich proton source is more conductive to the
reduction of the intermediate carbonyl radical, because the resulting anion is protonated

faster”.*®
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R

Scheme 9: The formation of alchols and pinacols from the electrochemical reduction of ketones.

A more recent example of asymmetric electrosynthesis was reported by Wang and co-
workers. They performed the electrocarboxylation of 4-methylpropiophenone 28 in the
presence of alkaloids that were used to induce chirality upon the product, note that n-butanol
was used as a co-catalyst to re-protonate the alkaloids after the chiral induction step.” Using
this technique (S) a-hydroxycarboxylic acid 29 was formed with an e.e. of 33%, achieved while
using 5 mol % cinchonine 30 as the chiral inducer and a stoichiometric amount of n-butanol

(Scheme 10).*®
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28 29
up to 32.8% e.e.

Scheme 10: The asymmetric reduction of 28 using cinchonine as a chiral inducer

A much improved e.e. was obtained by Yadav and co-workers by reducing prochiral
ketones in the presence of (-)-N,N’-dimethylquininium tetrafluoroborate 31 at a mercury pool

>%%0 Using 25 mol% of 31 they reduced ketone 32 to the corresponding

working electrode.
alcoholic product 33 with a yield of 80% and an e.e. that was 66% selective towards the S
enantiomer, as shown in Scheme 11. It is believed that the high e.e. obtained under these
conditions is caused by 31 being strongly adsorbed onto the cathodic working electrode
surface and therefore being able to rapidly protonate the reduced anionic intermediate, as

®1%2 Although a moderate e.e. is achieved, it is unfortunate that

described in similar systems.
the use of a toxic mercury electrode is required as it counteracts with the green and clean

synthetic advantages afforded by the use of electrosynthetic techniques.
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FOF
F
B L |2
31
0 HQo H
+2e,+2H" <
25 mol% 31
DMF/2-propanol (9.5:0.5)
32 1 equiv n-butanol 33

up to 66% e.e.

Scheme 11: Electrochemical reduction of 32 in the presence of chiral inducer 31

1.1.6.2 Intrinsic optical substrate conformation

This section will describe the technique of asymmetric synthesis using a combination
of electrochemistry and chiral auxiliaries. This method is largely unexplored with, to the best of
my knowledge, only three accounts of this method in the literature — all reported by Feroci and
co-workers. The first asymmetric procedure they described demonstrated the use of an Evans’
chiral auxiliary in the electrocarboxylation of N-(2-bromopropionyl)-4-(R)-phenyloxazolidin-2-
one 34 to achieve the selective formation of the methylmalonic ester (S,S) 35 over the (S,R) 36
with a diastereoisomeric ratio of 60:40 (35 : 36), as shown in Scheme 12.%° Interestingly when
the reaction was extended to a wider range of substrates the more abundant diastereomer
was always the (S,R) species, presumably due to preferential formation of the “non-Evans”
conformation of the intermediate.®* Furthermore molecules 35 and 36 could be easily isolated
as pure compounds using flash chromatography.®® Although not mentioned in their research,
Evan’s chiral auxiliary can be cleaved from the substrate under basic conditions to yield the

chirality enhanced carboxylic acid.
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O Ph O  Ph O  Ph

%N/B s 26 c0, %Nﬁ \/“\N”
H,CO,C O)\O +  Hico,C O)\O

Br 3 0 2) H*, CH,N,

34 35 36

dr 60 : 40

Scheme 12: Asymmetric electrosynthesis using Evan's chiral auxiliary. Evan’s chiral auxiliary while attached onto

the substrate is drawn in blue.

They later reported in a full paper the effects that different chiral auxiliaries had on the
reaction yield, formation of side products and diastereoisomeric ratio. The most impressive of
which was the use of Oppolzer’s camphor sultam as a chiral auxiliary that while bound onto
the substrate resulted in yields of up to 80% with recovery of 19% of the starting material 37
(showing there to be very minimal formation of side products) and with very good
diastereoselectivity of up to 98:2 in favour of isomer 38 (shown in Scheme 13).*> This
experiment was then repeated with several different substrates with increasingly sterically
hindered alkyl chains after the bromine (ethyl, butyl and iso-propyl) and they showed that an
increase in steric bulk made very little difference to the overall yield or selectivity of the
reaction. ® Again, although not mentioned in their research, the sultam can be easily removed

to yield the unprotected carboxylic acid under reductive or hydrolytic conditions.®®

Br H3C02Q chOQC
N\ﬁR 1) + 2e7, CO, . N\(\R NTQ\R
S/ 2) H*, CH,N, S/ S
77N ) 2 \\o o //S\\O o
37 38 39
dr 98 : 2

Scheme 13: Asymmetric electrochemical reduction using Oppolzer’s camphor sultam. Oppolzer’s camphor sultam

while attached to the substrate is drawn in blue

Similar reactions were conducted using chiral cinnamic acid derivatives, such as

compound 40, that when exposed to the electrocarboxylation conditions resulted in the
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preferential formation of 2-phenyl succinic ester 41 with a diastereomeric ratio of 70:30 and a
yield of 48%, as shown in Scheme 14. Subsequent removal of the chiral auxiliary with

lanthanum(Il1) iodide formed the R-enantiomer 43 with an enantiomeric excess of 40%.*

C_:OzMe

oph\/Ph Ph/j\ Jf
Ph/\)J\N : " N

3 1)+ 2¢7, CO, o O Lal;, MeOH Ph/j/\
D200 G0 + Lol MeOH
o)\ O 2H' CHN, Ph\g\/ P“W THF 07 “OMe

Ph Ph
40 41 42 43
dr 70 : 30 40% e.e.

Scheme 14: Asymmetric reduction of 40 using Evan's chiral auxiliary and removal of the auxiliary using Lal;. While

attached to the compound the chiral auxiliary is drawn in blue

1.1.6.3 Chiral electrodes

The advantages of using chirally modified electrode surfaces to induce stereocontrol in
electrochemical synthesis are similar to the advantages afforded in the use of heterogeneous
catalysis over homogeneous methods. In that the chiral additives can be easily separated from
the reaction mixture once the reaction is complete and while less of the chiral inducer is
required, it remains highly concentrated at reaction centre.*’” In this way the cost of the
reaction is drastically lowered as the modified electrode can be reused in future reactions and

less resources are required during the purification to remove the chiral inducers.®

An early example of asymmetric electrochemical synthesis being conducted using a chiral
electrode was reported by Miller and co-workers in 1975. They modified graphite rods with
chiral substituents by first baking them in air to introduce acidic groups onto the surface of the
electrode. These “acidified” surfaces were then treated with thionyl chloride to facilitate the

reaction with (S)-phenylalanine to form chiral surface $1.%°

Ethylbenzoylformate 44 was reduced using modified surface S1 in a 50:50 mix of ethanol and
acetate buffer solution that resulted in the formation of 45 with a high yield of 94% and a
moderate e.e. of 10%, as shown in Scheme 15. They also demonstrated that the origin of the

chiral induction came from the amino acid whilst bound onto the surface of the electrode and

19



Chapter 1 — Introduction

not from electrode material that had been leeched off during the reaction. This was
demonstrated when a racemic mixture of products was obtained by repeating the experiment
using an unmodified graphite electrode in a solution containing 0.015 M of (S)-phenylalanine

as a chiral inducer.”®

O/
(6]
o NH
Graphite Rod
0] s1 OH
o~ +2¢, +2H" o~
Ethanol : acetate buffer
0] 1 1 0]
10% e.e.
4 45

Scheme 15: Asymmetric reduction of 44 using chiral surface S1

Another report made by Pleus and co-workers describes the polymerisation of chiral
pyrroles onto a platinum surface resulting in the formation of a chiral electrode, which was
then used in the enantioselective reduction of prochiral starting materials.”* In their systems
the enantioselectivity was shown to depend on the electrolyte that was used during the
electropolymerisation. It was suggested by Pleus that the use of polymer modified electrodes
may be advantageous over the use of a monomolecular layer due to their being a much larger
amount of the chiral species on the surface of the electrode.”” The polymer electrodes were
created by the polymerisation of monomers 46 and 47 to form surfaces S2 and S3

.73 These modified materials were then used in electrochemical systems to

respectively.
reduce compound 48 to 49 under anhydrous conditions. The best optical yields were obtained
when using modified electrodes S2 and S3 that were fabricated while using LiClO, as the
electrolyte during the polymerisation step. The reduction reactions that were performed using
these surfaces formed optically active products with enantiomeric excesses of up to 17%, as

shown in Scheme 16. The absolute configuration of the major enantiomer was determined to

be the R isomer, based on the sign of the optical rotation compared to literature results.”
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O
O 46 OH
Monomer used to form surface S2
O O % e-‘ . 2H+
DMF, 2 equiv phenol, LiBr
48 49

optical yield 13%

pe
)

O 47 OH
Monomer used to form surface S3
O O +2e, +2H" O O
DMF, 2 equiv phenol, LiBr
48 49

optical yield 17%

Scheme 16: Asymmetric reduction of 48 using chiral surfaces S2 and S3

The last example | would like to discuss is the use of immobilised chiral metal
complexes in the asymmetric reduction of prochiral starting materials. The pioneers in this
field of research are Moutet and co-workers who reported the immobilisation (by
polymerisation) of rhodium(lll) complexes containing chiral polypyridyl ligands, such as 50,
onto carbon felt electrodes. These surfaces were shown to be effective in the asymmetric
reduction of prochiral ketones, as shown in Scheme 17.”* The electrochemical reduction is
believed to form a Rh(lI) complex on the surface of the electrode that is then able to use water
as a hydrogen donor resulting in the formation of a rhodium(l) hydride species on the surface
of the electrode.” This hydride is the active species in these electrochemical reactions and the
electrons used in this process do not directly reduce the prochiral substrates but instead
regenerate the active Rh(l) complex. This was determined by attempting to electrolyse the
prochiral ketones in the absence of the Rh complexes under the same experimental conditions

but when using these blank electrodes no conversion of the starting material was observed.
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This suggests that the rhodium is acting as a catalyst in these systems by lowering the potential

at which the reduction reactions are able to proceed.’®

Using these systems the asymmetric reduction of acetophenone 23 was achieved with an
enantiomeric excess of up to 12% (in favour of the S isomer), a current efficiency of 61% and a
catalytic turnover of 140-180 (mol of product formed/mol of the immobilised complex). It was
interesting that they investigated the effect that the thickness of the polymer film had on
enantioselectivity and they found that the best optical purities were obtained while using the
smallest amount of the chiral complex. They observed that while using only 1.3 mmol of the
complex an e.e. of 12% was achieved whereas when using 3 mmol of the complex an e.e. of
7% e.e was attained.”” They reasoned that the increase in current density during the
electrolysis reaction, caused by the increased amount of the electrochemically active rhodium
complex on the surface, was the source of the reduced selectivity. These findings were also
reported by Fujihira and co-workers who worked with similar systems utilising chiral tartaric

acid modified Raney nickel electrodes.”’

0] [Rh(50),Cl,] OH <
Modified electrode S
+2e,+2H"

ethanol : water | A

1:1 —

23 (S)-24 | N N
12% e.e. _N
50

Scheme 17: Electrochemical reduction of 23 using Rh modified electrode

In the research conducted in this thesis | attempted to formulate a methodology that
would allow for the functionalisation of a carbon electrode surface with a monolayer of
calixarenes. These modified surfaces were to be used as a scaffold on which would be attached
an array of chiral inducers that could be utilised in asymmetric electrochemical reductions to
stereoselectivity reduce prochiral ketones, such as 23. It was believed that due to the

hydrophobic core of the calixarene with adequate decoration of the upper rim it would be
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possible to create a chiral environment on the surface of the electrode that would mimic that

of an enzyme.”®”®

To further introduce these topics the rest of this introduction will be focussed towards a brief
history of calixarenes and their synthesis and then a description of the electrochemical

techniques that were used throughout my research.

1.2 Calixarenes
The discovery of calixarenes began with an investigation, conducted by Baeyer in 1872,
into the reaction of phenols, such as benzene-1,2,3-triol, and formaldehyde in the presence of

821 1n his papers he commented on the formation of a “kittartige substanz” (a

strong acids.
hard cerement-like substance) and this was the beginning of a new field of phenol-
formaldehyde chemistry. Unfortunately, he was unable to isolate any pure compounds from
these reactions and was therefore unable to propose any feasible structures. It wasn’t until
twenty years later that Lederer and Manasse independently discovered the base catalysed
dehydration reaction between the hydrated form of formaldehyde 51 and phenol 52 which
resulted in the formation of p-hydroxymethylphenol 53 and o-hydroxymethylphenol 54, these

828 The success of this

compounds were isolated as crystalline solids as shown in Scheme 18.
reaction, which was later coined the Lederer-Manasses reaction, depended on the use of mild
well-controlled reaction conditions because under harsher conditions the base-induced
reaction forms an ill-defined resinous tar, similar to that observed by Baeyer under strong

acidic conditions.

OH

OH OH
HO. ._OH

OH
51 52 53 54

Scheme 18: Reaction between formaldehyde monohydrate 51 and phenol 52 in the presence of a base

Over the next century several research groups attempted to find a practical use for the
resinous tars that were being formed under the harsh reaction conditions, but it wasn’t until
1907 that a product with marketable qualities was discovered by Baekeland and co-workers.®

Following on from the research conducted by Baeyer, wherein the formation of a hard
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cerement-like substance was discovered, Baekeland demonstrated that with a small controlled
amount of base the formation of a commercially viable plastic, now known as Bakelite, was
possible.®” As was already predicted by Baeyer, the main linkages between the aromatic rings
in these structures were found to contain either methylene or ether functionalities. The
molecular structure of these resins are dominated by diaryl moieties such as (shown in Figure
4) resoles 55, novolaks 56 and dibenzyl ethers 57. It is important to note that during the
“curing” process, heat treatment results in the conversion of resole 55 structures into novalak

56 structures.®

HOOH \/aj\/o\/ij\f
OH OH OH OH OH OH

55 56 57

Figure 4: Structures of resoles, novalaks and dibenzyl ethers

It was from an investigation into this “curing” process that caused Zinke and Ziegler to
examine the condensation of p-substituted phenols in an attempt to simplify the reaction.
When unsubstituted phenol is used, the ring can react at both the ortho and para positions.
However in the p-substituted phenol example, reaction can only occur at the ortho- positions.
This simplification was predicted to lead to the formation of a linear chain polymer of
phenols;® it wasn’t until a report three years later that Zinke postulated that these compounds
may in fact have cyclic structures,®® although it was just a speculation at this point in time and
was based on no experimental data. It wasn’t until 1952, when another publication provided
more evidence, that the formation of the cyclic phenol structures become more widely
accepted.®’ Absolute proof of the structure was determined by Hayes and Hunter wherein they
conducted the stepwise “rational” synthesis of a “cyclic tetranuclear p-cresol novolak”

(calixarene) confirming the structure that Zinke’s predicted.”

Thirty-five years after their initial conception, these cyclic tetramers were finally given a name
by Gutsche, who in 1978 coined the term “calixarene”. This name was derived from the Greek
word “calix” meaning a vase or chalice corresponding to the cup like shape of the macrocycle

and arene corresponding to the presence of the aryl subunits connected by the methylene
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bridges.” It is important to note that the number in the square brackets after calix e.g.

calix[n]arene, corresponds to the number (n) of aryl subunits present in the macrocycle.

Furthermore, since vases normally stand upright on their smaller face, and the name
calixarene comes from the Greek word meaning vase, Gutsche named the rim normally
functionalised by the hydroxyl groups (the endo face) the lower rim and accordingly named the

larger opposite larger face the upper rim (the exo face), as shown in Figure 5

Upper rim

/\
L

OH OH OH HO

~_

Lower rim

Figure 5: Depicting the upper and lower rims of a calix[4]arene

1.2.1 Synthesis of calixarenes

For a long time the preparation of p-tert-butylcalix[4]arene 60 was extremely difficult
with most research groups reporting low yields or unquantifiable yields.*® It wasn’t until
careful investigation into the reaction conditions by Zinke,® Cornforth® and later Gutsche,”
that a reliable experimental procedure for the one-pot base-catalysed synthesis of

calix[4]arene was determined.

It was found that the optimal amount of base, sodium hydroxide, required to produce
calix[4]arene 60 was around 0.03-0.04 equivalents, for each mole of phenol 58. When less
base was added, the yield of the reaction began to rapidly decrease; if too much base was
added, the yield also began to decrease due to the formation of calix[6]arene 61. Note that

when 0.3 or more equivalents of sodium hydroxide were used the cyclic hexamer became the
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main product and could be isolated with a reasonable yield.** These reactions are shown in

Scheme 19.

o

+ )]\ 0.03 equiv. NaOH .

H H Diphenyl ether reflux
58 59
(0]
0.34 equiv. KOH
+ HJ\H -
Xylene reflux
OH

58 59

Scheme 19: Formation of p-tert-calix[4] and p-tert-calix[6]arene

These two calixarenes along with calix[8]arene are generally considered to be the
“major” calixarenes, due to them all being readily available and easy to make on a large scale

in the laboratory. However many more calixarenes can be synthesised, such as calix[5]arene,”

® calix[9]arene® and calix[10]arene,”” to name a few. These calixarenes are

calix[7]arene,’
much harder to synthesise than the major calixarenes, and the reaction yields are significantly

lower, making them less readily available.

The reaction pathway of the base-catalysed reaction between phenol 58 and formaldehyde 59
is initiated by de-protonation of the phenol to form a phenoxide intermediate, which is then
able to attack the highly reactive formaldehyde, resulting in the formation of intermediate 62
(shown in Scheme 20). Under mild conditions, the reaction can be terminated at this point and

62 can be isolated and characterised, as shown by Ullmann and Brittner.”®
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Proton Transfer

Scheme 20: Base catalysed formation of 62

Under harsher reaction conditions 62 reacts further to give compound 63, which is
comprised of two aryl subunits connected by a methylene bridge. This reaction presumably
goes through the o-quinone methide intermediate which is able to react with the phenoxide
species, Scheme 21. This results in the formation of dimer 63, which has been isolated by Zinke
and co-workers by reaction of p-tert-butylphenol with aqueous formaldehyde in the presence
of sodium hydroxide at 50°C.* These dimers can then undergo condensation reactions when
heated, to form linear oligomers (a linear of chain of phenol groups attached by methylene
linkers) and, depending on the precise reaction conditions used, these precursors can cyclise to
give calix[4-10]arene. The precise pathway in which these oligomers cyclise to form
calix[4]arene is unknown, with the precursor containing over forty different compounds, as
determined by mass spectrometry.® Although it is speculated that calix[8]arene is formed first
and then “pinches off”, resulting in the formation of two molecules of calix[4]arene. This was
demonstrated by Gutsche and co-workers when a pure sample of calix[8]arene was refluxed in
diphenyl ether to form calix[4]arene in the presence of a catalytic amount of sodium

hydroxide.*
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Linear
Oligomers

Scheme 21: Base catalysed formation of 63

1.2.2 Conformations of calix[4]arene

It was first proposed by Cornforth and co-workers that the calix[4]arenes could exist as
four different diastereoisomers if the phenolic groups were unable to rotate about the
methylene bonds that joined them.”” The phenyl groups are normally considered to be
pointing downwards (d) or upwards (u) relative to the plane described by the methylene
bridges. These four conformations were later named by Gutsche as the cone conformation (u,
u, u, u), the partial cone conformation (u, u, u, d,), the 1,3-alternate (d, u, d, u) and the 1,2-

alternate (u, u, d, d) as shown in Figure 6.'®
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OH OH OH
| /
OH OH OoH HO

~
-

cone partial cone
u,u,u,u u,u,u,d

1,3-alternate 1,2-alternate
d,u,d,u u,u,dd

Figure 6: The four different conformations of calix[4]arene

It is important to note that all calix[4]arenes, before modification at the lower rim, are
considered to be conformationally mobile when in solution, as the hydroxyl groups are able to
rotate through the middle of the cavity, although the ease at which the aryl subunits can
rotate does vary from one ring system to another. The rate of rotation is dependent on the
reaction conditions such as the temperature, solvent and which base is used for the de-
protonation. For instance, in polar solvents the energy required for the change in
conformation is lowered, presumably due to the solvent interfering with the intramolecular

hydrogen bonding, resulting in destabilisation of the conical strucutre.'®***

Thankfully it is possible to lock the conformation of the calixarene by replacement of all four of
the —OH groups with sufficiently bulky alkyl chains. During the alkylation of the hydroxyl
groups, the base employed for the de-protonation step is of upmost importance as the use of
different bases can determine which conformation the calixarene will be locked into. For
instance, alkylation of p-tert-calix[4]arene 60 with ethyl bromoacetate 64 using Na,CO; as the

base produces the tetraakylated calixarene in the cone conformation 65. However, when
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Cs,CO; is used, the predominant product is the calixarene in the partial cone conformation 66

(shown in Scheme 22).'%3%%*

(0]
+ Br\)]\ NGQCO3
OEt Acetone
60 64 65
Y: 100%
(0]

Cs,CO

OEt Acetone )X\/O 0 o

i By 10 wo” L

OH OH OH H Et0” Y0 =0
EtC

60 64 66
Y: 96%

“
2

Scheme 22: Locking of the conformation of calix[4]arene by alkylation at the lower rim

1.2.3 Calixarenes as molecular baskets

The use of calixarenes as molecular vesicles is one of the properties that | will attempt
to utilise in my research, so it seemed fitting that | mentioned this property in the
introduction. It has long been known that even the most simple of calixarenes, such as 60, can
form very strong complexes in the solid state with small hydrophobic molecules such as
chloroform, benzene, toluene, xylene and anisole. These calixarenes hold onto their guest
molecules extremely tightly and as a result the guest compounds are still present within the

macrocycle even after prolonged periods of heating under vacuum %%

This ability of calixarenes to act as host molecules in non-aqueous solvent systems has been
investigated by Aoyama and co-workers. They found that a resorcinol-derived calixarene was

able to selectively complex neutral organic compounds and this property was utilised for the
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organic extraction of D-ribose, riboflavin, vitamin Bi, and haemin into carbon tetrachloride

from an aqueous solution also containing glycerol and D-glucose.™”’

More recent usage of the calixarene cavity can be found in the work described by Rebek and
co-workers in 2008 where they used a resorcin[4]arene, a calixarene made from resorcinol,
scaffold modified with peptide moieties and Kemp’s triacid to catalyse the regioselective
cyclisation of epoxy alcohols, such as compound 68. The host molecule 68 was shown to bind
into the cavity of calixarene 67 by NMR studies, and then was presented with an inwardly
directing carboxyl group, highlighted in red, that initiated the cyclisation of the substrate

108109 This elegant

selectively to the five membered ring product 69, as shown in Scheme 23.
work highlights the possibility that calix[4]arenes can be utilised as artificial enzyme mimics for

use in organic synthesis.

0 Et
O
1 mol% 67 o
OH OH
Mesitylene
68 69

Scheme 23: Regioselective cyclisation of 68 catalysed by calixarene 67
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1.2.4 Calixarenes as electrochemically active compounds

Calixarenes with sufficient modification at either the upper or lower rim have found
applications in electrochemistry as molecular sensors. An example of this comes from the work
conducted by Gupta and co-workers wherein they formed PVC-based membranes of a
calixarene modified with tertiary butyl groups at the upper rim and carbamoylmethoxy groups
at the lower rim. This electrochemically active surface was then used as a potentiometric
sensor to determine the concentration of phosphate ions in agricultural field samples.'™
Another example comes from the work described by Diamond and McKervey wherein they
investigated the properties of a range of different calixarenes for use in solution for both

environmental and biomedical sensing."**"***

Calixarenes with the appropriate decoration at the upper rim, i.e. functionalised with peptide
or sugar groups, have been shown to act as enzyme mimics, as described in section 1.2.3.”%7°
As these macrocycles have also proven to be electrochemically active and effective in
asymmetric synthesis it was hoped that these systems could be adapted for use in asymmetric

electrosynthetic reactions.™****

1.3 Electrochemistry

Chemically—modified electrodes was a term that was first introduced by Murray and
co-workers in 1975, and is a field of research that has been expanding every year since its

116,117

inception. Since then, these modified surfaces have found a plethora of different uses

ranging from studies of electrochemically active attached molecules,'*® catalysis,"* inhibition

of electrochemical processes™”’, sensing™*%**!

and even use in asymmetric electrosynthesis (see
section 2.1.5.4).%%7277122123 1 this section | will introduce some of the basic electrochemical

techniques and theories that feature throughout this thesis.

1.3.1 Electrosynthesis

Before discussing the more theoretical aspects of electrochemistry, | thought it would
be fitting to include a couple of examples where electrosynthesis is utilised in the real world.
An example of this is the electrolytic process that is used on a large industrial scale in the
production of chlorine and sodium hydroxide from concentrated brine."** This technology uses
an electrolysis cell that is divided into two sections by a cation—permeable membrane. This
facilitates the transfer of sodium ions from one side of the electrochemical cell to the other. At
the anode the chloride ions are oxidised to chlorine gas, which is then isolated as it “bubbles”
out of the solution, whereas at the cathode water is being reduced to hydrogen and hydroxyl

anions that go on to form the sodium hydroxide (as illustrated in Figure 7).**
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Figure 7: Schematic of a membrane cell system used in the electrochemical chloralkali process. Image reproduced

126
from reference.

It has been shown that the use of modified electrodes in electrochemical synthesis can
catalyse electrolysis reactions. The work conducted by Dong and co-workers demonstrated
that a polyaniline film electrode doped with cobalt phthalocyanine could be used to catalyse
the reduction of dioxygen to hydrogen peroxide. The use of the modified GCE significantly
shifts the potential of the redox process to a more positive voltage compared to performing
the same reduction at an unmodified GCE, this ability to reduce the overpotential required to

drive the synthetic reaction is a key aspect in this type of research.™

1.3.2 Electrochemical equilibria and electrochemical potentials

A simple example of an electrochemical equilibrium is described by an aqueous
solution containing [Fe(CNe)]>™ (depicted as reagent A) and [Fe(CNg)]*™ (depicted as reagent B),
Scheme 24. When an electrode, such as platinum wire, is added to this system the solution
now has a source or sink of electrons and an electrochemical equilibrium is established at the

surface of the electrode. The formation of this equilibrium is responsible for the difference in
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charge between the solution and the electrode surface, this difference is known as the

electrode potential (¢, — @s).

Scheme 24: Electrochemical equilibrium between [Fe(CNe)]3' (depicted as reagent A) and [Fe(CNG]"' (depicted as

reagent B) in the presence of an electrode

Unfortunately it is impossible to measure the electrode potential of a single electrode-
solution interface. For a measurement to be made possible, another electrode must be added
into the system and the difference in the potential of these two electrodes can then be
measured to give the “measured electrode potential” (E), described in Equation 1. This
additional electrode is known as the reference electrode (¢, — @) and is assigned an

arbitrary value.

E = (om — @s)pt — (om — Qos)ref

Equation 1: The measured electrode potential (E) using a platinum working electrode vs. a reference electrode.

In the systems discussed in this thesis the aqueous electrochemistry is referenced
against a standard calomel electrode (SCE) which has a constant potential of +0.242 V versus
the standard hydrogen electrode. The SCE is comprised of a column of liquid mercury coated
with an insoluble layer of mercury(l) chloride (traditionally know as calomel). Both of these
species of mercury are submerged in an aqueous solution saturated with potassium chloride,
as illustrated in Figure 8. Non-aqueous systems are referenced to a silver wire. This is not a
fixed thermodynamic reference electrode as it only constitutes one redox half-reaction rather
than a pair of redox reactions and hence is called a “pseudo-reference electrode”.
Unfortunately the potential of this pseudo-reference electrode is subject to drift and therefore
must be referenced internally to a standard redox couple, in this work the Cp,Fe”* redox

couple is used (where possible) following IUPAC recommendations.*”’
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Figure 8: Schematic of a calomel reference electrode. Image adapted from reference.'”®

A change in the concentration of ions at the surface of the electrode results in a
change of the electrode potential. This relationship is described by the Nernst equation, which
can be derived from the Gibbs free energy Equations 2-4. It is important to bear in mind that
all useful work conducted in an electrochemical cell is electrical work (provided the redox
process describes a reversible electrochemical reaction at constant temperature and pressure)
which is attributed to the movement of charges and therefore Gibbs free energy in such

systems is equal to the electrical work done (Equation 3).

AG = AG° + RTInK

Equation 2: Relating change in Gibbs free energy (AG) to change in Gibbs free energy under standard conditions
(AG®). R is the ideal gas constant (8.314 ) K'l), T is the temperature (K) and K is the equilibrium constant of

Scheme 24

AG = —nFE = Weectrical

Equation 3: Showing the relationship between the electrical work done (W,ectrica) and the change in Gibbs free
energy. n is the number of moles of electrons passed, F is Faradays constant (96485 C mol'l) and E is the cell

potential.
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AG®° = —nFE°

Equation 4: Shows relationship between AG® and standard electrode potential E°

Substitution of equations 2 and 3 into 4, after rearrangement, yields the Nernst
equation (Equation 5). This equation relates the observed reduction potential of the cell to the
standard reduction potential and the concentration of A and B at the surface of the electrode.
This is purely a thermodynamic relationship and does not contain any information about the
kinetics of the system. In rigorous treatments, the concentrations of A and B are not used in
the Nernst equation due ion-ion and solvent-ion interactions. Instead, concentrations are
replaced by the activities of the relevant species by using the activity co-efficient y. In an ideal

system the activity coefficients will approach unity.

E= E°—RT1 (VA[B])

— n J—
nkF YslA]

Equation 5: The Nernst equation. [A] is the concentration of A (mol dm'3), [B] is the concentration of B (mol dm'a),
Vx is the activity co-efficient of A or B. F is Faraday’s constant, R is the universal gas constant and n is the number

of electrons transferred in the redox event.

1.3.3 Kinetics of a one-electron transfer
It is important to remember that although the Gibbs free energy (or electrode
potential) can determine if a reaction is favoured, it does not yield any information about the

kinetics or rate of the reaction.

To illustrate this, first consider the simple electrolysis reaction depicted in Scheme 24. If a
potential, that is not equal to the potential at equilibrium, is applied to this electrochemical
system, then an electrochemical reaction can be driven to force the net oxidation of B or the
net reduction of A and, in doing so, cause a current to flow between the electrode and the
solution. The magnitude of this current, i, for the electrode reaction is directly proportional to

the area of the electrode surface, A, and the flux, j, as shown in Equation 6.
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i = nAFj

Equation 6: Current of the electrochemical oxidation of species B. i is the current attributed to the oxidation
process (B), n is the number of electrons transferred during the redox event, F is Faraday’s constant and j is the

flux (mol cm? s'l).

It is important to note that during electrolysis, the concentration of the bulk solution is
not equal to the concentration at the electrode surface. By assuming that the transfer of
electrons at the electrode is much faster than the rate of mass transport, we can consider the
net flux to be equal to the relative rates of the oxidative and reductive electrochemical
reactions, approximated as first order processes (Equation 7). Note that at equilibrium the

relative rates of the oxidative and reductive reactions are equal.

J = Jox —Jrea = kox[B] - kred[A]

Equation 7: Overall rate equation

The overall current is therefore equal to the sum of the currents passed during the
reductive and oxidative processes, shown in Equation 8. By convention i, is positive and g is

negative giving rise to the minus sign.

i = nFA(iox _jred)

Equation 8: Current passed at electrode surface

By substitution of Equation 7 into Equation 8 we arrive at Equation 9 that relates the current

passed during the electrolysis to the concentration of A and B at the surface of the electrode.
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i= FA(kox[B] - kred[A])

Equation 9: Relating the current at the electrode surface to the concentration of A and B at the electrode

surface.

Changing the applied potential away from that of the standard (equilibrium) potential
by an amount, AE, lowers the Gibbs free energy attributed to either the oxidised (A) or
reduced species (B). This extra driving force from the change in potential is called the
overpotential (n) and is described in Equation 10. The effect of this is that as the potential is
increased, the Gibbs energy associated with the oxidised species (A) is decreased relative to
that of the reductive species (B), and this drives the reaction towards the formation of the
oxidised species (A). Furthermore, it is important to note that although the Gibbs free energy
of the oxidised species is decreased by FAE, the activation barrier only changes by a fraction of
this energy difference. The fraction that the activation barrier energy changes relative to the
applied potential reflects the symmetry of the transition state. This is accounted for by the
charge transfer coefficient (&) and represents a (1-a)FAE decrease in the activation energy for
an oxidation process — but represents an aFAE increase in activation energy for a reduction
process. When a approaches 0 the transition state is said to resemble the reactant;
alternatively, when a approaches 1 the transition state resembles the product. This allows the
change in the Gibbs free energy of activation to be defined in terms of the applied potential, as

shown in equations 11 and 12.

n=E—E°

Equation 10: Definition of the overpotential (n)

AGleq = AGrey + aF ()

Equation 11: Relating the Gibbs energy of activation of the reductive process at an applied potential to the free

energy of activation under standard conditions.
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AG:x = AG;xO -(1- a)F(TY)

Equation 12: Relating the Gibbs energy of activation of the oxidative process at an applied potential to the free

energy of activation under standard conditions.

The observed rate constants k..q and k., can be expressed in the form of Arrhenius
equations 13 and 14 and are used to relate the applied potential, E, to the rate constant. Note
this requires the assumption that the activation energy (E,) is approximate to Gibbs free

energy of activation.

AGrqied
RT

krea = Areq€Xp <_

Equation 13: Arrhenius equation relating the rate constant of the reductive process to the Gibbs free energy of

activation

AG?
kox = Apx€Xp <_ R;:X>

Equation 14: Arrhenius equation relating the rate constant of the oxidative process to the Gibbs free energy of

activation

Substitution of equations 11 and 12 into equations 13 and 14, respectively, yields the

Arrhenius type equations 15 and 16 as shown below.

AGEY aFn
krea = Areqexp | — RT exp (_ ﬁ)

Equation 15: Arrhenius equation relating the rate constant of the reductive process to the Gibbs free energy of

activation and the over potential
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AGZ? (1 —a)Fn
kox = Apxexp | — RT exp (—RT )

Equation 16: Arrhenius equation relating the rate constant of the oxidative process to the Gibbs free energy of

activation and the over potential

It is apparent that equations 15 and 16 are made up of two sections: the first is
independent of the applied electrochemical potential and is known as the standard
electrochemical rate constant (k°), the second half of these equations is dependent on the
applied electrode potential. This information allows for the simplification of equations 15 and

16 to equations 17 and 18 by substitution of the electrochemical rate constant.

0 aF
kreqa = k”exp (_ﬁn)

Equation 17: Simplification of Arrhenius equation 15

(1-ao)F
ko, = klexp (—RT n)

Equation 18: Simplification of Arrhenius equation 16

When equations 17 and 18 are substituted into equation 9 we arrive at a form of the
Butler-Volmer equation (shown in Equation 19). The Butler-Volmer equation describes the
fundamental relationship between the current passed in an electrochemical system and the

potential applied.
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i = FAk® {[B]exp <%> — [Alexp (— %T)}

Equation 19: A form of the Butler-Volmer equation

1.3.4 Cyclic Voltammetry

Cyclic voltammetry is a common technique utilised in electrochemistry. It is used to
characterise the electrochemical processes occurring at the interface between the electrode
and the electrolyte solution. This method involves applying a potential to the working
electrode that changes linearly over time as shown in Figure 9A, the rate at which the potential
changes is called the voltage scan rate (v). The potential of the working electrode starts at
potential E; and then either increases or decreases in potential to E, at which point the sweep
direction is reversed and the potential starts decreases or increasing until the stop potential E;
is reached; at this point the experiment is normally stopped. Note that in most experiments E;
is the same as E; but this does not need to be the case. While the experiment is running the
flow of current through the working electrode is recorded as a function of the applied

potential; this plot is known as a “cyclic voltammogram” and is shown in Figure 9B.

Potential / V
Current / A

E Ci

2 ]

Time /s Potential / V

Figure 9: (A) Graph depicting the potential over time applied during a CV. (B) Typical cyclic voltammogram of a

reversible species. (i, is the peak current)

In reversible systems where the analyte is dissolved in the electrochemical solution

(i.e. not immobilised onto the electrode) the wave shape shown in Figure 9B is typical. The
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reason for this is that as the potential approaches i, the current caused by the electrolysis
increases and should, in theory, keep rising exponentially, as described by the Butler-Volmer
equation. In reality, however, the concentration of the analyte at the surface of the electrode
decreases as the reactants are consumed. A drop in the current passed is then observed when
the rate of the electrolysis becomes dependent on the rate that fresh analyte is able to diffuse
from the bulk solution to the electrode surface (resulting in the current being limited by mass

transport).

The peak current is described by the Randles-Sevcik equation (Equation 20), which shows that
in a diffusion-controlled system the peak potential is proportional to the square root of the
voltage scan rate. This is because at faster scan rates the diffusion layer is smaller and
therefore the driving force (concentration gradient) for the diffusion of fresh analyte to the
electrode surface is greater, resulting in a larger current. At slower scan rates, the diffusion
layer is larger and therefore diffusion of fresh analyte to the electrode surface is slower,
resulting in a smaller current. Note that stirring the electrochemical solution has the effect of

compressing the size of the diffusion layer and therefore increasing the current response.

i, = 268600n2AD2Cvz

Equation 20: The Randles-Sevcik equation for a reversible system under standard conditions. n is the number of
electrons passed in the redox event, A is the area of the electrode (cmz), D is the diffusion coefficient (cm2 s'l), Cis

the concentration of the analyte (mol cm's), vis the scan rate (V s'l).

Conversely, in systems where the analyte is absorbed onto the electrode surface the peak
current is directly proportional to the voltage scan rate, as shown in Equation 21. As all of the
redox active species are constantly present on the electrode surface, mass transport effects

are not relevant.
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FZ
ip = —=VAl

Equation 21: Equation describing the peak current (i,) of an absorbed analyte. F is Faraday’s constant, R is the
ideal gas constant, v is scan rate (V s ), A is the area of the electrode (cm'z) and [ is the surface coverage of the

analyte (mol cmz).

1.3.5 Chronoamperometry

Chronoamperometry is an electrochemical technique where, unlike in cyclic
voltammetry, the potential of the working electrode is held at a constant voltage throughout
the experiment, as shown in Figure 10A, and the change in the current is recorded against

time, as shown in Figure 10B.

E2

Potential / V
Current / A

El

Time/s Time/s

Figure 10: (A) Graph depicting the potential over time applied during a CA. (B) Typical chronoamperometry of a

electrochemical analyte

At the beginning of the experiment the potential is held at E; until t=0 at which point the
potential is stepped up (or down) to E,. While the potential is held at E, the change in current
over time is recorded. The large initial spike in the current consists of both Faradaic and non-
Faradaic components. The non-Faradaic component arises from the capacitive charging of the
system caused by the migration of electrolyte to the electrode surface to match the build-up
of charge on the electrode upon an instantaneous change in voltage at the electrode surface.

The capacitive charging current rapidly decays exponentially over a short period of time

43



Chapter 1 — Introduction

(typically 10-20 us). The rate at which the Faradaic component of the current that is associated
with the electron transfer redox reactions decays at a macrodisk electrode is much slower and

is described by the Cottrell equation (Equation 22).

 nFACD?
[ =——-
vVt

Equation 22: The Cottrell equation. i is the current passed. n is the number of electrons passed during the redox
event, Fis Faraday’s constant, A is the area of the electrode (cmz), C is the concentration of the analyte, D is the

diffusional coefficient (cmz s'l) and t is time (s).

The Faradaic current passed is once again controlled by the rate at which the analyte is able to
diffuse into the electrode double layer and decays to zero with infinite time. Stirring the
solution has the effect of decreasing the size of this diffusion layer surrounding the electrode,
improving mass transport of analyte and resulting in a steady-state current (until the supply of

analyte in the solution is completely exhausted).

A related technique commonly utilised in electrolysis is chronopotentiometry wherein the cell

demands a constant current and the change in voltage over time is recorded.

In this research, chronoamperometry will be used to reduce analytes on a scale that will
significantly change their concentration in the bulk solution. To calculate the number of moles
of product formed in these electrolysis reactions, Faraday’s constant can be used as shown in
Equation 23. Furthermore, due to significant changes in the concentration of the bulk solution,
the resting potential or Nernst potential of the electrochemical cell will also change during the

course of the electrosynthetic reactions.

C—
F—Tl

Equation 23: Calculating the number of moles of electrons passed during an electrolysis reaction (n). C is the

charge passed during the electrolysis (coulombs), F is Faraday’s constant.

Unfortunately Equation 23 does not take into account any additional charge that is passed due

to non-Faradaic processes and therefore the Faradaic yield is quoted as a percentage of the
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number of moles of isolated product (times by the number of electrons required to form the

product) against the number of moles of electrons passed during the electrolysis.

1.4 Aims

My primary goal is to develop a chiral calixarene electrode surface that could be used
in the enantioselective electrolysis of simple prochiral compounds. It had been shown by other
research groups that an electrode functionalised with chiral peptide chains can be used in
electrosynthetic reductions of achiral starting materials to form optically active compounds,

albeit with less than desirable optical purity. "%

It was hypothesised that immobilised
calixarenes when sufficiently decorated with amino acids would be able to encourage binding
of substrates sufficiently close to the upper rim of the macrocycle to allow for electron transfer
between the chemisorbed calixarenes and the substrate. The peptido-calix[4]arenes have
shown promise as enzyme mimics and have been utilised in the literature in asymmetric
reactions due to their ability to bind substrates, through strong hydrogen bonding interactions,

108,129,130

around the deep hydrophobic cavity This property of the calixarenes will be exploited

in an attempted to impart chirality onto the electrosynthetic products.

To test this hypothesis the synthesis of a calixarene that could be tethered to an electrode
surface is required. Ideally the macrocycle could be attached by either the upper or lower rim
to determine if access to the hydrophobic cavity was of importance in the asymmetric
reductions (Figure 11). The opposite face of the calixarene are required to be functionalised by
a wide array of different substrates, either in solution before the immobilisation of the
macrocycle or while the calixarenes are bound onto the electrode. This can then be later used

to fine tune the properties of the modified surfaces.
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Ny

v

Figure 11: A cartoon showing the fabrication of an electrode surface by either the upper or lower rim of a

calixarene. The blue side of the conical shape represents the lower rim and the red side of the cone represents

the upper rim.

Initially, to demonstrate that attachment of the macrocycles was successful the calixarenes are
modified with electrochemical labels to facilitate their detection and characterisation by
electrochemical techniques. Note that the synthesis and surface attachment of these

B! The final chapter of this thesis is dedicated to

compounds has been published by the author.
the formation of the chiral calixarenes surfaces and their use in the electrosynthetic reduction
of prochiral starting materials, and is compared to the same reduction reactions conducted

using an unmodified GCE.
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2.1 Overview

Within this chapter | will discuss the synthesis of several novel calixarenes that were
used in the functionalisation of glassy carbon electrodes (GCEs). The calixarenes were designed
to allow for attachment to the electrode by one rim and the other rim could then be modified
with a variety of substrates to allow for tuning of the surfaces in later work. It is important to
note that these surfaces were required to be stable under strongly reductive conditions as
they would be used for electrosynthetic reductions in later research. Throughout the synthesis
of these molecules, maintaining the conical conformation of the macrocycles was essential as
the intention was to utilise this structure to aid in the formation of chiral environments upon

the electrode surface.

The first attachment protocol considered was an advancement of the work described by

Lagrost and co-workers in 2012,%**

wherein they modified the upper rim of a calix[4]arene with
four amino groups that were then converted to diazonium salts using NaNO,. These salts were
then electrografted onto an electrode surface using a reductive potential. In their research the
exposed face of the calixarene was functionalised with four phenol groups to allow for
modification of the immobilised surface by ester linkers. Due to the electrosynthetic
applications, my research required a linker that would be stable under strongly reductive
conditions and therefore esters were not appropriate. Instead the lower rim of the calixarene

was functionalised with alkynyl groups to allow for attachment of a variety of substrates via an

electrochemically stable triazole linkage.

This route was also attempted for the attachment of calixarenes to an electrode surface by the
lower rim, but the synthesis of a calixarene core functionalised with four aryl amines at lower
rim was unsuccessful so another route was required. | was inspired by the work first presented
by Geiger and co-workers in 2013 wherein they developed a method for the immobilisation of
porphyrins to an electrode surface using the electrochemical oxidation of pendant alkynyl
groups.®® This required the synthesis of a calix[4]arene functionalised with four propargyl
ethers at the lower rim to allow for attachment of the molecule to the electrode surface.
Furthermore, to facilitate the modification of the immobilised surfaces, the upper rim of the
calixarene was functionalised with four azido groups that could be reacted with a variety of

substrates using the copper(l) catalysed-azide-alkyne cycloaddition (CUAAC) reaction.

2.2 Synthesis of central calix[4]arene cores

The most common method used for the synthesis of calix[4]arene 60 is the base-

134

catalysed condensation reaction that was first reported by Zinke in 1941, this protocol has
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since been refined by Cornforth® and Gutsche.™®

The synthesis involves the condensation of
p-tert-butylphenol 58 and formaldehyde 59 in the presence of a catalytic amount of sodium

hydroxide to yield calix[4]arene 60, shown in Scheme 25.

A\

-

Formaldehyde
Cat. NaOH
Diphenyl Ether | |
OH Reflux OH OH OH HO
58 60

Scheme 25: Synthesis of calixarene 60

Calix[4]arene 60 was used as the main starting material, since it is relatively cheap and
easy to synthesise on a large scale using the reaction conditions shown in Scheme 25. In spite
of this, the synthesis of calix[4]arene from p-nitrophenol was attempted, to afford calixarene
76 directly from the condensation reaction. However, without the steric effects of the t-butyl
groups the condensation of formaldehyde with p-nitrophenol lacked control and yielded a
complex mixture of linear and cyclic oligomers, meaning any structural modification of the
calixarene required post-funcationalisation of 60 as the structure of the monomer could not be
varied. So functionalisation of the upper rim was conducted by removal of the t-butyl by the

treatment of 60 with AICI; to give 71, using a modified procedure first reported by Gutsche and

136

co-workers in 1982, conditions shown in Scheme 26.

AlCl, f /\
50 °C, T %
, Toluene | >
| / OH OH oH HO
OH OH OH HO o

60 71

Scheme 26: Dealkylation of calixarene 60

It was important that the calix[4]arenes maintained the cone conformation, as the

conical shape of the macrocycles was to be utilised in the formation of nano-reactor sites on
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the electrode surface. Both calixarenes 60 and 71 have a mobile conformation in solution, as
they contain free OH groups on the lower rim, allowing the phenol subunits to rotate around
the methylenes. As such, they are able to interchange between any of the calix[4]arene
conformations, including the desired cone shape. The degree of mobility varies from one ring
system to another; this was observed when alkylating molecules 60 and 71. Retention of the
cone configuration of calixarene 71 required the use of a base with a small counter ion, such as
sodium hydride (resulting in the formation of 72), since the conformational stabilising effect of
the coordinating counter ions has been shown to have a descending effect in the order of Li*>
Na* > K"."’ Otherwise, when attempting to alkylate 71 using a larger base, such as potassium
carbonate, the main product was the calixarene in the partial cone conformation 73. On the
other hand, due to the bulky t-butyl groups on the upper rim of calixarene 60, the alkylation of
this compound using potassium carbonate in refluxing acetonitrile maintained the cone

conformation 74; reaction conditions shown in Scheme 27.
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Scheme 27: Alkylation of calixarenes 60 and 71

2.3 Modification at the upper rim of calix[4]arenes before

alkylation

One of the methods used to attach calixarenes to an electrode surface was a

continuation of the work first presented by Geiger in 2013."*#

They described a method that
allowed for the immobilisation of ferrocene moieties onto an electrode surface using pendant
alkynyl groups as linkers. | wanted to adapt this methodology for the attachment of
calix[4]arenes to an electrode surface, while using the upper rim of the calixarene to fine tune
the modified surfaces both sterically and electronically. Initially, | attempted to modify the

upper rim of the calixarene and then perform the alkylation with propargyl bromide on the

lower rim.
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2.3.1 Formation of p-nitrocalix[4]arene 76

Introduction of amino groups to the upper rim of calixarene 71 was attempted so that
further functionalisation would be possible by peptide coupling reactions. This route required
the formation of p-tetranitrocalix[4]arene 76 which could then be reduced to yield the p-
tetraaminocalix[4]arene. The first reported synthesis of 76 (Scheme 28) was reported by
Shinkai et al.®® They showed a two-step synthesis from the p-Hcalixarene 71 to the product
that included a sulfonation reaction using sulfuric acid followed by an ipso-nitration using a

solution of nitric acid and sulfuric acid.

SOH SO3HsO,H $OsH O,N NO,NO, NO;
X H,S0,
H,SO, | D HNO3
—_—
| / |’ < HQO )
/ /
OH OH OH HO OH OH OH HO OH OH OH HO
71 75 76

Scheme 28: Shinkai's synthesis of p-nitrocalixarene 76

| repeated the route described above but achieved a greater yield using a method
described by Yong wherein calixarene 71 was dissolved in chloroform and nitrogen dioxide gas,
generated from copper powder and nitric acid, was bubbled through the reaction mixture.
After five minutes the reaction was complete and the product precipitated out of the solution
as a yellow solid, which was then isolated by filtration. Unfortunately, functionalisation at the
lower rim of p-tetranitrocalixarene 76 by nucleophilic alkylation with propargyl bromide was
unsuccessful. This could be due to the electron withdrawing properties of the nitro

functionalities reducing the nucleophilicity of the phenolic alcohols.

2.3.2 Modification at the upper rim pre-alkylation
Another method commonly employed for adding functionality to the upper rim of

149 Molecule 71 is reacted

calixarene 71 is a pathway first described by Gutsche et al in 1998.
with formaldehyde and dimethylamine under acidic conditions to form calix[4]arene 77. In this
reaction the ketone and secondary amine react to form an iminium intermediate that is then
attacked by the aryl ring of the calixarene forming 77. The Mannich base groups are then
methylated by methyl iodide to form the corresponding quaternary ammonium salts. These

act as good leaving groups and under basic conditions are eliminated from the calixarene to
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form the p-quinonemethide intermediate. This is then able to react with a wide array of
nucleophiles (Scheme 29) providing a particularly short route to a wide variety of
functionalised calix[4]arenes, such as molecules 78a and 78b. Unfortunately, as this reaction
proceeds through the quinonemethide intermediate the phenolic groups could not be

alkylated prior to this reaction and so the cone conformation of the calixarene is not fixed at

this point.
| . +'L/
N\/—\ A \ B 7
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HNMe, NaNu
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Scheme 29: Formation of calixarene 77 and mechanism of p-quinonemethide reactions

Alkylation at the lower rim of calix[4]arene 78a was attempted using propargyl
bromide in a range of different conditions but no conversion was observed. So hydrolysis of
the cyano groups was conducted following a procedure reported by Gutsche,*** wherein
calixarene 78a was reacted with sulfuric and acetic acid in the presence of water to form 79.
The alkylation was then attempted on molecule 79, using propargyl bromide and sodium
hydride, but the carboxylate groups on the upper rim of 79 also reacted with the propargyl
bromide and formed propargyl esters, yielding 80.The hydrolysis of the ester groups to the
desired carboxylic acid functionalities, using both acid and base catalysed conditions, did not

proceed as expected and | was unable to isolate any recognizable calixarenes.

Alkylation of calix[4]arene 78b was also conducted using propargyl bromide and either NaH or

K,CO; as the base, but no formation of product was observed. For this reaction it was a
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concern that the acidic protons on the terminal positions of the alkynes were affecting the
reaction, so they were protected using silyl groups before the alkylation, but still no conversion

was observed.

CN
CN
Br\
________ ;(. [, - O 4
Base
OH ¢ W
78a | | O
Q O
CN OH N
Br/\
HzSO4 NaH
AcOH / H,O Acetonitrile O 4
oH 4 oH 4 (
78a 79 | | 80
O O

Scheme 30: Attempted modifications of molecule 78a

2.4 Modification at the upper rim post-alkylation

As discussed at the beginning of this chapter the synthesis of 72 by reaction of 71 with
NaH and propargyl bromide proceeded in good vyield. | then attempted to functionalise the
upper rim of 72 with aldehydes using the Duff reaction;'* these groups could then be oxidised
to carboxylic acids allowing for further functionalisation by peptide coupling or condensation
reactions. Unfortunately, although this reaction had been utilised for similar molecules in the

literature® bearing propyl ethers on the lower rim of the calixarenes, the introduction of the
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more reactive propargyl ether groups adversely affected the reaction, and no product

formation was observed.

As the Duff reaction was unsuccessful | designed another route that would allow for
functionalisation of the upper rim of calixarene 74 with amino groups. This route involved the
ipso nitration of molecule 74 (i.e. with propargyl ether groups already incorporated onto the
lower rim) and the subsequent reduction of the nitro groups to form amine functionalities. The
nitration of calixarenes bearing simple alkyl ether at the lower rim has been reported
previously in the literature®* but never for calixarenes functionalised with propargyl ethers.
Unfortunately, the nitration reaction of 74 proved to be very low yielding and unreliable. |
hypothesised that this problem was due to the presence of reactive, unprotected alkynyl
groups on the lower rim of the calixarene. Exposure of these alkyne groups to the harsh
conditions of the nitration reaction could result in either their hydrolysis, or the electron-rich
alkynes could be attacked by the electrophilic nitronium ion, as first reported by Bernardi and

co-workers.**®

To enable calixarene 74 to undergo nitration, the alkynyl groups needed to be protected by
bulky silyl groups, tert-butyldimethylsilyl (TBMDS).The use of large silyl groups was important
as they provided steric protection whilst ensuring that they were not cleaved under the harsh
conditions used in the nitration reaction. The protection of the alkynes was conducted using a
strong base, lithium bis(trimethylsilyl)Jamide, to remove the terminal alkynyl proton, and then
TBDMSCI was added slowly at -78 °C, as shown in Scheme 31. Once isolated, the silyl-protected

product 81 was then able to be nitrated to form calixarene 82.
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Scheme 31: Protection of calixarene 74 and the subsequent ipso-nitration

Although the TBDMS groups aided in the nitration reaction they needed to be
removed from the molecule before it could be attached to an electrode surface. Removal of
the silyl protecting groups was conducted using a solution of tetrabutylammonium fluoride
(TBAF) in THF at room temperature which, after purification by flash chromatography, yielded
calixarene 83. This was the first calixarene that | chemisorbed onto a GCE surface (more details
in chapter 3) and due to the electrochemically active nitro substituents on the upper rim this
molecule could be detected while immobilised on the electrode. This allowed for

characterisation of the modified surface using electrochemical techniques.

1M TBAF

/
TBDMS
TBOMS— 0 O o O_=" THF

Y e

TBDMS TBDMS
82 83

Scheme 32: Deprotection of 82 using TBAF
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The importance of maintaining the conical conformation of the calixarenes has been
highlighted throughout this chapter. The structure of 83 was determined both in the liquid and
the solid state by NMR and X-ray crystallography respectively. In the NMR data of calixarene
83 two doublets at 4.72 and 3.49 ppm are observed. These signals are attributed to the
bridging methylene protons between the aryl subunits, and this splitting pattern is diagnostic

1991 Eurthermore, the crystallographic

of a calixarene that is fixed into the cone conformation.
structure (shown in Figure 12) clearly reveals that the calixarene is in the conical conformation

in the solid state.

Figure 12: X-ray crystallographic structure of compound 83

Although | was able to attach molecule 83 to an electrode surface and observe its
electrochemical response, a system was required that would allow for the immobilised
calixarene to be functionalised by an array of substrates. This was attempted by chemically
reducing the nitro groups to amino groups to allow for modification of the calixarenes by
peptide coupling reactions. The reduction was originally attempted using standard conditions
such as palladium on carbon with hydrogen or hydrazine but these conditions proved to be too
harsh for the alkynyl groups on the lower rim. So milder, more selective conditions were
required such as the method first described by Bellamy et al. in 1984; this reaction involved
dissolving the calixarene in a solution of degassed ethanol containing 5 equivalents of

147

SnCl,(H,0),. The mixture was then refluxed for 48 hours (Scheme 33).”" This gave good
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conversation of molecule 82 to 84 but isolation of the desired product proved to be
problematic, due to the amount of tin required to force the reaction to completion. This was
an issue because the tin formed an insoluble salt that could not be removed by aqueous
extraction alone. | overcame this problem by concentrating the reaction mixture under
vacuum and stirring the residue in 2 M sodium hydroxide for 30 mins. This hydrolysed the tin
salts to NaSn(OH); which are water soluble and therefore easily removed by aqueous

extraction, yielding 84 as a pure beige powder.

N02 NH2
@k SNCly(H,0),
—_—
0 4 MeOH 0 4
TBDMS TBDMS
82 84

Scheme 33: Reduction of calixarene 82 using SnCl,(H,0),

The upper rim of calixarene 84 was to be modified with amino acids by a peptide
bond. Unfortunately, after trying to optimise the conditions and using numerous different
coupling reagents | was unable to form a peptide bond at the upper rim of the calixarene.
Instead, the amino groups were converted to azido functionalities as this would allow for
modification of the upper rim by the copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC)
reaction. Conversion of the amino groups was conducted using the Sandmeyer reaction
wherein molecule 84 was dissolved in trifluoroacetic acid at 0°C before an aqueous solution of
sodium nitrite was slowly added to form the diazonium salt. This was then either isolated by
aqueous extraction and used as a crude intermediate or used in situ and reacted with sodium
azide or sodium cyanide to afford molecules 86a and 86b respectively (Scheme 34). It is
important to note that for reaction with sodium cyanide the diazonium salt first needed to be
isolated as the reaction could not be conducted in the acidic conditions required for the salt
formation, since this would protonate the sodium cyanide. The cyano groups on molecule 86b
could then be hydrolysed to carboxylate functionalities. Molecules 86a and 86b offered two

possible routes to functionalise the upper rim of the calixarene core; however, | decided to
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focus on applying the CUAAC reaction to molecule 86a as it had several advantages over the

peptide coupling reactions such as its ease of formation and stability in strongly reductive

conditions.
NH,
NaN02
4 — " 5
O TFA
TBMDS
84

4+
Nu
NaNu
- 4
O
TBMDS

86a/b

86a) Nu = Nj

86b) Nu = CN

Scheme 34: Sandmeyer reaction of calixarene 84

Furthermore, before compound 86a could be attached to an electrode surface the

TBDMS groups needed to be cleaved using a 1 M solution of TBAF in THF resulting in the

formation of compound 87, shown in Scheme 35.

/}/©\/{/ 1M TBAF ,\/@\/{/
0 4 4
THF o

TBMDS

86a

\

87

Scheme 35: Remove of TBDMS groups from molecule 86a
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2.5 Modification of Calixarenes using the CuAAC reaction

Before electrografting the calixarenes onto an electrode surface some preliminary
work was required to investigate the effectiveness of the CUAAC reaction on compound 86a.
The CuAAC reaction is one of the most commonly employed reactions in a set of “click”

reactions as originally described by Barry Sharpless and co-workers in 2001.**

Describing a set
of reactions that are both high yielding and proceed under mild non-toxic conditions, the
CuAAC reaction fits this description so well it has even been described as “cream of the crop”
by Sharpless himself. The first CuUAAC reaction attempted on molecule 86a was with
phenylacetylene 88 in the presence of a catalytic amount of Cu(l), made in situ by reaction of
copper sulfate and sodium ascorbate. Initially, there were some difficulties with this reaction
caused by the solubility of the calixarene in the water and alcohol solvent mixtures commonly
employed for the reaction. This was addressed by adding a small amount of DCM to create a
biphasic mixture and with rapid stirring the reaction was able to proceed to completion and
converted all four of the azide functionalities to triazole groups, yielding molecule 89. After
functionalization of the upper rim, the TBDMS groups were then cleaved off the alkynes using
similar conditions as those described for molecule 82, shown in Scheme 32. These steps

describe a route to synthesise a novel calixarene that is readily functionalised using the CUAAC

reaction while maintaining the conical core of the calixarene.

N
N3 N’ \Z h \;
N N
+ 10% CuSO,
4 20% Sodium Ascorbate . 1 M TBAF
@) DCM : H,O : EtOH 4 THF
Il o 4

N,

O
I || f
TBDMS H

TBDMS
86a 88 89 90

Scheme 36: Initial CUAAC reactions and subsequent deprotection
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This initial research proved very promising in providing a method to allow for the
formulation of an array of modified calixarenes. Now a procedure to observe the immobilised
calixarenes on the electrode surface was required as well as a way of utilising the conical
structure of the molecules to form chiral pockets, for the enantioselective reductions. It is
important to note that molecules 94a-c and 97b were never directly bound onto the electrode
surface. Instead calixarenes 87 and 85 were bound to the electrode by either oxidation of the
lithio-activated alkynyl groups or reduction of the diazonium salts respectively. These surfaces
were then further functionalised by the CuAAC reaction to tune the properties of the
calixarene modified electrodes. We made a variety of different modifications to the
immobilised calixarenes, making them electrochemically active, easily observable by XPS or
chiral. Models of the immobilised calixarenes that were to be formed on the electrode surface
(calixarenes 92, 94a-c and 97b) were synthesised in solution to demonstrate that their
construction on the electrode was feasible and to confirm that they maintained the cone

conformation after the CuAAC reaction.

| functionalised the upper rim of calixarene 86a using 1-ethynyl-3,5-
bis(trifluoromethyl)benzene 91 in the presence of a catalytic amount of Cu(l); conditions
shown in Scheme 37. This afforded fluorine labelled compound 92 that would be readily

detectable by XPS analysis when bound onto a GCE.
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Scheme 37: Formation of calixarene 92

The conical conformation of compound 92 was maintained during the CuAAC reaction;
this was confirmed in the NMR data by the presence of the two methylene doublets and

observed in the X-ray crystallographic structure shown in Figure 13.
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Figure 13: X-ray crystallographic structure of compound 92
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2.5.1 Attachment of amino acids to the upper rim of calixarene 86a

To form the chiral cavities on the upper rim of the calixarene 86a | attached amino
acids to the calixarene using the CUAAC reaction. To do this | first needed to modify the amino
acids with alkynyl groups to be able to form the triazole linkers. It was important that the
propargyl groups attached onto the nitrogen atom of the amino acid and not the carboxylate
functionality as the propargyl esters could be cleaved under strongly reductive conditions.
Initially | speculated that the propargyl groups would attach to the nitrogen atom as opposed
to the carboxylate, however | observed that the carboxylate attacked the propargyl bromide
preferentially. So the carboxylate had to be first protected as the methyl ester to allow for

alkylation at the nitrogen atom.

The next issue encountered was selectively forming the mono-alkylated amino acids, as
opposed to the di-alkylated products that formed more favourably. | reasoned that this was
caused by the secondary amine being more nucleophilic than the primary amine meaning that
once one propargyl group was attached to the amine the second group attached much more
readily, forming mainly the di-alkylated product. The best conditions for the formation of the
monosubstituted amino acids were provided by a modified procedure based on one reported
by Cho,*® as shown in Scheme 38, although even with these optimised conditions a
considerable amount of the di-alkylated product was still observed and the mono alkylated
amino acid had to be isolated by flash chromatography. Obviously this was not an issue for the
proline amino acid which was synthesised under slightly different conditions, as it was unlikely

to be alkylated beyond the desired tertiary amine.
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Scheme 38: Conditions used for alkylation of primary amino acids

| attempted to attach amino acids 93a-c to the upper rim of calixarene 86a using
standard CuAAC reaction conditions, as described in Scheme 36. While using these conditions,
however, | did not observe the formation of the desired products. Optimisation of the reaction
using different sources of Cu(l), in a variety of solvents, at different temperatures, did not help
the formation of the desired triazoles. The reaction was monitored using IR spectroscopy but
throughout these experiments there was no decrease in the magnitude of the signal attributed
to the azide vibration; it was speculated that the reaction was unable to proceed due to
solubility issues, so a species of Cu(l) was synthesised that would be soluble in organic
solvents, following a procedure published by Jarvis®® wherein they synthesised
tetrakis(acetonitrile)copper(l) hexafluorophate from Cu,0 in a solution of MeCN and HPFg. The
CuAAC reactions were then repeated using this new source of Cu(l) in acetonitrile and the
progress of the reaction was followed by IR spectroscopy. Using the new catalyst | observed
complete conversion of the azide functionalities to triazoles within 20 minutes for all three of
the alkylated amino acids. An example of this is shown in Figure 14 where the reaction
between 86a and amino acid 93a was monitored in the presence of Cu[MeCN],PFs. At 2100
cm™ the peak attributed to the azide stretch is visible at t=0 minutes but another spectrum
recorded at t=20 minutes shows that the azide stretch is no longer present suggesting the

reaction had gone to completion.
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Figure 14: Overlaid IR spectra from the reaction mixture containing calixarene 86a and amino acid 93a in the

presence of Cu[MeCN,]PF;

From the IR | was confident that the reaction had worked and believed a simple
aqueous extraction followed by flash chromatography would afford the desired product.
Unfortunately the NMR of the crude gave some peculiar results where all the signals in the
NMR spectrum were broadened, suggesting the compound was complexed to the
paramagnetic copper catalyst. To remove the metal an additional wash with a concentrated
solution of EDTA was required and then compounds 94a-c were successfully isolated using

flash chromatography without any further difficulty; reaction conditions shown in Scheme 39.
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Scheme 39: Synthesis of amino acid cavities

| also investigated whether the “free” amino acids (i.e. without the methylester

protecting groups present) would improve the chiral cavity by allowing for more efficient

proton shuttling between the amino acid and the substrate in later research. This required the

synthesis of an N-alkylated amino acid without a methyl ester. This was conducted by

dissolving compound 93c in a 1 M aqueous solution of LiOH, shown in Scheme 40. This amino

acid was then attached to an immobilised calixarene surface using the CuAAC reaction and the

modified electrode was used in the electrochemical asymmetric synthesis described in chapter

4.
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Scheme 40: Conditions used for the hydrolysis of molecule 93c

2.5.2 Attachment of ferrocenyl moieties to calixarenes 72 and 74

The synthesis of model calixarenes functionalised with large ferrocene moieties at the
lower rim was conducted. It was a concern that the steric constraints at the lower rim of the
macrocycle may affect the ability to react all the propargyl groups with large substrates. To
test whether this would be a problem the CUAAC reaction was attempted on both calixarenes
72 and 74 with ferrocene methyl azide 96 to determine if the t-butyl groups would affect the
reaction. Both molecules 97a and 97b were synthesised in good vyields using the same
conditions, showing that the steric constraints at the lower rim would not be detrimental to

the formation of the triazole groups; conditions used described in Scheme 41.

10% CuSO,
20% Sodium Ascorbate

SO

F,
72 o0r74 @ 97a-b @

97a) R = t-butyl

97b)R = H

Scheme 41: CuAAC reactions at lower rim of calixarenes 72 and 74
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2.6 Summary

In this chapter, | have discussed the methods used to synthesise molecules 84 and 87
which, in the next chapter, will be attached to an electrode surface. This will be achieved using
the propargyl linkers of 87 or by the formation and subsequent reduction of the diazonium salt
of 84. These molecules have then been modified with substrates specifically chosen to
facilitate their detection while bound to an electrode, by either XPS or electrochemical
analysis. | also synthesised a small number of mono N-alkylated amino acids which have been
attached to the upper rim of calixarene 86a using the CuAAC reaction. We plan to recreate
these macrocycles on the surface of the glassy carbon electrode to form chiral environments
that will be able to promote the enantioselective electrochemical reductions described in

chapter 4.
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Chapter 3 — The chemical immobilisation and detection of calix[4]arenes on a GCE

3.1 Overview
This chapter will investigate two alternative approaches for the immobilisation of
calixarenes onto an electrode surface and the subsequent functionalisation of the

chemisorbed macrocycles.

The first method involved the immobilisation of calixarene 84 onto an electrode surface by the
formation of a diazonium salt 85 and the electrochemical reduction of the salt to electrograft
the macrocycle onto the electrode surface, by the upper rim. This modified surface was then
further functionalised using the CuAAC reaction, with ferrocene motifs, to facilitate its

characterisation using electrochemical techniques.

The second technique focussed on electrografting compounds 83 and 87 onto an electrode
surface using pendant alkynyl groups attached to the lower rim of the macrocycle. Detection
of 83 while immobilised onto the GCE was achieved by measuring the electrochemical
reduction of the nitro functional groups under aqueous conditions, whereas the surfaces
modified with 87 were functionalised with ferrocene or fluorine-containing probes to allow for

their detection by electrochemical or XPS (X-ray photoelectron spectroscopy) analysis.
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3.2 Chemical immobilisation of calixarenes onto a carbon

electrode surface by the upper rim

The immobilisation of organic compounds onto carbon electrode surfaces using the

1 Since

reduction of aryl diazonium salts was first described by Pinson and co-workers in 1992.
then it has been shown to be a versatile method for the chemical attachment of molecules to
an array of different surfaces using either electrochemical reduction™” or chemical reducing
agents, such as hypophosphorous acid,”* to form a aryl radical that is able to bond with the
carbon surface. This methodology was adapted for the immobilisation of calixarene 84 to a
GCE by the formation of [p-tetradiazoniumcalix[4]arene]Cl, 85, achieved by reaction of
compound 84 with a stoichiometric amount of sodium nitrite, dissolved in a 1 M solution of
hydrochloric acid at 0°C. The resulting diazonium salt 85 was then electrochemically reduced
onto the surface of the electrode in an anhydrous electrochemical cell containing a 0.1 M

solution of [nBusN][PF¢] in acetonitrile to form the chemically-modified electrode surface, S4,

as shown in Scheme 42.

NH2 B N2 T4t GCE
NaNO, +4e O
—_— EEE—
HCl(aq) -4 N
(0] 4 0°C K O 4 0] 4
TBDMS N TBDMS TBDMS
84 85 sS4

Scheme 42: The diazotisation of molecule 84 and subsequent electrochemical immobilisation onto a carbon

electrode surface

The first cyclic voltammogram of diazonium salt 85, in anhydrous conditions, revealed
a large, broad, irreversible reduction at -0.35 vs. Ag/Ag" corresponding to the one—electron
reduction of the diazonium salt to a phenyl radical and nitrogen gas.” The resulting phenyl
radical may then attack the electrode surface to form a covalent C-C bond, binding the
macrocycle onto the GCE surface. This was evidenced in subsequent scans by the observation
of a large decrease in the magnitude of the reductive peak current and the background

capacitive charging current (non-Faradaic current) of the electrode, as shown in Figure 15. This
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suggested that the immobilised calixarenes, bearing the bulky silyl groups, were acting as a
blocking layer on the electrode surface. This type of passivation is consistent with the
electrografting of similar compounds onto a GCE as shown in previous work by Hapiot and

Leroux in 2013."°
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Figure 15: (A) Overlaid cyclic voltammograms of GCE modification with diazonium salt 85 recorded in CH;CN/0.1
M [nBu,N][PF¢] at a scan rate of 100 mV st (B) Shows the reduction of 85 onto the electrode surface forming

surface S4

Having successfully electro-reduced calix[4]arene 85 onto the electrode surface
further functionalisation was attempted using a protocol similar to the one described by
McCreery and co-workers.”® This involved the removal of the TBDMS groups from the
immobilised calixarene surface by submerging the end of the electrode in a stirred solution of
1 M TBAF in THF, this yielded surface S5. The electrode surface S5 was then thoroughly
cleaned by sequential sonication in water, DCM and acetone for 5 minute intervals. This
afforded a modified electrode that was functionalised with calixarenes that each possessed
four free alkynyl groups attached to the exposed lower rim of the macrocycles. The pendent
alkynyl groups on the surface of the modified electrode were then further reacted with
ferrocenyl methyl azide 96 using the CUuAAC reaction, to allow for characterisation of the

immobilised macrocycles by electrochemical analysis, as shown in Scheme 43.
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Scheme 43: Functionalisation of the immobilised calixarenes to form surface S6

After the CuAAC reaction, modified GCE S6 was thoroughly cleaned to remove any
remaining physisorbed material from the surface, before being transferred into a fresh
anhydrous electrochemical cell containing a 0.1 M solution of [nBusN][PFs] dissolved in 10 mL
of dry DCM. This surface S6 was then used as the working electrode in the electrochemical cell
and the cyclic voltammograms recorded from this system are shown in Figure 16. The CVs
exhibited a well-defined reversible oxidation wave corresponding to the one—electron
oxidation of the ferrocene moieties, attached to the lower rim of the immobilised calixarenes,

centred at 0.16 V vs. Cp,Fe”*.
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Figure 16: (A) Overlaid cyclic voltammograms recorded in CH,Cl,/0.1 M [nBu,N][PF¢], at scan rates of

50-750 mV s " for GCE surface S6 (B) The structure of the calix[4]arene immobilized onto GCE surface S6.

To confirm that the electrochemically active species was indeed attached to the
electrode surface and not simply present in the solution we needed to confirm that the redox
process was not exhibiting diffusion-controlled voltammetry. This was done by plotting the
oxidative and reductive peak currents, against the voltage scan rate, Figure 17, from 50 — 750
mV s™. If the analyte was in solution, and the voltammetry was therefore limited by diffusional
mass transport one would expect the peak current to increase linearly with the square root of

the voltage scan rate, as described by the Randels-Sevcik equation for a reversible redox

157,158

process. However, Figure 17 clearly shows that there is a linear relationship between the

peak currents and voltage scan rate, diagnostic of a surface immobilised redox process,

suggesting that the analyte was indeed bound onto the electrode surface.
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Figure 17: Plot of peak current vs. scan rate for both the reductive and oxidative processes of GCE surface S6.

The surface concentration of electrochemically active ferrocene centres can be derived

from Faraday’s Law (Equation 24).

Q.
nFA

Equation 24: Faraday’s Law of electrolysis

Where Q is the charge passed (peak area divided by voltage scan rate, the value 3.41 uC was
used, calculated from the average charge at scan rates between 50 — 750 mV s™), n is the
number of electrons transferred in the redox process (for ferrocenyl groups, n = 1), F is
Faraday’s constant (96485 C mol™) and A is the geometric area of the electrode (0.071 cm™).
This gave a surface concentration of ferrocene groups attached to the electrode surface of
5.0 x10™*° mol cm™. By assuming that all available sites on the calixarene were successfully
functionalized with ferrocenyl groups (i.e. 4 ferrocene units attached per calixarene linker) |
was able to calculate the surface concentration of the macrocycles on the electrode surface to
be 1.3 x 10 mol cm™. It is, however, important to note that this assumption sets a lower
limit on the surface concentration of the macrocycles as it is improbable that all the azido
groups would have undergone the CuAAC reaction. Nevertheless, this value corresponds to a

calixarene packing density of 0.75 calix nm™ on the GCE.
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To determine if this coverage of calixarene linkers corresponds to a monolayer on the
electrode surface, a theoretical packing density of the macrocycles was calculated. This was
achieved by modelling the molecules as discs on a perfectly planar surface in a hexagonal
packing arrangement, meaning the theoretical value had to be adjusted by 0.907 to take into

1 The diameter of the

account the maximum packing density of circles (calixarenes).
calixarene was taken to be 11.6 A (estimated from the crystallographic dimensions of
structurally similar calixarenes),*® giving an area per calixarene of 1.056 nm?”. Using these
values | calculated a theoretical maximum packing density of calixarene on the electrode
surface to be 0.86 calix nm™. The close agreement between the theoretical and experimental

values obtained suggests the formation of a complete monolayer of calixarene linkers on the

electrode surface.

3.3 Chemical immobilisation of calixarenes by the lower rim

The attachment of calixarenes onto the electrode surface by the lower rim was
conducted using a similar method as that which was described by Geiger and co-workers in
2013."%*"8 They showed that both porphyrins and ferrocenyl groups could be attached to an
electrode surface using pendant alkynyl groups as linkers. This was achieved via activation of
the alkynes by deprotonation using a strong base and then applying an oxidative potential to
the lithiated alkynyl groups to generate reactive ethynyl radicals. These intermediates are then
able to attack the electrode surface to form C—C bond linkages, binding the ferrocene or

porphyrins moieties securely onto the electrode surface.
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Scheme 44: Attachment of 83 to an electrode surface by the lower rim
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Attachment of 83 to a GCE, Scheme 44, was performed in an anhydrous
electrochemical cell containing a 0.1 M solution of [nBusN][PFg] and 4 mM calixarene 83
dissolved in 10 mL dry THF cooled to -78°C. Stoichiometric n-BuLi (1.6 M) was then added
slowly and the reaction mixture was stirred for a further 20 minutes before the electrografting
was attempted. Cyclic voltammetry of the solution revealed a large irreversible oxidation wave
at 0.6 V vs. Ag/Ag" on the first scan, corresponding to the formation of the ethynyl radical.
Subsequent scans exhibited a large decrease in the peak current attributed to this oxidation
and a decrease in the background capacitive charging current of the electrode, as shown in
Figure 18. After the initial CV was ran, to ensure complete coverage of the working electrode a
chronoamprometic (CA) experiment was conducted, using the same GCE, by holding the
potential of the solution beyond that of the oxidation, at roughly 0.9 V Ag/Ag’, for 300
seconds. Note that when the electrografting was attempted without the addition of n-BuLi no
oxidation was observed, suggesting that the deprotonation of the alkynyl groups was essential

for this method of attachment.
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Figure 18: (A) Cyclic voltammetry obtained from the electrochemical grafting of lithiated 83 onto a GCE surface.

(B) Shows the oxidative process that leads to surface S7.
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3.3.1 Electrochemical analysis of carbon electrode modified with 83

GCEs modified with calixarene 83 were thoroughly cleaned by sequential sonication in
water, DCM and then acetone, each for 5 minutes, to remove any physisorbed materials. The
modified electrode S7 was then placed into a fresh electrochemical cell containing a 10 mL
aqueous solution of 1 M KCl and 1 M HCI. The cyclic voltammetry obtained from this system,
Figure 19, shows a large irreversible reduction (peak 1) on the first scan at -0.52 V vs. SCE
corresponding to the four-electron, four-proton irreversible reduction of the nitro functional

groups to hydroxylamines.®

After sweeping to potentials beyond the initial reduction and
then reversing the scan direction the reduction, peak 1, is no longer observed, on subsequent
cycles. Instead, a new reversible signal is observed, centred at 0.33 V vs. SCE (peaks 2 and 3),
attributed to the two-electron, two-proton aryl hydroxylamine/aryl nitroso redox couple.'®?
This voltammetric behaviour is characteristic of the redox chemistry of aryl nitro groups bound

onto an carbon surface in an aqueous system, confirming the presence of p-

163

tetranitrocalix[4]arene 83.
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Figure 19: Overlaid cyclic voltammograms of GCE surface S7 in an aqueous solution of 1 M HCI/1 M KCI, scan rate

0.1vs™

Next a variable scan rate (VSR) experiment was conducted recording the cyclic

voltammograms of the aryl hydroxylamine/aryl nitroso redox couple at voltage scan rates of
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50-750 mV s, as shown in Figure 20A. From this data a plot of peak current vs. voltage scan
rate, Figure 20B, was created to show that there was a linear dependence upon the peak
current and voltage scan rate. This is important because it suggests that the voltammetric
response is not controlled by diffusional mass transport and is diagnostic of a surface bound

redox process.

The immobilisation of calixarene 83 gave a method for the attachment of calixarenes to an
electrode surface by the lower rim. The importance of this new methodology over common
attachment methods utilised in the literature was the strength and versatility of the alkynyl-

glassy carbon bond over the commonly used thiol-gold bonds.***

Further development was still
required to allow for modification of the immobilised macrocycles with an array of different

substituents to impart their electrochemical or steric properties to the surface.
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Figure 20: (A) Overlaid cyclic voltammograms recorded in an aqueous solution of 1 M HCI/1 M KClI, at scan rates
50-750 mV s * for surface S7 showing the arylhydroxylamine/arylnitroso redox couple. (B) Plot of peak current vs.

scan rate for both the reduction and oxidation processes of the aryl hydroxylamine/aryl nitroso redox couple

3.3.2 Further modification of the immobilised calixarene surface

To facilitate further functionalisation of the electrode surface molecule 87 was
synthesised as described in section 2.4, the lower rim of which was functionalised with alkynyl
groups to securely attach the macrocycle to the electrode surface while the upper rim was
modified with four azido groups that have been shown to be easily modifiable using the CUAAC
reaction. This allowed for further functionalization and for “tuning” of the chemical properties

of the chemisorbed macrocycle after it was bound onto the electrode surface; to enable its
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detection by either XPS or electrochemical analysis and to formulate chiral pockets on the
surface of the GCE by further functionalisation with chiral substrates, these chiral surfaces

were later used to attempt enantioselective electrochemical synthesis (described in chapter 4).

The attachment of p-tetraazidocalix[4]arene 87 to a GCE surface was conducted in an
anhydrous electrochemical cell containing a 0.1 M solution of [nBus;N][PFs] and 4 mM of 87
dissolved in THF at —78°C. The alkynes were activated by the slow addition of a stoichiometric
amount of n-BulLi (1.6 M) and stirred for 20 mins before a CV was taken to observe the
oxidation of the alkynyl groups. Once the onset potential had been determined, a CA was ran
and held at a potential just beyond the oxidation for 300 seconds to ensure complete coverage

of the electrode surface.

Once modification of the electrode was complete the surface was thoroughly cleaned before
being reacted with ethynyl ferrocene in the presence of a Cu(l) catalyst, as shown in Scheme
45. The ferrocene motifs attached to the immobilized calixarenes allowed for the surface to be

easily observed by electrochemical analysis.
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Scheme 45:Attachment of 87 to an electrode surface and post-surface modification with ethynyl ferrocene

The electrode was again thoroughly cleaned in numerous organic solvents anda 1 M
solution of EDTA to ensure any physissorbed material was removed from the surface. The
modified GCE S9 was then transferred to a fresh anhydrous electrochemical cell containing a

mixture of 0.1 [nBusN][PFs] in dry DCM. A VSR experiment was then conducted over the range
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of 50 mV s™ to 750 mV s™, overlaid CVs of which are shown in Figure 21. In these scans the
reversible oxidation of the ferrocene motifs was observed, centred at -0.27 vs. szFeo/". The
non-ideal wave shape exhibited in the voltammetry may have been caused by the requirement
of the electrons to hop over the propargyl-ether linkers and/or lateral interaction between the

charged centres located on the upper rim of the calixarenes.
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Figure 21: (A) Overlaid cyclic voltammograms recorded in CH,Cl,/0.1 M [nBu,N][PFg], at scan rates 50-750 mV s~

for GCE surface S9 (B) Structure of the immobilised calixarene on surface S9

A plot of peak current vs. the scan rate was then created to determine if the redox
active species was attached to the electrode surface or in solution. The linear relationship
shown in Figure 22, between the peak current and scan rate, again suggests that the ferrocene

motifs are indeed attached onto the GCE surface.
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Figure 22: Plot of peak current vs. scan rate for both the reductive and oxidative processes of GCE surface S9

taken from the VSR experiment.

The surface concentration of ferrocene groups attached to the GCE surface was
calculated using Faraday’s Law, shown in Equation 24. The average charge passed during the
redox process, Q, was found to be 3.7 uC, the area of the GCE, A, was 0.071 cm™ and the
number of electrons transferred in the redox process, n, was 1 per ferrocene moiety. Using
these values | calculated the surface concentration of ferrocene groups to be
5.6 x 10 mol cm™. This value was then used to calculate the concentration of calixarene
linkers on the electrode surface as 1.4 x 10™*° mol cm™ corresponding to a surface coverage of
0.84 calix nm?, note that this value sets a lower limit on the number of calixarenes bound to
the GCE, since it assumes that reaction of the azido groups during the CUAAC proceeded with a
guantitative yield. The experimental surface coverage of the calixarenes compares favourably
to the theoretical value of 0.90 calix nm™, derived from the hexagonal packing arrangement of
spheres with a diameter of 11.3 A (based upon the crystallographic data of calixarene 83). This
close agreement between the theoretical and experimental surface coverage of the

calixarenes suggests the formation of a complete monolayer of macrocycles on the GCE.

XPS studies were also used to analyse the attachment and post-surface modification of
calixarene 87. This was achieved by using a GCE modified with p-tetraazidocalix[4]arene,

fabricated using the lithiation and electrografting methodology described above, but instead of
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attaching a redox active probe, the immobilised macrocycle was modified with 1-ethynyl-3,5-

bis(trifluoromethyl)benzene 91 to from GCE surface S10, as shown in Scheme 46.
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Scheme 46: Attachment of 87 to an electrode surface and post-surface modification with 1-ethynyl-3,5-

bis(trifluoromethyl)benzene 91

This introduced a distinct fluorine labelled probe, which was easily observed using XPS
analysis. The full survey spectrum obtained from this sample, Figure 23, shows characteristic
F1s and Ny, signals arising from the functionalised calixarenes and Cl,, and Si,, impurities which
may have been introduced during the polishing steps or from the potting reagent used to
transport the modified stubs. The large Ci; and Oy signals arise from the structure of the

modified GCE surface.
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Figure 23: XPS data recorded from the modified GCE surface S10

Further evidence of the successful modification of the immobilised calixarenes using
the XPS data required studying the peaks at 399.7 eV and 688.3 eV in more detail (Figure 24).
The signal at a binding energy of 399.7 eV, corresponds to the Ni orbital from the three
nitrogen atoms in the triazole rings. It is important to note that if any of the unreacted azide
groups had remained on the GCE surface one would have expected to see two characteristic
nitrogen signals at 405 eV and 401 eV in a ratio of 1:2 respectively.'® As these signals are not
present, or at least are very weak, | am confident that the majority of the azido functional
groups underwent conversion to the triazole linked moieties during the CuAAC reaction.
Furthermore, the ratio between the Niand Fi; signals measured in the XPS spectrum, after
adjusting for the relative atomic sensitivity factors,'® revealed that the relative abundance of
the two elements on the GCE surface was 1:1.9 (nitrogen : fluorine).This is close to the 1:2
nitrogen : fluorine ratio that would be expected if the CUAAC reaction had gone to completion,
suggesting almost quantitative conversion of the azido groups to the triazole linked moieties .
This reaction was also tested under similar conditions in solution to show that molecule 92
could be readily synthesized and maintained the conical confirmation, as shown in Figure 13 in

chapter 2.
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Figure 24: XPS spectra recorded over: (A) the N1s region; (B) the F1s region of GCE modified surface S10

3.4 Summary

In summary, | have described two methods for the formulation of a monolayer of
immobilised calix[4]arenes upon a GCE surface, attached by either the upper or lower rim of
the macrocycle. These immobilised compounds have then been chemically modified in a near
quantitative fashion, after their attachment to the carbon electrode surface, using the CuAAC
reaction. This allowed for the introduction of various functional “probe moieties” onto the
surface-immobilized calixarene structures to facilitate their detection and characterisation by
either electrochemical or XPS analytical methods, to confirm their presence on the electrode

surface and to calculate the surface concentration of the chemisorbed species.
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Chapter 4 — Electrochemical reductions of pro-chiral substrates

4.1 Overview

In previous chapters | have discussed the fabrication of a monolayer of calixarenes
onto a GCE surface and the post-surface functionalisation of these surfaces using the CUAAC
reaction. In this chapter the modified macrocyclic surface S8 was to be reacted with amino
acids 93a-c to form chiral functionalities upon the electrode surface. These chiral surfaces

were to be utilised in enantioselective electrochemical reductions of pro-chiral substrates.

To test the chiral electrodes the development of electrosynthetic reductions that could be
carried out reliably using a GCE were investigated. Initially, the reduction of pro-chiral ketones,
1-indanone 98 and 1-acetylpyridine 99 (structures shown in Figure 25), to the corresponding
alcohols was attempted in both aqueous and non-aqueous systems but these reactions proved
to be too unreliable due to the rapid passivation of the electrode surface, during the

electrolysis, and the formation of pinacol by-products.

98 99

Figure 25: Molecular structures of 1-inadanone 98 and acetyl pyridine 99

Since the reductions involving 98 and 99 were unsuccessful, the focus of the research was
shifted to the electrocarboxylation of pro-chiral ketones to the corresponding a-
hydroxylcarboxylic acids following on from the research conducted by Chan and co-workers.*®’
These reactions proved to be more reliable and were repeated using the chiral GCEs. The
products created from the chiral systems were then tested for an enantiomeric excess using

HPLC analysis.
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4.2 Preliminary electrochemical reductions of ketones to

alcohols

4.2.1 Electrochemical reduction of 1-indanone 98

The electrochemical reduction of 1-indanone 98 was attempted in both aqueous and
non-aqueous conditions, to determine whether the compound would be a suitable substrate
for use in asymmetric bulk electrolysis reactions, using the chiral electrode surfaces. 1-
indanone was chosen because It was hoped that the steric hindrance afforded by the bicyclic
system would help promote the formation of 1-indanol 100 over the pinacol side product, 101,

the formation of which is a common issue encountered in these types of systems.>

o) OH .O
HO

Electrolysis OH
o D)

98 100 101

Scheme 47: Generalised electrochemical reduction of 98 to alcohol 100 and formation of the possible pinacol side

product 101

4.2.1.1 Electrochemical reduction of 1-indanone in aqueous media

The electrochemical reduction of 98 was tested in an aqueous system using 10 mM of
the substrate dissolved in 10 mL of an aqueous solution containing 0.1 M KCl as the
electrolyte. A CV recorded from this system showed that there was only one irreversible
reduction at -1.68 V vs. SCE, and an irreversible oxidation at 1.80 V vs. SCE. The presence of
only one reductive signal was a concern because it suggested the substrate was being
electrolysed to pinacol 101, which is a one—electron process. Whereas, the formation of the
desired alcohol 100 would require a two—electron process, which would be likely to appear as
two irreversible reductive signals each corresponding to the transfer of one electron to the
substrate. The only way that the one reduction signal could result in the formation of 100 was
if the second reductive process was occurring at a more positive potential than the first
reduction which would result in the peak at -1.68 V vs. SCE corresponding to a two—electron

process. To confirm whether the reductive signal was a one— or two—electron process a VSR
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experiment was conducted, shown in Figure 26A, and using the peak currents at different scan

rates | was able to quantify the number of electrons transferred in the redox event.
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Figure 26: (A) VSR experiment of a 10 mM solution of 1-indanone dissolved in an aqueous solution of 0.1 M KCl at

scan rates of 50 — 1000 mV s (B) Plot of peak current vs. square root of scan rate.

Once the VSR experiment was complete a plot of the peak current vs. the square root
of the voltage scan rate was created, Figure 26B, and used to determine the number of

electrons passed during the reductive process, using the Randles—Sevcik equation as shown in

Equation 25.

3 1 1
i, = 268600nzAD2Cvz
Equation 25: The Randles—Sevcik equation at 25 °C for a reversible system. i, is the peak current in V. n is the

number of electrons transferred in the redox event. A is the area of the electrode (0.071 cmz). D is the diffusion

co-efficient in cm’ s™.. C is the concentration in mol cm™ (0.00001 mol cm™). v is the scan rate in V s™

The gradient of the graph shown in Figure 26B, 0.0005 A s¥2 VY2 was to used to calculate the

number of electrons passed during the reductive process. This was achieved by rearrangement

of Equation 25 to Equation 26 as shown below.
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m 3
"= (Gamanonstc)
268600ADz2C

Equation 26: Rearranged Randles-Sevcik equation. m is the gradient in A s2yi2

obtained from Figure 26B.

The diffusion co-efficient of 1-indanone in an aqueous system was calculated to be
7.11 x 10° cm? s, determined experimentally using DOSY NMR. These values were used to
calculate the number of electron passed during the electrochemical reduction to be 0.99. This
suggested that the reduction at -1.68 V corresponded to a one—electron process and that this
would result in the formation of pinacol side product 101 or that the second reduction was
beyond the limits of the aqueous system and so was not observed. Because of this the
reduction of 1-indanone in an aqueous media was determined to be unusable for the

enantioselective reductions using the chiral electrodes.

4.2.1.2 Electrochemical reduction of 1-indanone in organic media

The electrochemical reduction of 1-indanone was also investigated under anhydrous
conditions. This was conducted in an anhydrous electrochemical cell containing a 10 mM
solution of 1-indanone dissolved in 10 mL of dry acetonitrile using 0.1 M [nBusN][PF¢] as the
electrolyte. A VSR experiment was obtained from this setup, the results of which are displayed

in Figure 27A, showing one large irreversible reduction at -1.85 vs. Ag°/+.
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Figure 27: (A) VSR experiment conducted using a 10 mM solution of 1-indanone dissolved in 10 mL of acetonitrile
using 0.1 M of [nBu,N][PF;] as the electrolyte at scan rates of 50 — 1000 mV st (B) Plot of peak current vs square

root of scan rate.

Using Equation 26 the number electrons transferred during this redox event was
calculated from the following variables; m was obtained from the gradient of the graph
(0.00065x10* A s? V*?) shown in Figure 27B, A is the area of the electrode calculated from
geometric measurements (0.071 cm?), C is the concentration of the 1-indanone (1 x 10® mol
cm™) and D is the diffusion co-efficient of 1-indanone in acetonitrile which was determined by
DOSY NMR spectroscopy to be 2.75 x 10° cm*s™. From these values and using Equation 26 the
number of electrons passed during the redox event was calculated to be 0.76, indicating that
the reductive process corresponded to the transfer of one electron. This suggested that the
electrochemical reduction of 1-indanone in anhydrous conditions was forming the pinacol
product or that the second reductive process, required for the formation of the alcohol, occurs
at a potential lower than the breakdown of the solvent system. To test this the reduction of 2-

acetylpyridine was investigated because it has been shown to be more readily reducible.®

4.2.2 Electrochemical reduction of 2-acetylpyridine 99

The electrochemical reduction of 2-acetylpyridine was conducted under aqueous
conditions following a modified literature procedure described by Kariv and co-workers.”
Modification of the literature method was required because in their research they used a
mercury pool working electrode and | needed to develop a system that could be used to test
the modified GCEs. The reduction was conducted using 10 mM of 2-acetylpyridine dissolved in

5 mL of 4.5 pH acetate buffer and 5 mL of ethanol. From this solution a VSR experiment was
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conducted, shown in Figure 28. The CVs obtained from the VSR showed two reductive signals

at-1.19Vand -1.79 V vs. SCE.
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Figure 28: (A) VSR experiment of a 10 mM solution of 2-acetylpyrdene dissolved in a mixture of 4.5 pH sodium

acetate buffer solution and ethanol (1 : 1) at scan rates 50 — 750 mV st (B) Structure of 2-acetylpyridine 99

Bulk electrolysis of compound 99 was attempted in both a compartmentalised and de-
compartmentalised electrochemical cell by holding the potential of the solution at —2.6 V vs
SCE over a 24 hour period. Formation of product was monitored during this process by IR
spectroscopy and TLC but no conversion of the starting material was observed, to either the
alcohol or pinacol. Purification and isolation of materials in the electrochemical cell was
attempted but only starting materials and electrolyte was recovered. As there was no
observable formation of the desired products | progressed to another electrosynthetic

reduction involving the use of carbon dioxide in an electrocarboxylation reaction.

4.3 Preliminary electrocarboxylation of pro-chiral ketones

The electrocarboxylation reactions described in this section involve the two—electron
reduction of prochiral ketones such as, 4-methylbenzophenone 102a, to the corresponding a-
hydroxycarboxylic acids 103, in the presence of carbon dioxide gas (shown in Scheme 48).

These types of reaction have increased in popularity in recent research as they facilitate a
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pathway to make important drug precursors such as hydroxyl-naproxen 106 and hydroxyl-

ibuprofen in good vyields without the need of toxic reagents.'®

Asymmetric
electrocarboxylation of these compounds is present in the literature by using alkaloid additives

to induce chirality onto the substrates, achieving enantiomeric excesses of up to 32.8%.
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Scheme 48: Mechanism of the electrochemical carboxylation of 4-methylbenzophenone 102a in the presence of

carbon dioxide

4.3.1 Analytical electrocarboxylation of 4-methylbenzophenone 102a

The electrocarboxylation of 4-methylbenzophenone 102a was attempted using a
modified literature procedure that was described by Wang and co-workers in 2012."*° They
reported the synthesis of several a-hydroxycarboxylic acids by bulk electrolysis in the presence
of carbon dioxide gas. The electrocarboxylation of 102a was the first that | attempted because
it is a pro-chiral substrate that reduces at a relatively low potential when compared to other
compounds, such as 105 and 108. Due to this it was believed that the reaction would be less
likely to passivate the electrode surface as the electrochemical cell could be held at a potential
further from the breakdown of the solvent system. It is important to note that the use of the
magnesium counter electrode in these systems was not a trivial choice. It has been shown, in
previous research, to play an important role in the efficiency of the electrocarboxylations by
acting as a sacrificial electrode and the presence of the magnesium ions in solution is believed

to stabilise the carboxylate intermediates.™

Before the electrolysis reaction was conducted an electrochemical cell was setup containing
0.1 M of 102a dissolved in 10 mL of DMF using 0.1 M of [nBu,sN][I] as the electrolyte. The
solution was saturated with argon gas and a CV of the system was recorded between 0 V and
-2.5V vs. Ag°/+, Figure 29A. In the CV obtained from this system two reductive signals were
observed at -1.72 V and at -2.19 V vs. Ag°/+. Presumably, these were caused by the two

consecutive one—electron reductions of 102a to the alcohol. For future work it would be
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interesting to go back and attempt to form the corresponding alcohol but at this stage of
research focus was put onto the formation of 103. The system then saturated with CO, gas and

another CV was recorded between 0 V and -2.25 V vs. Ag”"

, Figure 29B. Interestingly, in the
presence of an excess of carbon dioxide only one reductive process was observed at -1.84 V vs.
Ag°/+, the onset of this new peak appeared to be similar to the first reduction that was
observed in Figure 29A. The increase in charge passed in the CO, saturated system suggests
that the process now corresponds to a multi-electron transfer, presumably two electrons.
Which occurs because the radical anion formed from the single electron reduction of 4-
methylbenzophenone reacts spontaneously with CO, and the resulting intermediate is rapidly
reduced to form the di-anion 102c, after protonation during the workup this forms the desired

79 In the literature some researchers believe that the alcoholic anion

product product 103.
102c is stabilised by a second molecule of CO, but either way the general reaction scheme

remains the same.'’
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Figure 29: CVs obtained from a 0.1 M solution of 4-methylbenzophenone dissolved in DMF containing 0.1 M of
[nBuyN][1] as the electrolyte at a scan rate of 100 mV st (A) While the system was saturated with argon. (B)

While the system was saturated with carbon dioxide.

When attempting the bulk electrolysis of 102a in the presence of an excess of carbon
dioxide | encounter that the GCE surfaces were being rapidly passivated during the CV. This
was an issue because the reaction needed to be reliable and form an isolatable amount of the
product without passivation of the electrode, otherwise when using the modified GCEs the
passivation would drastically affect the electrode surface. Figure 30 shows a LSV (Linear sweep

voltammetry) experiment that was conducted in an electrochemical cell containing a 0.1 M
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solution of 102a dissolved in bench degassed DMF that was dried over 4 A molecular sieves
containing [nBusN][I] as the electrolyte. After each scan the electrochemical cell was stirred
and the potential window of the next scan was increased by 100 mV starting at -0.9 V and

ending at -2.6 V vs. Ag”*.
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Figure 30: LSV experiments obtained from a electrochemical cell containing a 0.1 M solution of 4-

methylbenzophenone dissolved in DMF with 0.1 M [nBu,N][I] as the electrolyte at a scan rate of 100 mV st

These LSV experiments were conducted to demonstrate how fast these organic
systems passivated the surface of the GCEs after the cell reached the reductive potential of the
substrates. It is interesting that passivation was not observed in the aqueous systems while
reducing 1-indanone, section 4.2.1.1, or 2-acetylpyridine, section 4.2.2, however in the organic
solvent systems the reductions, especially when using DMF, would fully passivate the
electrode surface after a single CV, if any water was present in the electrochemical cell. This
would be a problem when using the modified GCEs in these test systems because renewal of
the electrode surface, by polishing the GCE, would remove the immobilised calixarenes from
the surface. Fortunately, it appeared that under scrupulously dry conditions the reduction of

102a was more reliable and did not passivate the electrode surfaces as rapidly.

4.3.2 Bulk electrocarboxylation of 4-methylbenzophenone 102a
The bulk electrolysis of 102a was conducted in a three necked anhydrous de-
compartmentalised electrochemical cell that contained a 10 mL solution of dry DMF in which

was dissolved 0.1 M 4-methylbenzophenone and 0.1 M [nBuyN][l] following a modified
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%9 The solution was saturated and held

procedure that was reported by Wang and co-workers.
under an atmosphere of CO, before a CV was recorded at 100 mV s to determine the position
of the reductive signal. A CA experiment was then conducted, to electrolyse the substrate, and
the potential of the cell was held at the potential of the peak current for 72 hours. Throughout
the bulk electrolysis reaction the solution was rapidly stirred and bubbled with CO, to ensure
that the saturation of the solution was maintained and limit any diffusional effects, the result

of the CA is shown in Figure 31.
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Figure 31: CA obtained from the bulk electrolysis of a 0.1 M solution of 4-methylbenzophenone in DMF

containing 0.1 M [nBu,N][1] while saturated with CO,.

The product 103 was isolated as the methyl ester 104 following the procedure
described in the experimental section. The esterification of the carboxylic acid 103 was
conducted because it simplified the purification procedure and allowed for analysis by reverse
phase chiral HPLC to determine whether there was an enantiomeric excess in the products.
The reaction yield of the two-step process, from compound 102a through the bulk electrolysis
and after the esterification, was 50 mg, 0.2 mmol (20%). The charge passed during the bulk
electrolysis was determined by integration of the CA, shown in Figure 31, to be 65.2 C. By
dividing the charge passed by Faraday’s constant (96485 C mol™®) the number of moles of

electrons passed during the electrochemical reaction was calculated to be 0.67 mmol. As the
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reduction of 4-methylbenzophenone to compound 103 is a two—electron process a
quantitative Faradaic yield would have resulted in 0.34 mmol of product being formed. By
comparing this value with the moles of product that were isolated, | calculated the Faradaic
efficiency of the bulk electrolysis to be 58%, note this sets a lower limit on the Faradaic yield

because it assumes the esterification reaction ran to completion.

These yields were determined to be reasonable and would facilitate a method in which to test
the chiral calixarene electrodes. The conditions described at the beginning of this section (and
in more details in the experimental section) were utilised for all the bulk electrolysis reactions

described throughout this chapter.

4.3.3 Bulk electrocarboxylation of 6'-Methoxy-2'-acetonaphthone 105

The bulk electrocarboxylation of 105 and subsequent esterification was conducted
using the procedure described in Scheme 49. Compound 105 was of particular interest
because the a-hydroxycarboxylic acid 106 is a drug precursor and can be used for the synthesis

of naproxen.

O OH OH

(0] (0]
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105 106 107

Scheme 49: Scheme showing the electrocarboxylation of compound 105 and subsequent alkylation to form the

isolatable product 107

Before the electrolysis was attempted CVs were conducted on a solution containing
0.1 M of 105 dissolved in 10 mL DMF using 0.1 M of [nBusN][I] as the electrolyte. The system
was saturated with argon and a CV was recorded, Figure 32A. Initially | had expected to
observe two separate reduction signals each corresponding to a one—electron reduction of 105
to the alcoholic product. Instead only one irreversible reduction was observed at -1.83 V vs.
Ag°/+. This suggested that either 105 was being reduced by a one—electron process and forming
the pinacol by-product or that the second reduction required to form the alcoholic product
was occurring at a more positive potential than what was required for the second electron

reduction of 4-methylbenzophenone 102a, possibly beyond the breakdown of the solvent
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system. It was a concern that in the carbon dioxide saturated system the radical anion would
react preferentially with another radical anion to form the pinacol before it would be able to
react with the CO,. This was tested by bubbling the solution contained in the electrochemical
cell with CO, for 30 minutes and obtaining another CV from this system, Figure 32B. In the CO,
saturated solution the irreversible reduction signal increased drastically in size suggesting that
in the presence of the CO, gas the reduction corresponded to a two—electron transfer process

opposed to the one—electron reduction observed in the argon saturated system.
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Figure 32: CVs obtained from a 0.1 M solution of 105 dissolved in DMF containing 0.1 M of [nBu,N][I] as the
electrolyte at a scan rate of 100 mV s™. (A) While the system was saturated with argon. (B) While the system was

saturated with carbon dioxide.

Once the potential of the reduction in the CO, saturated system was determined, from
the CV shown in Figure 32B, a CA experiment was conducted by holding the potential of the
electrochemical cell at -1.7 V vs. Ago/+ for 72 hours, as shown in Figure 33. During the bulk

electrolysis the cell was continuously stirred and bubbled with CO, gas to ensure that the

reaction mixture remained saturated.
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Figure 33: CA obtained from the bulk electrolysis of a 0.1 M solution of 105 in DMF containing 0.1 M of [nBu,N][l]

while saturated with CO,

After the electrolysis experiment, compound 106 was isolated pure as the methyl ester
107 with a reaction yield of 45 mg (0.18 mmol, 18%) from compound 105, over the two steps.
To calculate the Faradaic yield the charge, 147.5 C, was determined from integration of Figure
33 this corresponded to the transfer of 1.5 mmol of electrons during the CA experiment. This
indicated that the total Faradaic yield of the two—electron electrochemical carboxylation of
compound 105 was 23%. It is important to note that this yield is lower than the yield that was
achieved for the electrolysis of compound 102a. This was a trend that was observed
throughout the reductions of this series of ketones that as the molecule became harder to
reduce, reduced at a lower potential, the Faradaic and reaction yields decreased. | believe this
is due to the cell having to be held at a potential closer to the solvent breakdown making these
reactions less reliable and more readily passivating the electrode surface. Even with the lower
yield obtained from compound 105 due to its importance as a drug precursor this molecule

was still used as one of the test molecules in the asymmetric electrosynthetic reductions.

4.3.4 Bulk electrocarboxylation of acetophenone 108
The electrocarboxylation of acetophenone 108 was intended to be another test

substrate for the asymmetric reductions but as will be described in a later section another
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substrate was required due to some unexpected results that were obtained when attempting
the electroreduction of substrate 108, using the calixarene modified electrodes. The bulk
electrolysis and esterification of 108, in the presence of CO,, using a blank electrode followed

the reaction pathway shown in Scheme 50.

O OH OH
2¢, 2 H* O Mel, K,COs O
_— —_—
OH DMF o
108 109 110

Scheme 50: Scheme showing the expected product from the electrocarboxylation of compound 108 and

subsequent alkylation.

Before the electrocarboxylation of 108 was attempted, CVs were obtained from an
anhydrous electrochemical cell containing 0.1 M of the substrate dissolved in 10 mL DMF using
0.1 M [nBusN][I] as the electrolyte to analyse the reductions, in both argon and CO, saturated
environments, Figure 34. The results from these CVs were consistent with the reductions of
the more difficult to reduce ketones (such as compound 105), exhibiting a single reduction in
the argon system at -2.15 V vs. Ag”*, with the second reduction not being observed.
Presumably the substrates with only one aryl group attached to the ketone were not as
effective at stabilising the radical anion intermediate compared to the di-aryl system, 4-
methylbenzophenone 102a. There was also a comparatively small oxidative signal at -0.26 V
vs. Ag”* which had not been observed in any of the other systems, this may be caused by the
oxidation of the radical anion. The system was then saturated with CO, and another CV was
recorded, Figure 34B, whereupon the reductive peak shifted slightly to -2.80 V vs. Ago/+ but the
onset potential remained very similar to the onset of the reduction observed in the argon
system. Furthermore, compared to the argon saturated CV the size of the peak increased
dramatically which suggested that the reductive process was now attributed to a multi-

electron transfer which was characteristic of electrocarboxylation of these types of systems.
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Figure 34: CVs obtained from a 0.1 M solution of 108 dissolved in DMF containing 0.1 M of [nBu,N][l] as the
electrolyte at a scan rate of 100 mV st (A) While the system was saturated with argon. (B) While the system was

saturated with carbon dioxide.

This molecule reduced at a lower potential then either of the previous substrates and
as such it was expected to be the lowest yielding out of all the substrates tested so far.
Following the standard procedure the solution, containing the substrate, was exposed to a
reductive potential of -2.70 V vs.AgO/+ while being bubbled with CO, to maintain saturation of

the solution with the gas and rapidly stirred for 72 hours. The results of bulk electrolysis

reaction are shown in Figure 35.
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Figure 35: CA obtained from the bulk electrolysis of a 0.1 M solution of 108 in DMF containing 0.1 M [nBu,N][l]

and saturated with CO,

The reaction yield of the bulk electrolysis, shown in Figure 35, of compound 108 on the
unmodified GCE electrode was only 10 mg (0.06 mmol, 5.6%). The Faradaic yield was
calculated using the charge passed during the bulk electrolysis by integration of the CA, 176.4
C, this corresponded to a Faradaic efficiency of 6.1%. Both of these yields are much lower than
those obtained for molecules 102a and 105 which is consistent with the trend that as the
molecules reduced at lower potentials the yields of the electrosynthetic reactions decreased.
Although the reaction yield was low, at this point, it was determined that substrate 108 could
still be used in the enantioselective reductions for the chiral calixarene electrodes. It is
important to note that during the isolation procedure of the methyl ester 110 a small amount

of methyl 4-acetylbenzoate 114 was detected by NMR.

4.3.5 Bulk electrocarboxylation of 4-methoxyacetophenone 111
The electrocarboxylation of 111 was investigated because of the methyl 4-
acetylbenzoate by-product that was formed during the electrolysis of 108. It was believed that

substitution of the para position would stop the formation of the unwanted side product
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which became more of an issue when reducing the substrate using the chiral electrodes. The

electrosynthetic reaction and subsequent esterification of 111 is shown in Scheme 51.

(@] OH OH
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Scheme 51: Scheme showing the electrocarboxylation of compound 111 and subsequent alkylation to form the

isolatable product 113

This system was tested in argon and CO, saturated environments using an anhydrous
electrochemical cell containing 0.1 M of 111 using 0.1 M of [nBu;N][I] as the electrolyte. The
CV obtained from the argon system, Figure 36A, showed a single irreversible reduction at -2.1
vs. Ag”*, again, presumably the second reductive single is beyond the breakdown of the
solvent system and therefore is not observed. The solution was then saturated with CO, gas
and another CV was obtained the results of which are shown in Figure 36B. The reductive
signal increased dramatically in size while in the presence of CO, suggesting that the reductive
processes had changed from a one—electron reduction to a multi-electron reduction, which
was common for these types of systems. Furthermore although the position of the peak
current shifted, the onset potential of the reduction remained very similar to the signal

observed in the argon saturated system.
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Figure 36: CVs obtained from a 0.1 M solution of 111 dissolved in DMF containing 0.1 M of [nBu,N][I] as the
electrolyte at a scan rate of 100 mV s™. (A) While the system was saturated with Argon. (B) While the system was

saturated with carbon dioxide.

Electrocarboxylation of 111 was conducted by holding the potential of the

electrochemical cell at -2.7 V vs. Ag”*

for 72 hours, as shown in Figure 37. Unfortunately, due
to a shift in the pseudo-reference electrode (silver electrode) during the bulk electrolysis
reaction the experiment had to be stopped and the potential had to be increased to -2.9 V.
This was a reoccurring problem that was encountered during the electrosynthetic reductions
of 111 presumably caused by the low potential required to drive the reaction promoting

unwanted side reactions that caused passivation the silver electrode.
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Figure 37: CA obtained from the bulk electrolysis of a 0.1 M solution of 111 in DMF containing 0.1 M [nBu,N][I]

and saturated with CO,

Once the bulk electrolysis was complete the combined yield from the reduction and
subsequent esterification was calculated to be 5 mg (0.24 mmol, 2.4 %). The Faradaic
efficiency was also calculated using the charge, 21.5 C, passed during the CA experiment,
which corresponded to a transfer of 0.22 mmol of electrons during the reduction. By
comparing the number of elections transferred with the number of mols of 113 isolated the
Faradaic efficiency was determined to be 21%. The yield and efficiency of this reduction was
relatively low when compared to the electrolysis of compounds 102a, 105 and 108, possibly
due to the potential required to drive this reaction being relatively low and therefore closer to
the solvent breakdown. This would facilitate more possible side reactions and cause faster
passivation of the electrode surface bringing an abrupt end to the reaction. Despite the
reduction of 111 being low yielding it was preferable to the reduction of 108 due to there
being no formation of the p-carboxylated by-product that was very difficult to separate from

the desired product.

4.4 Formation of the chiral electrode surfaces

Having developed several electrocarboxylation reactions using different substrates |

was now ready to test the chiral calixarene surfaces for enantiomeric selectivity. The chiral
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electrode surfaces were created by oxidation of the “lithio-activated” calixarene 87 forming
modified surface S8 and the subsequent reaction of these surfaces with amino acids 93a-93c
and 95 in the presence of a Cu(l) catalyst to form the chemisorbed chiral calixarenes

electrodes, as shown in Scheme 52.
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Scheme 52: Post surface functionalisation of S8 with chiral amino acids
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4.5 Electrocarboxylation reactions using chiral calixarene

carbon electrodes

The electrocarboxylation reactions were conducted in an electrochemical cell
containing 0.1 M of the substrate dissolved in 10 mL DMF using 0.1 M of [nBusN][PFs] as the
electrolyte. Before the electrolysis was conducted the solution was saturated with CO, and a
CV, was recorded at 100 mV s™, to determine the potential of the peak current. The solution
was then held at the potential of the peak current for 72 hours while the mixture was
continuously stirred and bubbled with CO, gas. Once complete the reaction mixture was
purified using the procedure described in the experimental section and the ratio of

enantiomers was determined by HPLC analysis.

4.5.1 Electrocarboxylation of 102a using modified calixarene surfaces
The electrocarboxylation of molecule 102a was conducted using chiral carlixarene
surfaces S11a-d forming compound 103. The results of these reduction reactions are shown in

Table 1.

Table 1: Results from the bulk electrolysis of compound 102a using the chiral electrode surfaces S11a-d

GCE surface | Potential of | Charge Reaction Faradaic Enantiomeric

used in electrolysis passed / C yield yield Excess

electrolysis | vs Ag”*/V

65.2 20% 62% 0%
123.9 40% 63% 0%
* 24% * 0%
39.8 16% 80% 0%
135.2 48% 69% 0%

* During this run the charge passed was not recorded due to a computer fault.

From the reductions of 102a with the chiral electrodes S11a-d showed no selectivity
towards either of the enantiomers and as such only the formation of racemic product 103 was
detected. However, usage of the calixarenes surfaces appeared to aid the formation of racemic

product 103 as shown by the increase in reaction yield and Faradaic efficiency while using the
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modified surfaces. Presumably this was caused by the calixarenes making the electrode

surface more resilient to passivation when compared to the blank glassy carbon electrodes.

HPLC analysis of compound 104 was conducted after each electrolysis reaction using an AD-H
chiral column and a mobile phase of 95 : 5 hexane : isopropanol. Figure 38 shows an example
HPLC trace that was obtained from the electrochemical reduction of 102a using chiral surface
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Figure 38: HPLC of racemic product 104 formed using modified GCE surface S11c. (A) Retention time: 28.8
minutes, Area: 3320000 (50.2%). (B) Retention time: 24.2 minutes, Area: 33000000 (49.8%).

4.5.2 Electrocarboxylation of 105 using modified calixarene surfaces

The electrocarboxylations and subsequent esterification of 105 to compound 107 was
attempted using calixarene modified electrode surfaces S11a-d and the resulting product was
monitored by chiral HPLC to determine the enantiomeric excess of the resulting a-

hydroxyester. The results of these electrochemical reductions are displayed in Table 2.
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Table 2: Results from the bulk electrolysis of compound 105 using the chiral electrode surfaces S11a-d

GCE surface | Potential of | Charge Reaction Faradaic Enantiomeric

used in electrolysis passed / C yield yield Excess

electrolysis | vs Ag”*/V

-1.7 147.5 18% 23% 0%
-1.7 152.7 30% 38% 0%
-1.7 131.1 45% 67% 0%
-1.7 * 2.3% * 0%
-1.7 167.4 47% 54% 0%

* During this run the charge passed was not recorded due to a computer fault.

The reduction of 105 using the modified GCE surfaces did not form a product with an
enantiomeric excess, instead the HPLC traces obtained from these systems determined the
product 107 to have been formed as a racemic mixture of enantiomers. Although, in the
calixarene modified systems it was observed that the reaction yield and Faradaic efficiency had
increased significantly when compared to the same reduction using the unmodified GCEs,
especially when using surface S11b where the reaction and Faradic yields increased by over
100% compared to the unmodified GCE! The only exception to this was when using GCE
surface S11c where the electrode appeared to become passivated at an unusually fast rate,
possibly due to contamination by a small amount of water, which brought about an abrupt end

to the electrolysis resulting in the low yield.

An example HPLC trace obtained from 107 formed using modified electrode surface S11d, is
shown in Figure 39. The trace was obtained using an AD-H chiral column with a mobile of 95 : 5

(hexane : isopropanol).
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Figure 39: HPLC trace of the product formed from the bulk electrolysis of 105 using GCE surface S11d after
esterification. (A) Retention time: 35.3 minutes, Area: 158000000 (49.9%). (B) Retention time: 40.9 minutes, Area:

159000000 (50.1%).

4.5.3 Electrocarboxylation of 111 using modified electrode surfaces S11a-d
The final substrate that was tested using all of the chiral GCE surfaces was compound
111. This molecule as stated in section 4.3.4 was the most difficult to reduce due to the
potential required to drive the reaction being relatively close to the breakdown of the
DMF/[nBu,N][l] system, | believe that being so close to the solvent breakdown promoted the
passivation of both the GCE and silver electrode surfaces causing the potential of the cell to
drift. This meant that during these experiments the potential of the cell had to be adjusted to
account for the change in the position of the peak current. This is shown in the “potential of
electrolysis” of Table 3 by the inclusion of two different potentials, as in all cases the voltage of
the electrochemical cell had to be increased during the electrolysis to aid the formation of the
desired product. The exception was the reduction of S11d which required a much stronger
reductive potential before the formation of any product was observed and could not be

increased due to already being at the limit of the electrochemical solution.
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Table 3: Results from the bulk electrolysis of compound 111 using the chiral electrode surfaces S11a-d

GCE surface | Potential of | Charge Reaction Faradaic Enantiomeric

used in electrolysis passed / C yield yield Excess

electrolysis | vs Ag”*/V

-2.7,-2.9 215C 2.4% 21% 0%
-2.1,-2.9 23.2C 2.4% 20% 0%
-2,-2.7 56.1C 33% 73% 0%
-2,-2.7 1126 C 24% 32% 0%
-3 131.7C 2.4% 3.5% 0%

The reaction of compound 111 proved to be the most unreliable of all the
electrocarboxylation reactions attempted with several of the electrolysis reactions resulting in
the formation of only 5 mg of product after spending 72 hours held at the potentials
described. The modification of the electrode surfaces with the calixarenes appeared to make
very little difference to the rate at which the system passivated the electrode surfaces, which
resulted in the modified electrodes making very little difference to the reaction and faradaic

yields of the reductions.

From the electrosynthetic reductions of compound 111 using the chiral electrode surfaces
Slla-d there was no observable enantiomeric selectivity in the formation of compound 113.
This was determined by analysis of the products using an AD-H column with a mobile phase of

95 : 5 (hexane : isopropanol) an example of which is shown in Figure 40.
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Figure 40: HPLC trace of compound 113 formed from the electrolysis and subsequent esterification of 111 using
electrode surface S11a. (A) Retention time: 24.2 minutes, Area: 25600000 (50.2%). (B) Retention time: 26.8
minutes, Area: 25400000 (49.8%).

4.5.4 The unusual reduction of 108 using electrode surface S11c

When the asymmetric electrocarboxylation of substrate 108 was attempted using
electrode surface S11c some peculiar results were obtained. Instead of forming the expected
carboxylic acid 110, as the main product, the modified GCE produced mainly compound 114

with only a small amount of 110 and 115 present (after esterification), as shown in Scheme 53.
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Scheme 53: Electrocarboxylation of compound 108 using calixarene surface S11c
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There is very little mention of aryl ring carboxylation in the literature using
electrochemical techniques apart from by Filardo and co workers'’> wherein they observed the
formation of a small amount of 114, using a blank carbon working electrode. Their results are
similar to what was observed in my research when using a blank GCE. However, when using
the modified carbon electrode 12 mg of compound 114 was isolated, contaminated by only a
small amount of 115, and only 4 mg of 110 was isolated, again contaminated by a small
amount of 115. Note the formation of 114 and 115 was determined by NMR and mass

spectrometry and was shown to match literature values.'*'”*

These results seemed very
promising for the development of a system that could selectively electrochemically
carboxylate an aryl ring using the modified surfaces. Unfortunately, due to time constraints,
the regioselective properties of surface S11c were not fully investigated. The reason for this
was at the time the focus of the research was on developing systems that could be used to test
the modified electrodes for selectivity between the chiral forms of the a-hydroxycarboxylic

acids and as this system formed only trace amounts of the desired product the reduction of

108 was not investigated further.

4.6 Conclusion

In this chapter the electrochemical properties of compounds 98 and 99 in both
anhydrous and aqueous systems were investigated and the electrosynthetic reductions of
these substrates were attempted. Unfortunately, during the bulk electrolysis of these
compounds, the formation of the alcoholic products was not observed. So the focus of the
research moved to the electrocarboxylation of compounds 102a, 105, 108 and 111 to the

corresponding a-hydroxycarboxylic acids.

From the CVs of the pro-chiral ketones 102a, 105, 108 and 111 in the argon saturated
environments | observed two separate one—electron reductions. However once the
electrochemical solution was saturated with CO, the initial reduction increased dramatically in
size suggesting the reduction now corresponded to a multi-electron process and the second
reduction was no longer present. This suggests that once the first reduction occurred the
radical anion rapidly reacted with a molecule of CO, and the intermediate that formed was
able to spontaneously reduce at the reduction potential of the initial reduction to form the a-

hydroxycarboxylic acid product.

Preliminary bulk electrolysis reactions of these substrates, on a blank GCE, showed the
reduction to be reliable and all four substrates produced enough isolatable products to allow

full analysis by NMR and chiral HPLC. These reductions were repeated using calixarene
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surfaces S11a-d but unfortunately no enantiomeric selectivity was observed using the chiral
electrodes. However when using the modified surfaces both the Faradaic efficiency and
reaction yields obtained in the bulk electrolysis improved suggesting that new surfaces slowed

down the rate at which the GCE were being passivated.
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5.1 Conclusions

This thesis has demonstrated two methods that result in the formation of a monolayer
of calix[4]arenes and allows for their detection/characterisation while attached onto the
electrode surface. This involved the synthesis and full characterisation of molecules 84 and 87
which were covalently bound onto the electrode using either the propargyl ether linkers at
lower rim, in the case of 87, or the formation and subsequent reduction of the diazonium salts
at upper rim, in the case of 84. Once immobilised upon the electrode surface, the macrocycles
were shown to be easily modifiable with an array of different substrates using the CuAAC
reaction. This allowed for the attachment of electrochemical labels onto the chemisorbed
calixarenes facilitating their detection by electrochemical techniques, leading to the
determination of a complete monolayer coverage of the macrocyclic scaffolds. The formation
of these bi-functional two-faced or Janus calixarenes offers a simple and yet highly versatile
methodology that facilitates the immobilisation of a wide range of substrates onto a carbon-

based electrode surface.

The next stage of my research described the use of these chiral calixarene surfaces in the
asymmetric electrochemical reductions of prochiral ketones. To facilitate this research, a
lengthy investigation into the electrosynthetic reduction of compounds 98 and 99 to the
corresponding alcohols was conducted and the problems associated with these systems were
discussed. These difficulties redirected the focus of my research to the electrocarboxylation of
compounds 102a, 105, 108 and 111 to the corresponding a-hydroxylcarboxylic acids, while in
the presence of CO, gas. Bulk electrolysis of these compounds using a blank GCE showed this
reaction to be reliable with all four substrates producing enough isolatable products to allow
for full characterisation by NMR and HPLC analysis. Regrettably, when using the chiral
calixarene surfaces S11a-d, racemic mixtures of the products were isolated, although there
was an increase in the Faradaic efficiency and isolated yields of the products obtained when

using these modified surfaces.

5.2 Future work

A part of this research that urgently requires revisiting is the unexpected
electrocarboxylation of 108 while using modified electrode surface S1lc, as discussed in
section 4.5.4. On a blank electrode the main product formed from this electrolysis (after
esterification) was compound 110, but when the reaction was repeated with a calixarene-
modified surface the major product became the p-carboxylated compound 114. This is an

unusual result and has only been reported once before in the literature (to the best of my
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72 This opens up the possibility for the development of a

knowledge) as a minor side product.
new electrosynthetic methodology that could be used to regioselectively electrocarboxylate
aryl rings but requires further testing with other calixarene-modified surfaces and different

substrates.

Another aspect of this work that requires more attention is the size of the chiral peptide chains
attached to the upper rim of the immobilised calixarenes. It was a concern that the size of the
chiral pockets may not be sufficient enough to accommodate the prochiral substrates
efficiently for the enantioselective electrolysis reactions. To address this problem the next step
in my research would be to lengthen the amino acid chains to increase the size of the chiral
cavity to promote the insertion of the substrates into the calixarenes, hopefully facilitating the

formation of enantiopure products.

| also wanted to modify the electrode surfaces with calixarenes that possess inherent chirality,
as it would have been interesting to investigate the effect that this has on the formation of
optically active compounds. A calixarene becomes inherently chiral when two different
substituents are added onto adjacent aryl rings making the two rings inequivalent; note that
the substituents themselves could also be chiral. Calixarenes functionalised in this manner

have already been shown to be effective in asymmetric reactions in solutions, **#**>*7>

Moving away from calixarenes, another class of molecules that may show promise in
asymmetric electrosynthetic reductions are cyclodextrins. The synthesis and modification of
electrodes with these compounds is already extremely well documented and further
modification of the surfaces may not be required due to the cyclodextrins themselves already
being chiral.'’®*”® These modified surfaces have found use in the literature as electrochemical

sensors’® ™2 and are commonly employed as a chiral stationary phase in the

8 This shows that these surfaces are both

enantioseparation of chiral molecules by HPLC.
electrochemically active, allowing the transfer of electrons to their guest substrates, as well as
being able to differentiate between enantiomers of chiral molecules. Furthermore, these
compounds have also shown promise as asymmetric catalysts when bond to a metallic centre

184-186

in the solution phase. It is for these reasons that | suggest the application of these

compounds for heterogeneous electrochemical asymmetric reduction is investigated.
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6.1 General considerations

Anhydrous reactions were performed under a dry atmosphere of nitrogen or argon
(BOC Gasses) using either Schlenk line techniques (a dual manifold inert gas/vacuum lines) or
conducted in a MBraun glovebox. All glassware used in anhydrous reactions was dried in a

160 °C oven over night and then flame dried under vacuum prior use.
6.2 Materials

6.2.1 Gases

Nitrogen gas (O, free) and argon gas (O, free) were both purchased from BOC gases
and dried prior to use by being passed through a drying column containing P40y, and 4 A
molecular sieves. CO, gas (99.8%) was purchased from BOC Gasses and was dried before use
by being passed through a drying column containing P,015. NO, gas was generated in situ by

the reaction of nitric acid and copper powder and was used directly.

6.2.2 Solvents

Anhydrous solvents were dried by refluxing over either sodium/benzophenone
(tetrahydrofuran and diethyl ether) or calcium hydride (dichloromethane and acetonitrile)
under an inert atmosphere of nitrogen and were collected by distillation. Before use the
distilled solvents were sparged with nitrogen gas to remove trace amounts of dissolved oxygen
and stored over activated 4 A molecular sieves. Water, when used in aqueous electrochemical
reactions, was thoroughly sparged with nitrogen to remove dissolved oxygen prior to use.
Anhydrous DMF (99.8%) was purchased from Sigma-Aldrich, stored over 4 A molecular sieves

and sparged with nitrogen gas to remove dissolved oxygen.

Deuterated NMR solvents, CDCl; (99.8%), DMSO-ds; (99.9%), CDsCN (99.8%) and CDs;OD
(99.8%), were purchased from Cambridge Isotope Laboratories Inc. and used without further

purification.

6.2.3 Reagents and literature compounds

Commercially available reagents were purchased from either Sigma Aldrich
(Gillingham, UK) or Fluorochem (Hadfield, UK) and used without further purification unless
stated otherwise. Flash chromatography was performed on silica gel (SiO,, 70-200 micron
mesh 60 A ) purchased from Alfa Aesar. Thin layer chromatography was performed using silica

gel 60 A F254 pre coated plates.
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Literature compounds 76,8 77,"° 783, 78b'° and 79" were synthesised using the

procedures described in the literature, in the references given.

6.3 Instruments

NMR spectra were recorded using a Bruker Avance DPX-500 MHz spectrometer.
Chemical shifts were reported in ppm and referenced to an appropriate standard, for 'H
(residue solvent peak), **C (residue solvent peak) and *°F (CFCl;). The '*H NMR data is reported
as: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad (br) and the J coupling

constants are given in Hz.

IR spectra were recorded using a PerkinElmer u-ATR spectrum Il spectrometer. X-ray
photoelectron spectroscopy (XPS) was performed using a Thermo Scientific K-alpha instrument
using monochromatic Al X-rays. All XPS spectra were then corrected relative to the graphitic

Cis peak position at 284.97 eV.'®® X-ray crystallographic details are given section 6.8.
6.4 Electrochemical methods

6.4.1 General methods

All electrochemical experiments were performed under an inert atmosphere of
nitrogen or argon gas, apart from the electro-synthetic reactions that were conducted under
an atmosphere of dry CO,. Electrochemical measurements were performed using a computer-
controlled potentiostat (Model PGSTAT 302N, Autolab, Utrecht) at ambient temperatures

using dry solvents unless stated otherwise.

Electrochemical experiments were conducted using a standard three—electrode configuration
consisting of a glassy carbon working electrode, either 3.0 mm (BasiTechnicol, USA) or 6.0 mm
in diameter (see section 6.4.2), a bright platinum wire (99.99%, GoodFellow, UK) or a
magnesium ribbon (used only for electrosynthetic reduction) (>99.5%, Sigma Aldrich, UK)
counter electrode, and a reference electrode of either silver wire (pseudo-reference) (99.99%,
GoodFellow, UK) for non-aqueous measurements or a saturated calomel electrode (SCE)

(Radiometer, Denmark) for agueous measurements.

The electrodes were thoroughly cleaned between experiments. The GC surfaces were renewed
by successive polishing with diamond paste slurries of decreasing particle size ranging from 3.0
pm to 0.1 um (Kemmet, U.K.), the electrode was sonicated in deionised water between each
polishing step to remove any adhered materials before being rinsed with ethanol and allowed

to dry. The Pt electrodes were flame-cleaned. The silver and magnesium electrodes were
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cleaned by polishing on a chamois leather cloth using 0.25 um alumina slurry; they were then
rinsed with deionised water to remove any particulates. The saturated calomel electrode was

cleaned with deionised water, stored in a saturated solution of KCl and rinsed prior to use.

6.4.2 In house design of 6.0 mm GCE

A 6.0 mm diameter GC rod (Type 2, Alfa Aesar, UK) was wet cut into 3-4 mm thick
cross-sections using a diamond blade. A separate 10 mm PEEK rod (Direct Plastics Ltd) was cut
into a 700 mm section and a 3 mm wide column was drilled through the centre and widened to
5.5 mm at one end to a depth of 5 mm. The PEEK rode was then warmed using a heat gun set
to 300 °C and the GC section was pressed into the widened recess. The opposite face of the
shaft was then tapped using a 4 mm tap dye to a depth of 10 mm to form a screw thread
within the bore. Silver ink (Sigma Aldrich, UK) was pipetted down the shaft to ensure good
connection to the GC and a steel spring was placed at the bottom of the tube in contact with
the GC. Once the ink had dried the surface was finished by sanding sequentially with 120, 400,
800, 1000, 1500, 2000 and 2500 grade wet and dry paper.

A 5.0 mm diameter 30 mm length section of PEEK was then cut and a 10 mm screw thread was
created using a dye so that it matched the thread inside the other PEEK section. A 3 mm
central hole was drilled through the smaller PEEK section and a 3 mm copper rod (RS
Components, UK) was pressed through the hole. The copper rode was then placed through the
central shaft of the larger section of PEEK and carefully tightened until a contact was formed,
which was confirmed by use of a continuity tester (multimeter). Before use, the GCE was

polished using the normal procedure.

126



Chapter 6 — Experimental

Figure 41: (A) Schematic showing the insides of the assembled 6 mm GCE (1) Copper rod (2) Screw to maintain
contact with GC stub (3) PEEK shaft (4) Spring (5) GC stub (B) Photo of unassembled 6 mm GCE (C) Photo of

assembled 6 mm GCE.

6.5 Synthetic procedures

6.5.1 Synthesis of 60
The preparation of 60 was achieved using a scaled up version of the procedures

135,188

reported independently by Gutsche, and later of Simaan and Biali. p-Tert-butylphenol
(200 g, 1.33 mol) and NaOH (1.20 g, 0.03 mol) were added to a three-necked 3L round bottom
flask fitted with an overhead stirrer. The flask was purged with nitrogen, followed by the
addition of 37% formaldehyde solution (128 mL, 1.66 mol) and left to stir at 120 °C whilst
removing water via a right-angled condenser. To the resulting deep-yellow viscous mass that
forms, warm diphenyl ether (600 mL, 3.79 mol) is added to dissolve the contents of the flask,
and then heated at 110-120 °C to remove water via a condenser (a continuous stream of
nitrogen gas is required to aid water removal). After all the water has been removed (4-5
hours), the brown solution in the flask was heated to 260 °C for 4 hours. The reaction was then
allowed to cool (overnight), to which ethyl acetate (1.5 L, 15.3 mol) was added and the
reaction was left to stir for 1 hour at room temperature. The resulting beige-solid was filtered

off affording 60 as a beige powder (95.0 g, 44%). "H NMR (500 MHz, CDCl;): 1.21 (36H, s), 3.49
(4H, d, J = 13.0 Hz), 4.26 (4H, d, J = 13.0 Hz), 7.05 (8H, s), 10.34 (4H, s). °C NMR (125 MHz,
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CDCls): 31.5, 32.8, 34.2, 126.1, 127.8, 144.5, 146.8; IR (neat, v / cm™) 3167 (phenol), 2951,
1738, 1481, 1360, 1239, 1200, 1039.”*

6.5.2 Synthesis of 71

Dry calixarene 60 (10.0 g, 15.1 mmol) was dissolved in dry toluene (200 mL) and
heated for 1 hour at 50 °C. Aluminium trichloride (10.0, 75.0 mmol) was added and the
reaction was then stirred for 3 hours, at which point the mixture was cooled to 0 °C and
guenched by the addition of 1 M hydrochloric acid (240 mL). The organic layer was separated,
washed with water (3 x 100 mL), dried over MgSO, and filtered. The filtrate was concentrated
in vacuo to form a yellow oil followed by trituration with diethyl ether to yield 71 as a light
yellow powder (5.0 g, 78%). 'H NMR (500 MHz, CDCl3): 3.59 (4H, s, br), 4.32 (4H, s, br), 6.78
(4H, t, J = 7.6 Hz), 7.10 (8H, d, J = 7.6 Hz), 10.25 (4H, s). >°C NMR (125 MHz, CDCls): 31.05,
31.85, 77.16, 122.39, 129.13, 148.92; IR (neat, v / cm_l): 3135, 2934, 1594, 1463, 1448, 749,
733.

6.5.3 Synthesis of 72

Dry calixarene 71 (2 g, 4.7 mmol) and sodium hydride (0.5 g, 20.7 mmol) were
dissolved in acetonitrile (40 mL) at O °C while stirring. The mixture was allowed to stir for 1
hour before the addition of propargyl bromide (80 wt% solution in toluene, 3.0 g, 20.2 mmol),
the solution was then warmed to room temperature and the reaction was continued for 48
hours. The reaction was quenched by the addition of cold water (100 mL), and the product was
extracted with dichloromethane (3x 50 mL) and dried over MgS0O,. The filtrate was
concentrated in vacuo followed by trituration with methanol to yield 72 as a beige powder (1.2
g, 45%). "H NMR (500 MHz, CDCl5): 2.47 (4H, t, J = 2.4 Hz), 3.22 (4H, d, J = 13.5 Hz), 4.63 (4H, d,
J=13.5Hz), 4.78 (8H, d, J = 2.4 Hz), 6.66 (4H, m), 6.72 (8H, d, J = 7.1 Hz). °C NMR (125 MHz,
CDCl;): 32.03, 61.31, 74.84, 80.66, 123.41, 128.40, 135.56, 155.16; IR (neat, v / cm™): 3279,
2912, 2123, 1585, 1456, 1429, 1199, 1184, 998.

6.5.4 Synthesis of 74

Following a modified procedure reported by Chetcuti,’® calixarene 60 (30 g, 46.3
mmol), potassium carbonate (27.2 g, 260 mmol) and propargyl bromide (80 wt% solution in
toluene, 33.7 g, 286 mmol) were refluxed in acetonitrile (500 mL) for 48 h. The reaction
mixture was filtered, and the filtrate evaporated to dryness. Re-dissolving the resulting residue
in dichloromethane, followed by trituration with methanol yielded 74 as a cream powder (19.0
g, 51%). 'H NMR (500 MHz, CDCl5): 1.08 (36H, s), 2.48 (4H, t, J = 2.3 Hz), 3.16 (4H, d, J = 13.0
Hz), 4.60 (4H, d, J = 13.0 Hz), 4.80 (8H, d, J = 2.3 Hz), 6.79 (8H, s). *C NMR (125 MHz, CDCls):
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31.5, 32.5, 34.0, 61.2, 74.5, 81.3, 125.1, 134.4, 145.7, 152.5; IR (neat, v / cm™): 3295, 2954,
2120 (alkyne), 1745, 1593, 1476, 1362, 1190, 1120, 1017, 1003.

6.5.5 Synthesis of 80

Calixarene 79 (200 mg, 0.3 mmol) and sodium hydride (88 mg, 3.7 mmol) were
dissolved in dry acetonitrile (50 mL) at O °C. The reaction mixture was stirred for 30 minutes
before propargyl bromide (80 wt% solution in toluene, 2 mL, 4.88 mmol) was added, the
reaction was then allowed to warm up to room temperature and stirred for 24 hours. The
reaction was quenched by the addition of cold water (100 mL), extracted with
dichloromethane (3x 50 mL), and concentrated under vacuum before being purified by flash
chromatography to yield 80 as a yellow solid (110 mg, 37%). 'H NMR (500 MHz, CDCl,): 2.46
(4H,t,J=2.4Hz), 2.48 (4H, t, J = 2.4 Hz), 3.16 (4H, d, J = 13.5 Hz), 3.36 (8H, s), 4.57 (4H, d, J =
13.5 Hz), 4.65 (8H, d, J = 2.4 Hz), 4.72 (8H, d, J = 2.4 Hz), 6.60 (8H, s). *C NMR (125 MHz,
CDCl3): 31.9, 40.3, 52.3,61.4, 75.0, 75.2, 77.8, 80.5, 128.1, 129.2, 135.5, 154.5, 171.0. IR (neat,
v/ cm'l): 2948, 2128, 1738, 1471, 1433, 1282, 1147, 1011. HRMS: m/z: [M + NH,]" Calcd for
CeoHas012, 978.3484, found 978.3479.

6.5.6 Synthesis of 81

To a 3 necked 100 mL round bottom flask, tert-butyldimethylsilyl chloride (14.7 g, 97.5
mmol) was dissolved in anhydrous THF (50 mL). In a separate flask 74 (12 g, 16.2 mmol) was
added and dissolved in anhydrous THF (100 mL), this was then cooled to -78 °C, and over a
period of 15 minutes whereupon lithium bis(trimethylsilyl)Jamide solution (1.0 M in THF, 100
mL, 97.5 mmol) was added, resulting in a dark brown reaction mixture. After 30 mins the
solution containing tert-butyldimethylsilyl chloride in THF was added dropwise, via cannula to
the deprotonated calixarene, 74. After complete addition, the flask was allowed to warm to
room temperature overnight. The reaction was then quenched by the addition of a saturated
solution of ammonium chloride (100 mL). The organic layer was separated, and the aqueous
layer washed with dichloromethane (100 mL). The organic extracts were combined, dried over
MgS0,, and remaining solvents were removed in vacuo. The product 81 was isolated as a light
brown solid (12.0 g, 64%). "H NMR (500 MHz, CDCls): 0.09 (24H, s), 0.90 (36H, s), 1.06 (36 H, s),
3.12 (4H, d, J = 13.0 Hz), 4.52 (4H, d, J = 13.0 Hz), 4.83 (8H, s), 6.75 (8H, s). °C NMR (125 MHz,
CDCly): -4.5, 16.6, 26.3, 31.5, 32.7, 34.0, 61.4, 89.5, 103.6, 124.9, 134.8, 145.3, 152.1; IR (neat,
v/ cm™): 2952, 2929, 2855, 2167 (alkyne), 1739, 1480, 1361, 1248, 1196, 1120, 1040; HRMS:
m/z: [M + NH,4]" Calcd for CgoH1,004Sis, 1274.8607, found 1274.8581
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6.5.7 Synthesis of 82

To a round bottom flask, cooled to 0 °C, was added 81 (13 g, 10.4 mmol) dissolved in
dichloromethane (130 mL) and glacial acetic acid (130 mL). Using a dropping funnel, 90%
fuming red nitric acid (54 mL, 1.29 mol) was added dropwise at 0 °C. After complete addition,
the flask was allowed to warm to room temperature overnight. The reaction was then poured
into iced water (200 mL), and the organic layer was separated by extraction. The aqueous layer
was washed with dichloromethane (50 mL x3), and the remaining organic phases were
combined, dried over MgSO, and any remaining solvent was evaporated in vacuo. Re-
dissolving the resulting residue in dichloromethane, followed by trituration with methanol
yielded 82 as a cream powder (4.6 g, 37%). "H NMR (500 MHz, CDCl;): 0.08 (24H, s), 0.86 (36H,
s), 3.44 (4H, d, J = 14.0 Hz), 4.66 (4H, d, J = 14.0 Hz), 4.91 (8H, s), 7.71 (8H, s). °C NMR (125
MHz, CDCl5):-4.7, 16.5, 26.0, 32.3, 62.6, 93.4, 99.9, 124.2, 136.3, 144.0, 159.7; IR (neat, v / cm’
1): 2952, 2885, 2857, 2929, 2179 (alkyne), 1738, 1714, 1587, 1524 (nitro asymmetric), 1462,
1345 (nitro symmetric), 1251, 1205, 1096; HRMS: m/z: [M + NH,]" Calcd for CgoH12004Sis,
1230.5501, found 1230.5497.

6.5.8 Synthesis of 83

Calixarene 82 (1 g, 0.82 mmol) was dissolved in a 1M solution of tetra-n-
butylammonium fluoride (TBAF) in THF (16.5 mL, 16.5 mmol) at room temperature, the
reaction was monitored by TLC. Once complete the reaction was quenched by the addition of
cold water (100 mL), and the product was extracted with dichloromethane (3x 50 mL)
washings of the aqueous layer. The combined organic layers were then washed with water (2x
100 mL) and dried over MgSO,. The filtrate was concentrated in vacuo, and the residue was
purified using flash chromatography (acetone/petroleum ether 1:4) to afford 83 as a pale
yellow-orange solid (0.34 g, 55%). "H NMR (500 MHz, CDCI3): 2.60 (4H, t, J = 2.0 Hz), 3.49 (4H,
d,J=14.0 Hz), 4.72 (4H, d, J = 14.0 Hz), 4.86 (8H, d, J = 2.0 Hz), 7.71 (8H, s). *C NMR (125 MHz,
CDCI3): 26.0, 62.6, 93.4, 99.9, 124.2, 136.3, 144.0, 159.7; IR (neat, v / cm™): 3287, 3079, 2931,
2120 (alkyne), 1704, 1585, 1519 (nitro asymmetric), 1459, 1342 (nitro symmetric), 1202, 1093;
HRMS: m/z: [M + NH,4]" Calcd for CyoH3,N504,, 774.2042, found 774.2044.

6.5.9 Synthesis of 84

Calix[4]arene 82 (4 g, 3.3 mmol) was dissolved in ethanol (200 mL), to which
SnCl,.(H,0), (40 g, 177 mmol) was added and stirred at room temperature for 15 minutes. The
reaction mixture was then submitted to reflux for 48 h. After allowing the reaction to cool to

room temperature, 10% NaOH solution (200 mL) was added to basify the reaction mixture and
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the solution was stirred for 30 minutes. Extraction of the aqueous layer with dichloromethane
(3x 200 mL), followed by drying of the organic extracts over MgSO, and solvent evaporation
under reduced pressure afforded compound 84 as a light brown solid (2.05 g, 58%). ‘H NMR
(500 MHz, CDCl5): 0.08 (24H, s), 0.90 (36H, s), 2.93 (4H, d, J = 13.0 Hz), 4.45 (4H, d, J = 13.0 Hz),
4.69 (8H, s), 6.11 (8H, s). °C NMR (125 MHz, CDCl,): -4.5, 16.6, 26.2, 31.1, 61.7, 89.4, 103.7,
115.6, 136.2, 141.2, 148.2; IR (neat, v / cm™): 3325 (amine), 2954, 2928, 2855, 2173 (alkyne),
1606 (amine), 1471, 1361, 1249, 1207, 1097; HRMS: m/z: [M + H]* Calcd for CgsHs3N,0,Sis,
1093.6267, found 1093.6269.

6.5.10 Synthesis of 85

Calixarene 84 (27.3 mg, 0.025 mmol) was dissolved in 0.5 M HCI (5 mL) at 0 °C to which
was added NaNO, (7 mg, 0.10), the reaction was then stirred for 3 hours. The product was
extracted with dichloromethane (3x 20 mL) and concentrated under reduced pressure to
afford compound 85 as a crude solid, which was then used to form compound 86b or
electrografted onto a GCE surface without further purification. *H NMR (500 MHz, CDCl): 0.11
(24H, s), 0.90 (36H, s), 4.15 (4H, d, J = 13.4 Hz), 4.55 (4H, d, J = 13.4Hz), 4.99 (8H, s), 8.84 (8H, s). IR

(neat, v/ cm™): 2954, 2929, 2857, 2268 (N," stretch), 1568, 1461, 1258, 1031.

6.5.11 Synthesis of 86a

To a stirred solution of 84 (1.5 g, 1.37 mmol) in trifluoroacetic acid (TFA) (10 mL) at O
°C was added NaNO, (900 mg, 13 mmol) dissolved in cold water (2 mL), the mixture was then
stirred for 10 minutes. After this time a solution of NaN; (1.8 g, 26 mmol) in cold water (2 mL)
was slowly added and the reaction was stirred for 45 minutes. Dichloromethane (10 mL) was
then added and the reaction was allowed to warm up to room temperature overnight. The
reaction was diluted with water and extracted with dichloromethane (3x 25 mL). The
combined organic layers were dried over MgS0O,, filtered and concentrated in vacuo. The
residue was then purified by flash chromatography (ethyl acetate/petroleum ether 1:10) to
afford 86a as pale yellow powder (1.0 g, 67 %). "H NMR (500 MHz, CDCl5): 0.08 (24H, s), 0.88
(36H, s), 3.13 (4H, d, J = 13.6 Hz), 4.53 (4H, d, J = 13.6 Hz), 4.73 (8H, s), 6.37 (8H, s). °C NMR
(125 MHz, CDCls): -4.6 16.6, 26.1, 62.0, 91.0, 102.0, 118.7, 134.8, 137.0, 152.1, IR (neat, v/ cm’
'): 2953, 2927, 2856, 2177 (alkyne), 2107 (azide), 1656, 1587, 1468, 1361, 1317, 1249, 1233,
1201, 1024; HRMS: m/z: [M + NH,]" Calcd for CgqHggN130,Sis, 1214.6154, found 1214.6153.

6.5.12 Synthesis of 86b
Calixarene 85 was dissolved in dichloromethane (5 mL) and sodium cyanide (5 mg, 0.1

mmol) was carefully added to the reaction, which was then stirred for 24 hours. Once
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complete the reaction was quenched by the addition of a 1 M solution of NaOC| before
extraction into dichloromethane (3x 20 mL) and concentration under reduced pressure. The
resulting residue was purified by flash chromatography (acetone/petroleum ether 2:6) which
afforded 86b as a light brown solid (6 mg, 20% from 84 over two steps). '"H NMR (500 MHz,
CDCl5): 0.08 (24H, s), 0.86 (36H, s), 3.48 (4H, d, J = 13.8 Hz), 4.67 (4H, d, J = 13.8 Hz), 4.97 (8H,
s), 7.43 (8H, s) IR (neat, v / cm'l): 2954, 2928, 2856, 2266 (Cyano), 2184, 1723, 1462, 1393,
1260.

6.5.13 Synthesis of 87

Calixarene 86a (750 mg, 0.63 mmol) was dissolved in a 1M solution of TBAF in THF (13
mL, 13 mmol), the reaction was monitored by TLC. Once complete the reaction was quenched
by the addition of cold water (100 mL), and the product was extracted with dichloromethane
(3x 50 mL). The combined organic layers were then washed with water (2x 100 mL), dried over
MgSO,. The filtrate was concentrated in vacuo, and the residue was purified using flash
chromatography (acetone/petroleum 1:4) to afford 87 as a yellow solid (0.25 g, 54%). ‘H NMR
(500 MHz, CDCl5): 2.48 (4H, t, J = 2.1 Hz), 3.17 (4H, d, J = 13.8 Hz), 4.59 (4H, d, J = 13.8 Hz), 4.70
(8H, d, J = 2.1 Hz), 6.39 (8H, s). *C NMR (125 MHz, CDCl,): 32.1, 61.6, 75.5, 79.9, 118.9, 135.1,
136.9, 152.4; IR (neat, v / cm™): 3295, 2921, 2195 (alkyne), 2104 (azide), 1587, 1529, 1467,
1366, 1314, 1232, 1201, 1001; HRMS: m/z: [M + NH,]" Calcd for C,oH3,N1304, 758.2695, found
758.2689.

6.5.14 Synthesis of 89

CuS0O, (15 mg, 0.06 mmol) and sodium ascorbate (24 mg, 0.12 mmol) were dissolved in
5 mL ethanol:water (1:1). To which was added 86a (180 mg, 0.15 mmol) and 88 (69 mg ,0.68
mmol) dissolved in 5 mL dichloromethane, the reaction mixture was rapidly stirred for 24
hours. Once complete 50 mL of water was added and the product was extracted with
dichloromethane (3x 20 mL), dried over MgSO, and concentrated in vacuo. The residue was
then purified using column chromatography (acetone/petroleum 2:8) to yield 89 as a beige
solid (95 mg, 41%). "H NMR (500 MHz, CDCl3): 0.12 (24H, s), 0.91 (36H, s), 3.45 (4H, d, J = 13.5
Hz), 4.79 (4H, d, J = 13.5 Hz), 4.97 (8H, s), 7.27 (12H, m) 7.32 (8H, t, J = 7.4 Hz), 7.74 (8H, d, J =
7.4 Hz), 7.96 (4H, s). *C NMR (125 MHz, CDCl5): -4.5, 16.6, 26.1, 32.6, 62.4, 92.0, 101.3, 118.1,
120.9, 126.0, 128.3, 128.8, 130.1, 133.0, 136.9, 148.3, 155.0. IR (neat, v / cm™): 2954, 2928,
2856, 2175, 1595, 1478, 1457, 1221, 1250. HRMS: m/z: [M + H]* Calcd for CogH10sN1204Sis,
1606.7792, found 1606.7763.
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6.5.15 Synthesis of 90

Calixarene 89 (140 mg, 0.09 mmol) was dissolved in a 1 M solution of TBAF in THF (570
mg, 1.8 mmol) at room temperature, the reaction was then stirred for 24 hours. Once the
reaction as complete (determined by TLC), water (50 mL) was added and the product was
extracted into dichloromethane (3x 50 mL) and concentrated in vacuo before being purified by
flash chromatography (acetone/petroleum ether 2:3) to yield 90 as a light yellow powder (90
mg, 87%). *H NMR (500 MHz, CDCls): 2.60 (4H, t, J = 2.4 Hz), 3.45 (4H, d, J = 13.7 Hz), 4.80 (4H,
d, J=13.7 Hz), 4.89 (8H, d, J = 2.4 Hz), 7.22 (4H, t, J = 7.3 Hz), 7.26-7.31 (16H, m), 7.72 (8H, d, J
= 7.3 Hz), 8.03 (4H, s). *C (125 MHz, CDCl,): 32.4, 61.9, 76.3, 79.4, 118.2, 120.9, 126.0, 128.2, 128.8,
130.1, 133.0, 136.6, 148.1, 155.2. IR (neat, v / cm™): 2963, 2930, 2863, 2118, 1699, 1595, 1477,
1220. HRMS: m/z: [M + NH,]" Calcd for C;,Hs,N1,04, 1166.4573 found 1166.4568.

6.5.16 Synthesis of 92

Cu(SO,) (82.5 mg, 0.33 mmol) dissolved in 5 mL ethanol:water (1:1) was slowly added
to a solution of sodium ascorbate (32.7 mg, 0.17 mmol) in 5 mL ethanol:water (1:1). A separate
vessel was charged with calixarene 86a (50 mg, 0.041 mmol) and 1-ethynyl-3,5-
bis(trifluoromethyl)benzene 91 (45.3 mg, 0.19 mmol) to which the copper solution was slowly
added and the reaction mixture was allowed to stir for 1 hour. Dichloromethane (10 mL) was
then added and the reaction mixture was rapidly stirred overnight. Once complete, confirmed
by TLC, the reaction was quenched by the addition of cold water (50 mL), and the product was
extracted with dichloromethane (3x 25 mL) washings of the aqueous layer, dried over MgSO,.
The filtrate was concentrated in vacuo, and the residue was purified using flash
chromatography (acetone/petroleum ether 2:7) to afford 92 as a yellow solid (56 mg, 64%). 'H
NMR (500 MHz, CDCl;): 0.12 (24H, s), 0.91 (36H, s), 3.47 (4H, d, J = 13.9 Hz), 4.82 (4H, d, J =
13.9 Hz), 4.96 (8H, s), 7.79 (4H, s), 8.09 (4H, s), 8.18 (8H, s). °F NMR (471 MHz, CDCI3): 63.1.
BC NMR (125 MHz, CDCI3): -4.55, 1.17, 16.57, 26.11, 30.96, 32.50, 62.50, 92.31, 100.94,
118.95, 120.73, 121.99, 123,23 (q, / = 33.6 Hz), 125.80, 132.22 (q, / = 33.6 Hz), 137.24, 145.67,
155.44; IR (neat, v / cm™): 2954, 2930, 2869, 2179 (alkyne), 1596, 1486, 1373, 1277, 1130;
HRMS: m/z: [M + NH4]" Calcd for CygqH104F24N1304Si4, 2166.7023, found 2166.7010.

6.5.17 Synthesis of 93a

Activated 4A molecular sieves (2.7 g) were milled and added to a round bottomed flask
containing DMF (20 mL) and LiOH (240 mg, 10 mmol), this mixture was stirred for 20 minutes.
L-phenylalanine methyl ester hydrochloride (1 g, 4.65 mmol) was then added and the solution

was stirred for another 45 minutes before the addition of propargyl bromide (80 wt% solution
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in toluene, 0.94 mL, 8.4 mmol) the reaction was then continued for 24 hours. At which point
the solids were removed by filtration, concentrated in vacuo and purified by flash
chromatography (EtOAc/petroleum ether 1:8) to yield 93a as an oil (550 mg, 56%). ‘H NMR
(500 MHz, CDCl5): 1.98 (1H, br, s), 2.20 — 2.18 (1H, m), 3.44 — 3.32 (1H, m), 3.66 — 3.64 (1H, m),
3.77—=3.72 (1H, m), 7.32 = 7.12 (1H, m). *C NMR (125 MHz, CDCl,): 36.7, 39.3, 51.7, 61.1, 71.9,
81.1, 126.8, 128.4, 129.1, 136.8, 174.2. IR (neat, v / cm™): 3290, 3028, 2950, 1732 (ester),
1454, 1434, 1201, 1772, 1129.

6.5.18 Synthesis of 93b

Activated 4A molecular sieves (3.2 g) were milled and added to a round bottomed flask
containing DMF (20 mL) and LiOH (286 mg, 11.9 mmol), this mixture was stirred for 20
minutes. L-leucine methyl ester hydrochloride (1 g, 5.5 mmol) was then added and the solution
was stirred for another 45 minutes before the addition of propargyl bromide (80 wt% solution
in toluene, 1.1 mL, 9.9 mmol) the reaction was then continued for 24 hours. At which point the
solids were removed by filtration, concentrated in vacuo and purified by flash chromatography
(EtOAc/petroleum ether 1:8) to yield 93b as an brown oil (459 mg, 46%). "H NMR (500 MHz,
CDCl;): 0.85 (6H, m, J = 6.6 Hz), 1.46 — 1.36 (m, 2H), 1.67 (1H, m, J = 6.6 Hz), 2.15 (1H, t, J = 2.4
Hz), 3.28 (1H, m, J = 2.4,) 3.41 — 3.35 (2H, m), 3.65 (3H, d, J = 1.0 Hz). *C NMR (125 MHz,
CDCl,): 22.1, 22.7, 24.8, 36.9, 42.5, 51.7, 58.5, 71.6, 175.8. IR (neat, v / cm™): 3293, 2955, 2870,
1732 (ester), 1468, 1434, 1197, 1149. 991

6.5.19 Synthesis of 93¢

L-proline methyl ester hydrochloride (1.6 g, 9.7 mmol), K,CO; (4.0 g, 30 mmol) and
propargyl bromide (80% wt% solution in toluene, 2.15 mL) were all added to a reaction vessel
containing 40 mL methanol and stirred for 24 hours. EtOAc (100 mL) was added to the reaction
and the solids were removed by filtration. The filtrate was then concentrated in vacuo and
purified by flash chromatography (EtOAC/petroleum ether 1:5) to yield 93¢ as an brown oil
(600 mg, 40%). "H NMR (500 MHz, CDCl,): 1.78 —1.70 (1H, m), 1.87 — 1.80 (1H, m), 1.91 (1H, m,
J=9.2 Hz), 2.08 (1H, m, J=9.0), 2.15 (1H, t, /= 2.4 Hz), 2.65 (1H, m, J = 9.0 Hz), 3.01 — 2.95 (1H,
m), 3.36 (1H, m, J = 9.2 Hz), 3.58 — 3.47 (2H, m, J = 2.4 Hz), 3.65 (3H ,s). °C NMR (125 MHz,
CDCl3): 23.2, 29.5, 41.1, 51.9, 52.2, 62.5, 73.2, 78.3, 174.0. IR (neat, v / cm™): 2951, 2881, 2830,
1754 (ester), 1421.

6.5.20 Synthesis of 94a
Calixarene 86a (50 mg, 0.042 mmol), amino acid 93a (55 mg, 0.25 mmol), and

[(MeCN),Cu]PFs (63 mg, 0.17 mmol) were charged into a round bottomed flask and dissolved in
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dry dichloromethane (20 mL). The reaction was monitored by IR until the azide stretch at 2100
cm™ was no longer observed. Once the reaction had progressed to completion, water (50 mL)
was added and the product was extracted into dichloromethane (3 x 20 mL). The organic layer
was washed with a 1 M aqueous solution of EDTA (30 mL) and concentrated in vacuo before
being purified by flash chromatography (acetone/petroleum ether 4:5) to yield 94a as a light
brown solid (45 mg, 52%). *H NMR (500 MHz, CDCl5): 0.11 (24H, s), 0.90 (36H, s), 2.04 (4H, s),
2.92 (8H, m), 3.39 (4H, d, J = 13.4 Hz), 3.63 (12H, s), 3.76 (4H, d, J = 13.9 Hz), 3.90 (4H, d, J =
13.9 Hz,), 4.75 (4H, d, J = 13.4 Hz), 4.95 (8H, s), 7.18 — 7.02 (28H, m), 7.30 (4H, s). *C NMR (125
MHz, CDCl3): -4.6, 16.5, 26.1, 32.5, 39.7, 51.9, 62.3, 62.5, 91.9, 101.3, 120.2, 120.7, 126.8,
128.4, 129.4, 133.0, 136.7, 137.5, 147.1, 154.8, 174.8. IR (neat, v / cm-1): 2951, 2928, 2855,
1732 (ester), 1595, 1484, 1205. HRMS: m/z: [M + 2H]** Calcd for Cy16H144N16015Sia, 1034.0200,
found 1034.0196.

6.5.21 Synthesis of 94b

Calixarene 86a (100 mg, 0.084 mmol), amino acid 93b (92 mg, 0.50 mmol), and
[(MeCN),Cu]PFs (126 mg, 0.34 mmol) were charged into a round bottomed flask and dissolved
in dry dichloromethane (20 mL). The reaction was monitored by IR until the azide stretch at
2100 cm™ was no longer observable. Water (50 mL) was then added and the product was
extracted into dichloromethane (3 x 20 mL). The organic layer was washed with a 1 M aqueous
solution of EDTA (30 mlL) and concentrated in vacuo before being purified by flash
chromatography (Acetone/petroleum ether 4:7) to yield 94b as a beige solid (116 mg, 60%). 'H
NMR (500 MHz, CDCl;): 0.08 (24H, s) 0.87 (36H, s), 0.92 — 0.78 (24H, m), 1.55 — 1.44 (8H, m),
1.70 (4H, m), 2.02 (4H, br, s), 3.35 (4H, d, J = 13.6 Hz), 3.37 (4H, m), 3.69 (12H, s), 3.75 (4H, d, J
= 14.0 Hz), 3.89 (4H, d, J = 14.0 Hz), 4.71 (4H, d, J = 13.6 Hz), 4.89 (8H, s), 7.10 (8H, d, J = 14.0
Hz), 7.64 (4H, s). *C NMR (125 MHz, CDCl): -4.6, 16.5, 22.5, 22.8, 25.0, 26.1, 32.4, 42.7, 43.3,
51.8, 59.8, 62.2, 91.9, 101.3, 120.4, 120.7, 120.8, 133.0, 154.8, 176.0. IR (neat, v / cm-1): 2954,
2929, 2857, 2176, 1733 (ester), 1597, 1485, 1205, 1035. HRMS: m/z: [M + 2H]** Calcd for
Ci04H15:N1601,Si4, 966.0512, found 966.0507.

6.5.22 Synthesis of 94c

Calixarene 86a (100 mg, 0.084 mmol), amino acid 93c (84 mg, 0.50 mmol), and
[(MeCN),Cu]PFs (126 mg, 0.34 mmol) were charged into a round bottomed flask and dissolved
in dry dichloromethane (20 mL). The reaction was monitored by IR until the azide stretch at
2100 cm™ was no longer observable. Water (50 mL) was then added and the product was

extracted into dichloromethane (3 x 20 mL). The organic layer was washed with a 1 M aqueous
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solution of EDTA (30 mlL) and concentrated in vacuo before being purified by flash
chromatography (dichloromethane/acetone/methanol 7:6:0.1) which yielded 94c as a yellow
solid (80 mg, 51%). "H NMR (500 MHz, CDCl3): 0.08 (24H, s), 0.87 (36H, s), 1.80 — 1.69 (4H, m),
1.98 — 1.82 (8H, m), 2.13 — 2.06 (4H, m), 2.50-2.44 (4H, m), 3.16-3.10 (4H, m), 3.46 — 3.34 (4H,
m), 3.35 (4H, d, J = 13.5 Hz), 3.63 (12H, s), 3.80 (4H, d, J = 13.8 Hz), 3.98 (4H, d, J = 13.8 Hz),
4.71 (4H, d, J = 13.5 Hz), 4.90 (8H, s), 7.15 (8H dd, J = 10.4, 2.5 Hz), 7.71 (4H, s). 3C NMR (125
MHz, CDCl5): -4.6, 16.5, 23.1, 26.1, 29.5, 48.5, 52.0, 53.4, 62.2, 64.9, 91.9, 101.3, 120.6, 120.7,
121.3, 132.9, 136.7, 144.8, 154.8, 174.4. IR (neat, v / cm-1): 2951, 2938, 2855, 2178, 1735
(ester), 1596, 1484, 1203, 1174. HRMS: m/z: [M + H]" Calcd for Cy0oH136N16015Sis, 1866.9699,
found 1866.9667.

6.5.23 Synthesis of 95

Amino acid 93c (340 mg, 2.03 mmol) was dissolved in 5 mL methanol and a 1 M
solution of LiOH (5 mL) was slowly added to the reaction, the mixture was then stirred for 1
hour. Once complete the reaction was neutralised using a 1 M solution of HCl and
dichloromethane (20 mL) was added. The product was then extracted into water (3 x 10 mL)
and concentrated under reduced pressure. The residue was then dissolved in methanol,
filtered and concentrated in vacuo to yield 95 as a brown oil (220 mg, 59%). ‘*H NMR (500 MHz,
CD;CN) 0.74 — 0.63 (1H, m), 0.90 — 0.79 (2H, m), 1.26 — 1.14 (1H, m), 1.92 (1H, t, J = 2.6 Hz),
2.07 - 2.01 (1H, m), 2.50-2.41 (1H, m), 2.95-2.78 (2H, m, J = 2.6 Hz), 3.11-2.98 (1H, m). HRMS:
m/z: [M + H]  Calcd for CgH,,NO,, 152.0717, found 152.0718.

6.5.24 Synthesis of 97a

Cu(S0,) (175 mg, 0.7 mmol) dissolved in 5 mL ethanol:water (1:1) was slowly added to
a solution of sodium ascorbate (70 mg, 0.35 mmol) in 5 mL ethanol:water (1:1). A separate
vessel was charged with calixarene 74 (69.6 mg, 0.087 mmol) and ferrocenyl methyl azide 96
(45.3 mg, 0.19 mmol) to which was added the copper solution and the reaction mixture was
allowed to stir for 1 hour. Dichloromethane (10 mL) was added and the reaction mixture was
rapidly stirred overnight. Once complete, as monitored by TLC, the reaction was quenched by
the addition of cold water (50 mL), and the product was extracted with dichloromethane (3x
25 mL) and dried over MgS0,. The filtrate was concentrated under reduced pressure, and the
residue was purified by flash chromatography (acetone/petroleum ether 1:3) to afford 97a as
a yellow solid (60 mg, 39%) ‘*H NMR (500 MHz, CDCl3): 1.03 (36H, s), 2.72 (4H, d, J = 11.2 Hz),
3.99 (4H, d, J = 11.2 Hz), 4.36 — 4.16 (36H, m), 4.90 (8H, s), 5.22 (8H, s), 6.61 (8H, s), 7.61 (4H,
s). ®C NMR (125 MHz, CDCl3): 31.45, 31.60, 33.83, 49.89, 66.55, 68.80 - 69.0, 81.94, 123.98,
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124.89, 134.07, 144.54, 144.75, 151.95; IR (neat, v / cm™): 3094, 2960, 2865, 2243, 1601, 1478,
1462, 1194; HRMS: m/z: [M + H]" Calcd for Cyg0H109N1,04Fe4, 1766.6123, found 1766.6096.

6.5.25 Synthesis of 97b

Cu(S0,) (175 mg, 0.7 mmol) dissolved in 5 mL ethanol:water (1:1) was slowly added to
a solution of sodium ascorbate (70 mg, 0.35 mmol) in 5 mL ethanol:water (1:1). A separate
vessel was charged with 72 (50 mg, 0.087 mmol) and ferrocenyl methyl azide 96 (45.3 mg, 0.19
mmol) to which the copper solution was slowly added and the reaction mixture was allowed to
stir for 1 hour. Dichloromethane (10 mL) was added and the reaction mixture was rapidly
stirred overnight. Once complete, as monitored via TLC, the reaction was quenched by the
addition of cold water (50 mL), and the product was extracted with dichloromethane (3x 25
mL), and dried over MgSQO,. The filtrate was concentrated in vacuo, and the residue was
purified by flash chromatography (acetone/petroleum ether 1:3) to afford 97b as a yellow solid
(85 mg, 64%). *H NMR (500 MHz, CDCls): 2.86 (4H, d, J = 13.0 Hz), 4.09 (4H, d, J = 13.0 Hz), 4.28
—4.14 (36H, m), 4.96 (8H, s), 5.19 (8H, s), 6.51 (12H, s), 7.66 (4H, s). *C NMR (125 MHz, CDCls):
31.27,49.90, 66.50, 68.78, 68.87, 68.93, 81.86, 122.56, 123.90, 128.11, 135.30, 144.19, 154.63;
IR (neat, v / cm'l): 3085, 2919, 2243, 1709, 1584, 1457, 1432, 1195; HRMS: m/z: [M + 2H]*
Calcd for CgsH,5N1,04Fes, 771.1834, found 771.1831.

6.6 Electrografting and post surface modification

6.6.1 Formation of GCE surface S4

Calixarene (24 mg, 0.2 mmol) 85 was added to a fresh anhydrous electrochemical cell
containing a 10 mL solution of 0.1 M [nBusN][PF¢] in acetonitrile. The surface was then
modified by potential cycling of the cell five times between 0 V and -1.5 V vs Ag/Ag’. The
electrode surface was thoroughly cleaned by sonication in acetone, dichloromethane and then

water, each for five minutes intervals. This yielded surface S4.

6.6.2 Post surface modification of modified surface S4

Removal of the TBDMS protecting groups from surface S4 was conducted by sub-
merging the GCE stub in a stirring solution of 1 M TBAF (10 mL) in THF for 14 hours. The
electrode was then removed from the solution and cleaned by sonication in acetone,

dichloromethane and then water. This yielded modified surface S5.

The CuAAC reaction, with the now, unprotected alkynyl groups and ethynyl ferrocene, was
conducted by submersion of the stub S5 in a stirring solution of copper(ll) sulfate (50 mg, 0.2

mmol) and sodium ascorbate (20 mg, 0.1 mmol) in 10 mL of 1:1 ethanol:water, to which was
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added a solution of 96 (10 mg, 0.05 mmol) in 2 mL dichloromethane. The reaction was
performed for 12 hours after which the GCE was then removed from the solution and cleaned
by sonication in acetone, dichloromethane, 1 M EDTA and then water to yield modified surface

S6.

6.6.3 Electrografting of compound 83 onto a GCE to form surface S7

Calixarene 83 (30 mg, 0.04 mmol) was dissolved in an anhydrous electrochemical cell
containing 10 mL of a 0.1 M solution of [nBu,][NPF¢] in THF. The mixture was cooled to -78 °C
and nBuli (1.6 M in hexanes, 0.2 mL, 0.016 mmol) was added drop wise, the reaction mixture
was then stirred for 5 minutes. The surface of the GCE was modified by potential cycling of the
cell between 0 V and 2 V before being held at a potential positive of the peak potential for 5
minutes. The electrode was then removed from the electrochemical solution and cleaned by

sonication in acetone, dichloromethane and then water to produce modified surface S7.

6.6.4 Formation of GCE surface S8

Calixarene 87 (30 mg, 0.04 mmol) was dissolved in an anhydrous electrochemical cell
containing 10 mL of a 0.1 M solution of [nBus][NPFs] in THF. The mixture was cooled to -78 °C.
nBulLi (1.6 M in petroleum ether, 0.2 mL, 0.016 mmol) was added drop wise, the reaction
mixture was then stirred for 5 minutes. The surface of the GCE was then modified by potential
cycling of the cell between 0 V and 2 V before being held at a potential positive of the peak
potential for 5 minutes. The electrode was then removed from the electrochemical and
cleaned by sonication in acetone, dichloromethane and then water to produce modified

surface S8.

6.6.5 CuAAC reaction of S8 with ethynyl ferrocene

Ferrocene moieties were added to the exposed azides on the surface of S8 by using
the CuAAC reaction. This was conducted by submerging the modified GCE stub S8 in a stirring
solution of copper(ll) sulfate (50 mg, 0.2 mmol) and sodium ascorbate (20 mg, 0.1 mmol) in 10
mL of 1:1 ethanol:water to which was added ethynyl ferrocene (10 mg, 0.05 mmol) dissolved
in 2 mL dichloromethane, the reaction was continued for 24 hours. The electrode was then
removed from the solution and cleaned by sonication in acetone, dichloromethane, 1 M EDTA

and then water to produce modified surface S9.

6.6.6 CuAACreaction of S8 with 91
The fluorine probes, 1-ethynyl-3,5-bis(trifluoromethyl)benzene, were added to the

exposed azides on surface of S8 using the CUAAC reaction. This was conducted by submerging
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the modified GCE stub S8 in a stirring solution of copper(ll) sulfate (50 mg, 0.2 mmol) and
sodium ascorbate (20 mg, 0.1 mmol) in 10 mL of 1:1 ethanol:water to which was added 1-
ethynyl-3,5-bis(trifluoromethyl)benzene 91 (12 mg, 0.05 mmol) dissolved in 2 mL
dichloromethane, the reaction was continued for 24 hours. The electrode was then removed
from the solution and cleaned by sonication in acetone, dichloromethane, 1 M EDTA and then

water to produce modified surface S10.

6.6.7 General method for the modification of electrode surface S8 with N-
alkylated amino acids (93a-c or 95)

Modified GCE S8 was submerged in a stirring solution of [(MeCN),Cu]PFs (18 mg, 0.05
mmol) and N-alkylated amino acid (93a-c or 95) (0.05 mmol) in 5 mL dry acetonitrile, the
reaction was continued for 24 hours. The electrode was then removed from the solution and
thoroughly cleaned by sonication in acetone, dichloromethane, 1 M EDTA and then water to

produce modified surfaces S11a-d.
6.7 Electro-synthetic reductions

6.7.1 General procedure

The pro-chiral ketone (0.001 mol) was dissolved in a 10 mL solution of dry DMF containing
[nBu;NI[I] (0.37 g, 0.001 mol). The solution was then saturated with CO, and a CV was
recorded between -0.4 V and -3 V to determine the potential of the peak current at 100 mV s™.
The solution was then held at this potential for 48 hours while being bubbled with CO, and
rapidly stirred. The electrode setup used in these systems was comprised of a magnesium
ribbon counter electrode, silver reference electrode and either an unmodified GCE or S11a-d

as the working electrode.

6.7.2 Formation and purification of 104

Once the electrolysis of compound 102a, using the procedure described in 5.5.2.1, was
complete potassium carbonate (138 mg, 1.0 mmol) and Mel (0.19 ml, 0.4 mmol) were added
to the solution which was heated to 60 °C for 3 hours. The mixture was then concentrated
under reduced pressure, dissolved in diethyl ether (25 mL) and washed with water (3x25 mL),
before being purified by flash chromatograph (acetone/petroleum ether 1:8) to yield 104 as a
pure white solid. "H NMR (500 MHz, CDCl,): 2.36 (3H, s), 3.86 (3H, s), 4.16 (1H, s), 7.18 — 7.14
(2H, m), 7.37 — 7.28 (5H, m), 7.46 — 7.41 (2H, m). *C NMR (125 MHz, CDCl;): 21.2, 53.7, 81.1,
127.4,127.5, 128.1, 128.2, 129.0, 138.0, 139.2, 142.1, 175.2. IR (neat, v / cm™): 3513, 3028,
2959, 1716 (ester), 1431, 1255, 1155.
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6.7.3 Formation and purification of 107

Once the electrolysis of compound 105, using the procedure described in 5.5.1, was
complete the solution was concentrated under reduced pressure and the residue was stirred
in 50 mL of 1 M HCI for 20 minutes. The product was then extracted into diethyl ether (3x 25
mL) before an alkaline solution of 1 M NaOH (50 mL) was added and the mixture was stirred
for 10 minutes. The aqueous layer was then washed with diethyl ether (3x 25 mL) before being
acidifed and the product extracted into diethyl ether (3x 25 mL). The solution was then
concentrated under reduced pressure and the resulting residue was take up into chloroform
(20 mL). The white precipitate that formed was isolated by filtration and then dissolved in DMF
(10 mL), to which was added potassium carbonate (138 mg, 1.0 mmol) and Mel (0.19 mL, 0.4
mmol), the mixture was then stirred at 60 °C for 3 hours before being concentrated under
reduced pressured and then purified by flash chromatography (acetone/petroleum ether 1:6)
to yield 107 as a pure white solid. "H NMR (500 MHz, CDCl;): 1.89 (3H, s) 3.78 (3H, s), 3.92 (3H,
s), 7.12 (1H, d, J = 2.5 Hz), 7.16 (1H, dd, J = 9.0, 2.5 Hz), 7.61 (1H, dd, /= 9.0, 1.8 Hz), 7.74 (2H, t,
J=9.0 Hz), 7.95 (1H, d, J = 1.8 Hz). *C NMR (125 MHz, CDCl3): 26.7, 53.4, 55.4, 75.9, 105.5,
119.2, 124.0, 127.1, 128.6, 129.9, 134.1, 137.9, 158.1, 176.3. IR (neat, v / cm™): 3455, 2993,
2961, 1736 (ester), 1630, 1604, 1439.

6.7.4 Formation and purification of 113

Once the electrolysis of compound 111, using the procedure described in 5.5.2.1, was
complete potassium carbonate (138 mg, 1.0 mmol) and Mel (0.19 ml, 0.4 mmol) were added
to the solution which was heated to 60 °C for 3 hours. The mixture was then concentrated
under reduced pressure, dissolved in diethyl ether (25 mL) and washed with water (3x25 mL),
before being purified by flash chromatograph (acetone/petroleum ether 1:8) to yield 111 as a
pure white solid. *H NMR (500 MHz, CDCl;): 1.77 (3H, s), 3.71 (1H, s), 3.77 (3H, s), 3.80 (3H, s),
6.90 — 6.86 (2H, m), 7.55 — 7.39 (2H, m). *C NMR (125 MHz, CDCl,): 26.80, 53.34, 55.41, 75.54,
113.80, 126.61, 134.98, 159.34, 176.51. IR (neat, v / cm™): 3515, 3011, 2994, 2959, 2835, 1714
(ester), 1507, 1247.

6.7.5 Formation and purification of compounds 110, 114 and 115

Once the electrolysis of compound 108, using the procedure described in 5.5.2.1, was
complete potassium carbonate (138 mg, 1.0 mmol) and Mel (0.19 ml, 0.4 mmol) were added
to the solution which was heated to 60 °C for 3 hours. The mixture was then concentrated
under reduced pressure, dissolved in diethyl ether (25 mL) and washed with water (3x25 mL),

before being purified by flash chromatograph (acetone/petroleum ether 1:5).
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While using an unmodified GCE compound 110 was isolated as the major product. '"H NMR
(500 MHz, CDCl5): 1.79 (3H, s), 3.73 (1H, s), 3.78 (3H, s), 7.32 — 7.28 (1H, m), 7.38 — 7.33 (2H,
m), 7.56 — 7.53 (2H, m).

While using modified GCE surface S8c compound 114 was isolated as the major product. 'H
NMR (500 MHz, CDCl3): 2.65 (3H, s) 3.95 (3H, s), 3.99 (1H, s), 8.01 (2H, d, J = 8.4 Hz), 8.13 (2H,
d,J = 8.4 Hz); HRMS: m/z: [M + H]" Calcd for C;oH;003, 178.0630, found 179.0708.

And a small amount of 115 was also detected. *H NMR (500 MHz, CDCls): 2.70 (3H, s), 3.99 (6H,
s), 8.78 (2H, d, J = 1.5 Hz), 8.87 (1H, t, J = 1.5 Hz); HRMS: m/z: [M + H]* Calcd for Cy,H4,0s,
236.0685, found 237.0756.

6.8 X-ray crystallographic data and data collection

Single crystals of 83 were grown by slow evaporation of solvents (petroleum ether and
acetone (5:1)); a suitable crystal was selected, encapsulated in a viscous perfluoropolyether
and mounted on an Oxford Diffraction Xcaliber-3 single crystal X-ray diffractometer using Mo
Ka radiation (A = 0.71073 A) where the crystal was cooled to 140 K during data collection. The
data was reduced and an absorption correction performed using Oxford Diffraction
CrysAlisPro."® Using WinGX,™" the structure was solved by Dr David Hughes using ShelXS-97,

and then refined with ShelXL version 2014/7."*'%

Of the four O-alkynyl fragments, one is modeled with a two-component disorder, with 76.5%
corresponding to the target O-alkynyl fragment; while the remainder is replaced by a simple
hydroxyl group and an acetone molecule which occupies the space of the ethyne group. This —
OCH,CCH / —OH-CH;C(O)CHj; alternative grouping is the only site of disorder in the calixarene
molecule. An additional molecule of solvent of crystallization (acetone) was also present in the

asymmetric unit, although highly disordered.

Single crystals of 92 were grown from a saturated toluene solution at -25 °C; data collection

and processing was performed at the UK National Crystallographic Service at the University of

194 195,196

Southampton.™ Using Olex2, the structure was solved by Dr Robin J Blagg using ShelXS

version 2014/7, and then refined with ShelXL version 2014/7.'%

Of the eight CF; fragments, three were modelled with a two-component rotational disorder
about the F;C-C bond, and for four of them it was necessary to model a two-component
disorder for the entire 3,5-(CF;),CsH; fragments related by a pseudo-rotation about the

phenyl-triazole bond.
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Two of the four TBDMS groups exhibit large thermal ellipsoids, indicative of disorder / thermal
motion, all attempts to model this was unsuccessful — the largest areas on unassigned electron

density were all in vicinity of these groups.

While solvent of crystallization (toluene) was clearly present in the unit cell they were heavily
disordered and could not be refined; therefore, using the Olex2 solvent masking function the
contribution of the disordered solvent (total electron count comparable to ca. 3 toluene
molecules in the unit cell) was compensated for (analogous to the SQUEEZE function in

PLATON) 195, 196, 197
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Table 4: Table of crystallographic data for compounds 83 and 92

cone-5,11,17,23-tetra-nitro-
25,26,27,28-
propargylcalix[4]arene

83

cone-5,11,17,23-tetra-(4-[3,5-
bis(trifluoromethyl)benzene]-
1H-1,2,3-triazole-1-yl)-
25,26,27,28--TBDMS-
propargylcalix[4]arene

92

empirical formula
formula weight
temperature / K
crystal system
space group

a/A

b/A

c/A

a/°

B/°

v/°

volume / A3

z

Peaic / Mg.mm”
w/mm*

F(000)

crystal size / mm?®
radiation

20 range for data collection

index ranges

reflections collected

independent reflections

data / restraints / parameters
goodness-of-fit on F>

final R indexes [1>20(1)]

final R indexes [all data]

largest diff. peak / hole /e.A™

ca Cy3 H3s Ny Oq3y
819.75

140(1)

Monoclinic

P2./n

11.5321(6)
23.8990(14)
14.6678(8)

90

94.030(4)

90

4032.5(4)

4

1.350

0.102

1708

0.40x0.17 x 0.035
Mo Ka (A = 0.71073 A)
5.77t0 43.00 °

-11<h<11,-24<k<24,-15<

<15
40810

4617
[R int = 0'127/ Rsigma = 0-0434]

4617 /0/589

1.201

R:=0.0835, wR,=0.1291
R:1=0.1139, wR, =0.1395
0.23/-0.27

C104 H100 F2a N1» O4 Sis
2150.31

100(2)

triclinic

P-1

12.2448(2)
21.1239(3)
23.5984(5)
80.210(2)
80.212(2)
75.892(2)
5780.6(2)
2

1.235

0.142

2224

0.126 x 0.063 x 0.038
Mo Ka (A = 0.71075 A)
3.462 to 50.054°

-14<h<14,-25<k<25,-28 <

<27
85652

20419
[Rint = 0.0489, R ggma = 0.0434]

20419 /389 /1644

1.063

R:1=0.0931, wR, =0.2613
R:1=0.1245, wR, =0.2809
0.95/-1.28
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