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ElectroOrganic Chemistry has great potential to be used extensivelyeimicalsynthesis

but remains relatively undexploited. In an effort to help expand this promising field of
research, this PhD project was centred around developing new electroalhmethodology

for use in organicreactions particularly through efficient coppeatalysedprocesses.
Copper(l) acetylides, which are highly useful intermediates found in many organic syntheses,
were produced in good to excellent yields and in an ergffggrent manner. This was
achieved by using a Celectrode as thmetalsource, allowing aective release of Cions

into solution through an applied oxidative potential. This reaction was expanded upon to
incorporate quaternary ammonium salt reduction in an undivided cell to generate a base
simultaneously with the Cuons. Moreover, it prozd possible to regenerate the base
electrochemically, making the process catalytic in naWesthen incorporated these methods
into the pharmaceutically relevant CUAAC reaction, forminty Bonds.This C oxidation
wasalso used to great effect in aagtic CG-C bondforming reaction, namely Glasefay
dimerization, for which an electrbemistryled mechanistic investigation was carried mut

help shed new light on this lordebated reactigras well as in the Charam reaction to form

C-O bonds.

In addition, the development of coppenated graphite electrodes alloweddontrol ovetthe

amount of copper released in these processe:
electrolysis)and the determination of the oxidation state ofdbgper released his system

also offered a promising recovery strategy to extract nimalelectrochemically following

the completion of reactions, depositing the metal back onto the graphite surface ready to be

used again. This has a clear advantager @axisting synthetic processes in terms of
sustainability and 6greend credentials and h

for the minimisation of water pollution.



The impact of this work will most likely be feltithin academic spheres, specifically in the
fields of organic chemistry arsy/ntheticelectrochemistry. We hope that this work may help

to encourage more widespread adoption of electrochemistry in synthesis as it is currently an
underexploited area of asearch. The work presented in this thesis also encompasses
organometallic chemistry and catalysis, as well as pharmaceutically relevant reactions like the
CUuAAC reaction This means thatthe highly sustainable processes we have develo@sd
alsobe of inerest to these areas of academia and the chemical indDgist. academic
impacts include the possibility of future collaborations on related work as this interdisciplinary
project itself was the result of a successful collaboration between Dr Jon Wilden (UCL
Organic Chemistry) and Prof. Katherine Holt (UCL Electremistry). There is scope for
further collaboration with organometallic chemists for mechanistic insights into certain
reaction processesnd surface scientists for the characterisation of metal coattugh
collaborations help to bridge the gap betwg®various disciplines and lead to exciting new

results.

Outside of academia the impact of this work will most likelydeatred around solving
environmentalssuesas the electrochemical copper recovery methodology we have begun to
develop may be used to minimise the heavy metal pollution of water. Indeed, we were
fortunate to present some of this work at an international conference (IUPAC 2019, Paris)
under the thme o f 6Catal ysi s, Sorption and Separ
Furthermore, there is potential to market this research to industry on the grounds that a
reasonable financial saving may be made from the use of thegnatell graphite electrodes

in reactions. The reason for this is that the metal may be released into solution in a specific
oxidation state to catalyse a reaction, then recovered simplseduction back onto the
graphite rod in an immediately reusable form, saving money on catalyts arad expensive
recovery techniques. Some fremmercialisation funding was awarded to us during this

project to investigate tHeasibility of thisidea

The way in which these impacts may be brought about are primarily through the publication
of this work in academic journals, as well as in the presentation of results at national and
international conference®/e have already made a good start on this as we were fortunate to
be able to publish 5 papers from the work in this th@aidV. Seavill, K. BHolt and J. D.
Wilden, Green Chem.2018 20, 5474 P. W. Seavill, K. B. Holt and J. D. Wildekraraday
Discuss, 2019 220,269 P. W. Seavill, K. B. Holt and J. D. WildeRSC Ady.2019 9,

2930Q D. Li, P. W. Seavill ad J. D. WildenChemElectroChen2019 6, 5829andY. Aoki

et al, Faraday Discuss 2019 220,282 as well aspresent at several conferences.
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Electrochemistry is one of the modtrect ways in which chemists can interact with
moleculest Through the understanding and controlfohdamental electron and nucleus
relationships it is possible to add or remove electrons to evoke desired reakticguch
there is a strong literature precedent for the generation of reactive gpatiesn be used in
organic synthesi$Many examples exist includindut certainlynot limited ta the generation

of selenides!® nitrenes’ isocyanideg superoxidé®,as well as species for aromatieHbond
functionalisatior?-*°Indeed, highly useful reactions lieavironmentallyoenign oxidations?
fluorinations!? functionalisations of renest® decarboxylation$? coupling reaction$’
heterocycle formatio% and natural product synthesesave all been perfmed using
electrochemistry® The main benefits of using electrochemistry for organic transformations
are that potentially hazardous species can be produced and then coimssitogeliminating

the need to handle them direg¢tlgpecies can be produced in a very controlled manner over
time and dectrochemical reactions can be scaled up with €ase.

1.1 A Brief History

The history ofElectroOrganicSynthesigEQOS) begins inthe yearl800with the invention of

the first electric battery, the Volta Pilethich allowed a continual movement of electrons

through a circuifor the first time>° Around 30 years later Michael Faraday madeund
breakingstrides in understanding the nature of electricity. The popularisation of terms like

anode, cathodand electrolysis, the observation of ions moving through electrolyte solutions
andthedevel opment of Far adwhighcan bk summeagdifEqQ.BEl ect r o
and which proved to be very important for work carried out in this proféatan all be
attributed to Far?daradgy@lsobecaniea pisneev a elestyanic i e s
chemistry when he deribedthe electrolysis ofsodium acetatevhich woud later form the

basis of the welknown Kolbe electrolysis of carboxylic acids to produce alkyl radic&ls.

Faraday,s La"_vs Ny = Number of moles
of Electrolysis of metal species
Q = Charge passed
Q z = Valency number of (Eq. 1)
nM = - ions of the substrate
ZQNA e = Elementary charge
N, = Avogadro's number

Following this, mportantadvancementi the apparatusised to conduct reactiobggan to
be developeduch aglivided cells to keep anodic and cathodic reactions from interfering with

each othe(1889),2% and the potentiostatievelopedn 194224 which allowed reactions to be



carried out underonstant potentiadonditions. This wasignificant because up until this point

all reactions were exclusively carried out usiognstant current conditions. Thigew
dimension of electrochemistry was further bolstered by the first demonstration of cyclic
voltammetry (CV)in 1948 which remainsot this day an essential technique in an
electrochemigs repertoiré:?® However, perhaps the greatest drawback oSE€nains the

lack of standardised equipment, forcing research groupsetlitioe world to develop and use
their own setups. This introduces a lot of variability between groups and leads to a lack of
reproducibility of results. This problem is slowly beginning to be addressed with the
development of purpodeauilt electrochemistrkits that can be used in synthetic laboratotfes,

but it will take some time before such equipment becomes staisdaedThis is a significant
problemin ECS and thus warrastexpression, however the focus of this PhD project was on
synthetic methodology rather than mechanical concerns and so tHagrns tlie discussion

will continue.

Many major synthetic developments using electrochemistgre madewithin the last 60
year$?6and some notable examples inclide n elécsogenation ofbasesn 19692" the
development of Shono oxidation in 7%(the Ufunctionalisation of alkyl amide¥)and the
formalisation of theprinciples of indirect electrolysis, i.e. utilising mediators to promote other
REDOX reactiong® Furthermore, within the last53/ears aslew of excellentexamples of
EOS have been reported by names such as Kéletroreductive cyclisatiofdy Moeller
(anodic olefin couplingj! Yoshida(the use of S and Si electroauxiliarig&Baran(the toal
synthesis of dixiamycidj and Waldvogel(biaryl coupling)** as well as many otherSuch
work has helped to flesh out the field of EOS and popularise electrochemistry as a st@ng fo
in modernday synthesidmigure 1 shows a simplified timeline of these advancemextapted
from the work of the Baran grotiff with generalreaction schemes where necessaihe
electrogenerationf bases iparticularlyimportant to highlight as it will feature later in this

thesis.
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Generally electrochemical reactions proceed by way of either oxidations or redsidb

generate the desired produlet these processes a stoichiometric amount of electric charge is

needed to achieve full conversion. However, in certain procegbasoichiometric charge is
adequate and these processadsal*amexddpeofcani bed
electrocatalysedynthetic process from the Chiba group skdhat a DielsAlder [4+2]

cycloaddition could be promoted by singlkectrontransfers $chemel).3¢

Schemel: Electrocatalysediels-Alder reaction-3¢

It is thought thabecaus& is a stronger oxidant thahit is reduced to the final product at the
potential ofthe1 / 2 REDOX couple by a chain procegsther than at the cathod®ue to
the observed stereoselectivity of produbtsauthors believe thttis electrochemical reaction
proceeded stepwise, rather than in the concerted manner usually associated wittdBiels
reactions’®® Other exarples of electrocatgbed processem the literatureinclude the

NewmanKwart rearrangemetitandE-Z isomerisation of olefing>8
1.2 Methodology

The experimental work carried out in this project is very oftectedchemical in nature,
despite the reactionthemselvesbeing firmly rooted in organic chemistry. As such, the
equipment and methods used to perform such reactions requires some explanation and

discussion.

In general, the workp and purification parts of reactions described in this report remain
6organi c6 i n nrotdifer fom standardtotganic chenfiseyypractices and so
require no further discussion here. The major difference from a standard organic reaction lies
in the use of electrodes and electrolyte solutions. This allows electrons to be given to, or taken
away from compounds irolution thus allowing reactions to take place. In other words, this
facilitatesREDOX chemistry.



Figure 2 showsthe apparatusind example electrodesed to carry out reactions in either an
undivided cell or a divideaell. The major components in all setups arean electrolyte
solution which, in a broad sense, is a charged species dissolved in a solvent that can carry
charge from one electrode to the other (e.g. NaBr dissolved in M&Oelgctrodes that rest

in the dectrolyte solution and conduct electrons to or from the potentidsta potentiostat,

iv. a reaction vessel or cell (divided or undivided).

A Ag Wire Divided ‘H’ Cell Pt Wire C Rod
- s
— ;
| J
| (
; Semi-porous \

{ 100 mm / divider
30 mm
G——

\ ”

| 5mm
\ 20 mm —
G——
65 mm
Assembled reaction vessell
Apparatus

Pt wire

Cu wire
Ag wire

? B19 Suba-Seal

| 15 mm
b o )
! Schematic top view of
57'mm Reaction Suba-Seal

Vessel

Electrodes

Balloon—
22 mm

Figure2 AAExampl e of a dExampleoah undirded cele®f°l . B.

Figure 2, Ashowsa divided( al s o k n o well. Figuse 2,aBrshowskhdundivided cell

which in this case is simple plastic viglbut can also be a routdttomed flask, or anything

that does not separate the working electrode and counter eledtrdde example image a
balloon can easily be incorporated into the setup to allow reactions to be carried out under an

atmosphere of whatevgas may be required’he same can be done with the divided cell

5



following some modifications to mitigate pressuiferences caused by introducing gas to
one chamber and not the otlfee. adding a connective glass tube above the solvent layer to
link the two chambers)rhe difference between the two types of cell is simply whether the
working electrode and the caen electrode are separated or not. This separation is easily
achieved using an H cell, because it has a chamber either sidetarad glassemiporous
divider. The divider is designed to prevent the mixing of the solutions that are in each chamber,

but still allow small ions through to carry charge and complete the circuit.

Typically, for electrochemical experimenta three electrode systeis used & working
electrode (WE)areference electrod®E)andacounter electrode (CIE)o ensure that current

only flows between the working electrode and the counter electrode and that the potential of
the working electrode is measured relative to that of the reference eletisoddly theRE

is comprised of spees in equilibrium which have a welkefined electrode potential, such as

Ag metal and AgCI in an aqueous solution (the AgCI reference electrodeRH deaws
negligible current and hence its composition is unchanged during the measuréhient
mears thatthe equilibrium and resulting potential at the interface remain constant.

The reference electrode is used as a means of replication of experimentation across different
setups and equipment, because appliedpotential is compared against this referenne.

other words, if the potential is set to +1.30 V on the potentiostat, there will be a potential
difference of +1.30 V between th¢E and theRE. In adivided cell the working electrode

and the reference are kept in the same chamber to limit the potential drop caused by resistance
from keeping the electrodes far ap&tring this project we elected to use a Ag wire on its

own as a Quasi Reference Etede (QRE) instead of using a full reference electrode. This
was partly for convenience, but also because there are few universal reference electrodes that
are suitable for neaaqueous solvents. Ag had the benefit of being a very malleable electrode
which did not interfere with other components of our experimental apparatus (such as stirrer
bars and argon balloons) but had the drawback of not being a rigorously accurate reference
as a weldefined equilibriummaynothaveexistidat its interfaceluring reactions This mean

that the potential of the QREassensitive to changes in solution compositowl coulddrift
overtime. Generally, such QREs maintain a constant potential during a measurement if the
solution composition or the area in contact witluson does not change too much. However,

their potential can vary between different experiments (e.qg. if carried out on different days).
To overcome this, we employed ferrocene as an internal reference to measure potentials in
Cyclic Voltammetry (CV) plat as discussed later in this chapter. This is a standard calibration
procedure that is commonly carried out for electrochemical measurements-awqueous

electrolytes.



The working electrode is used to deliver the potential or current the potentiegtatds This

can be a constant potentimhronoamperometryalso known as bulk electroly$jsor a
constant currenthronopotentiometrs In this project, chronoamperometmas exclusively

used because we believe it alkvfor more preciseselectivity over which reagentsere
oxidised and reduced than chronopotentiometrconstant current experiment will move
througha range of potentials, which can allow a range of reactiotakéoplace The current
essentially controls the rate of reaction. Potential is more akin to howenectyis needed

to movetheelectronsAnother method that can be used to perform electrochemical reactions
is switchingcurrent electrolysig which pulses of differing currents are applied. This can be
useful for switching the polarity of the WE to remove precipitates that may foul theesoffa

the electrode throughout a reactionCompared to chronoamperometry and
chronopotentiometry this technique is quite rarely used in the literature and applications in

organic synthesis are limitéd.

The counter electrode opposes the working electbydmaintaining an equal but opposite
currentto keep targeflowing around the circuit.

A potentiostat is capable of deliveringidativeandreductivepotentials to reaction mixtures,

which promote®REDOX chemistry. An appliedxidativepotential, with enough energy, will
remove electrons from the HOMO of certain chemical species, i.e. oxidation, and an applied
redudive potential with enough energy will donate electrons into the LUMO, i.e. reduction.
Electrons are drawn into the anod ajiven out from the cathode. A key thing of note is that
anode/anodic oxidation and cathode/cathodic reduction are often used as nomenclature in the
literature. An electrode withnaoxidising potential is the anode and an electrode with a
redudive potenial is the cathodé* 4’

When deciding whatotentialto applyin reactions, a crucial technique that is often employed
is to record a CV plot of the reagents in quesfidiis technigue involves using a potentiostat
to measure changes in current as the potential is alteremmieatally. This creates certain
peaks when a species is oxidised or redure@dn increase in curreatcompanies these
REDOX processesandthese peak@dicate what potential is best to use in a reaction to
achieve REDOX of the reactive species in questigure 3 showsa CV plot of ferrocene

recorded in the Wilden group.
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Figure 3: Showinga CV plot of ferrocene recorded in 0.1 MsB&Fs / MeCNusing a glassy

carbon WE, Ag QRE and Pt CE
It is clear from the CV plot of ferrocene that as the potential is increasechamegpositive
direction from 0 V, a peak forms, denoting the oxidation of ferro¢Eago the ferrocenium
ion (Fc"), Fe* to Fe*. On the reverse scannagative pealappears where this is reversed
reduction of the ferrocenium ion back to ferrocene. @tidation and reduction peakppear
very similar in magnitude, which indicates a highly reversible process. If only an oxidation
a reduction peak were present, with REDOX couple, then this would indicate an
irreversible process has taken pldtés important to mention thafter this PhD project was
completed, we received guidance on ways to improve how we carry out @vgduture
reference. The use of multiple cycles layered over each other as seen in the CV plots in this
thesis is unnecessary and only the first cycle should be used. This is because after the first
cycle theenvironment within the solution is no longee same and so multiple cycles are not
comparable. Also, the presence of the erroneous starting line (at Biyuie 3 which rises
sharply from1 5 @n #he first cycle) can be avoided by simply holding the potential at 0 V
for 1-2 seconds before proceeding with the €&@nHowever, hese errors did natvalidate
the information gleaned from our CV plot analysis in thissisand values for potentisvere

taken from the first cycle to ensure accuracy.

Using CV plots to measuthe potentialat whichoxidation and reduction occursiviery useful

and indeeddue to the very characteristic, clear and wiellined nature of the ferrocene
REDOX couple, ferrocene is actually used as iaternalreference, against which other
potentials are measuréas shown in thiseporta nd q u ot e d'9.“4% FurthersoreF c / F ¢
because ferrocene hastable andhighly reversible REDOX couple it is often employed as a
medi ator in electrochemi c alinFigued andSclteme?). ( s e e
Occasionally direct electrolysis ofa substrate proves difficult due to the heteregan

electron transfer process to/from an electrioaeing slow kineticsConductivity to the bulk



solution can be hindered by organic species adsorbihg &urface of electrodes and forming
layers. In these cases, a mediatbich is stable in both oxidation statesy be used which
undergoesmore efficient electron transfer processes with an electrode than the direct
electrolysis ofthe substrate.The nediator canthen efficiently, homogeneously transfer
electrons to/from the substrate, facilitating the reacitdower REDOX potentials than would

be required for direct electrolysié fast, irreversible followup reaction for thelectrolysed

substrate to the desired product is usually necessary to achieve thi&’effect

Direct Electrolysis Indirect Electroylsis
o+
[Substrate] [Medlator] [Substrate]
-e= \v
Anoc@( Products Anod\< X PI’OdUCtS
T [Substrate] [Mediator] [Substrate]
Heterogeneous Heterogeneous Homogeneous
Electron Transfer Electron Transfer Electron Transfer
DIFFICULT HIGH £l tEA'SrY . _ LOW
Electron Transfer = ; ectron [ransier =  potential Needed
To/From Electrode Potential Needed To/From Electrode

Scheme2: A situationin which ndirect electrolysis facilitated by a mediatoay be
preferred over direct electrolysf$
When carrying out reactions, and producing CV plots, an elgtdreblution must be used.
This is very often 6inertdé in the talstose t ha
enable any sort of REDOX to take place on them. This allows the electrolytes to simply carry
charge in solution withounterfering with experiments. Often BNPFs or LiCIO4 are used as
electrolytes, which are dissolved in standard organic solvents. However, othéndripn

electrolyte salts can purposefully be used to enable reactions to take place.

The next chapter irhts thesis outlines our work in halogenation chemistry, which was the
first area we worked on in this PhD project to help build our understanding of edeg#nuic
synthesisChapter 3 then explains why we chose to investigate copper chemistry for the
remainder of the projeciChapter 4 details our work on the synthesis of copper acetylides,
which leads into reactiornthat rely on copper acetylides as intermediat€hapter 5, the
CuAAC reaction andChapter 6, the GlaseHay reaction.Chapter 7 then looksat the
generation of copper ions to promote a-gopper acetyliddased reaction, the Chaam
reaction. FinallyChapter 8 shows our investigation into the sustainable recovery of Cu after
reactions have been completed &dapter 9 gives overall conclusns and details of

proposed future work.



Thefirst work carried out in this project was centred around halogenation chemistry, as we
wanted to develop our understanding of how electrochemical reactiopsrémemed.This

work gave vital understanding of processésgch would later be applied tbe main topic of

this thesis, copper chemistignd thus warrants discussion in this chapter.

2.1 Introduction

Halogencontaining compounds make for attractive substrates in eleajsmic chemistry
because they can be both oxidised and reduced relatively easily, as well as being quite useful
as a means to oxidise other species. In electrochemical SREIPEX reactionsusuallytake

place directly at electrode surfaces and either involve a substrate (e.g. a {calagémng
compound that is added to the solution as a starting material) or the electrolyte salt itself
(which is often a halide salt suchBsuNI due to its solubility in organic solventadsorbing

onto the electrode. The first feliterature examples in this section demonstrate substrate
based chemistry and are all reductiomhereas the later examples all stem from oxidation of

the electrolyte sal

In terms of reduction, 1;8ihalogenated species have been shown to undergo reductive ring
closure reactions when subjected teductivepotential with enough energy. In work carried
out by Hoffman andvoR®! 1,3-dibromocyclopentanend 1,3dibromocyclohexae were
shown to form their respective rirajpsed products as depicted3nhemes.

Br Electrochemical
Reduction

Pt cathode
n=0,1 n DMF n

Scheme3: Reductive ringclosure of 1,3dibromocycliccompounds?

A similar process was reported by Leortlal® who showed that the 1;@ibrominated
compound5 formed stilbene upon electrochemical reduction as show&cheme 4,

presumablyia a very similamprocessas seen irschemes.
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Br Electrochemical
Reduction A
O 5 Al / Stainless Steel grid W
Br DMF

Scheme4: Reduction of a 1;2libromo compound to yield the complentaryalkene?

+2Br

Reduction of alkyndased systems has also been demonstrated with an interesting example
coming from D. G. Petekt al,>®who showedhat the electrochemical reduction o Bonds

in substrates could be achieved to promoteamolecular cyclisation using a mercury pool
cathode. The use of a mercury electrode is important as it was thoughdtimatlyancrease

the lifetime of the carbceunentredradical (se€&schemeb).

[ Electrochgmical AN
Reduction g
Hg cathode A 6

DMF H abstraction : -Hg
> : Hg

. 9
.
~

Ph Ph

L
- -
+
xI
«Q
I

Schemes: Reduction of a @ bond in the presence of mercury to prommytelisation>?

It is worth noting that the cyclisqatoduct6 was only isolated in a fairly low yield, the best
being around 25%, as many side reactions also took place, produdiatpdenated species
suchas7 and8, aswell as the acyclic dialkyl mercurgpecies9. Reaction with the DMF

solvent was also observaatpducingl0.5

There has been quite a lot of research showing how transition metal complexes can effectively
be utilised as mathtors in this sort ofeduction®* This approach appears to requar®wer

applied potentiato proceed than the examples already seen, as the previous examples work
via direct reduction of the carbdmalogen bond. An example of a mechanistic pathway using
1-bromobutane and a cobalt tetraphenylporphyrin complex (Co(I)TPP) is shdsameme

6. Nickeland samarium examples are adtsown>%>°
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— Electrochemcial -
. » |Co()TPP
A. Co(INTPP + e =eduction [Co(l) |

B. [Co()TPP| + C4HgBr — = HoC,Co(lll)TPP + Br_

- Electrochemcial -
C. HgC4Co(ll)TPP + e Bsduchion [HgC4Co(I)TPP|

Two types of _ [Co(l)TPP| +C4Hq
Decomposition Co(Il)TPP +_C4Hg

D. [HgC,Co(I)TPP| -

Schemes: Mechanistic pathway for Co(ll) TRmediated Ibromobutaneeduction®#°°

It is noteworthythat the two types of decomposition seen in fgproduce more reduced
Co(l) species (which can go straight back into the pathway atB3tepd the regenerated
Co(Il) complex (which can start a new cycle as in #¢pas well as the alkyl radicals and

carbanions which go on to form theoductsX*>°

Oxidising halideanionsis often easier than oxidising other molecules in solution. This means
that itis possible to carry out a range refaction$ without also oxidising the substrate of
interest, aglemonstrated in a series addgers published by Sigeru Torii between 1979 and
19812543579 The core idea in all of these papers was the use stamincurrent to oxidise

an X species from the electrolyte solution t ¥y removing a pair of electrorighis allowed

the halonium ion to react directly with an olefin substrate or to react with anotheslcule

in solution, forming X%, before readhg with the substrate. As this same approach is used in

work carried out in this project, it is worth discussing these examples in more detail.

Torii found that different products were isolated when the reaction conditions were altered
even slightly $eeScheme7).4*%" This approach is elegant becaubke reactive species is
generated from the electrolyte itself, whisneeded in all electrochemical reactiemsarry
charge between electrodes. Also, the use of cheap antlazandous salts to effectively
produce X% species in solution, in a controlled manner, is a very attractive alternative to adding

the potentially harmful halogen species dire¢gpecialy on larger scales).

MeCN / H,0O or

1 12
DCM/H,0 M /J\(?H/;\(%
R T A G e S i SO

X X
NN X + 13 14
X=Cl,Br \.-2¢ .\ +/;>/w71
X
Anode X 0)

Constant current

Scheme7: Showing oxidation of a halide salt producing the halonium ion, which has been
shown to form a range of products depending on the reaction condition343S&d
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In Scheme? the halide salts used were either NaCl or NaBr in MeGYtér DCM/HO

mixed solvent system$he amount of halide salt used was altered to produce varying amounts
of the allylic halidell, the halohydrirl2, the dihalidel3 and theepoxidel4. It appeared tha

when 12 eq of NaBr was used in MeCN/BI (7:2 mL) the epoxide product was formed almost
exclusively, but as the amount of NaBr was increased up to 4 eq, the product selectivity
decreased, yielding a mixture D2, 13, and14. When NaCl was used, it was in great excess
(12 eq) to try and force the dichloride product to form, however, this proved unsuccessful and
another range gfroducts {1, 12and14, but notl3) wereobserved. Switching to a twghase
DCM/H20 (6:3 mL) solvehsystem yielded a mixturef 11, 12 and 13 when NaBr (19 eq)

was used. However, and quite interestingly, when NaCl (12 eq) was used, only the allylic
chloride productill was observed and isolated in 91% yield. This, coupled with the fact that
no dichlorice product was observed in either solvent system, led Torii to hypothesise that the
reaction of the chloronium ion with the alkene, and the deprotonation of the adjacent methyl

group, to yieldl1, was a concertegrocess>%’

Another use of this approach was the production of alkoxyseleaidpound3directly from

a diselenide starting material, as shoiunScheme8. This conversion required a sub
stoichiometric amoundf the halide saltmostlikely becausdarger amounts would produce
some of the products seen previougslchemey. In this example, a haloselenidempound

is formed first, which reacts with the alkene substrate. This then allows the alkoxyselenide

product to form.

(PhSe), + ROH

RO —>, products

26 SePh
X =Cl, Br, | W X>SePh

Anode

SchemeB: Showingthe formation of alkoxyselenides using electrochemicadigised
halidesalts®

2.2 Results

The first part of this projeatvascentred on electrolgthalide salts, and how they could be
used to generate halogen species in solution, through oxidation. The literature shows that it is
certainly possible to produce*> using a constant curremnta anodic oxidation, bute

wanted to usa constant poterai approach.

Initially, iodide salts were used on the basis that they shmtelatively easyo oxidise, and

as a simple substrate, we decided to try iodhigarans-stilbene.For the first fewtestswe

13



used0.1 M BuwNI dissolved in DMF at +0.50 Ws Ag QuasiReferenceElectrode (QRE)

Under these conditions, the solution turned yellow, which suggested dinat, by extension,

I3 ions, were being generated, but there did not appear to be any new products formed (from
TLC). A review of the literaure showed that the iodinated product of stilbene has not actually
been isolated from any reaction befquepbablydue to the large size of iodine atoms which
would make the diiodinated stilbene product quite steridaigered, as well as the fact that
carboniodine bonds are relatively weak, possibly meaning the reaction with stilbene is
reversible. Also, given that any iodine generated in this reaction wool@blyform I3 ions,

this approach seemed unlikelylie successfuWe decidedtherefore to usebromide salts
instead. This time, when 0.1 M BUBr was dissolved in MeCN and the potential was set to
+1.00 V, a new product did start to form. However, after approximately 7 h TLC showed that
the reactionhad still not reached completioft was hypothesised that under the current
conditions, very little bromine was being produced. As a result, the reaction was attempted
again, but with the amount of TBAB in solution increased to 1 M dissolved in MeCN. This
had an immediate effect as now the soluturned a dark brown colour upon dpation of

the potential, instead of the paiellow colour seen in the previous reactions. In addition, after

7 h, some white precipitate had formed. But again, TLC showed that the reaction had not
reached completion. Upon collection by filtration and characterisation, this white solid turned
out to be thedesired dibrominated stilbene prod&cin 45% yield. The most obvious next
step was to leave the potentiostat running overnight (~16 h total) to see if, given more time,
the reaction could be pushed to completion. When this was attempted, fragisckolated

in 68% GeeScheme9). When no electricity was used in a control test, the reaction did not

proceed.
PtWE / C CE Anode < ph .
1 M BugNBr / Br 3 . 2 Br th\s ¢Br o
PR PN MeCN Ph/'\/Ph v — Br Ph@?/

_ MetW -

Divided Cell B 68% Bra (B )

(+1.00 V vs Ag QRE),
16 h, RT

Scheme9: Electrochemicabromination of stilbene.

Up to this point, thg@otentialselected for reactions was quite trdadderror, i.e. +1.00 V (vs

Ag QRE) because at lowappliedpotentialsof around +0.50 V, no reaction occurred. It was

at this juncture that we decided a more accurate approach should be adopted to find the optimal
potentialsto use. To this end, we decideditvestigate the bromide salt BuBr (TBAB)

further and record various CV plo@ur results areutlinedin Figure 4.
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B: TBAB added

| A: Background

50+
—r

204

-40 -50-

0.0 0.5 1.0 1.5 2.0 25 0.0 05 1.0 15 2.0 25

C: Ferrocene added Peaks pertaining to TBAB (vs Ag QRE):

Ox 1 =peakat+1.20V
/ Ox 2 =peakat +1.60 V
Red 1= peakat +1.10V
Red 2 = peak at +1.45V
Peaks pertaining to TBAB (vs Fc/Fc*):
Ox 1=+040V Ox2=+080V

T T T T T T Red1=+0.30V Red2=+0.65V
0.0 0.5 1.0 1.5 2.0 2.5

1004

50+ Ferrocene

+0.80V N

Figure 4: Showinghe CV plot of TBAB recorded in 0.1 MBilPFs / MeCNusing a glassy

carbon WE, Ag QRE and a Pt CE axes =Current (WA), X axes Potential (V).Axes

redrawn for clarity.

When recording CV plots, it was important to thoroughly degas the electrolyt®sdiafore
any electricity was passed to remove oxygen from the solution, which would otherwise give
rise to unwanted peaks. Pldtis a background CV plot, showing a smooth line with no peaks
until around +2.50 V, where tledectrolyte solutiorstarts to oxidise. Pld& wasobtainedafter
TBAB was added, clearly showing two oxidation peaks (Ox 1 and Ox 2) and two smaller
reduction peaks (Red 1 and Red 2). Note that Ox 1 and Red REBIR@X couple, as are Ox
2 and Red 2. Essentially, the oxidatseen at Ox 2 is reversed at Red 2 and the same for the
other REDOX couple. PlotC was obtainedafter ferrocene was added to the solution and
shows the characteristic reversidREDOX couple at pproximately+0.80 V. This was
undertakeno calibrate theotentials recorded on our setup and make them relatable to other
potentiostats and systems. The box in the bottom right summariseetirgialsof the
observed peaksind the relative potentials when compared to the ferrocene/ferrocenium ion
REDOX cougde (Fc/F¢). Plots carried out using NaBr gave identical results. The most
important thing to take awdyom Figure 4 is thatthere are two discrete oxidation peaks for
TBAB, the first at 4.20 V and the second at +1.60(bothvs Ag QRB. After reviewing the
literature, it appears that these two peaks relate to the formation @fri8,andBr. molecules
respectively?®61 The full equation for this beinghown inEq. 2:
—4e_

6Br 2Br; —=2% - 3Br, (Eq. 2)
This is supported by the fact that the relatvea under each peagpeasto bein a2:1ratio,

which is indicative of there being twice as many electrons being renmothealfirst oxidation
compared tdhe second. It also suggests that we dgenerated a weak bromine source in the

form of Br; in solutionwith the +1.00 Vvs Ag QREwe had been gy so far for the
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bromination reactions. This is in contrasthe constant current approach used by Torii that

appeared to give only the halonium iorsagn inScheme7.437

Following on from the results seen kigure 4, we decided to record CV plots of TBAC
(Figure 5) and TBAI (igure 6).

A: Background B: TBAC added
Ox 1
20+ 200+
—
el —
o == — 01 = —
-204 / -200+ Red 1
-40+ -4004

0.0 0.5 1.0 15 2.0 25 0.0 0.5 1.0 1.5 2.0 25

00 C: Ferrocene added Unidentified
Oxidation

Peaks pertaining to TBAC (vs Ag QRE):

Ox 1 = broad peak: +1.60to +1.80 V

Red 1 = broad peak: +0.80to +1.00 V

Peaks pertaining to TBAC (vs Fc/Fc*):

As the ferrocene peak was not reversible in this
example, it was not used to reference the other
peaks against.

1004 Ferrocene
+0.90V

o
o

o
.

Figure 5: Showing the CV plot of TBAC recorded in 0.1 MNBRIFs / MeCNusing aglassy
carbonWE, Ag QRE and a Pt CE axes =Current (WA), X axes Potential (V).Axes
redrawn for clarity.

A: Background
204

-20-

40+

T T T T T T | -40-t— T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5

C: Ferrocene adde

Peaks pertaining to TBAI (vs Ag QRE):
Ox 1 =peakat+1.10V

Ox 2 = peakat +1.25V

Red 1 = peak at +0.90 V

Red 2 = peak at +1.10 V

Peaks pertaining to TBAI (vs Fc/Fc*):
Ox 1=+025V Ox2=+040V

0.0 0.5 1.0 15 2.0 2.5 Red 1=+0.05V Red2=+025V

50+
Ferrocene
+0.85V

Figure 6: Showinghe CV plot of TBAI recorded in 0.1 M BIPFs / MeCNusing a glassy
carbon WE, Ag QRE and a Pt CE axes =Current (LA), X axes Potential (V).Axes
redrawn for clarity.

Figure 5 showsthat only one oxidation peak was observed for the chloride ions in the range
we were investigating, because above +3.00argepeak that overshadows everything else
which wetentativelyascribe to electrolyte solution oxidation, appears. This peak is listed as
the 6uni dent i f iFigule5aswé dilaotfurtieenirvestigatathis assignment.
Notably, the oxidation of thehloride ions takes place at a higipetentialthan the bromide

ions, as expected due to theeater electronegativity arsinaller atomic radiusf chlorine
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atoms.Note that in this example the ferrocene peak was not reversible, meaning that it was

not ued to reference the other peaks agaifigiure 6 showsa very similar CV plot to that

produced from TBAB, but with two major differenceke oxidation takes place at a lower
potenta] whi ch i s what we expect given iodineds
are closer together.

With the numbers gleaned from these CV plots, a few attempts were made to form the
chlorinated stilbeneroduct15. In many ways, the ability to pduce chlorine in solution is a

lot more useful synthetically than the other halogens, given that bromine and iodine are
reasonablysimpleto handle, whereas chlorine usudilgisto bebubbled through solutions

from gas cylinders. Unfortunately, when aralgous reaction to thaeenin Schemed was
attempted with TBAC, a mixture of produetgsobserved, which proved extremely difficult

to separate and isolat€his is likely because a much higher potential had to be used in order
to get anyreaction to occyrcompared to the TBAB examplehich may have caused side
reactions to take plac@he crude'H NMR spectrumseemed to show a lot of activity in the
aromatic region, suggesting that perhaps the chlorine species may have reacted wattyhe p
groups, or thathe stilbene substrate itself was oxidised and went on to form unanticipated
products (se&chemel0).

Pt WE/C CE (+2.00 V

vs Ag QRE), 16 h Cl 15
Ph
PN Divided Cell Ph)\i/ Ph Not isolated
1 M BugNCI / MeCN Cl

SchemelG: Attempted electrochemical chlorination of stilbene.

A few attempts were made to produce mixed halide products using mixtures of TBAB and
TBAF. Usually, mixed bromdluoro compounds are produced using highly dangerotis Br
producedin situ.®> We believed that with the +1.00 pbotentialalready established for the
TBAB, only the bromide ions would be oxidised, hopefully allowing fluoride ions to attack
the halonium ion formedsan Schemell. Unfortunately this approach proved unsuccessful,

with not even the dibrominated product being observed.

Anode
PtWE/C CE

1:1 TBAB:TBA 2Br Ph
LA\ Ph N MeCN/THF Ph)\/Ph via < Ph o
—_—— Br —>
Divided Cell . 2 ‘/él’
(+1.00 V vs Ag No reaction
QRE), 16 h

Schemell: Attemptednixed bromefluorination of stilbene.
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In an effort toprove that the use of electrochemistry to perform reactions can be accessible
and does not require an expensive potentiostat to work, the use of batteries as a source of
electrons was investigated. Using, again, the same reactionns&meme9, a pair of
household AAA batteries, with a voltage reading of +1.50 V each (reading around +3.00 V in
total) were connected in series, and the exact same electrodes and reaction conditions were
used. Interestingly, the dibrominated stilbene pro&uets formed, but only in around 1%

yield in the same amount of time that the reaction connected to the potntielsted 68%.

This highlights a very significant point, in that the potentiostat delivers a higher current (i.e.
more electrons per unit time) than a standard household battery, making the rmactéea

faster, despite theotentiallikely being suffcient to oxidise bromide ions to bromine in both

cases. Over time, full conversion3@ould be achieved, but it would take a very long time.

The bromination of stilbene using NaBr in MeOH was attempted to compare against the
established TBAB in MeCN re#on. Interestingly, this reaction produced quite a different
result. Firstly, the solution never appeared to go as dark orange/brown as the TBAB reaction,
which suggests less bromine was being produced. This could be due to the fact that at the
potentialused in this reaction (+1.30 Vs Ag QRB the MeOHwas also susceptible to
oxidation, meaning the bromide ionsilhia compete with the vast excess of solvent molecules

in order to beoxidised. Secondly, both the expected produahd a new product, methpx
brominatedstilbenel6, wereformed in a 1:3 ratio respectivelgonversion = 9% and 33%

16) by *H NMR). SeeSchemel2. Due to solubility issues;ompleteseparationof these
productsproved difficult however,an isolated yieldof 14% was obtainedor 16. The

dibrominated produdd unfortunatelycoelutedwith 16.

Pt WE/C CE Br 5 o~ 16
1 M NaBr/
Ph
o\ Ph MeOH Ph)\{ + py PN racemate
Divided Cell Br Br
(+1.30 V1V§ r'?g QRE), 9% 33% = Conversion
Coeluted 14% = Isolated yield

Schemel2 Formationof bromemethoxy stilbene

* There was an important difference between the potential measured for the household batteries and

that measured on the potentiostat. The potential measured on the batteries contke frotential

di fference between the Opositive endd and the &n
measured between the reference electrode and the working electrode. This means that the batteries
would have experienced much more resiséabetween the points of measurement and thus a larger
potential drop. This is precisely why two batteries were used, at around +3.00 V total, rather than only

one
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Although te formation of bromanethoxy stilbene in this way wasiccessfylthe reaction

and mechanism had already been comprehensively studied previodsky.iyuboiset al.®®
andJ. R. Chretiertal.® Ourinitial investigations replicated the work of those researches and
as such served as vable proofof-concept studies that gave us confidence in our approach

and the equipmenThis allowed us to move forward to novel and more speculative work.
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We became inspired by the generation of catalytic species from electrode materials as a means
to promotesynthetic reactions. This approach, with examples, is described in the following
chapter, ass the reason why we believed copper would be a perfestegit to use in this
capacity i.e. because it is immensely versatile in synthesis.

3.1 Generating Catalytic Speciegrom Electrodes

The electrochemically promotedeactions seen so far have centred on diREDOX
reactions of reagents at electrodes, or on the generation of reactive species from electrolytic
salts. Another method is the generation of reactive species from the electrode material itself.
In some ways, this method may appear unusual because eleat®déien expensive metals

such as platinum and are important for the movement of current around the circuit. Breaking
them downmay seemcounterintuitive However, only very small quantities of metal need be
extracted from the electrodes to catalysetreas. There also exists the possibility that if the
electrodes can be dismantled electrochemically, producing reactive metal species, they could
also theoretically be o®veredusing electrochemistry.

In 2013, an interesting paper published by M. Me#ghl.%®> showed how a samarium anode

in an electrolyte solution containing Bil could produce S#Ai from the bulkSn? electrode

as slownin Schemel 3 (stagel). The current was allowed to flow until around 10 mol%6'Sm

was formed, at which poiraldehydes or keton@gereaddedand the polarity of the electrodes

was switchedto make the samarium anode now the cathode. The carbonyl compounds
underwent ginacoktype couplingreaction, catalysed by the 3hfstage 2) forming S#h.

The switch from anode to cathode was a very elegant touch which allowed tHet&Ghe
regeneratedfter catalysing the reaction (Shback to S, stage 3), thus keeping the overall
amount of Srfi needed (and the amount taken from the expensive samarium electrode) to a

minimum. This is summariséd Schemel3.5°

1. — 2. 3.
2e ~ o Sm2+ Sm3+ OH = e—’_\ Sm3+
N Sm?* \ (
0 2 )J\ g» R R Sm2+
Sm ' . Sm°
R R R m
Oxidative potential OH Reductive
until 10 mol% produced potential

Schemel3 Showing the use of a samarium electrode as an effective means to produce
reactive Srfi in solution for homocouplingeactions®
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Another example of this sort of approach comes from H. Tagtkd* in 2010who showed

that a silver electrode could be used effectively to producdohg in solution, which were
usedto form silver acetijdes from terminal aryl alkynes, in an acetonitrile/water solvent
system (7:1 mL). These silver acetylides were then also generated in the presence of
arylboronic acids and 5 mol% Pd(OAcyvhich allowed for the immediate reaction of the
acetylides in a &ogashirgtype process to produce horand heterecoupled alkynes. See
Schemel4 for the catalytic cycle involved (starting materials in blue, product in red). 15
mol% 4BzO-TEMPO was used as the oxidant to convert the Pd(0) back into Pd(ll), however,

it was noted that when no oxidant was used, the reaction still proceeded as thersilgeuid

act as the oxidanmhstead*

Ar'B(OH),
oxidant Pd”Ln/_\&
Anode ArpPd'L,
_ Anode
29_( . 2+ Ar — Ag
oxidant A
Pd° Ui
k{ Ag+ N—e
P i Oxidative
Ar——=——Ar ArPdl—— Ar Ar—— H\_/:B potential

Schemel4: Showing the catalytic cycle involvedthe production of coupled products from
electrochemicallyproduced silver acetylides and boromicids**

A number of bases were screened in this work to best determine the optimal conditions needed

to produce the silver acetylides. It was fduhat 2 equivalents of DBU proved most effective

however, DABCO and triethylamine also worked reasonaiely.**

While this work shows an effective method for producing biaryl alkynes electrochemically, it
also has a few drawbacks, notably, the breakdown of reasonably expensive silver electrodes
and the requirement of a palladium catalyst. A cheaper and arguablyensaile alternative

would be to use copper instead of silver. Whilst still being a group 11 transition metal, copper
is much more abundant, and cheaper, than silver, making it a more attractive electrode material
given the inherent loss incurred by wgihto produce catalytic species in solutidn.the best

of our knowledge, however, the electrochemical generation of copper ions from an electrode
has onlyeverbeen used tproduce various copper cyarfdter copper alkgide®”®8 species

rather than to help facilitate organic synthegactions. Ortop of this, copper has been
employed in a vast number of couplireaction® and has potential to replace some existing
expensive palladiuraatalysed processes in industtyzurthermorecopperhas been party to
arapid ascent in visible lighthediated photoredox chemisffyshowing that across multiple

fields of chemistry scientists are very interested in looking into alternative, ch€agmsed

means of catalysing reactions than therent Pd (or Ir/Ru for photoredoxjominated
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processesThis meaisthere is great potential scope fogw electrochemicapproacksas,
theoretically at least, copper produced electrochemigaliiye right oxidation state could be
used in any copperatalysed reaction. A brief overview of some of the types et¢@ipling

reactions that exist is given in the next section.

3.2Copper Coupling Reactions Used to Form &, C-N, C-O, C-S and GP
Bonds

One of the earliest discovered and most important types of copper coupling reaction is the
Ullimannreaction’? whichwas discovered in 1901 by Frit#lmann/3 Ullmannreported that

when bromonitrobenzene was heated in the presence of a stoichiometric amount of copper
powder, the pure biaryl product was formed, along with some copper bromide. Furthermore
this process not only evked with a bromeubstituted aromatic system but also with iodo

and even chlorsubstituted systems, making it a very versatile reaction ifd&ssScheme

15.

NO, O5N NO,
Br (stoichiometric) (stoichiometric)  ClI
2 210-220°C O O 250260 °C 2
0, 0,
76% NO, 60%
NO, NO,
) (stoichiometric)
220-225°C O O

o,
I 52% O,N

Schemel5: The earliest described examples of the Ullmagattion/? "

Two years after this initial discovery, Ullimapnoblishedanother paper, this time detailing the

arylation of aniline with chlorobenzoic acid in the presence gh@uder Scheme 6),”*thus
reinforcing in peoplebs minds that copper <co
coupling reactiong& A colleague of Ullmann would later go on to show that this same
conversion could be carried out using -stihichiometric quantitiesf copper Scheme 6).”°
Thiscolleague was Irma Goldberg, fohem the Goldberg reaction is named, aa proved

to be another pioneer of this developing field. Goldberg built on her earlier work with anilines

by showing that arylations could also be performed on amide sy&tems
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HO,C (sub-

CozH stoichiometrically), ©O2H
(stoichiometric) HN KzCO3,
reflux g @ “hitrobenzene,

reflux
Ulimann Goldberg

Scheme &: Early Ullmann and Goldberg reactions showing the arylation of aniliAés™

Ullmann would later go on to show that arylatioauld successfully be carried out on
alcohols’?which would most elegantly be demonstrated almost 100 year§et®99) when
Ullmannt ype reactions were utilised to great
of vancomycin, as shown fBcheme Z.”® Nicolaoudesigned a substrate that had a triazene
motif orthoto the aryl bromines that were to be used in the@upling steps, and this proved

very important for two reasonBirstly, the triazene acted as an é&len sink, drawing charge

away from the aromatic ring thus making it easier to perform the planned Ullmann reactions.
Secondly, the lone pairs present in such close proximity to the bromine atoms aided the
coordination of the introduced copper speciesima@mproving the efficiency of the coupling
reactions. This all meant that the couplings could be carried out with remarkably mild

conditions, i.e. simply refluxing iacetonitrile’>"®
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N’
Br OTBS

NHBoc
NHDdm
Br-Me,S
[ \  74%]| K,COg3, pyridine
r}j MeCN, reflux
Br-Me,S Z > =N
K,CO3, pyridine| 67% ’}‘ N Cl
MeCN, reflux - N =
TBSO.,,, cl OTBS
O H (0] H O I?oc
TBSO,,, N N N «NMe
H N N
- NH o) H o H
EtO,C NHBoc o
BnO
NHDdm
+OMe
HO OMe

Vancomycin
5\/% )H%NiMe

Scheme I: Thee |l egant wuse of Ull mann reactions
vancomycir276

Havingalready seen how Cu has been used to for@ C-N and GO bonds, we wilhow
look briefly at the formation of & and GP bonds. Considering the amount of literature
centred around forming new-G and GN bonds using Cu, there has been significantly less
dedicated to sulfur and phosphorus analogUeg4owever there have still been some
interesting examples, such as a studyXbyet al.”® which explored the arylation of various
thiols using a copper oxide and 1;@Benanthroline system. This work showed the viability
of producing thioethers using copper from both aryl and alkyl ttolsmie examples of which

areshown inScheme 8.77.78
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20 (5 mol%), S._Ph 89%

R S Ph/ N
Cs,CO3, DMSO, 80 °C R
@—l + HS-R Ph”S~n-cH, 75%
S.
7\ N\ (10 mol%) Ph” > CyoHys 80%

—N N=
Scheme & The Cumediated formation of S bonds to forrthioethers!”:78

The field of Cucatalysed phosphorsylation is a relatively new and developifigld,”

however even early examples in this area, such as the work of @sakén 19838° showed

great scope and functional group tolerance as iseBnoheme 9. The use of stoichiometric
amounts of copper and toxic HMPA is undesirable, but sinae, tihgrovements in the
conditions used in these types of reactions mean that Cu has emerged as a cheaper and less
toxic way to carry out some of thesacdons tharsomeanalogous Pdatalysedexamples?

)

Na—P-OR (1.0 eq), Ar—P-OR
Ar—X + a | (0] HMVIPA. r | (@]
X =Br, | OR 160 °C, 1 h OR
Q Q Q
P—OEt H2N4©7FI’—OPh MeOOE’—OPh
OBt 430, OPh geor OPh 709

Scheme ®@: The Cumediated formation of ®© bonds to form aryphosphonate&.®°

Whilst copper has most commonly been used to facilitate arylagaamions, it has also been

used for some other very useful purposes. One of these is to aid the exchange of chlorides and
bromides with iodides in tharomaticFinkelstein reactiofi* This conversion is important
because many coupling reactions rely upon the use of wédlofds in couplingartners.

Often the analogous-Cl and GBr bonds are too strong for efficient coupglito take place.
Finkelstein reactions require alkali iodide salts whichimportant for two reasonghey

provide the necessary iodine atoms, and they create a significant driving force for these
reactions when the often insoluble chloride and bromi#aliasalts that are formed,
precipitateout of solution® Oneof the most significant contributions to the methodology of

the Finkelstein reaction was made in 2002 when Buchwald Klagar$? developed
conditions capable of forming aryl iodides quantitativelglaewn inScheme20. Thekey to

this efficiency was the use of the diamine ligand shown, which appeared to be much more
active than other ligands assessed. These conditions proved very tolerant of a variety of

functional groups, though in the case of carboxylic acids, hexamisitagdne had to be
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included in the reaction mixture to first form the trimethylsilyl ester, as it made the substrate
more soluble. The carboxylic acid was reformed by cleavage of the TMS group in the work
up. It appears that vinyl iodides could also betlsgsised using similar conditions, but only

one example waeported?#2

I (6 mol%), Nal (2.0 eq), |

(%) Q (10 mol%) 94% N §

Ar—B MeHN  NHMe | P 95%
r—Br > Ar—I
dioxane, O2N
110 °C, 22-24 h

95% |

Scheme20: An example of the Finkelstein reaction used to produce a range of synthetically
useful aryliodides®#2

Another important type of reaction that copper has been used for is the cyanation of aryl

species. As benzonitriles are important building blocks for dyes, agrochemicals and natural

products®® methodsto produce them have been of interest to many synthetic chemists. Not

only that, but the nitrile group can serve as an internedim other functional groups such

as: aldehydes and primary amines through reduction, heterocycles through cycloaddition, and

amides througiydration® Two major types of Cieatalysed routes have traditionally been

used for cyanations, known as the Rosenrmwond Braun reaction and the Sandmeyer

reaction. Examples of these are shawBcheme21.83

I CN 1.NaNO,, HX, H,O NH,
R CN R (Diazotization) R
150-250 °C 2. CuCN
Rosenmund-von Braun Sandmeyer

Scheme21: Examples of the traditional Gbased methods used to produce benzonitriles:
the Rosenmundon Braun and the Sandmeyeactions®®

Both methods rely upon using quite toxic CUCN as the source of both the catalyst and cyanide
group, but where the Rosenmuwoh Braun reaction can proceed directly from an aryl halide,
the Sandmeyer reaction first requires diazotization of an aniline. An interesting literature
example of the Rosenmuvbn Braun reaction developed in the Buchwald group is shown in
Scheme222* coming just a year after Klapars and Buchwald first demonstrated very efficient
conditions br the Finkelstein reaction in argystems$? This reaction in fact proceedsa
conversion of the starting aryl bromides to the respective aryl iodidsisu, followed by

cyanatiorf384
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CN CN
Br I (10 mol%), cN| 91% 90% CN
R DMEDA (1.0 eq),
Kl (20 mol%), OO NH
@ NaCN (1.2 eq), @ MeO “ 70% K

toluene, 110-130 °C OMe 0

Scheme22: TheRosenmundon Brauntype cyanation of aryjhromides®®#4

It is worth noting that today the most common mettoogbroducing benzonitriles in industry
is the ammoxidation (heating with ammonia and oxygen) of toluene derivatives, as the
previously very popular Gbased reactions often produced stoichiometric quantities of copper

waste®3

There are many more types of reactions, and reports in the literature, where copper has been
employed as a catalyst which have not bmemtioned such as in numerous natural product

total synthese® and in the formation of many heterots&®® There are far too many
interesting examples to go into in this report. But there isimp®rtantclass ofcopper

compound yet to discuswhich will be the subject of the nesthapter copper acetylides.
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4.1 Introduction

Copper acetylides are crucial intermediates rfany reactionsinvestigatedin this PhD

project, and hence require discussion in greater detail. There is strong literature precedent for
utilising these compounds i largearray of reactions as intermediat the reason for this

being that they are extremely versatile when exposed to the correct conditions, possessing the
capability to undergo several key modes of reactivity. Copper acetylidesdnithel 6 o xi dat i
state mayreact with electrophilespxidatively insert into carboitnalogen bonds, undergo
transmetallation as part of coupling reactiarsd react very efficiently with azides (as in the

CUuAAC reactiori a detailed description of which is givenGhapter 5). Following oxidation

they canalsoreact with nucleophiles an umpolundgashion as popularised by the work of
Evano®#These general modes of reactivity are summaiis&theme23.

R

Reductive EIiminatiV \educhve Elimination

dll———

Pd”
Oxidative Addition \R'— ransmetallatlon
N\

R —r=—c] -]

(CUuAAC)

Nu—H 02

[R—= ~Nu|

Reductive [Elimination

R——Nu
Scheme23: General modes of reactivity for copper acetylides.

Some specific examples of these types of reactions are sho8cheme24. The Castro
Stephens reactida an example dheoxidative addition reactivitywhere the copper acetylide
inserts intoa GX (halide) bondto producedi-substitutedalkynes ancheterocycle$® The
Sonogashira reaction shows the transmetallation capability of copper acetylides where the
alkyne unit is given to a PdcentreX® Ynamide formation and phosphorssbstitution
reactions are shown and are examples of umpolung reactivity with nucleophiles, however

examples of reactions with imines, boronic acids and TSN this way are also knowH.



Exanples ofa CuUAAC reactiof* andahalogenation reactiofieaction with an electrophil®)

are also shown.

CO,H 0 N/
Ph | PN ‘

X - H-P-O'Pr [ > O, or
pyridine, OPr N = 71%
© Y 0

91% 125 °C, Ny, 6 h8® 0,, DMF —~  O'Pr
o © RT, 12 h®7 Ph
H Pd(PPhs)s, pyridine 17 TMEDA. O, 0
MeCN, RT, 1 h90 ( Ph—— ] MeCN, RT, 48 h87? b
o) L — N

J 0 /
Hw Ph/ 76%

\ H
0, \

o)
Bnwy-Ne BnN3, ACOH BnNj, NIS o
N N c > Ph———1I
— yclohexane DCM
98% /\Ph RT, 5 min®’ RT, 10 min® 98%

Scheme24: Showing somspecificexamples of the reactivity of copmaetylides’ 8992

In addition, work carried out recently by K. Bwangés group has uti
in photoredox reactions to produce important compounds like intfofesctionalised
ketone® a n dkett)ester¥ via some interesting reaction mechanisassshowrin Scheme

25. The mechanisms all start with the production of copper acetyilidsiu through the
reaction of terminal alkynes with a base ardugl) salt. Copper halides are very commonly
used. The copper(l) acetylidase then excited by a blue LED to allow oxidation to take place
easily, often delivering electrons to aerial oxygé&he proposed mechanisms for their indole
(A), functionalised ktone B) andUketo ester €) synthesesire shown oftenhighlighting

O playing a very active role.
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Blue LED

__ culx .
Ph—= —"= ph—=—Cul — |[ph—=—cu| 1> Ph—=—Cu!
Base 17
A. Cl>cu, Cl—~

) O \\‘//4\ cul Ph
@ SET ph—=—cu" HO NHz e HON=
Pl G @

l Cuo/NH (\_ NH

-CuCl

A o

B. cu'

O I
CuCI CuCl, 0, cu Sl 5 Ph
(Paterno-Buchi - |
type 2+2 cycloaddltlon) O Ph

r\/E)H
0 ‘\ Ph
aromatization (,OH
Ph e
~co, PhO H
HO o7

© B
Cu N/ OH N/ OH Ph H
| | 0 - lO cu" precipitate —
5 ~ Ph—=—=—Cu"" 0-0
2
Ph 0-0 j
@) (0] O

OR Cu-0-0]' R-OH H

Ph)k[( [ U_H O] Ph)J\(OH Bh
o) 2 OR

Scheme25: The use of copper acetylides in photoredkactions to produce A. indoles, B.
functional i s e-ketokstetdd*t*es and C. U
Clearly then, copper acetylides are versatile intermediates, however, what makes this large
range of reactity quite surprising is the fact that copper(l) acetylides are very stable, isolable
species With this thought in mind along with their obvious utility, we wonderechése
polymeric yellow solids could potentially be produced electrochemically, in &sifashion

to the silver acetylides se@amSchemel4. The classicamnethod for their production is well
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established (and possible on a mglam scale) by simply adding a terminal alkyne to an
aqueous ammoniacal solution with ethanol and copper iodide. Under these conditions, the
solution turns bright blue upon addition of copper, and once the terminakakydded the
copper acetylide product immediatgdyecipitatesout of solution, allowing collectiowia
filtration.88% (Scheme26). This method worksvell for a range of R groups, including alkyl

and aryl substituents.

I (2.0 eq), R—— .
R——~H — via [ .
NHs / H,0 / E1OH, 14 examples, R—==SHA:B
RT 68-99%

Scheme26: Showingthe weltestablished method for producing coppeetylides” 895

Anothercommon method of production is the use of Cul in DMF witlC®; present as
base?® Note that both of these methods produce halide waste that must be disposed of
afterwards. Furthermore, DMF hasdn identifiedas problematic for industrigcale
synthesis and so MeCN has been suggested as a more favourable alternativensoleaist
because newigreer processes for producing MeCN have beakaveloped from benign
feedstockg0-%6.97

Whilst effective methods for copper(l) acetylisgnthesis and isolaticexist, it is important

to mention that coppescetylidesare very oftenpreparedin situ (to easily allow further
reactions to take placexther than prepared separately and used in the desired relttion.
general, a long as a terminal alkyne, a base and a Cu(l) source are present, the desired
copper(l) acetylide should begin to forrllowing isolation of this species or further reactions

to take place

4.2 Electrochemical Synthesiof Copper Acetylides

4.2.1 A Divided Cell Approach

The classical method of preparing copper acetylides has already beanSeeme26,87:88.9
whichinvolves stirring copper iodide in a mixturelHsOH,q)solution(~30%)and ethanol,

in a ratio of 5:3 NHOH solution: EtOH. This creates a strongly blaeloured solution (likely

due to copper(ll)tetraaminodiaqua complexes formiAgjerminal alkyneis then added to

this solution, immediately precipitating out the copper acetylide prodagagmeric yellow

solid. Theinsolubility of copper acetylides is wédhowr?® (in most organic solvents), which

is quite useful when synthesising them, but can create difficulties when trying to use them as
reagents.

31



We decided to synthesise copper acetyliftem terminal alkynesusing electrochemical
methods, iiTuch the same way that silver acetylides Haaen®* There is a strong literature
precedent for the use of alkynes in EQfgnerally in highly selective hydrogenation
reaction® and various heterocycferming reactions? 192 however we do not believe that
copper acetylides have been prepared electrochemically before. To begin our investigation, a
seriesof qualitative tests wascarried out to assess the feasibility of this approach: leaving
metallic copper sheets in 5:3 MBH solution: EtOH gave colourless solutions (i.e. no
Cu(h)/Cu(ll) releasedrom the C0) sheets), adding phenylacetylene did not produce any
copper acetylide precipitate. However, when this same experiment was attempted in a divided
cell, with the copperteets connected up to the potentiostat arakilativepotential of +2.00

V wasapplied the solution began to turn a pale blue colour.

Pleasingly, pon addition of phenylacetylene, a yellow precipitate (the coppetylidel?)
formed. This reaction was repeated immediately to see what sort of yield could be obtained
for the copper acetylide, ahown inScheme Z. 0.05 M LiCIO, was used as an inert
electrolyte to carry charge in this reaction.

WE / Pt CE .
0.05 M LiCIO, i
— H e I _
| inNH,OH/EtOH (5:3) T via SCU'__ pp =2\ oK
I, Divided Cell 21% o—
(+200 V vs Ag QRE), potential
16 h

Scheme Z: Electrochemicabeneration of copper acetylides usingaqueousammoniacal
solution?:%°
Unfortunately, even after 16 h applied potentialonly 21% of the yellowsolid 17 was
isolated(Entry 1 ofTable 1). The insolubility of coppeacetylides and their polymeric nature
makes accurate characterisation difficult to achieve. We opted to use melting/decomposition
points and IRn this project(asothers in the literature hayenowever in future work it is
possible that elemental analysis could be adoptat aslditionatharacterisatiotechnique.
It became clear that the LiCl@ve used as an electrolyte was unnecessary in this highly polar
solution (Entry 2 offable 1). It was reasoned that the low yields observed were likely due to
an overall low concentratioof copperions beinggeneratedcoupledwith the tendency of
Cu(l) ions to disproportionate iaqueoussolutiors to Cu(0) and Cll). This is somewhat
supported by the fact that 2 equivalents of Cul are used in the estalbtistieatf®® thereoy
providing an excess of Cu(ipnsto react, whereas weere generating ibn demandrom the

beginning of the reactiofd.
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We therefore decided @itempt the synthests 17 in MeCN instead of avaterbased solvent,

in the hopes that the Cu(l) ions produced would be stabilised by the weakly coordinating
MeCN solvent acting as a ligartierebypreventing overoxidation to Q). Figure 7 shows

the CV plot obtained for a Cwwoated glassy carbon electrode in an MeCN solution, indicating
the ease with which Cwcan be oxidised in this solvergs it was oxidised as soon as an
oxidative potentialvas applied.This CV plot was achieved byoaing a glassy carbon rod

with a finelayer of Cu(0) by passing ductivepotential through a 0.5 M Cus® H,O
solution (reducing the Cu(ll) to Cu(@herebyforming a metallic coating). This was then
placed into the BINPF; / MeCN electrolyte solutior®4°

1.5

Cu Oxidation

N

o

©
o

Current / mA g

o
o

0.0 0.2 0.4 0.6
Potential / \/ s

Figure 7: CV plot using a Ct-coated glassy carbon WE, Pt CE, and Ag QREdRIed in
0.1M BwNPFs/ MeCN Axes redrawn for clarity®4°
Encouraged by this wesed BuNPFs as an electrolytin a divided celbnd applied a potential
of +0.5 V for 4 h to the solution (whilst exposed to air). We then transferred this solution to a
sealel flask and degassed it thoroughly with argon before adding phenylacetylene and

DABCO (2 equivalents). To our delight, this resulted in an excellent yield of 92% fas
shown inTable 1 (Entry 3).2°
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Table 1: Optimisationand control reactions carried out for the electrochemical synthesis of
copper acetylides in divided cell?2°

Cu Plate (Potential)

Base 0,
=) - ==

Ph———~H
Electrolyte Solution 18
17
Entry Electrolyte Solution Potential (vs Ag Base Yield/ %°
QRE)
1° 0.05 M LiCIO#/NH4OH : +2.00 Vfor 16 h Nong! 21
EtOH (5:3)
2¢ NH4OH : EtOH (5:3§ +0.50 V for4 h Nong! 9
3 0.10 M BuNPR/MeCN +0.50 V for4 h DABCO (2.0 eq) 92
4 0.10 M BuNPR/MeCN +0.50 V for4 h None 3
5 0.10 M BuNPR/MeCN +0.50 V for 2 h DABCO (2.0 eq) 68
6 0.10 M BuNPR/MeCN +0.50 V for4 h DABCO (1.0 eq) 69
7 0.10 M BuNPR/MeCN No potential DABCO (2.0 eq) 0
applied
8 0.10 M BuNPR/MeCN +0.50 V for4 h DABCO (2.0 eq) 0f

2In all cases 0.50 mmol phenylacetylene was used, except in Entry 1 where 2.00 mmol was
used. All reactions were carried out using a @ate (5.30 crhsurface area) working
electrode, a Pt wire (1.26 d&ncounterelectrode and a Ag wire (0.79 &muasireference
electrode.” Isolated yield of coppeacetylide17. © Based on conditions reported by C.
Theunisseret al® ° No base added as the electrolyte solution functioned as the base.
Ammonium hydroxide solution acted as the electrolyReaction mixture exposed te O
causing coppeacetylidel? to oxidise and forndiynel8 in 63% isolated yield.

Various control reaatins were carried out as showrirable 1. Therequirement of an added

base such as DABCO was confirmed (Entry 4), the length of time for the applied potential
was investigatednd we found that 2 h of applied potential was insufficient to obtain complete
conversion(Entry 5) We found thaR equivaleits of DABCO were requiredEntry 6). The

vital control reaction showing thanh applied electrical potentie required to carry out this
reaction is shown ikntry 7, and the need to exclude f@m the reaction vessel (to remove

the possibility of oxidtion and further reaction of the copper acetylide prodbotry 8) was

also examined. In this last instance the copper acetylide was found to readily undergo Glaser
Hay coupling tgproducel8 unlesghe flask was kept under argadhis important to na that

the amount of charge passedtlireseelectrochemical testshould be included as another
means of comparing the tests to one another, but we did not learn the importance of this until
later in the PhD project. Therefore, the charge was not meatwniad these experimerasd

is not presented in this tabl&chene 28 shows the optimised conditions for this new

electrochemical method for preparing copper acetyftles.
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WE / Pt CE, 17
ph—— 14 0.1 MBu;NPFs/MeCN, ph—=

Divided Cell 92%
(+0.5 V vs Ag QRE),
DABCO (2.0 eq), 4 h

Scheme28: Electrochemical generation of copper acetylides using an Me&3¢d
systent?

This method was far superior to thvaterbased classical method we attempted originally due
to the shorter redion time and much higher yield. We believe the key to this improvement
lay in the type of copper complex formed in both cases. Iw#terbased method we believe
the Cu(ll}centred catiord9 (Figure 8) was produced due to the stronglyordinating species
present and the characteristic deep blue colour of the solution, whilst in the-hs=seN
method, we hypothesised that the Gu@htredcation 20 was the active copper species
produced.

_ 1+
2+ ‘
OH, I
HaN,,, | wNH;3 T
HNT | “NH;§ N {;\'I'N:\
OH, A \\\
19 20

Figure 8: Proposedcationic coppetcentred cations generated electrochemically.

To test this hypothesis, we designed a control experiment using commeobialiged
Cu(MeCN)PF (20). Two equivalentswere dissolvedn MeCN degassed with argoifhe
solution waghen furtherdegassedwith argon beforeDABCO (2 eq and phenylacetylend
eq)were added, which immediately cadgke bright yellowprecipitatel7 to form in 79%
yield. This showsthat 20 is indeed likely to be the copper complex that is generated
electrochemically®

With the conditions foproducingl?7 in hand, we next wanted to produce a range of different
copper acetylides to assess the scope and capabilities of this method. The results are shown in
Scheme29.%°
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WE / Pt CE, 0.1 M BuyNPFg/ MeCN,

Divided Cell, (+0.5 VV vs Ag QRE),
DABCO (2.0 eq), 5 h

S
MeO \ /

17\ 21 \ 2 62;/ \N

92% "\ 89% y 93%\\C -

EtO,C MG3SI
24
88"/\ 64% \\ 73°/ \\ 73% \

Scheme29: Scopeof divided cell method for electrochemical copper acetylide produgtion.

An arrayof substituents and functional groupastolerated using these conditions and the
yields ranged from good to excellent. It is worth noting that in general aryl groups appeared
to give better yields thatheiralkyl counterpartsWe were pleased to obtahme trimethylsilyl
copper acetylide in good yield as this has particular synthetic utility owing to the ease with

which the TMS group may be cleaved for lagéage functionalisation.

In order to confirm that the oxidation state of the copper we weragialg from the sacrificial

WE wasé+1g we devised an experiment in which a graphite rod was coated withoGu
CuSQaq)by using a reductive potential €f.5 V vs Ag QRE13.40 C passed during coating

= a maximum of 6.94x1(Pmoles of CO. Thiswasc al cul ated by using Fa
Electrolysis Eq. 1, page L This C¥-coated C electrode (picturedrigure 9) was then used

to produce copper acetylide from 0.5 mmol phenylacetylene with the conditions seen in
Scheme29, with the exception that all of the Cu present on the graphite rod was released in
around 10 min and in this experiment the alkyne was in excess. The theoretical yield for this
experimenwas 11.43 mg o17 if all available oxidised Cu reacted and we isolated 8.10 mg
(4.92x10 ®moles) of17. This gave us an excellent 71% efficiency of Cu atom integration into
the product, however the most interesting result from this experiment was eéhctaige
passed during the oxidation of Cu was measured to be 6.17 C. Substituting this vetge into

1 (page 1, along with the number of moles of isolatEfigivesa good approximation of the
oxidation state of the copper released into solutipdy,as being 1.30. In other words,s

more probablehat we are releasing Qonsrather thanCu'. Figure 10 showsthe charge
passed as a function of time for coating of the graphiteApdrid the releassf the Cliions

(B). It is noteworthy that even at a glance, these graphs show that there was twice as much
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charge passed when reducing' ©@ato the graphite rod than there was charge passed in the
oxidative release (indicating Crelease}®

Figure 9: Thecoating of a graphite rod with a layer of €u

A 0f B
o I /
— - 4 4_
S > 13.40C || o 6.17C
s | P
Q 1 % 2.
I-‘IO— c
1 Q
b T l. 0_ T T T T
0 100 200 300 400 0.0 0.5 1.0 1.5
Time / 5 m— Time / KS m—

Figure 10: Charge passed when: A. reductively coating a graphite rod from a £z4$0
solution and B. oxidatively releasing Gons. Axes redrawn for clarit.
Furthermore, when we repeated this experiment, to be certain of the validity of this method,
we used a graphite rod CE (instead of a Pt wire) of identical dimensions to the WE. When this
experiment was carried out, we found thE2.51 C charge was passedhe coating, 77%
efficiency of Cu atom integration was achieved and 5.37 C charge was passed in the release,

which gives a value of the oxidation state of the copper as’%.12.

Whilst this divided cell method for producing copper acetylides is efficient and has a
reasonably wide scope, we were curious to see if we could improve this methadsroter

sustainability.
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4.2.2 An Undivided Cell Approach

We believel that thecurrent flowing at the CE to maintain tbkarge in the divided ceNas
causingthe electrochemicallynediated Hofmartype elimination of the electrolyte salt
BusNPFs. This reduction wouldake place in the cathodic chamber to generate tributylamine.
There is a strong literature precedent for thi8:108106 |f this was indeed thease, we
wondered if we could exploit this reactivity to perform this same reaction in an undivided cell,
combining the oxidative production of copper with the reductive production of an amine base,
thereby obviating the requirement for any added basé, asidABCO, from our method
entirely. We also anticipated that the base we generated could also perform as a catalyst. Once
it reacted with a molecule of terminal alkyne to become protonated it could be
electrochemicallyreduced back to itbasicform. This would release Hgas a clean by
product, making this process highly sustainaMeSuch factors, if enacted successfully,
embody several of the key principles of green chemi&tifhese poposed improvements to

the method are summarisiedrigure 11.%°

Divided Cell Method Undivided Cell method
cu? Pt°
o R cu'—& > cu .
~ _
Jl Bu,N* R;N*FEx RN ‘h
Cu ] ’/\(é
) C | H RNEH
R I

BusN R

*  Much less solvent used

Oxidative Reductive * No added base
+ Reductive chamber wasted ~ * Electrogenerated base is
« Requires stoichiometric base catalytic

Figure 11: Proposedmprovements to the divided cell method for preparing copper
acetylides’®

This undivided cell maod would have several key advantages over the divided cell method.
Most notably, the lack of need to add a base to the reaction mixture and the catalytic nature of
the electrogenerated bagedecrease in the resistance between the WE and the CE wsuild al
be athieved The use of an electrochemical approach to generate ipasis over simply
adding an amine base to solution is appealing becpusernary ammonium sall@AS) are
generallyless hazardous than their tertiary amine counterparts (thiargful selection of
the associated anignsmaking theoverall hazardsf the starting materials preferable as there
is no direct handling of the ba%e.
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These key advancements in the new method would rely upon the -sliagion
transfer/Hofmansype elimination of the QAS electrolytEssentially the electrolyte we were
using would also behave asprobase. This reactivity has been investigated in #etdit°®

and it is believed that the QAS undergoes a single electron reduction to produce a tertiary
amine and a radical. This radical is tipabalty reduced, producing an anion that can initiate
Hofmann elimination of another molecule of QACertain R groups of QAS have a proclivity

to dimerization where others do not. For instance, [PINBAs]* often produces dibenzyl

upon reduction. However, tetraethylammonium (TEA) salts give only ethane (RH) and ethene
(R(-H)).1931%The presence of water in the solution offers alternative fates for the resultant R
radicals and anions Scheme 30 gives an overview of the reactions associated with
electrochemical QAS reductidh!031%|n the specific case of using a sacrificial Cu anode in

an undivided cell to promote copper acetylide synthesis, we were cognisant of the fact that
there also exists the possibility of eleeteduction of the generated Cu(l) ions at the counter

electrode, which may negatively affect the synthesis.

+

+ +e . +e” — R4N +RH
RaN W +R Single R Hofmann +R(-H)

(QAS) Electron Electron  Elimination
Transfer Transfer
Alternative processes: Hofmann Elimination:
[ R'i» R—R (Dimerization) v/:R
« R 29 Ry + OH H RsN:
. +H20 . +e - _—
*R —> RH + OH —> OH +RH
+
« RN" +OH +H,0 NR +R(H)
(QAS) Hofmann m +R(-H) +0
Elimination
¢ H,0 &> 1/,Hy + "OH

Scheme30: QASelectroreduction and associated reactiotig?3106

Quaternary ammonium salts are generally more resigiagiectrochemical reduction than
most probases. It has been found fhators such as R growhain lengthsteric hindrance

and branchindhave very little effect on theverall stability towards reduction and to the
electronic environment around theioatc nitrogen centre¥:1%°Despite these difficulties, an
example of electrochemical QAS reduction for synthetic purposes does exist. In 1995, J. Gal
et al’used benzylic QAS as a means to produce benzylic radicals that reacted with CO
generate carboxylic acids asScheme31.1° TheanionX' used in these examples were all
halides and switching between different halidekd not appear to affect the yield of the

products.
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+R1 +2

+H+ OH
R2 +Co2 il BN m

o

Selected examples: 79%,
mOH R'=Et, R2=R3=Me

m 60%, 56%,

when R1 R2 R3 Bu R1 Ph R2 R3 Me

Scheme31: Exampleof electroreduction of QAS

However, his example does not make use of the elegtmerated tertiary amine babat is

formed in this reactianwhilst we were encouraged by the relative ease with which these
reductions appeared to have béannessed, we expectdte reduction of purely alkyl QAS

to be more difficult than the benzylic ones saerscheme31l. Despite this, w remained
confident that in the absence of other potential probase species we could successfully utilise

Hofmanntype elimination to facilitate copper acetylide synthesis in an undivided cell.

We began by using almost identical conditiotts our previous method, therefore
BusNPR/MeCN was used as the electrolyte solution, causingads to be produced from
thesacrificial Cl® WE and (so we initially believed) BN to be formed directly at the Pt CE.

Over the course of 2 h of an applied potential of +0.50 V vs Ag QRE, a modest yield of 54%
for 17 was achieved Table 2). This yield falls well below the 92% achieved with the
optimised divided cell conditions however, so further optimisation reactions were carried out
as shown imable 2. Thereaction vessel was kepder argon to prevent any diyne forming.

To demonstrat the proposed catalytiegenerativaenature of the base, 0.1 mmol electrolyte
was used with respect to 0.3 mmol phenylacetylerace, ifall presenQAS was converted

into theaminebase8 and29, (andneither of these baseawsregenerated)ye wouldexpect

a maximum theoretical yielbr 17 of 33%. Yields greater than thigould demonstrat¢hat

the base must be electrochemically regenerated after initial deprotonation of a molecule of

alkyne ashown inFigure 11.%°
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Table2: Optimisationand control reactions carried odior theelectrochemical synthesis of
copper acetylides in an undivided céf®

Cu WE / Pt CE (Potential) 17
Ph—— No Added Bas.e _ [ h—— ]"O'Z*Ph — 18: Ph
Electrolyte Solution
Electrogenerated Base: [BU3N] 28 (Et3NJ 29
Entry Electrolyte/ Potential (vs Ag Additive(s) Yield/
Solvent Used QRE) and Charge %"
Passed
1 Buw:NPFR/ MeCN +0.50 V for 2 h 54
19.2C
2 BwNPR/ MeCN No potential applied 0
(20 h)
3 MeCN No potential applied Cu(MeCN)}PFK 3
(2 h) (1.1 eq), BuN
(0.33 eq)
4 MeCN No potential applied Cu(MeCN)}PFK 38
(2 h) (1.1eq), BuN (1.1
eq)
5 LiClIO4/ MeCN +0.50Vfor2h 0
148C
6 LiCIO« MeCN +0.50 V for 2 h BusN (0.33 eq) 9
50C
7 EtuN(CHsCsHaSGs)/ +0.50 V for 2 h 66
MeCN 19.0C
8 EuN(CHsCsH4SGs)/  No potential applied <1
MeCN (2h
9 MeCN No potential applied Cu(MeCN)PFs 44
(2 h) (1.1eq), BN (0.5
eq)
10 MeCN No potential applied Cu(MeCN)}PFK 51
(2 h) (2.1 eq), BN (1.1
eq)
11 EtuN(CHsCsH4SGs)/ +0.50 V for 4 h 97
MeCN 457 C

%In all cases 0.3 mmol phenylacetylene and 0.1 mmol electrolyte salt in 10 mL reagent grade
MeCN (0.01 M) were used. All reactions carried out under argon with a Cu wire WE, a Pt
wire CE and a Ag wire QRE each with an effifee surface area of 64 mini Isolated yield of
copperacetylidel?.

We beliewe that the active Cu species in this reaction is Cu(MeClyhere X = Pk or
CHsCsHsSOs , which both contain the cation@mmplex20). This isbased on our previous
methodand supported again by control reactions carried out incthientwork. Entry 3

shows thatvhen nopotentialwas applied the reaction proceeded when this Cu species was
added along with an amouat 28 thatmirrored the total available QAS used in Entry 1 (i.e.
0.33 eq with respect to the alkynk)s worth noting however théihe reaction was much less

efficient. We al® found that when a stoichiometric/slight exce$<8 wasused the yield
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increasedsignificanty. This further indicatd to usthat when a potential is applied, the base

is regenerated, making this process catalytic in nture.

The absence of an appropriate Qpi8base completely shut the reaction down (LiCAMas

used as substitute)even when agential was applied as shown in EntryDairing this test

17 was not produced over the 2 df applied potentialHowever,once this test had been
completedBusNPFs; was added to this same solution and a potential (+0.5 V vs Ag QRE) was
applied againWithin 15 min a bright yellow precipitatef 17 was produced. Whilst we
initially interpreted this tde evidencdor thedirect electrochemical reduction of a Q&t

we were hoping to observas in Scheme30, we decided to run CV plots of the various
components of this reaction mixture to obtain more conclusive evidence for this hypothesis
(CV plots shown in th&igure 12).°

A: Background B: Phenylacetylene added
0+ 04
— —
1+ -1 PhC=CH
“ Electrolyte .~ Reduction
-2 Solution -2+
Reduction Electrolyte
3+ -3 Solution
Reduction
3 2 A 0 3 2 A 0

C: Ferrocene added

Ferrocene

] Redox
] Couple
PhC=CH
2 '~ Reduction
R S N S

Figure 12: CV plotsof phenylacetyleneecorded in 0.1 MELUNO;SGH4CHs / MeCNusing
a glassy carbon WE, Ag QRIad aPt CE.Y axes =Current (mA), X axes =Potential (V)
Axes redrawn for clarity®

PlotA appears to show that at arou2® V (vs Ag QRE) the background electrolyte solution
begins to be reduced. It has been reported that under a reducing potential MeCN itself can
form a strong base, [NCGH,*¥*whi ch has been shown-lactam be
synthesis through substrate dspnationt'?1* However,this direct reductiorof MeCN
appears to only take plagghen no otheproton donorsare present!! suggesting that the
reduction peak shown jplot A likely pertairs to QAS reduction. This distinction is rendered
somewhat moot by the fact tHatplot B, at the lower potential airound-2.2 V vs Ag QRE

(-2.7 V vs Fc/Ft), phenylacetylene starts to be reduceeitber[PhCC], through loss of
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H, or to the radicahnion. This shonvsthat under the conditions used heahefirst reductive
process to take placglikely to bethereduction of phenylacetylene rather than the reduction
of the electrolyte solutigrhowever, giverthe overlap of the electrolyte and phenylacetylene
reduction peaks, both processes are posdiited C merely shows this same reduction of
phenylacetylene but with ferrocene included as an internal refetence.

If the [PhCC] anion is formed, deprotonation of a Qi@ Hofmann elimination would then
produce a stable tertiary amine base, thereby initiating the copper acptgieing
reaction If the radicalarion is formed, the single electron tediar from this species @WQAS

would reform phenylacetylene and form an amine bés¢he pathway outlined iScheme

30. In either case, the result would ultimately be the sahhe.ensuingelectrochemical
reduction of any protonated tertiary amine bases would then almost certainly take over as the
dominant reductive process for ttarationof the reactiongiven the comparative ease with
which these species may be redudethe anion iformed, t is not immediately apparent as

to why this does not directly lead to the formationldf. One explanation could be that this
reactive anion, formed in low concentration at the very beginning of the electrolysis, is
quenched very quickly, therelsyopping it from reacting with the similarly low concentration

of Cu ions produced at the anodeheTstableaminebases28 and 29, producedby way of

Hofmann elimination, would not suffer from thissue Scheme32 showstheseproposed

reaction initiatiols (anion formation = Reaction Initiation 1, radical anion formation
Reaction Initiation 2§°

Cathodic Reduction
+e”; -'Hy
/I?maﬁ;_ Direct Copper
Initiation 1 -

Acetylide Formation
Hofmann Elimination

R4NT

Cathodic Reduction
+e

T resction ™

- eaction _ -
Ph—=——H nitiation 2 [P ——H|

Single Electron Transfer

RN R4N™

Scheme32: Proposedeaction initiations by way of phenylacetylene reductiin

Entries 5 and 6f Table 2 proved importantor ruling out the interference of hydroxide ions

Given that these reactions were carried out in the presence of reagent grade (rather than
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rigorouslyanhydrous) MeCN, it was postulated that a buibdof hydroxide ionsnight occur,

as outlined in the 0aflStchemed0aThis wwd fauilitatecttees s e s 6
reaction by providing another base for the deprotonation step obpiper acetylidéorming

reaction andalso increase the rate athich 28 and 29 were regeneratedhrough the
deprotonatin of anyprotonated8 and29. Given that we wuld expect some product to form

in Entry 5 if hydroxide ions were generated, it seems that hydroxide ions were not formed, or

were quenched before they could effectively promote this reattion

At this juncturewe decided totest an alternative electrolyte sathich we had in the Iab
EuN(OsSGH4CHs), in the hopes of improving the yield and atom efficiency of the reaction
by produéng the less stericallliindered basg9. Tetraethylammonium salts with other anions
may also work but were not test&dork carried out by Dahm and Petéfshowsthat during
the formationof 28 from TBA™", a stericallydemanding gauche interactids essentiafor
allowing the antiperiplanar geometmat is requiredn Hofmann elimination processes.
However, this same interactiotauses muchess steric hindrancerhen TEA is used
promoting thegeneration o29 much more readily tha8. This gauche interaction is why
Hofmann elimination generally leads to the lemdbstituted (noZaitsev) alkene product. A
summary of these concepts is shawkigure 13 wherethe atoms in blue show the required
anttper i pl anar g-lydrogentwithythe guaterbaly amnfionium centaesl the

disfavoured gauche interactioae shown in reé’11s

General example:  zaijtsev Hofmann
n

NM product product
\('\83 Agz \(\ \(\
e vs H

Minor Major
Gauche mteractlons FaVOUTEd

PhD research example: H

H H
Gauche interaction % Favoured

\/\/N\/\/ VS \/

TBA® salts K/\ |\ * salts

Figure 13: Representations of the selectivity of Hofmann elimination reactions in a general
sense and in the context of this PhD project using Newman projetfions.

When wemovel over tothe TEA salt (EuNOsSGH4CHz) the yield increased significantly.

The catalytic nature of the base was maintained and as this salt was moedfizient we
continued its use. We also found ttieoptimal yieldsof 17 wereobtained when the potential

was applied for 4 h. Thigaveus our optimised conditions as showrEntry 11of Table 2,
highlighted in yellow. When we applied these conditions to a range of substrates, as shown in

Scheme 33, yields compaed well with classical literature metholisand a variety of
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substituents and functional groupsretolerated. Howevennlike the divided celinethod?®

when trimethylsilyl acetylene was used, the product appeared to deconmpcsel
Presumably exposure of the TMS group to the reducing potential was the cause of this
decomposition, perhaps allowing cleavage to take phlateilkier silane 33, was produced,

albeit in low yield.Also, when 3ethynylanisole was used in an attempt to prodicehe
product consistently decomposed, which was strange given the high yields obtained in the
divided cell method%cheme 29 and given that 4thynylanisole worked extremely well to

produce32. The reason for this remainsknownto us®

WE / Pt CE
. 001 MEtNO;SCeHsCHy / MeCN,
~ Undivided cell, (+0.5 VV vs Ag QRE), T
RT, 4 h

Cu
x 25 \\j

17 o

63%

97%\ 96°/ 51% 1\, Ph

OMe

33\\ A&
21% Si- ’Pr a7%

Not formed

27 Me
Cu—=——Si-Me
0% Me

0%

Scheme33: Scopeof undivided cell method faglectrochemical copper acetylide
production®
It is noteworthy thatve initially found certainsubstrates gave impure products when reagent
grade MeCN was employeas the solventWe believe this may béue to overoxidation of
the coppercaused by the presence of water as whierswitched to anhydrous MeCWe

obtainedbette results.

A schematic metanism for this reaction is givamFigure 14, highlightingthe various single
electrontransfer REDOX reactions taking place at electrode surfaces (red arroiving).

possibled i ni t i at damshéwn nSchemd323b n
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;
Et;N

Initiation;
Hofmann
Elimination

Et;N Pt°

Base Regenerative
Cycle

Et;N°H

r

R_Cu

Figure 14: Schematic mechanism of electrochemical Cu(l) and base generation/catalytic
regeneratiors®

Now that methods for preparing copper acetylides electrochemically had been developed (in
a divided gstem and an undivided one) we felt that the next logical step would be to expand
into reactions that utilise copper acetylides as intermediates. As such, the CUAAC reaction
(the most f amous ¥ becambair néxCreactiorkobinterestact i ons)
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5.1Introduction

The Cumediated AzideAlkyne Coupling (CUAAC) reaction, as the name suggests, is the
coupling of a terminal alkyne with an azide to produce a 43 2ole product when catalysed

by copper. The reaction traces its origin back to the 1960s with the first description of the
Huisgen reation '’ a dipolar, 1,&ycloaddition between azides and alkynes. This reaction
proceeds under thaial conditions and yields both the 1,4 and 1,5 regioisomers, as shown in
Scheme34.118

Huisgen Reaction

/N\ Rl /N\ RI
N\N+ A N” N~ N N~
R e H + R-/ =~ :N—  — >_/ + \_<
R ~1:1 R
1,4-isomer 1,5-isomer

Scheme34: GeneralHuisgen thermallpromoted cycloadditioft®

In the early 2000s MelddP and Sharples? found that this reaction could be extremely
efficiently catalysed by Cu(l) salts, leading to short reaction times, mild conditions and very
high regioselectivity for the 1,4 product oy -his new CuAAC reaction went on to become

the epitome ofClické chemistry, the joining of smaller molecules in stereospecific,-high
yielding and simple reactiodg-'?2 Furthermore, the affordability of copper catalysts, ease
with which azide and alkyne moieties can be incorporated into a range of compounds to act
as coupling partnerand the boad utility of the resulting triazole product have all contributed

t o this reactionos wi despread popul arity
pharmaceutical chemistty?

The mechanism of the CUAAC reaction has been studied extensively over the years. An early
proposal of the mechanism by Sharplgg02)?° suggested a simptaononuclearapproach

in which a copper(l) acetylide intermediate is formed, followed by ligation to a molecule of
azide. This then allowed concomitant formation of-& ®ond and a double bond between

the copper ion and a carbatom of the acetylide, creating ax&mbered Cu(lll) species. This

then undergoes transannular ring contraction to y8ldvhich can be protonated to yield the

1,2,3triazole product ashown inScheme35,120.123.124

ASubsequently, rutheniweatalysed protocols (RUAAC) have been developed which select for the 1,5
product from terminal alkynes and which can even produce-frjdzbles from internal alkyne®
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Scheme3s: Early proposed mno-nuclear CUAAC mechanistf:123124

However, it was later (2004 onwards) repeatedly found frontikistudies that the rate law

of this reaction is second order with respect to the concentration of ‘that@lyst, suggesting

that two copper centres are required in the mechaitsiilt hasalso been reported that the

rate of reaction increases more slowly than predicted with increasihgo@centration,
suggesting the formation of aggregates at higher copper concenttatigesently, futher
evidence, such as isolated intermediates, have suggested that botmutieao and di
nuclear copper mechanisms are viable, but that thadear system is favoured kineticalfy.

The most widely accepted-diiclear mehanism is showin Scheme36.124126.127t js worth
mentioning that a tmuclear copper system has also been proposed, but this did not seem to

gain much tractiof?’

R—==—H L1828 g —= R'—N;
R—

Base

\\ R'

Slow FAST . M-

Cycle R— CYCLE Il\lll’ \

N \ / N

N /R / '

N” N R - R——=

Scheme36: Commonlyaccepted dnuclear CUAAC meemism with proposed slower
monanuclear cycle incorporatetf*126.127

The CuAAC reaction is very robust in that it is tolerant eéisthost of conditions and reagents
whilst still giving very high yield$? In terms of ligands, often{dased additives fill the role
of both ligandand base, which also helps to solubilise €pecies that are used. Many

examples exist including triazetsntaining amines which have been shown to stabilise Cu
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in agueous media for use in cells, such as TB**8eyond Nbased ligands aumber of P,
C, O and $hasedigands have also been employed, such as acetate aniongl{i@A) and
N-heterocyclic carbees (NHC) Figure 15shows a very small selection of the array of ligands

that have been usé#.

| R
/N\/\N/ Q\ N—N
N\
| N N
TMEDA DBU
| 0 N N=
N
N ‘,
SN 4« ) N™ |
| pmpTa ! © N R = Bn (TBTA)
Acetate

R R =Bu (TTTA)

Figure 15. A handful of ligands that haveebn used in the CUAAC reactitf.

In terms ofsolvents, a review from 2088 (a mere 6 years after the reaction was first
described) showed that the CuAAC reaction had been carried ddiOn:MeOH, toluene,

THF, DMF, NMP, pyridine, DCM, CHGJ] DMSO, MeCN as well as combinations of these

and others beside$he main determining factor for which solvent is used appears to be the
Cu source and its solubility. Often these solvents were used at RT, showing again the broad
range of conditions that may be emp#dywith this reaction and ease with whitts carried

Out127

It has been found that whilst the reaction is dependent upon a Cu(l) catalytic cycle, various
oxidation states of the Cu source canused. Beyondhe direct use of Cu(l) salts, mixed
Cu(0)/Cu(ll) species (such as Tuwire with CuSQ) have been used wherein
comproportionation yields the active 'Gpecieg!®12"13(This gave us inspiration to carry

out a CuAAC reaction electrochemically using a Cu wire WE and applyinoxigiative
potentialto it to generate the active Cspecieg Cu(ll) salts can be employéa this reaction

so long as a reductant such as ascorbic acid or sodium ascorbate is also added. This allows

Cu(l) to be generated situ, even in the presence aif, asshown inScheme37.120.131

L-ascorb|c acid |_ ascorbate L-ascorbate radlcal

Scheme37: Thein situreduction of @" by ascorbaté?*13!
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In terms of practicality this has proved quite beneficial because)Galt$ are very stable and
easy to handle, and commercial Cu(l) salts are often contaminated with Cu(ll), which can lead
to a range ofinwanted byproducts forming such as diyn86 and bistriazoles37.2?° It has

also been reported that the formation of alkyhy#,3triazoles 38 is also possible and these
various byproducts and the proposed mechanisms of their synthesis are sh8aimeme
38.132Note that these bgroducts all arise frorthe oxidation of Cuand that the use of bases
(carbonates proving to be the most effective) has been shoprortmte their synthesisy
removing protons that would otherwise hydrolytically cleave theu®ond in35to yield the
1,2,3triazole product?”13 whilst the rigorous exclusion of ggen has been shown to

suppress their productid#f.

Glaser-Hay Reaction

Scheme38 Generalproposed mechanisms for the formation of variouproglucts of the
CuAAC reactiort®

The CuAAC reaction is not just limited to the praodtion of disubstituted 1,2;&iazole
products as it has been shown that the adddran situ generatiorof electrophilichalogen
species can allow reaction to occur wathto yield trisubstituted product&xamples of this
include the addition of NC%,NIS orl, (Scheme39, a)**to the reaction mixture, as well as
the simultaneous generation of'@nd & from a copper(ll) perchlorate/alkali metal iodide

mixture Scheme39, b).1**There have also been reports of using NBS + Cul to gerléiate
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situ (Scheme39, ¢).1* Thislast method is particularly interesting as it was found that none of
the bromesubstituted triazole product was produced at all, suggesting the role of the NBS
here is solely as an oxidant for thetarting matsal, as opposed toeingan electrophile that
reacts with35 before the bromide is displaced by iodide.

N-RNes  NTONR abe  NTONR
R>_<CI R>;< R

a.NISorl,
b. Cu(ClO,4),*6H,0 + Kl or Nal to generate Cu' + |5
c. NBS + Cul to generate |”

Scheme39: The addition or production of electrophilic halogen species in modified CUAAC
reactiong??134136

The potentialissue with this approachhowever,is thatoften the reaction 085 with the
electrophile getevershadowetby protonationleading to large amounts of the standard di
substituted triazole product. Indeed, one of the reasons the standard CuAAC reaction works
so well is that the proton source for the reaction can be the terminal alkyne starting material
itself, meaning that therotonation pathway is always access®l&o overcome this the
approach of using substituted alkynes, such-bsofind®” or 1-iodo**® alkynes, as starting
materials has been developed and is shimm®cheme40 (see Figure 15 for structures of
ligands) along with a proposed mechanism for this new mode of reactivity. There has even
been an example of usingalumino alkynes in this same way,which is potentially very

useful as the aluminotriazole that is formed is capable of reacting with a range of electrophiles,
including NCS, NBS, NIS and CIC@le, to produce stahlsubstituted products®
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Scheme40: Theuse of substitied alkynes in the CUAAC reactitt3*13°

The ease with which the CuAA@action can be carried out in a wide array of conditions has
led to alarge number of applications for this reaction in the areas of organic synthesis and
pharmaceutical chemisthrough bioconjugatiaff116-118140Fgr synthetic purposes, iodo
substituted triazoles (produced by way of mettaddsvn inScheme39 andScheme40) have

been used for halide substitution reactitfisand as coupling partners in Suzuki cross
coupling reactions to help make new dnflammatoy drugs*? in Sonogashira cross
coupling reactions to help make carbonic anhydrase inhikigargpart of new anttancer

drugs}*®and in Heck reactions to produce triazileed heterocycle's?

The standard CuAAGeaction has been used extensively in the realm of bioconjugate
chemistry for the production of various drugs and biomolecules (such as chemoenzymatic
probes,*® for polymer synthesis, for surface functionalisation and for the production of
biomaterials such as nanoparticles and hydrdgelBhis is summarised schematically in
Figure 16.14
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Figure 16: Schematic representation of uses of the CUAAC reaction in bioconjugate
chemistry*4°

Given the obvious importance of this reaction, we wanted to try performing it
electrochemically byapplyingan oxidative potentiglo a C{ sacrificial WE to generate the
Cu ions necessary to catalyse the reaction. This approach would be silatrhe reverse

of, CU' salts being reduced situby sodium ascorbate. Our proposed electrochemical method
would share the same benefits of using @ugenerate Cun that C\ is extremdy easy to
handle and much more stable tharh. The use of metal sheet as the source of copper in this
reaction would also be the simplest possible source that could be employed.

In the past, people have carried out eleessisted CUAAC reactions on electrode surfaces
coated with either alkyni® or azidé*’ functionality, where Cu(ll) salts that have been added
to solution are electrochemicalhgduced to Cu(l), thereby initiating the CuAAC reaction.

This approach is showin Scheme41.146:147
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Schemetl: The CUuAAC reaction on surfafenctionalised electrodes through the reduction
of Cu(ll) to Cu(l)146147

Another approach involving the generation of the alkyne moiety on the surface of electrodes
through the reduction of GEO) has also been demonstratétiThe authors of this work

first protected the alkyne by reacting it with800), whichwas reduceelectrochemically

to reveal the alkyne again when a potential eyaglied tothe electrode that the alkyne was
attached toThe alkyne then underwent a CUAAC reaction. Tdactionof Coy(CO) with
alkynes is most often used in the Pauktwand reactiorffirst described in 1973f°which is

the [2+2+1] cycladdition of an alkyne, an alkene and CO to form cyclopentenones. An

example mechanism for this reaction is giie®cheme42.1°°
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A. Electrochemical reaction

oc N
28 Se0—calco Reductive __ ,, _CuAAc N’ N-R
CO — _
R Potential
H R H

B. General Pauson-Khand reaction

R
/— R C0,(CO)g Y = O + Various
Y / +CO ————— > Y. O |C, N groups
ocC ocC
S e Gogedco R A%
[ cO -
Y Co,(CO)g HAKR | co
/ e T Y Y Cd—co
-2CO N
\ CO
co l+CO
/_co
fo—c0 oC  ¢o
R 88>C R /\CO/—CO
, -CoaCO )
Y Y™co
o

Schemed2 A. Example of electrochemical CUAAC reaction using @0)s protection. B.
General example of the Pauskihand reaction to form cyclopentenorié:s°

5.2 Results ofElectrochemical CUAAC Reactions

As weweredevelojing the undividedcell method for preparing copper acetylides, we were
mindful of the need to rigorously test the validity of electrochemicaiethod. Tle absence

of any detectable diyne froducts generally high yieldebtained and lack of degradation

of the materialdollowing completion of thaeactiors stronglysuggested that our products
were pure but we nevertheless decided to carry out a CuAAC reaction using our
electrochemicallyproduced copper acetylides to test their fidelfe CuAAC reactionis
widely-used, especially in pharmaceutical chemistry where many drug molecules,
biomaterials and polymers are routinely produced using this chefifstty14%lt is also a
reaction known to be efficient and religson a Clibased catalytic cycle, meaning that if our
copper acetylides were in a mixed oxidation statedhosild be highlighted clear)ysimply

from the isolated yieldT hi s became known tWe thersforeaadaptedh e
conditions from 8aoet al.,*! deliberately selecting a method with@uteducing agent such

as sodium ascorbate to remove the possibility df lf&ing converted into Cuid-reaction
SeeFigure 17.3°
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Ph———=~Cu
17 HOAc (1.0 eq) )—/ 39
cyclohexane, RT P

*75% using pure 17 produced by 'traditional' non-electrochemical method
*72% using pure 17 produced by our undivided cell electrochemical method
*48% using 17 of questionable oxidation state

Figure 17: A. Pictureof 17 that matches literature descriptior8. Picture of17 that is of
questionable oxidationstat€. 6 C| i ck test 6 of copper 3% etylid

We found that the yields and spectral data3fproducedusing17 from both the traditional
method (synthesised using CulNi4OHq rEtOH%9) and our newlectrochemical method
compared very well with one another. This reaffirmed in our minds that our electrochemical
method for producing copper acetylides is robust. We also discoverewhbatl7 of
questionable oxidation stateas usedj.e. sampleghat were not the characteristic bright
yellow colour associated with most copper acetylides, but instead a darkerg@ibawas in
picture B of Figure 17 (suggestinga possible mixture of Cuand CU acetylidey, a
significantly lower yield of 48% wa®btained for39. This result lends support to the use of
the CuAAC reaction as a good way to test copper acetylide purity in the future-aalkedo

6Cl icR testo.

Emboldened byhese results, waext attempted to integrate our electrochemical copper(l)
acetylide formation with the @WAAC reaction to produce a sustainable, -pog
electrochemical process, as shawtscheme 3 (the potential was applied for 3 thenthe
solution was left to stir for aifther 13 h)To the best obur knowledge thisvould bethe first
example of both an electaxidised Cu(0) to Cu(l) approach and of such a reactioa on
preparativescale. Whien we attempted the reaction, we were pleasetitan yields of 49%
for 39 when EtLNOsSGH4CHs was used as the electrolyged 79% ven ELNOAc-4H,O
was used.The @ntrol reactions Wwere no potentialwas applied yielded 2% and 0%
respectively. These results suggest that the presence of acetatabmieforthe generation

of a potent copper acetate catalyste therefore wondered whether Cu(l)OAc could be the
active copper catalyst in this reactigkitempting to confirm this, we carried outcantrol
reaction using Cu(I)OA€L eqi a large excess for this catalytic reactiangd EtN (1.1 eq)
which were dissolved in anhydrous MeCN. Benzyl azide (1.5 eq) and phenylacetylene were

then added, the solutiomas degassed and then left to stir at RT overnight. This 3ire
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59% yield which shows a copper acetate spesmiainly capable of catalysing this reaction

but theyield falls short ofthe electrochemical method. Furthermore, trace amounts o diy

18 werealsoproducedn this control experimer{presumably from Cu(ll) contamination of

the Cu(l)OAc catalyst) which was not observed in any of the electrochemical tests where Cu(l)
is generategh situ.*®

WE / Pt CE, N
H 0.01 M Electrolyte salt /MeCN,  N” "N\,
, , (+0.5 V vs Ag QRE), ):3/9
Undivided cell Ph )
Ph BnNj (1.5 eq), RT, 16 h  EtNO3SCeH,CH3 = 49%

Et4,NOAc-4H,0 = 79%
Scheme 8: Onepot electrochemical CUAAC reactiéh.

Another question we were keen to investigate was, how much cappdreinggenersedin

this reaction? To answer this question is not at all simple. In the undivided protocol we were
using, copper ions produced at the anode can also be reduced at the cathode, making accurate
determination of the amount of copper produced difficult whekitg only at the total charge
passed during the reactioflso, carrying out nofelectrochemical control reactions with
varying loadings of commercialigvailable copper catalysts would not work well eithsr, a
shown with the Cu(l)OAc control reacticmsthiscan lead to Cu(ll) contaminatiand t does

not sufficiently represent the conditions used in the electrochemicalatrapproach. So, a

new electrochemical method was devised. We wanted to simulatelgb&ochemical
conditions as closely as pddg; to this end we used a divided cell and optedeposita

layer of copper onto the surface of graphite electrodes through reduction from an agueous
copper sulfate solution. This would allow us to coat only as much copper as we wanted to use
in our tests. This same approach is utilisedChapter 4. We controlled the amount of copper

by usingEq. 1 (page ) andcalculaed how much charge must be passed in ordeotia
graphite rod with for example 5 mol% Cu, if we used 0.2 mnpblenylacetylene starting
material. In this way we coated 4 separate graphite rods, one with a 5 mol% Cu loading,
another with 10 mol%, then 20 mol% and finally 30 mol%. We then carried out 4
electrochemical reactions, where the Cu loading was first releade the 0.01 M
EuNOACc-4H,O / MeCN solution using an oxidative potential of +0.5 V vs Ag QRE. Once all
the Cu had been oxidised to Cu(l) ions in solution (as confirmed visually and, more
importantly, by the charge that had been passed), the solutidrewsterred to a sealed flask

and degassed thoroughly with argon. In this solution, B{iNd eq), BN (1.5 eq) and
phenylacetylene (1.0 eq) were then dissolved, before the solution was left to stir at RT

overnight Scheme 4 outlines this general apprca
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X'mol% Cu-coated C WE / Pt CE, N N ~
H 0.01 M Et;NOAc-4H,0 / MeCN, N" "N, N7 NT gy l l
+0.5 V vs Ag QRE )=
| | ( vs Ag QRE), PH 39 " PH 40 \ + 18
EtsN (1.5 eq), N I
Ph BnN; (1.5 eq), RT, 16 h Ph
(X =5, 10, 20, 30) b

Scheme 4: Coppercatalytic loading determination using @wated C electrodes.

Interestingly, in practice this approach generated three products when attempted, in varying
ratios depending on the Cu catalytic loading. The desired-tti@zZ®le producB9 (formed

by way of Clicatalysis) was indegaroducedhowever, alkynyl,2,3triazole40 and diyne

18 (both formed through Cucatalysis) were alsproduced In terms of trying taccurately
determine how much Coatalyst is needed to efficiently prodi8®using our electrochemical
method,this approach clearly failed, but the trends in the distributigeraducts39, 40 and

18 overthe varying Cu catalyst loadings is itself quite interesting and warrants discussion.
Table 3 shows this distribution of products in terms of isolated yields with respect to the

phenylacetylene starting material.

Table 3: Distribution of products formed at various catalytic loadings of copper

Cu loading / mol%? 4.5 9.9 21.5 30.2
Diyne, 18 yield / 9% 4 8 14 21
1,2,3Triazole,39yield / % 10 27 23 9
Alkynyl-1,2,3triazole,40
. 20 8 45 46
yield / %
Total conversion of
34 43 82 76
phenylacetylene / %
Unreacted phenylacetylene / 66 57 18 24

4Corrected catalytic loading after taking into account exact mass of phenylacetylene used and
exact charge passed whilst coating C rddsolated yields of obtained products.

Some important details about this table and the associated experiments rehtige a
explanation. Owing to the way the copper was plated onto the carbon rods to give us our
catalytic loadings, the correctémhdingsare shown in the table, i@ maximum o#.5 mol%

instead of 5 mol%, etc. These values were obtained by first taking into account the exact
charges passed when coating the rods: 65 mol
C passed, 620 mol % test 6 =580Cpassdd. T@enpiadsng ed, O
these values by 2 for the fact that 2 electrons are given to each Cu(ll) sulfate species to plate

Cu(0) onto the carbon rod, then divided by the elementary charge constant, 1'8@=ahd
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the correctd catalytic loading values shown in the table. The yields for the products formed

also take thexact mass of phenylacetylene used into account.

Table 3 shows the product distribution from the 4 tehtst werecarried out, but the best way

to representhis data is in the graphs showrFigure 18.
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Figure 18: A. Bar chart showing the fate of the phenylacetylene starting material in

percentage yieldB. Scatter graph showing the trends in product distribution at various

catalytic loadings.
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It is important to note that these graphs should be taken as preliminary results and that
interpretations of the data should be tentative. This is because only one test was run at each of
the catalytic loadings used. Furthermore, the method we used dduoér the copper to
solution suffers from a key point of uncertainty in that as we plate the Cu(0) onto the surface
of the carbon rod, a small amount of water electrolysis takes place. This side reaction
contributes to the total charge passed (which weaisalculate the catalytic loadings) and so
gives an overestimate of these values. This overestimate will be proportional to the length of
time the reducing potential is passed through the aqueous  GoB@ion, meaning for
example that the overestimate will be greater for the 30 mol% test, which requires longer to
coat the carbon rod, than the 10 mol% test. With these inaccuracies in mind, some basic

analysis of this data was carried out.

The clearestrend from these graphs is that at higher catalytic loadings there is generally a
greater conversion percentage compared to lower loadings, which is intuitive. However, this
trend appears to level off and even decrease slightly between 20 mol% and 30trooi#a

be that a point of diminishing returns is reached at around 20 meandwhich adding

more catalyst to this reaction does not significantly improve the overall conversion.

Another key trend from this data is the almost linear increase i gigid with an increasing
catalytic loading. This is in contrast to the much more variable yields obseng@idind40.

The most likely explanation for this is simply due to the diyne being formed from a different
catalytic pathway thaB9 and40. Despie all three species deriving from a copper acetylide
intermediate, the two triazoleased species of course rely upon interaction with a molecule

of azide, which may cause the complex trends observed in their yields. However, the
productionof 18 in the frst place indicates that an oxidation process must be taking place.
The solutions were sealed and degassed with argon to prexetar@@ring with the reactions.

Also, given that the same amount of anhydrous MeCN was used in each test it seems that
eledrolysis of water molecules in the reaction vessel is unlikely to be the cause. Therefore, it
seems most likely that the linear increase in diyne yield is related instead to the coating process
of the Cucoated C electrodes. It is also possible that tieatiincrease is related to the length

of time it takes to oxidise the copper coating at the start of these tests, but given the efficiency
with which we produced Cu(l) acetylides in a divided cell with MeCN previcstthout

forming diyne byproducts $cheme?9), this seems less likely. As mentioned previously, the
larger the quantity of copper that needs to be plated onto a carbon rod, the longer it takes. This
fact may allow more aerial oxidation of the Cu(0) coating to take place with greater catalytic
loadings(as the coating process is carried out whilst exposed to air). This would therefore

mean that the Gaoated C electrodes are in fact mostly Cu(0), but with a small amount of
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Cu(l) and Cu(ll) contamination present (allowing the CugHjalysed processeasthke place

in our tests). Thorough characterisation of thecGated C electrodes would be needed to test
this hypothesis, but if it proves true in future work it may be possible to use the yield of diyne
product from tests such as those discussed beletérmine a relationship between the length

of time required to coat the carbon rods with copper and the amount of Cu(ll) contamination
that might be expected.

The finalobservation to makieom Figure 18 is that the best selectivity for the desiredzake

process was obtained when 10 mol% Cu was used, whereas by around 30 mol% the selectivity
had shifted much more in favour of Cuf{tatalysed processes. This likely relates to the
possible increasing Cu(ll) contamination of the-¢@ated C electrodgkeory.It could also

be that there is a degree of disproportionation of Cu(l) ions to form Cu(ll) taking place
However, the results from the 4.5 mol% run appear to somewhat contradict these ideas. In
short, more tests need to be carried out to make confident assertions about the reactivity and
nature of this reaction, but the initial results are interesting awdiging.

Some other substituents were tested using the conditions sh&eheme 5 in an attempt
to test the scope of this electrochemical protocol for the CUAAC reaétsdin.Scheme 3,

the potential was applied for 3 h, then the solution was lstirtéor a further 13 h.

H 1,2,3-Triazole Alkynyl-1,2,3-triazole
/N\
|| WE / Pt CE, N’/N‘N N” °N
0.01 M EtyNOAc+4H,0 / MeCN, L —
(+0.5 V Ag QRE), + \\
Undivided Cell,
BnN; (1.5 eq), RT, 16 h . O
R R
R

R=0Me —> 11% 41 + Trace
=CF; —> 65% 42 + Trace
=Me —> 35% 43 + 45% 44

Scheme 8: Testsof the scope of the electrochemical CUAAC reaction.

Unfortunately, the yields across the board for these tests were fairly low, showing that more
optimisation work needs to be done for these conditions. In the case p¥éh& group
reaction, a significant quantity of the alkyriyPR,3triazole product44 was obtained,
suggesting Cu(ll) must have been present. For the other two R groups, traces of what is
presumably the alkynyl,2,3triazole product were observed by TLC, but in too low a

quantity to isolate and characterise properly. In all these testaa® excluded through
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degassing the reaction vessel with argon, and no diyne products were observed. The traces of
alkynyl-1,2,3triazole product can perhaps be explained bynall amount of ®@infiltrating

the reaction vessel as it is hard to completalglude from our setups, but the 45% vyield
obtained ford4 suggests a large amount of oxygen was present in thaf\teab diyne by

product was detectethis may indicate that the vinyl copper specB&s(formed from the

initial cycloaddition of copper acetylide and azide) is more reactive than the copper acetylide

species, thereby allowingf to formin preference ofhe diyne

The fact that the yields for the 1,2/8zole product appeared to followtrand whereby the

more electrordonating the substituent, the lower the yield stood out to us. The very low yield
of 11% for41seemed particularly unusual as the copper acetylide we produced from the same
alkyne starting material, using an undivided ,c&lhs synthesised almost quantitatively.
During this CUAAC reaction however, the current appeared to essentially stop flowing within
40 mins of the electrolysiartingand as a result the overall charge passed was very low. The
same result was obtainedch@n the reaction was repeated. It is also important to note that a
small amount of bright yellow precipitate (copper acetylide) did form in both tests. We decided
to carry out a control reaction using Cu(l)OAc (0.57eq large amount for this type of
readion, to assess whether a lack of copper catalyst being generated was the issid).5BnN

eq) and BN (1.0 eq) dissolved in MeCN. This solution was kept under argon and stirred at
RT for 16 h. In this test, lots of bright yellow copper acetylide appaarbave formed, along

with a yield for41 of 25%. Therefore, it appears as if the issue in this case is a mixture of not
enough copper catalyst being generated electrochemically (as the yield was improved slightly
in this control reaction with abundanatalyst present), and this particular substrate not
efficiently reacting with the benzyl azide to yield the triazole product (given the still low yield

of 25% for 41 despite the greater amount of copper acetylide produced compared to the

electrochemical ).

More experiments need to be carried out on this particular redotidraw any meaningful

trends in reactivity with respect to electrdanating or electrowithdrawing groups

impacting the yield, as well as more optimisation work to improve the yields of this reaction

as a whol e. Gi ven t he CaliAph@Gmaceutical themistng a wi de
reliable electrochemical synthetic route, that can compete in terms of yield and scope with
non-electrochemical approaches, would be very useful to develop and research further. The
potential benefits, such as improved ausbility from such an approach, are an attractive

proposition and we hope that these initial results are a good start on the road to achieving this.
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6.1 Introduction

Copper acetylide®iave been used as viable reagents for producing a rargenpbunds
(Scheme24), butan important class of compountiais far only alluded towhich arealso
produced from copper acetylides, are-dighes.These compounds wefa&st described in

1869 whenCarl Glaset®! reported that the homocoupling of two terminal alkynes had been
achieved using stoichiometric copper chloride and atmospheric oxygen in agueous
ammonia>? In 1960, this same reaction was reported by Halgut caried out usng CuCl

and TMEDA in subkstoichiometric quantities, with TMEDA acting as a convenient ligand for
the catalytic copper species. The Glaser and Hay reactions have subsequently been unified
and are now thought of as one and the séioee recentlypther medls have been employed
alongside Cuo furtherfacilitate alkyne homocouplingeactionssuch as irod®* nickef**and
pdladium 156158

1,3Diynes haveimportant applications in synthesis, having been used for making
heterocycle¥® such as, isoxazolega Copetype hydroaminatio®® and pyrroles and furans
via gold catalysig®' Examples of these reactions are giireBcheme46.1%°
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H,NOH-HCI (2.5 eq),

R—=—=—R __ NEt3(4.0eq) //K)\
N"TR
DMSO, 110 °C, 20 h R

H/(O\NH Cope-type H (IJ_
_ J ? hydroamination NN NiH
R————"R > F H
OH

\ HO—N  Tautomerisation H
N () )R 2T

ArNH, (1.05 eq), H,0 (1.4 eq),
(PPh3)AuUNTf, (1 mol%),| | (PPh3)AUNTY, (2 mol%),
DCM, 30 °C, 30 min THF, 60 °C, 45 min

,?\r

N
R R R O R
W U
Scheme46: Examples of heterocycles formed from-diyghes!®6:160.161

Furthermore, e diyne moietyis important because featuresin many useful natural
product$®?such asfalcarindiol (an antMRSA agen}, '3 panaxytriol (@ antitumor agent%*
repandiol(also an antitumor ageny},*®® cicutoxin (a plant toxirff® and diplyne E@an HIV

inhibitor).%” Figure 19 showsthese structure's®
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Figure 19: Structures of various natural products that contain a diynig.1°6:162167

Owing to their high level of conjugation, igdyneshave been used to produceonjugated
linear polymer¥® and as a resultthey have also found use in the area of molecular
electronics® It is thought that molecular wires, switches and circujbgsed on chemical
motifs like the diyngcould be usetb miniaturise classical silicebased electroni¢§®1%so

clearly these compounds are very useful and merit investigdtion.

Sinceits first discovery a lot of debate has taken place as to what the mechanismefor th
coppermediatedGlaserHay reactionis, but tosimplify things theproposalsan be grouped
into two main schools of thought. Those that follow 4Qu-type mechanism, and those that
follow a CU/Cu'/Cu"-type mechanism. We will start with the former.

The most commonly accepted mechanisghmvnin Schemet7 asproposed by F. Bohimann

etal. in 196412 Thismechanism relies on the interaction of a pair of coppetylides coming
together to form the dimerised product. However, no specific details were given in this original
paper as to exactly how the two copper acetylides interact to yield thepdoehect, or how

Cu(l) is released after coupling, which leaves a lot of room for debate.
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L,CuXy 36
2 ——H ——R + X
_ _ 2+ — _ 2+ _ _ 2+
L L st N
N\ / 8 . R
Xi /X /\ /\X %\\ % —> Diyne
R R

Schemed7: Themechanistic pathway laid out by Bohimann for the Glaser coupling
reaction®2172
L. G. Fedenoletal.1”®representethe diyneforming step by showing the-Cu' bonds of the

acetylides fragmenting in a homolyike fashion to produce the diyne product and Cu(l) in
the key couplingtep!’® asshown inScheme48.

_ _
— H Base /T Oxidation )
ho T, 225 0 on Oxdation ST oy
; \-g\g
/ : : \ =
HO OH

Scheme48: A proposed homolytic fragmentation of copper acetylides to diynes'’®

More recently, a CLCU'/Cu'"-type mechanism has gained a lot of traction, following certain
DFT, kinetic and NMR experiment&:1/>A proposed catalytic cycle is shownScheme49
which moves through Cu(l) to Cu(ll) to Cu(lll) then back to C&dYhe nature of the ligand

and base are important in this type of reactiodit has been reported that the optimal catalytic
cycle can be achieved if CuCl (2 mol%) is used with TMEDA (1.5 mol%) as the ligand and
DBU or DABCO (1.0 eq) being used as these'®> Note that this mechanism differs from the

Bohimannsuggested mechanism as it doesexgicitly show the interaction of two copper
acetylide molecules.
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Scheme49: Showing a proposechtalytic cycle based on DFT calculations for the Hay
coupling reaction52153.174

The mechanism seen $cheme49 wasonly tentativelysuggestedy theauthorst™ but it

seems to encompass a lot of the modern ideas surrounding this reaction. The authors also
report a strong case for Glaggéay mechanismitially requiring Cu(l)catalystgather than

Cu(ll), based on their kinetic studies which showed that whilst Cad)CGu(ll) could both be

used as catalysts in these reactions, an initiation period was observed when Cu(ll) was used,
which the authors postulate is the time needed for the concentration of Cu(l) in solution to
reach a steady state. They suggest thatdraC€u(l) salts in the Cu(ll) catalysts used were

in fact the reason why Cu(ll) catalysts workedlat™

Another important, and rather similar, reaction for the homocoupling of alkynes to form diynes
is the Eglinton coupling reéion. First described in 1956° this reaction specifically uses
pyridine and an equivalent, or excess, of Cu(QAas)the copper sourcéhis method can be
thought of as distinct from the Glagday reaction as it does not use a copper halide salt and
thus likely follows a different mechanistic pathway. While there is no definite, established
mechanism for this reaction, a proposed mechaigshowrin Schemes0, though itshould

be saidthat radical mechanisms have also been prop§$&§17¢
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(OAc), (21.0 eq) 36
2 R——H " » R—————R
pyridine

R T RTHAB
Me—</ >_Me T Me {/ Me — R—=—cu'0Ac

R—=—Cu'0Ac
R
. 36 - Reductive Elimination ~ \x_ OAc
{ = oA
OAc R

Schemeb0. Showingthe Eglinton coupling reaction and a proposadchanisni®?156.176

The GlaseHay and Eglinton couplig reactions are useful for the production of symmetrical
diynes through homocoupling but are not very selective when attempting-betgring to

form unsymmetrical products. For this, the most effective method was first shown in 1955 by
Cadiot and ChodkwicZz'’” who showed that reacting a copper acetylide with a -halo
substituted (generally bromo) alkyne could effectively produce the-coogsed product in
preference of the homocouplede (Schemebl). It is also possible to start from a terminal
alkyne and produce the copper acetylide as an intermediate in the reaction mixture. Usually
an amine base is used in this reactfén

X
Oxidative \ _ Reductive -,
“Addition ~Elimination R——— R+ X

R R'

Schemes1: Showingthe CadiotChodkiewicz unsymmetrical alkyne coupliegction®2177

Interestingly, this method has also proved viable when one of the R grou$3 ig Eis opes
up the possibility of converting ¢hCGSi bond into GH after coupling, which, in turn, opens

up the possibilityf synthesising linear polyyng¥

6.2 Electrothemical Glaser-Hay Mechanistic Investigation

Whilst developingthe electrochemical synthesis of copper acetylides, we tdStdadr
solubility in a range of solvents. DCM appeared to be the best solvent in that partial solubility
was exhibited, whereas all other solvents tested didpmearto show any solubility at all.

This is inline with what others have report&dwWhen we were initially developing our

conditions to produce copper acetylide® moticed that a new product began to forreame
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cases when Qwas not completely excluded from the reaction vegselddition to the copper
acetylide thaprecipitatedout. Thisproductturned out to be thdiyne 18. To the best of our
knowledge, the Glasdflay reactionto produce diyneshas only been facilitate
electrochemically once before when electrodes that had been coated with alkyne units were
subjected to oxidative potentials generate Cu(ll) ions from Cu(l) species, thereby turning

on the GlaseHay reaction*® This general techniqueasalready been showin Scheme41

for the reductive production of Cu(Perhaps surprisingly, given the previously stated lack of
solubility of copper acetylides in most solventd)en we usedMeCN (exposed to airjo
produce copper acetylides the reactimided a lot of diyn@roductl8in addition to acetylide

17 (30% 17, 58% 18). Themost intriguing result came when using DCM. Unlike all other
solvents tested, none of the copper acetyli@deipitatecout of solition, allowing the highest

yield ofdiyne 18 to be obtained (67%). This warranted further investigation as summarised in
Table 4.4 It is important to note that the amount of charge pass#ueseelectrochemical

tess should be included as another means of comparing the tests to one another, but we did
not learn the importance of this until later in the PhD project. Therefore, the charge was not
measurediuring these experimengsd is not presented in this table.
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Table4: Optimisationand control reactions carried out to investigate the electrochemical

production ofdiyne18in a divided celf.

—— O — ==
\ 7/ [ N\ 7/ 47 18
Entry Electrodes  Potential (vs  Electrolyte Other Isolated
Used Ag QRE) Solution Yield/ %°
1 Cu (WE)/Pt +2Vfor3h 0.05M
(CE) then 13 h stir BuwNPFs, —_— 67
DCM
2 Cu (WE)/Pt No potential 0.05 M
(CE) applied 16 h BusNPFs / —_— 1
stir DCM
3 Al (WE)/Pt +2Vfor3h 0.05M
(CE) then 13 h stir BusNPFs / — <1
DCM
4 Cu (WE)/Pt +2V/-2Vfors 0.05M
(CE) seachfor3h BwNPFs / —_— 25
total, then 13 h DCM
stir
5 Cu (WE)/Pt +2Vfor3h 0.05 M Exclusion of
(CE) then 13 h stir BwNPFs / Oz, solution 8
DCM underargon
6 Cu (WE)/Pt +2Vfor6h 0.05M
(CE) then 10 h stir BusNPFs / e 78
DCM
7 Cu (WE)/Pt +2Vfor3h No BuNPFs,
(CE) then 13 h stir DCM solvent _— 2
only
8 No potential 0.025 M CuBr (1.0 eq)
No electrodes  applied 16 h BusNPFs / used 52
stir DCM
9 No potential 0.025 M CuBr2 (1.0 eq)
No electrodes  applied 16 h BusNPFs / used 30
stir DCM
10 Cu (WE)/Cu +2Vfor3h 0.05 M Larger overall
(CE) then 13 h stir BwNPFs / surface area 75
DCM electrode’%
11 Cu (WE)/Pt +2 V for 3 h, 0.05M
(CE) then stop BwNPFs / — 7
DCM
12 Cu (WE)/Pt +2 V/+3 V for 0.05M
(CE) 10 min each for BusNPFs/ 10
3 h total, then DCM
stop

21n all cases DABCO (1.2 eq with respect to phenylacetylene) was used as’@&basteodes
had effective surface areas @u plate (5.30 crf), Pt wire (1.26 crf), Ag wire (0.79 crf)
quasireferenceelectrodeand Al plate(5.30 cnd surface area)® Isolated yield ofliyne18.

Note that in all reactiws inTable 4, DABCO (1.2 eq) was used as the base. Different bases
were also tested and are showrTable 5. We found it unnecessary to run the potential for
more than 3 h to produce enough copper in solution to carry out this reaction. However, a
small increase imte amount of copper producgthtries 6 and 10QJid seem beneficial, giving

the best yields of up to 78%. These entries pertained to using @dteoitia] and using a
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larger surface areaf electrodes, respectively. Entry 2 shows the control reactionewie
potentialwasapplied giving essentially no diyne product, as expected. Different metals such
as aluminium did not catalyse this reaction in a similar fashion to copper, again, as expected
(Entry 3).

Entry 4shows an interesting test to see what efésitching polarity of thepotential, and

thus, the possibility of both oxidation and reductmocesseswould have. The yield was
adverselyaffected which could possibly mean that somettud copperspeciegproducedvas
reduced back to @Q), therdoy slowing the reaction down. Electrodeposition of copper is not

a newconcept’® but this does have quite interestingplications for the possibility of using
areducingpotential, after reactions have been carried out, to reduce copper SpEoossting

them back onto theslectrode. This would not only cut down on the issue of copper
contamination of productssing electrochernal method#n a similar fashion tothers!”°but

also recycle copper atoms back onto the electrode from which they were generated, ready to
be used agaimhis techniques discusseih more detaiin Chapter 8.

Entry 5 shows that the exclusion of oeygfrom the reaction mixture greatly reduced the yield

of 18, but the fact that some product was still formed (8%) could be an indication that the
anode performed the oxidation role usually carried out by molecular oXyggealso possible
thata small amount ofopper oxide present on the electrode surtaedd provide a source

of catalytically active copper without electricity being needed. Entry 7 simply shows that
electrolye salts are vital for electrochemical reactions to proceed. Entries 8 and 9 suggest that
a Cu(l) species is better to catalyse this ieadhan Cu(ll), likely for the formation of the
copper(l) acetylide intermediate. Entry 11 shows that if the reaction time is cut short with no
overnight stir, the yield drops drastically, meaning it takes time for the actual homocoupling
reaction to takeplace, despite the copper acetylides being produced very quickly. Finally,
Entry 12 shows that if the reaction time is cut short, the yield can still be inciggtely by
increasing the potentiahough this is somewhat moot given that it only insesaup to 10%.

Table 5 showsthe different bases that were screened for this reaction, with DABCO proving
to be the best tested/e also notethat increasing the amount used did not improve the yield.
Pyridine and DBU also worked, though given the prevalence of DBU as the base of choice in
many similarreactions*1%21"1the low yield found here isomewhat surprisingAnother
interesting result is that § gave very little product at all. We reasoned that this could
possibly be because tpetentialbeing used was high enough tadige the bases, and indeed,
from CV plots carriecbut for DABCO and EN, the oxidition peaks were well below the
+2.00 V(vs Ag QRE)used in thigeaction(Figure 20). In theseexamplesthe ferrocene peak

werenot reversible, meaning thiditeywerenot used to reference the other peaks against.
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Figure 20: A. Oxidation of DABC(peak at +1.1 V vs Ag QRE B. Oxidation of E{N
(peak at +1.2 V vs Ag QREPIots recorded if0.1 M BUNPFs / MeCN.Axesredrawn for
clarity.

But why did DABCO (and other cyclic amine bases) work wheid &id not? An explanation
may come from a paper by S.Nelsent®whichdescribed the electronic structure of DABCO
upon electrochemical oxidation. In this woplgtentials were measured at a gold electrode in
a 0.1 M sodium perchlorate / MeCN solution and referenced aga8GE It was noted that
charge could be completejelocalisedaroundDABCO, through CC bonds, rather than
remaining centred upon the nitrogen atoms, which creates an extremely stable cationic species.
This work also showed that#t exhibited irreversible oxidain, whilst DABCO was almost
completely reversibleHowever, in our CV plotRigure 20), we found DABCCQoxidationto

be irreversibleOne reason for this could be that the literature used a gold WE whilst we used
a glassy carbon WBVe wondered whether the reagbat EtN wasnot performing well as

a base was that it was beiingeversibly oxidised during our reactions

Table5: Theuse of different bases and the effect on the isolated yield of the dimerised
product°

WE / Pt CE (+2.00 V
vs Ag QRE), Base,

18

N /" 0, \ 7 \ 7
0.05 M BuyNPFg / DCM
Entry Base Isolated Yield/ %
1 DABCO 67
2 Noné' 0
3 DBU 36
4 Et:N 2
5 Pyridine 37
6 K2COs <1
7 NaOH <1
8 DABCO? 67

2All bases were used in a 1.2 &jo as compared to the phenylacetylene starting material
(1.0 eq) except for Entry 2, where no base was used, and Entry 8, where 2.0 eq was used.
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We tested this hypothesis pgrformingthe reaction at +0.50 V instead of +2.00 V and found
that there wa nosignificantdifference in the yield ofliyne produced using £ as the base

(3% vyield obtained, compared to the 3&enin Table 5), which invalidated the idea that the

high potential was the issue. We also ran a reaction using +0.50 V with DABCO as the base
and found that, again, there was no difference in the yield of diyne product (67% compared to
the 67% seeim Table 5). Whilst this meant that we were still unsure as to whyNgiroved

so ineffective in our electrochemical formation of diynes, it did mean that from this point on
we could use a much lowg@otentialto carry out these reactions than previously thought,
saving energfrom the process herefore, +0.6 V was usedn future experimentmstead of

+2.00 V.

Attempts toexpand our reaction conditions to other alkymest with partial success,
producing45 and 46 (Figure 21). However the yields for these diynesere less than
satisfactory, at onlj46%and 36% respectively

J N\ . . /=R R=pMe VYield=46% 45
R/ —  \/ = pF 36% 46

Figure 21: Otherdi ynes produced using 6stBABEB@AGrd cond
(1.2 eq) 0.05 M BuNPFs / DCM electrolyte CuWE, Pt CE, Ag QRE+0.5 Vvs Ag QRHEor
3 h, followed by a 13 h stir expostedOs.

The most peculiar thing from these tests was #%atwhich, chemicallyspeaking, is very
similar to 18, was only produced in 46% yield. This prompted a new wave of tests to try to
improve the conditions of these reactions and increase the yields of the produstser
time constraints prevented a morediepth study on alkynes other than phenylacetylene.

It was reported in 2014 by X. Cet al'®'that benzylaminés mol%) could be used as a ligand

for GlaserHay-type reactions, so we decided to test whether adding it to our standard
conditiong(seeFigure 21) would have any beneficial impact on thield of 18. Unfortunately,

the yield obtained fol8 usng this approach was 62%, whialas lower tharour previous

conditions.

We instead tried investigating the solvent used in this reaction, namely DCM. In a recent
publication®2developing the stereoselective assembly of prodrugs, DCM was originally used
as the solvent of choicéor the key PO bondforming step in the synthesis of the
phosphoramida prodrug Mk3682(see Scheme52). Thegroup then switched to a greener,
less commoly usedalternative, which appeared to function better and produce higher yields
than DCM, 1,3dioxolane. We took inspiration from this and ran our diyne reaction in 1,3
dioxolane instead of DCMmaintaining the other conditiondowever jt appeared as DCM

is actually a very important component afr reaction conditions for more than just its
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solvating capabilities. Only 3% yielof 18 was obtained when DCM was exchanged for 1,3

dioxolane,indicating the solvent choice is critical in our reaction.

Y ’PrO; / MK-3682
Amine-based

| 0 HN'- - —O

iPro CI catalyst, Y

2 6-lutidine (1.2 eq),

solvent, -10 °C, 16-24 h —
HO ¢
Schemeb2 Synthesi®f a phosphoramidate prodrug developed by D. A. DiRetab'®

Given that we knew @wvas essential for this reaction to proceed, we tried creating an artificial
Oo-rich atmosphere by carefully syringing water onto potassium superoxide and collecting the
02 gas given off in a balloon. This was then used for a test reaction to prijuoet no
increase in yield was observadowever this test did tell us that our reacat®were not
suffering from a deficiency of £and that adding an additional oxidant would likely have no

benefit.

Another variable that we investigated was the effect of light on the formation of the copper
acetylide intermediate in the reaction. This weempted by work carried out recently by K.

C. Hwanget al.*® which showed evidence to suggest that photons could help promote the
oxidation of Cu(l) acetylides to Cu(ll) with oxygen, by first promoting the Cu(l) to an excited
state asshown inSchemes3.%3

Blue LED., 0, Oy
ph—=—=—H YOI ph—== ~ [Ph—=—c/] Ph———
Base 17 SET

Schemes3: Proposedight-assisted oxidation of coppacetylides’®

The oxidation of Cu(l) acetylides to Cu(ll) is a key feature in most proposed mechanisms for
GlaserHay reactions. We wondered if perhaps our reactions were suffering from a lack of

light, which would slow the reactions down. However, whenattempted the reaction in

complete darkness, a yield of 7118 was obtained, suggesting this was not the case. Quite
surprisingly, we found that when the reacti
(fumehood light being left on, as well as a htigamp pointed directly at the H cell overnight)

the yield actually decreased to 49% from the usual ~70%. This could mean that light of a
certain wavelengthprovided by the bright lamp usgaiomoteal a side reaction, whictvas

shut down when the reactiovas left in the darkthough no other product wabsered

At this point we decidetb record CV plots of the various components in the reaction to see
what electrochemical analysis could reveal about the mechanism. Thesedesdesigned

to mimic the condi ti o nseeFigusel) whichmeanttdasOtlaMn dar d 6
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BwNPF / DCM was used as the electrolyte in all cases. First we wanted to observe the
production of Cu(l)/(Il) from a bulk Cu(0) source, so wsed a blank glassy carbon WE to
record a background CV of the electrolyte solution up to +0.@8eYaus@ur reactionsvere
carried out at +0.59) (Figure 22, A).*°

A: Background + blank C electrode

504 B Cu-coated C electrode Ox 1

1.04

0.5+
0=

0.0+

_ 504
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6

304 C: Ferrocene added
Peaks pertaining to Cu (vs Ag QRE):
Ox 1 = peak from +0.50 V onwards
Red 1 = peak at +0.30 V

Peaks pertaining to Cu (vs Fc/Fc*):
Ox 1=+0.20V

Red 1=+0.00V

Ferrocene
+0.30V W

0.0 0.2 0.4 0.6

Figure 22: Showing the CV plot of a Ggoatedglassy carboWErecorded in 0.1 M
BwNPFs / DCM with Ag QREPt CE andcompared to ferrocene. Y axearrent (HA), X
axes =Potential (V).Axes redrawn for clarity®

We thencoated the glassy carbon rod with a fine layer of Cuithe same wawe did for
Figure 7, by passing aeductivepotential through a 0.5 M CuS0H0O solution. This was
then placed into the BMPF / DCM electrolytesolution agairand another CV wa®corded
(Figure 22, B). This gave an interesting graph, showing the oxidation of Cu(0) from +0.50 V
(vs Ag QRE)onwards and thassociated reduction at +0.30 Mhis contrasts with-igure 7
(carried out in MeCI\ which showed oxidation of the copper take place as soon as an
oxidative potential was applieRegardlesdrigure 22, B appears to visualise the generation

of the catalyticallyactive Cu used in ouBlaserHay reactions.Figure 22, C showsthese

values eferenced against ferrocefie.

We then investigatedihether the presence of phenylacetylene or DABCO somehow altered
this generation of Cions, starting withphenylacetylenerigure 23, A andB were recorded

in a fresh BUNPFs / DCM solution with a blank glassy carbon WE after a srmaibunt of
phenylacetylene was addédshows the graph produced at up to +1.50 V (piggentia) and

B shows the graph produced at up to +0.60 V (low/standard reguitentia). This shows

that oxidation andassociatedreduction of phenylacetylene onkgkes place at higher
potentialgA) than we use in our reactior)( as there are no peaks associated with REDOX

of phenylacetylene up to +0.50 V. When achated glassy carb&E was then used to carry

out a CV plot, we obtained the graBhwhich shaved similar features tBigure 22, B. This
suggested that phenylacetylene did not significantly affect the generation of Cu in the solution

used here, or by extension, in our dijfoeming reactiong?®
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A: REDOX of phenylacetylene (high potential)

Red .~/

5] B: No REDOX observed (low potential)

150

1004

50+

-50d—

0.6

Figure 23: Showingthe CV plot of a Cicoated CWEwith phenylacetylene recorded in 0.1
M BwNPFs / DCM with Ag QRE and Pt CEr axes =Current (HA), X axes Potential (V).
Axes redrawn for clarity®

A similar process was carried out for DABCO as shawfrigure 24. Usinga blankglassy

carbon WE and a fresh electrolyte solution, we found that the oxidation of DABCO occurred

at around +1.10 V, and not in the +0.50 V region that we use in our readiipn¥ltien a

CWP-coated WE was used, however, there still appeared to be no REDOX taking place at lower
potentials(B). This was in direct contrast to both the-ated electrode on itavn (Figure
22, B) andthe C\-coated electrode witphenylacetyleneRigure 23, C). Only when the

potentialwas increased up to around +0.90 V did the same sort of REDOX start to take place,
which means that the DABCO mushibit the generation of copper in some wahis was

initially surprising considering that DABCO overall facilitates the diforening reactiorf?

15

100

50+

A: Oxidation of DABCO
(high potential)

B: Cu-coated C electrode (low potential)
No REDOX observed

0.0 0.5 1.0 1.5

02 0.4 0.6

REDOX observed

300 C: Cu-coated C electrode (high potential) O
’
4 Z A/

1.5

Figure 24: Showingthe CV plot of a Ciecoated CWEwith DABCO recorded in 0.1 M
BwNPFs / DCM with Ag QRE and Pt CEY axes =Current (HA), X axes Potential (V).
Axes redrawn for clarity®

With the CV plots not yielding particularly conclusive information about the reaction, we

moved on to pinpointing exactly how much copper was being released into solution when
+0.50 V(vs Ag QRE)was passed for 3 h. With a copper sheet being used as the electrode,



there was of course a vast excesawafilablecopperpresenin the form of Cu(0)but only a

much smalleramount was being electrochemicaltpnverted into a catalyticallpactive
catioric form. To work out what this amount was, we initially attempted to monitor the amount
of chargepassedver the course of the 3 h, then use this value to derive how many copper
atoms were being oxidised. However, this method was fraught with impreargithere was

no guarantee that the chamgassedvas specifically related to copper oxidation. Hence, a
better method was fashioned, which involved looking at the problem from the opposite
direction. Instead of trying tdeterminethe charge passed at thad of the reaction, we
measured the charge passed at the beginning, by forming a layen@ivn amount o€u(0)

on a carbon electrode (in the same way that the glassy carbon WE was coated for the CV plots
previously)and usingeg. 1 (page 3. Thisallowed us to contrdhow much copper we were
putting into a reaction, and thus by comparing this to the yield of the diyne pragumpuld

get an idea of how efficient our copper catalysis wasuple ofspecific examplgareshown:

we foundthat 16.8 C of charge was passed when we plated a carbon rod with a layer of Cu(0)
from a 0.5 M CuS®/ H>O solution. Dividing this figure by the charge of an electron
(1.60x%10?° C) gives the total number of electrons passedl{lL@°). This must then be
divided by 2 to account for the fact that 2 electrons are required for every Cu(ll) to Cu(0)
reduction, which equals HR10'° copper atoms plated onto the carbon rod. Dividing this
figure by Avog axltFomold givesahe amoanhaf cofpér pré€senin moles
(8.38x10° mol), which equates to approximately 4.2 mol% in a reaction where we use
phenylacetylene (2 mmol) as the alkyne starting matetidlmol% is a maximum value,
given that in the coating process some chasgpassed to water as well as the CusAl.

When this Cecoated carbon rod was used as the WE for a test reafciioning 18 from 2

mmol of phenylacetylene, we obtained a yield of 5&Whilst this process wasore time
consuming than simply using a GME, it did help our mechanistic understanding of this

reaction.

We then repeated this test to check the robustness of this technique with a range of different
values (14.14 C charge passed in coatirgmaximum of 7.39x10° mol Cu = 7.3 mol% as

1 mmol phenylacetylene was ujeahd obtained a yieltbr 18 of 68%.2° We were quite
encouraged by #se resuls as it meant that not only were our conditions certainly- sub
stoichiometric with respect to the copper catalyst, but also that the process was reasonably

efficient.

Around the same time as this experiment was carried out, we had another encouraging result
in the form of the highest yield faliyne 18 (84%) being obtained to date. This was achieved
by using DABCO that had been dried overnight in a vacuum oven prior to use. This suggested

that water may have been inhibiting the reactions up until now, hoywehen this dried
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DABCO was used in a reaction to produce diidethe yield was not increased from the
value obtained when using ndnied DABCO, so this idea did not hold tfp.

It is important to mention that agll as trying to improve the conditions for the Glakkary
approach we had thus far been using, thougi# also given to some of the other potential
approaches that could yield diynésstead of using the Cadi@hodkiewicz reaction for its
traditional purpose of producing asymmetrical diyreeeScheme51), we attempted to use

it to produce the same symmetrical diynes we had so far been striving for. This approach is
summarised inScheme 54. The brominesubstituted alkyne47 was produced from
phenylacetylene using NBS and Aghi® acetoné® The ideabehind this was that we could
improve the overall yield of the diyn@oduct18 by openingup the possibility of a second
reaction pathway which led to the same product. To our disappointment, hotlvevarerall
conversionto 18 wasonly around45% (basd on'H NMR, as47 had not fully reacted and

the diyne could not be separated from it). A similar experimexg carried out using-
tolylacetylene, to productb, but thisyielded similarly disappointing results, as did an attempt

to produce an asymmetrical diyne. This approach was therefore deemed unsuitable for our

needs.
WE / Pt CE (+0.50 V vs
H Br Ag QRE), Ph Ph |
R T T NP
Divided Cell AN 18 N
Ph ~ Ph 0.05 M Buy;NPF4 / DCM Ph Ph

(1.0eq) (1.0 eq)

Schemes4: Attempted Cadie€Chodkiewicapproach to formingymmetrical diynes.

A few attempts were made to produce bresnbstituted alkyneslectrochemicallyas shown

in Scheme55. Initially this was achieved by simply adding recrystallised NBS to the
conditions used to produce diynes, whizbved only partially successful. It was found that
when Q was present, the reaction did produdieas the major product, but a significant
quantity of diynel8 was also produced. Given the fact that more of the desired bromo product
was formed than theyhe it was reasoned that with these conditions the formatidid whs

the favoured process and likely formed faster than the giyoduct18. This was tested by
carrying the reaction oaigain butvorking the reaction up after the 3 h of electrolysis, without
any overnight stir. This produced only the bromo produah 61%, but it appeared that the
phenylacetylene starting material had not been consumed. Therefore, the reaction was carried
out orce again, but this time exposed toddly for the 3 h of electrolysis. Then the reaction
mixture was transferred to a sealed RBdsyringe and left to stir overnight under argon. To
our delight thiggave47 exclusively in 78% yield, showing that thesker GlaseiHay pathway

had been shut down with the removal of oxygen. It is also important to mention that the non
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electrochemical method of producidg, as outlined previously by using NBS and AgN©®
acetong® yielded a very similar amount of the bromo product. When carrying out this
procedure for use in Cadi@hodkiewiczreactions $cheme54) the best yield obtained for
47 was 79%, meaning that our electrochemical method was very compeiitivnis.

WE / Pt CE (+0.50 V vs

Br
H Ag QRE),
I DABCO (1.2 eq), O, l‘| . 18
Divided Cell } L
Ph recryst. NBS (1.2 eq), 47

0.05 M BuyNPFgz / DCM

Scheméeb5: Synthesi®f bromesubstituted phenylacetylene using electrochemistry
However, a few necessary control reactions revealed that when no Cu was (gregrite
WE instead of Cy)but charge was passed to the solutibiwvas still formed in 63% vyield,
and when no Cu was present and no charge was passed, a similar result was observed (62%
yield). This suggests that the reaction in fact proceeds regardless of wdgthiemtial is
applied but that the presence of Cu, as we might expect, improves the conversion.
Neverthéess, NBS appeared reactive enough under mild conditions to not relgatrelysis

to drivethereaction.

Undeterred by thisinfortunate result, we decideddtemptto transfer our conditions to an
ynamideforming reaction, taking inspiration from the work of G. Evabal.®” asmentioned
previously inScheme24. We attempted to suppress the formation of the diyne product by
using an excess of the pyrrolidinone coupling partner in the hopes of preferentially forming
the ynamide produe@8as shownn Schemes6. In theoriginal work ofEvano®’ it wasnoted

that a TMEDA ligand was absolutely crucial to select for the ynamide product over the diyne
one. We first tried the reaction in MeCN over two days (as per the lite@turedurey but
without TMEDA, to get a baseline level of selectivity. This gave the ynamide prd@.int

10% vyield and the diynproductl18in 76%.

H o WE /Pt CE (+0.50 V vs

Ag QRE), o
| | + HN DABCO (1.2 eq), O, ﬂ B 18_
Divided Cell Ph——N + Ph—=———=—pPnh

Ph .
(1.0 6q) (4:029) " 5.05 M BusNPFs / MeCN

Schemes6: Electrochemicabynthesis of an ynamide

Unlike the bromesubstitution reaction seen previously, we could not exclude oxygen from
this reaction to shut down the Glagéay reaction pathway, as oxygen was required to
produce the ynamide product as wé&lle wondered whether slow addition of the alkyne

starting material could elicit the desired selectivity in this reaction, though this was not tested.
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Regardless, TMEDA (1.0 eq) was added to our conditions and the reaction was tried again.
This time however, & obtained almost exclusively the diyne product. This unanticipated
result prompted a series of further tests into the use of TMEDA as a ligand. It was hoped that
even if TMEDA could not help produce the ynamide prodd@tit could be the answer to
improving the yields of diynedrable 6 summarises these tedtss important to note that the
amount of charge passedtireseelectrochemical tesshould be included as another means

of comparing the tests to one another, but we did not learn the impaoofahieuntil later in

the PhD project. Therefore, the charge was not meaduraty these experimerasd is not

presented in this table.

Table6: Theuse of TMEDA (1.0 eq) in diytferming reactions. Various control tests.

Entry Potential (vs Alkyne (1.0eq) DABCO 0O; Electrolyte Yield/

Ag QRE)? (1.2 eq) (0.05M %"

BusNPFs in
DCM)

1 +0.5V for3h Phenylacetylene Yes Yes Yes 96
2 No potential  Phenylacetylene Yes Yes Yes 98
3 +0.5V for 3h p-Tolylacetylene Yes Yes Yes 43
4 +0.5 Vv for 3h  Phenylacetlyene No Yes Yes 88
5 +0.5V for3h Phenylacetylene Yes No° Yes 18
6 No potential  Phenylacetylene Yes No° Yes 3
7 No potential  Phenylacetylene Yes Yes No 86

%1n all cases, the reactions were run for 16 h total. Where potential was usasfdar 3 h,
followed by 13 h of stirrind’ Isolated yield of respectiv@iynes18 and45. ¢For Entry 5, the
reaction was kept under argon at all times, for Entry 6 rédastion was exposed to @fter
3h.

Adding TMEDA to the existing conditions faliyne-formation yielded theliyne 18 amost
guantitatively as shown in Entry?dhowever, a control test, where no potential was applied,
gave an almost identical result (Entry 2). Upon lookimpugh the literaturgve foundthis
result is not particularly surprising. It has been documented many times that TMEDA can help
produce diynes, but most relevant to the current point is the work of Y. Zhao-Bnii8 et
al.,’®* which showed how copper powder could successfully be used as astsbaigce with
TMEDA and chloroform. It appears that TMEDA is quite capable of forming an active Cu
catalyst fran Cu(0), and based on an intermedid® {solated by this same group, we believe

it is most likely that TMEDA reacts with the chloroform solvent to prompt oxidative addition
from any Cu(0) present, thereby oxidising the copper and leading to tteatalyst in these
reactions, CuGl'®® (SeeScheme57). It is entirely possiblehat a similar mechanism &
work here when DCM is used as the solyétvever we did not attempt to prepare a TEMPO

DCM-derived complex in this project.
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Schemeb7: Proposedoxidation of Cu(0) using TMEDA ar@HCl,. 18
However, Table 4, Entry 2shows that lack ofappliedpotentialwhen TMEDA was absent
yielded a mere 1% afiyne 18, thus we can surmise that TMEDA must produce the copper

catalyst in a different way to the electrochemical method desqpitesibusly

Entry 3 of Table 6 showed quite strangely, that the imgved yield fordiyne 18 was not

observed for diynd5. The reason for this remains unknown to us.

Entry 4, where DABCO was excluded from the reaction, shows that TMEDA can act as a
replacement base, but at a small cost to the yield of the product. It was reasoned that increasing
the amount of TMEDA used woufefobablyhave compensated for the propantif TMEDA

acting as a base and brought the yield up to match Entry 1. The removal of the edesatolyt

from this reaction also had a detrimental effect on the yield as shown in Entry 7. This result
has proven harder to rationalise, given that we krnaterpial was not required to produce the

Cu needed in this reaction. By extension, this means that the electrolyte salt, used to carry
charge, should likewise not have been required. It could be that the sditareaprovided

PR ions that acted as ligda for the copper.

Entries 5 and 6 show that oxygen is still required for carrying out this reaction with TMEDA,
and in fact, Entry 6 (where oxygen was only introduced after the metal electrodes were
removed from solution) seems to show thah#y help TMEDA extract active copper from

the Cu(0) plate. Entry 5 may appear to suggestahatppliedootential could help produce
copper in this reaction after all, given the comparison to Entry 6, where no potential was
applied. However, this link is dubious giv the difficulties associated with completely
removing oxygen from the electrochemical setups. It is more likely that a small amount of

oxygen managed to get into the system and initiate some reaction.

The most important discovery that came out of thests was not even related to the TMEDA

at all. In reactions where oxygen was excluded, we noticed for the first time that a white
precipitate still formed, despite no copper acetylide intermediate or diyne product being
produced. In other words, a reactivas still taking place even though the Gladay
pathway hadbeencompletely shut down. Isolation and characterisation of this precipitate
revealed that it was the DABCO séal), formed by the reaction of DABCO with the DCM
solvent as showim Schemes8. Furthermore, this salt has been reported as pardiolialear

Cu(l)-based omplexin the literature. B. Gustafssoat al.'® isolated the comple$1 by
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reactings0wi t h Cu Cl. A sintilar stricfure @82 with cadmium metal centres has

also been described by-Z. Chenetal.*®’

Ball-and-Stick representation
of 51

H atoms removed for clarity,
Green =Cl, Grey =C, Blue=N,
Orange = Cu.

Schemes8: Discovery of the DABCO sdb), formed by DABCO reacting withCM, which
can form the dinuclear complé&x.40:186

This complex is distinct fronthe mononuclear Cu(l) complexes with DABCO described by
Sekart®where DABCO molecules sit between cuprous chloride units to form linear polymers
with strong intermolecular hydrogen borats showrin Figure 25.49188 |t seems likely that

the quaternization of DABCO in DCM to forB0forces the dinuclear compl&4 to form in
suchconditiors as the chloromethyl moiety blocks one of the coordinatitg/iding sites of

the DABCO#°

— CI?,C| Cl:l
f--H—N\_N- (I:I—N/&N--H—N\/\NC—I\: \c—:IN\/\N—g

Figure 25: Representation of the linear polymer described by SERE.

With this idea in mindthe hygroscopic DABCO sali0 was synthesised by simply stirring
DABCO in DCM wnder argon overnight. We then ran a CV plot of this salt in 0.1 MIBEs

/ DCM and found an identical trace to that s@efigure 24, A was obtainedThis means

that what we initially assumed to be the oxidation of DABCO shown in earlier CV plots, is in
fact likely to be the oxidation of the DABCO s&@. Furthermore, this result suggests Bt

is formed very quickly and quantitatively in our reancand that it is not oxidised at the
potentials employed in our conditions (+0.50 V vs Ag QRE} also interestingp consider

that when other bases were tedtadhis reaction, such asatandpyridine(Table 5), only

poor yields of the diyne were obtained. The fact that these bases had only one lone
pair/coordination site may suggest that the reduction in coordinating power caused by the
quaternization of DABCO (. = 8.8, 3.0) may be a key factor in the catalyctivity of the

active copper species formed in this reactfon.
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This all led toa completely new understanding of our conditiaife now believed thabl
couldbe theactive copper complex generated in our electrochemical GHeereactions. If
thiswas the casd ivould explainwhy tryingadifferent solvensuch ad,3-dioxolane had not
only failed to improve the yields of diynes, but also complestignuated thesaction We
believed the salt we had isolatésf), must be vitally important for forming the active Cu
species used in our AMMEDA reactions which makes sense becaubke production 060
also liberates the Clons required to produce CuCl, and thoswplex51, in situ. This theory
was investigated bipllowing the original procedure for preparing a DCM solution containing
51,8 where we used DABCO (1.3 mmol) and Cu(l)Cl (2.4 mmol) dissolved in DCM (8 mL),
then decarmtd a potion of this solution(3.13 mL) awayfrom unreacted CuCl and aeidiit to

a reaction vessel containing phenylacetyldfes mmol) and DABCO (0.6 mmol) We
calculated that a maximum possible value of 46 muii%i ended up beingsed in the diyne
forming reactior. After stirring overnight at RT his resulted in a 36% yield fdi8. Whilst

not a particularly high yield, the fact the8 wasproduced in this control reactioantatively

lends support to the idea tHzt is the active catalyst in this reactith.

We alsocarried outa Glasereaction using conditiongery similar to those shen in Figure

21, but instead of usin@CM as the solvent, we used chloroform. This reaction did not
produce any DABCO salb0 or any diyne producl8, which was an excellent result.
Chloroform, being less reactive towards nucleophilic attack than DCM, was not attacked by
the DABCO, which indirn completely halted the formation of any catalytic species. A second
test, where TMEDA (1.0 eq) was added to these conditions (which generates catalytic copper
in a different way to the DABCO salt), yielded 25%dofne 18. Comparedo the yields seen

in Table 6, this showedagainthat CHCl; wasa much less effectiveolventto usefor this
reaction.Using dloroformas the solventherefore provided an excellent testing ground for

our theory.The salt50 was then added to the reaction mixture as shiov8cheme59 (red
showing the yield wheB0Owas not included, blygurple and greewhen it was)These tests

show that adding06 s wi t ched oné our reaction and a
adding morébQyielded more of the diyne produ@learly thenthe DABCO salb0was the

key to producing diynes.

y This value was calculatdry assuming that all DABCO used in the first step reactéd RECM in 2
h to form50, of which two molecules are needed to form one molecutd.oAssuming this complex
does not decompose during transfer, this means a maximum of 2.mdl0of 51 was used in the
diyne-forming reaction (3.13 mL transferred), edqugtto 46 mol% as 5.5x10mol phenylacetylene
was used.
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WE /Pt CE (+0.50 V vs

50
/o \+ Cl Ag QRE), 18
_/

q), (0.25 eq), Divided Cell, 0%, 26%, 43%, 66%
eq), (2.00 eq) 0.05 M BuyNPFg/ CHCl,

Schemes9: Testingthe need for DABCO sal0in our reactions.

One question remained unanswered: Was the DABCO salt as a whole needed, or just the ClI
ions? To answer this, we set up new conditions, using 0.BEsMCI (0.25 eq Cl) in CHCI;

as the electrolyte solution. This provided chloride ions from the start of the reaction. We knew
from previous C\plots Figure 5) thatthe chloride ions would not be oxidised by the +0.50

V used in this test. We then ran the reaction without adding any DABCGGsaiftd found

that a yield of 10% was obtained for the dyine prodegtthermore, when 0.50 M BNCI /

CHCI; was used (2.5 eGl'), a mere 41% vyield was obtainékhis was quite an interesting
result as it appeared to demonstrate that the chloride ions alone could help catalyse the
reaction, but not as well as whedwas used It also suggested that some sort of CuCl species
mud form, but only when potential wagpplied tathe Cu(0) plate. Indeed, when tRI®5 M

BusNCI / CHCL; reaction was repeated, but without any potential bapmied only 1% of

18 was isolatedFurthermore, w collectedCV plots, as showin Figure 26, to examine the

effect of chloride ions on the oxidation of Cf

80
3 “
£ =
g 04
5
(5]
50— 1 ] T
] 1.0 2.0
Potential / V ==

[ cu?in Bu,NPF4/ DCM
B Cu?in Bu,NPF¢/ DCM with Bu,NCI
[l Control. BuyNPF4/ DCM with Buy;NCI, no Cu

Figure 26: CV plots examining the effect of chloride on the release of coppsirom a
Cu’-coated glassy carbon electrode recorded in 0.1 WNBr / DCM. Axes redrawn for
clarity.*

To do this, a Cticoated glassy carbon WE was usedfirstly, a BuNPFR / DCM solution
(blue plot). This is the same plot measured previomsBigure 22, B, but it is important to
note that the plot is shifted up to higher potentials by around +0.30 V. We attribute this to the
use of a quasieference electrode. However, weere careful to alwayseferencethese

potentials against ferrocene, so we were quite confident that these plots could be compared
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with others recorded previously. The blue plot shows the oxidation bhé2jinning tatake

place at around +0.80 ¥5 Ag QRE, and as the ferrocene we added as reference gave peaks
around +0.60 V, the Cu oxidation began at +0.20 V vs F¢ifdine with Figure 22). Next,

we recorded a CV plot of BNCI as acontrol CV ofjust the chloride ions without any copper
presenshowing that the oxidation of Cko Ck requires much more energy than the oxidation

of copper (green plppeak at +1.70 V vs Ag QREeferrocene reference gave peaks around
+0.90 V, therefore theCl' oxidation peakat +0.80 V vs Fc/Fgwhichin line with Figure 5),

hence the plots shown in blue and red must pertain to copper oxidatiorFmaly, we
recorded a CV plot of Cwhen BuNCI was present (red plot) ancewvere quite excited to

see that the oxidation attributed to copper now seembd &tarting at a lower potential of
around +0.60 Ws Ag QRE. The ferrocene we added as reference gave peaks around +0.80
V, thus the oxidation of copper in the red plot began at aréu@ V vs Fc/Ft This strongly
suggests that the presence of iBhs, in addition to allowing the formation tife dinuclear

Cu(l) complex51, also cooperatively assists the release of Cu(l) from the elecasmianely

as CuCl. This allows the reactions to be performed at lower poteh@asvhen the chloride

ions arenot present. This also seems to demonstrate a pair of cooperative effects are at play
when the copper is released from the electrode: the applied oxidative potential, as well as the
ligating effects of the chloride ions eepresented ifrigure 27.4°

Oxidative potential

Figure 27: Schematicepresentation of the cooperative effeattshlorideion ligation and
an applied oxidative potential telease Cu(l) from the electrode surfé€e

The evidence for a Cu(l) species being generated, and not Cu(ll), has been accumulated from
several sources. The kinetic evidence from M. B. Nielseal.}’* (reportinga required
initiation period when Cu(ll) salts were used for difoeming reactions likely for the
concentration of Cu(l) to build up in reactionje fact that Cu(l) acetylides, suakl7, can

readily initiate the Glasdday reaction and the fact that while in strongly coordinating
solvents, such @&dH4OHqyand HO, Cu(ll) complexesmay befavoured, other solventsiich

as MeCN stabiliseCu(l) specieg?®
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Taking all the information into consideration, a reasonable mechanismdoe#ctionhas

been formulated and is shownScheme60. This mechanism incorporates the generation of
the DABCO sal60, which provides chloride ions to be used by @enerated when a +0.50

V oxidative potential is passed through a copper plate) to firecatalytic complex51.
Beyond this, a series of bgd replacements with alkynes seems most likely (atkppper
interactions in complexes are well knowfP1%following a Bohlmanrtype mechanism as
shownin Scheme47. Therole of oxygen is accounted fby the oxidation of Cu(l) acetylides

to Cu(ll) acetylides. Next, in order for the diyne to form, both alkynes must end up on the
same copper atom, to allow reductive elimination to occur. This would likely be the rate
determining step in the reaction. Bily, the key diyndorming step is based on the
mechanism showiin Scheme49, which relies on a singlelectrontransfer (essentially
disproportionation) to generate Cu(l) and a Cu(lll)dialkymermediate, which undergoes
reductive elimination to form the diyne product and more of the Cu(l) catalytic species ready

to be used in a new cycie!®

WE / Pt CE (+0.5 V) 18

— DABCO (1.2 eq), 0,,  Ph—=— = Ph - A\
Ph H ( q), Oz . 84% L /\/
0.05 M BuyNPFg / DCM

— _H ey - 18
N Ny NeH N/\/N+ 50 Cl, ~.al [ph—: - Ph]
\ Y/ ClI a \_~/ CI” +0.5V

Cl source
Convenient Cu ligand
H - Ph o
L . Cl
|—\(I:I §C|\ x Ph—— /\ \/ /‘ f Reductive Cl \\ L
U AN Ph <=— ClI Cl L Elimination
L N N
S\ \) Cl ci Cu(l) complex, 51 I //\J Cl
N\ NN H
A Ph
X2
Disproportionation
Ph Ph 2+ Ph

// / 2+
A | L
L. / L O, N / Cl Ligand Rearrangment Cl. § L
o’ VL odidaton oo N AR .
/ / Cl / L

Ph Ph

Schemes0: Proposed mechanism for the electrochemical dimerization of terminal
alkyneg'0-18

86



The coppechemistry we had so far focused on was all copper acetyéided. We were keen

to attempt some initial investigations into biaryl coupling chemistry at the end of this PhD
project to see how our methods fared in a different setting. The coupling resetasctided

to focus on was the Chdram reaction, as we believed we could utilise some of the methods
we had thus far developed to accomplish this transformation

7.1 Introduction

The CharLam reaction (sometimes also call@darEvansLam) is a coppemediated cross
coupling reaction that makes use of the boronic acid functional group tgfomarily C-N

and CO bonds (though examples of$bond formation exist) from a variety of nucleophilic
species. It has a distinct atage over the similar Ullmas®oldberg reaction and the Pd
catalysed BuchwaltHartwig reaction in that much lower temperatures may be used, and in
the case of the Buchwaldartwig reaction, a large monetary savaamn bemade as copper is
orders of magniide cheaper than palladidfd.The ChanLam reaction was first detailed in

1998 in three backo-back papers from the groups of Dominic Ch&mavid Evan$®* and

Patrick Lamt®® It is interesting to note that reportedly the reason Evans first became interested
in this reaction is because of the importance of novel biaryl ether syntheses at this time for the
total synthesis of vancomyéi( as hi ghl i ghted previously for
reactionin Scheme ¥). Some examples of the reactions shown in these initial -Caiam

papers are given iicheme @.

Chan

/©/ /©/ (OH), Cu(OAc), (1.0 eq),
EtsN (2.0 eq), RT, air, °
e ) Ol

1.0 eq 24 h, DCM Me3C

Evans

BOH)2  cu(0Ac), (1.0 eq),
EtsN (5.0 eq), RT, air, 18 h 92%
OMe

DCM, 4 A Mol. Sieves

1.0 eq
Lam
/=N BOOH)2  cu(0Ac), (1.5 eq), /\N
HN\% + pyridine (2.0 eq), RT, a|r F3C
10eq '3 20eq 48N DCM,4 A Mol. Sieves 71%

Scheme &: Early examples of the Chdram reaction'31%

Since these early examples, the development of conditionsaugnstpichiometric quantities

of copper, different catalysts such as copper halides (and even Ni catdfassyyell as
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different solvents such as MeCN, toluene and dioxane have been developed. But certainly the
most common conditions appear to still employ Cu(QAs}hecatalyst, DCM or MeCN as
thesolvent and either Bl or pyridine aghe base'*?

Mechanistic work carried out for this reaction since its initial discovery has yielded some
important understanding and whilst the overall mechanism has remaivaatiybsimilar to

initial proposals, specific details are still being uncovéféth terms of he etherification
reaction, Evans proposed in his initial paper that the general structure for the mechanism
would proceedia a transmetallation and reductive eliminatiéhit is still up for debate as to
whether this reductive elimination would proceed from a Cu(ll) species or after oxidation up
to a Cu(lll) species. Indeed, work carried dw Stahl on the specific example of
methoxylation of arylboronic esters suggests that it is likely that reductive elimination takes
place from a Cti species as this does not rely upon the disfavourable comproportionation of
Cu'and Cltogenerat€€u.l n ei t her case, the resulting cop
state and is then oxidised by 10 start a new catalytic cycle. A general mechanism based on
these proposals is shovin Scheme @&.%

Oy; Xo Reductive Elimination
Oxidation

R—B(OH),
Transmetallation

from Cu'" or cu

R-Cu'-OR'— R-0-R' + CU°

X cu® +cu'—2cd
] X, OR
- R-Cu"-OR'+ Cu''— R-Cu""OR'+CU!
X R-Cu"OR'— R-0-R' + CU'

Scheme 8: Generalmechanism for the etherification Chilam reactig 194198

Further work by Stahl concentrated upon the transmetallation step of the reaction between
methanol and arylboroniesters and found that the disassociation of an acetate ligand,
followed by the solvent (MeOH) behaving as a bridging ligaedwhat facilitated the

movement of the aryl group from boron to''Gis showrin Scheme 8.1981%°
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/O_

O-B(Ar)(OMe),

AQ\ —_— 4< +AcO

OAc

(OAc), + ArB(OMe),

+

\ +MeOH | Me0] + AcOH
O-B(Ar)(OMe), B(Ar)(OMe),

MeO< — [Ar-Cu']" + B(OMe),

Scheme 8: Specificproposed transmetallation step for thieethoxylation of aryl boronic
esterst98.199

In other words, the transmetallatiores favoured a-4nembered transition state, where the
methanol unit acts as a bridge, rather tharmeefbered transition state using an acetate unit
as the bridge. This could perhaps be a general process across etherificatidrai@han
reactions and alsoephaps amination reactions, as molecular modelling carried out recently
suggests the same favouredhémbered transition state is exhibited for aminati8h$his
molecular modelling work was carried out as part of an excellent, recent investigation of the
amination variant of the Chdram reaction from the Watson group. This work covered a
range ofmechanistic considerations and tests to derive a detailed mechanism for the Chan

Lam reaction, a simplified version of which is showrscheme &.1%’
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[Cu(OAc)2]2+2H,0

ACOH-Et;N
+ RoNH

MeCN OA
02 + AcOH- *Et3N

C
“NHR,
+ RoNH Cu(II) Ar—B(OH),
By-products:
Ar—H | Ar—B(OH),
2

Ar—OH OAc Cu(l) MeCN
o cu(ll) H\Q NHR2
A A
Cu(lll) HO
MeCN_\ _OAc B(OH)3
ar” ISR Cu(ll)
r 2
MeCN_ = _OAc
Ar” " TNHR,
X
X2

Scheme 8: Simplified proposed mechanism for the amination Gbam reactiont®’

It was also mentioned in this work that the formation of variouprbgucts often found in
ChanLam reactionssuch as: the very common deborylated coupling partner, the oxidised
form of the boronic acid coupling partner (usually a phergiven the prevalence of aryl
species inCharLam reactios), andthe competing oxidativéhomo-coupledproduct are
likely facilitated by Cu(l) species. This means that a slow oxidation period from Cu(l) to
Cu(ll) can increase the yield of {products for these reactions. The use of molecular sieves

has been found to mitigate some of thepbgduct formation in thesreactiong®1%7
7.2Electrochemical ChanLam Reaction

We began our investigation jevisng the proposed system shown Scheme65 (the
catalytic cycle being based on literature proposals as sho®cheme & andScheme @),

where the red colour highlights the oxidation of copper from the sacrificial WE (as seen in the
copper acetylide reactions), followed by aerial oxidation td Gis seen in the diyne
reactions). Copper in th@ 20 oxidation state is required to initiate the CHaam reactiorf.

The blue colour highlights the electrogeneration/regeneration of triethylamine (whiwdwe

used to produce copper acetylides in an uddi cell). As the Chaham reaction is very

§ It is important to note that when a sacrificial Cu electrode is used, the only oxidative process that
appears to take place is the oxidation of @uCd, leaving Q as the most convenient oxidiser.
However, if a Cecoated C electrode was used, the possibility exists to release an amount of copper
ions into solution to promote catalysis, then, when the copper coating is exhausted, the applied oxidative
potential may bgin to oxidise species in the reaction mixture, rather than thev@ich is a part of the
electrode itself.
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often promoted by Cu(OAg}°” we wondered whether the nature of the anion/copper ligand
shown in pink would be a key factior our proposed reactions. This anion would very likely
come from the electrolyte salt we chomed wouldprobably play a crucial role in the
transmetallatiorstep of the mechanisnit is important to mention that whilst the Chaam
reaction is capable of producingriouscarbonheteroatom bonds, we electeddous onthe

formation of aryl ethers.

—

+
Et4N
Ar—OH Imtlatlon

Et3
2. cu —»CU > Pt

Et3NH
Ar—O~

o

Cu

Transmetallation

Ar'
Reductive

Elimination

Schemeb5: Proposecelectrochemical Chatiam reaction in an undivided cell.

As DCM is often used ahesolvent in this chemistr{? we decided to begin our experiments
using a EANOsSCGH4CHs; / DCM electrolyte solution in an undivided cell. We kept this cell
exposed to air to facilitate oxidation of copper spediés.also selected-methoxyphenol
(52) and phenylbordn acid 63) to be our two coupling partnerEhe main reasons for this
were the availability and simplicity of these compouniien this reaction was attempted
with an applied potential of +0.5 V vs Ag QRE for 16 h as showhable 7, Entry 1, we
obtained a yield fob4 of 15%.
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Table 7:Initial experimental attempts for an electrochemical Glham reaction.

OH HO\B/OH WE / Pt CE, OMe
OMe Electrolyte, o
* Potential, \©
RT, Oy, 16 h
52 53 54
Entry 52/ 53/ Electrolyte Solution Potential (vs Ag Other Yield
eq eq QRE) and Charge / %2
Passed
1 1 1 0.1 M EtNOsSCH4CH;3 +0.5 Vfor 16 h, Undivided 15
/ DCM 426 C
2 1 1 0.1 M EtNOsSCH4CH;3 +0.5 Vfor 16 h, Undivided 14
/ MeCN 160.0 C
3 1 2 0.1 M EtNOsSCH4CH;3 +0.5 Vfor 16 h, Undivided 21
/ DCM 100.0C
4 1 1 0.1 M EtNOsSGH4CHs No applied Undivided 0
/ DCM potential
5 1 1 0.05M +0.5 Vfor 16 h, Divided, 0
EtuNO3SGH4CHz / 0.2C Et:N (3 eq)
DCM added
6 1 1 0.1 M E&NOsSGH4CHs +0.5 Vfor 16 h, Divided, 1
/ MeCN 43.8C EtN (3 eq)
added
7 1 1 0.1 M EtNOACc-4H,0 / +0.5 Vfor 16 h, Undivided 6
MeCN 49.6 C

#|solated yield ob4.

Although this yield was low, we were pleased to obtaircthgled product on the first attempt

as the systems involved in this reaction are complex and a lot of side reactions are likely to
take placeOne of the first things wivestigatedo boost the yield of this reaction was to
change the solvent to MeCWhen this was attempted, an almost identical yield was obtained
(Entry 2).1t is important to note however, that copper seems to be oxitgadhe WEmMuch

more efficiently in MeCN lhan DCM. This is based on the comparigdrFigure 7 with

Figure 22, B, and the fact that 43 C charge was passed during the 16 h of applied potential in
Entry 1of Table 7, whilst the copper electrode appeared to completely corrode within 3 h of
electrolyss in Entry 2 (160 C charge passed)ausing theelectrolysis to stop completely
beyond this point. Clear)yherefore there was no lack of copper in solution and so the low

yields must havan alternative explanation

A prominent issue with the Chdram reaction is the proclivity of boronic acids to undergo

side reactions to produce a range of undesirable products. We believed that this might be the
case in our reaction, so we tried using 2 equivalen&3ohstead of 1 in Entry 3, which
resulted in alght increase in the yield. It was reasoned thatdbigd indeed be an indication

that 53 partaking in sidereactions or being destroyed could be the root of the low yields

observed howeverno other products were obtaingd any of the testsGiven the only
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marginal increase in yield garnered from doubling the amouB8,0t seemed that adding
vast amountsfathe boronic acid would not be the best course of action. Instead more tests
were carried out to see if better conditions could be developed.

Entry 4 simply shows a control reaction with no potential applied which did not yield any
product. Entries 5 anél show that moving over to a divided cell system appeared completely
ineffective in both DCM and MeCN. This could indicate that REEDOX reactions taking

place at both electrodes are intrinsically connected and peteapsoximity of the electrodes

to each other in the undivided cell allows the reaction to take place, whereas in the divided
cell, all the reagents being placed in the oxidative chamber was insufficient to allow the
reaction to occuMVe considered that is also possible that thesStadded to the solution in

these cases (based on the perhaps naive assumption that this is the base generated
electrochemically) may not actually be the base that promotes this reaction in the undivided
cell. The resultef Figure 12 lend somesupport to this, as we found that the initial reduction
that took place to start the electrochemical tertiary amine base production in the copper
acetylide reactions was in fact the reduction of the phenylacetylene starting me¥erial.
wondered if prhas direct reduction 062 or 53 is whatinitiates our CharrLam reaction,
howeverCV plot analysis of these specidisl not show any reduction peaks for either species,

in both MeCN and DCM, before reduction of the electrolyte solution (0. LNKEEEGH.CHs

used as electrolyte in all caseBdr this reaction then, it appears that the initiapoobably

comes from direct reduction of the electroltadform EtN, Furthermore, the employment of

Et:N as a base in Chdram reactions is commahroughout the literature, which mesthat

there is no obvious reason wihiye transfer over to a divided cell and addimgtead of

generatingEtsN would cause a major digstion to the reaction.

The nature of the anionic specigénk 6Xdin Scheme65) wassomething that we attempted

to alter in an effort to improve the yield of this reaction. In EntriéofiTable 7, thespecies

6 X6 was pr'©SGHrEHd hotvever,tagcopper acetate is very commonly used in
the CharLam reaction, wavondered if switching this species to an acetate anion could be
beneficial.To that end, the electroly®uNOAc-4H.O was used, as in Entry &dthis only
yielded 6% ofb4. As shownin Scheme 8 andScheme @, transmetallatiorn this reaction
appears teroceed favourablyia a 4membered transition state, rather thanradinbered
one. This does not, however, mean thatmaednbered transition state is impossible, and
perhaps some of the low yields obtained here could be attributed to our reactioriericethg

to proceedvia disfavourable @nembered transition states as shawBScheme 66
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O_ +
NV Q.0
S .
3 — “0-B(OH), * [PhCu]
O—B(Ph)(OH),
O_ +
3 ——> AcO-B(OH), + [Ph-CU'T*

O-B(Ph)OH),

Scheme 66Showingpossible disfavoured-Gembered transition states for transmetallation
in our ChanLam reactions.

Another potential issue, azentioned previouslys thatprotodeborylation oboronic acidss
a very common problem in Chdaram reactions (and indeed generally when using boronic
acids)!®’ In the case 053 this would form benzendt is possible that the presence of a large
amount of water in solution could hagacouraged this bgroduct formation. Furthermore,
it has been reported that even in otherwise anhydrous conditions, water may be generated from
phenylboronic acid itsetihroughtriphenylboroxing(55) formation(though this is generally
observed at elevedl temperaturesy? There is also precedent for the oxidation of arylboronic
acids to theirespective phenols, whiéh a process facilitated by.@ and whictcan lead to
competing homocoupling in Chdram reactions?” Thesesidereactions arsummarisedn
Scheme67. All of this means that an increase in the yield could heirdd when acetate
anions are used in this reaction, but the presereéaofe amount afatermostlikely masked
any beneficial effect through the destruction of the boronic acid coupling partner.
Eh HO. . -OH y

0"7"0  3H,0 +H,0

B

|
> + B(OH);3

Ph” B\O/ “Ph Protodeborylation

55 53
Oxidation
53, Chan-Lam _O.
OH . . Ph Ph
Competing coupling

Scheme67: Somepotential fates of the boronic acid coupling parttgrt®’

In the case of Entry 7, where water of crystallisafimm the electrolytes added into the
reaction mixture, this woultlkely strongly pomote protodeborylation. It would therefore
seem prudent for future attemtsthis reaction to be carried out using an acetate source not
containing water of crystallisatipand indeed for all Chabham reactions to be carried out in

the presence of molecular sieves (as is often the case in the literature).
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Unfortunately, when thedaitial exploratory experiments were carried out, more promising
results in other areas and a lack of remaining time in the project prevented a 1tep¢hin
investigationof this reactionHowever, with the benefit of hindsight, it seems that there are
several ways in which this reaction could be developed and imprdveomost important

thing would be to try these reactions again with molecular sieves included to mitigate the
destruction of the boronic acid caused by water. Somewhat related to thisige two
equivalents of boronic acid as standard procedure to further mitigate the loss of yield of the
desired product caused by side reactidfisally, the use of elevated temperaturdsen
carrying out this reaction may give some boost to the yialdshould be investigated, at least
when MeCN is used as the solvent. The reason this was not tested alasatiie to the non
standardised equipment we used to carry out the experimentsursinitable for heating
(Figure 2, B). In essence, eeflux condenser could not be connected up to the reaction vessel
we were using, nor were we comfortable heating a reaction vessel that was not intended for
such a purpose. Indegtiis problem extends into the wider eleetrganic field wherein it is
common for research groups to develop their @guipment to carry out reactiois the
absence aWvidely used, standardised apparatus.
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Chapter 8. Recovering Metal Catalysts

8.1 Recovering Copper

Finally, we were very intrigued by the possibility of utilising the various technigques we had
developed in this project to potentially recotte metal iorcatalysts electrochemically after

a reactiorwascomplet. Such a concept embitious but would rgresent a major advantage

of carrying synthetic reactions out electrochemichifyoffering an easy way atusing the
catalyst and cleaning up the reaction mixture, both of which are major considerations in
6greend sustainabl e uchhae appreacthrwpuld bd deiatly drematn e f i t s
when undertaking large scale reactions and when the catalyst used is a predaus me
Currently, such a process is used to remove metal ions from industrial wastewater to mitigate
water pollution?® sothis process is certainly viablat least when using aqueous meti®

bean investigating thisdeausing materials and reactions that were familiar to us, namely
usingcopperin the GlaseiHay reactionThe method we decided to attempt first was to use a
Cu-coated C electrode to perform a GlaBiy reaction, themfter the reaction had been
completed switch the polarity of thevorking electroddo reduce copper ions that were in
solution back onto our WH his approach is conceptualisedFigure 28.2°

7Y Ph
ﬁ +
P Oxidative potential ’ | Reducing
F + n+ potentlal
{-_._> + Bu4NPF5/DCM,02,
* Ph
18

Figure 28: Concept of releasing Cu iotisrough oxidation o& Cucoated C electrod®
carry out a GlaseiHay reaction, then recovering the Cu through reductfon.

Cu-coated
C electrode

We began bysinga Clf-coated C WE (8 mol% Cibased or15.45 C passed during coating),

Pt CE, Ag QREphenylacetylene (1 mmolRABCO (1.2 eq)and 0.05 M BuNPF / DCM
electrolyte Ourfirst attempts at recovering the medakctly from the reaction mixturggroved
troublesomeas whilst the diyne product was formede found it impossible to recover the
copper ions by simply applying a reducing potential. We attributed this to the copper not
actually existing as copper ions in the reaction mixture, biiteasreacted copper acetylide
intermediatel7. This species, beingery sparingly soluble in DCM, essentially acted d&sap

for the copper prevening it from being recoveredThis is shownin Figure 29, A. We
therefore decided to addiCl to the solutiorwith vigorous stirringo break down the copper

acetylide intermediate proding the phenylacetylene starting material aeteasg the
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copper* This of course had the effect that the copper spegiest(ikely CuCk) migrated

up into the aqueous phase of our now-piasemixture (Figure 29, B). This allowed us to
separate the organic phase which couldvbekedup and purified to yield the diyr@roduct,

but the aqueous phasentaining the coppeemained. We realised thaith the 1 M HCI (10

mL) used theexcess acid woulgdrobally corrode the Ag QRE and any copper that we did
manage to reduce onto our graphite WE, so we wanted to neuthadis¢Ci that was in
solution. This would have the added benefit of affording us more of a potential window in
which to reducenly the copper ions, rather than thé&iH solutionor water itself as shown

by the Pourbaix diagrain Figure 29, C. It is important to note thathen we neutralised our
solution with NaOH it appeared that adding too much caused the copper to precipitate out of
solution as presumably Cu(Ofiyvhich causéa similar problem to when the copper acetylide
precipitate was preaeasthe copper was now unavailable feduction Figure 29, D). A

compromise of just below pH 7 seemed optimal.

A. B.

18
Ph  cul-coated C (WE)/ Ph—=—————Ph Aqueous (A)
| | Pt CE (+0.5 VV vs Ag QRE), *

Divided Cell 17 Organic (O)

DABCO (1.2 eq), air, (Insoluble intermediate,

Ph
0.05 M BuyNPFg / DCM Cu trapped) \ + HCl(aq) —= Ph—=—H + CuCl,
17 c (excess) (©) (A)
u

Cu(OH),
(insoluble)

HCloq # NaOH CuCl, —» e
(excess) e S

Cu(OH),

(insoluble)

Potential /V

H,0 + NaCl + NaOH +

Pourbaix Diagram

Figure 29: Showingsome of the problems associated with recovering Cu from our reaction
mixture.

We achieved initial success using this method, being able to remmveof the copper we
hadinitially plated onto the carbon rod, along with a yield for the diyne produgb td 68%
when 7 mol% Cu wassed based onl14.14 C charge passed in coating and phenylacetylene

1 mmol being usedHowever,we had no accurate way of determining the exact amount of

** |n a simple test we found that the coppeetylidel7 was broken down by HCI in a sample vial in
a few hours, whilst bB5Qs seemed incapable bfeaking dowrl7 evenafter being left foma couple of
days
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copper recovered. We realised theting the charge passed when redydine aqueous
coppercontaining solution was flawedss &spite almostompletelyneutralising the acid we

had in solution our estimates of the percentage of copper being recovered must be an
overestimate and that the electrolysis of water ratilbtoe significantly contribuing to this
overallchargefigure. This is corroborated by the fact that gas evolution (very likgiyvas

obseredatthe surface of the WE during the reduction.

Without an accurate way to measure the amount of copper weraegengeringat this time

we next decided to improve the coupling reaction itself and hopefully make our method more
sustainableWe realised thaaddng TMEDA as a ligand could improve the efgéncy of our
GlaserHay reaction as demonstrated by the excellent yiel@able 6. As stated previously,
TMEDA facilitates oxidation of the Cu making the use of an oxidative potential for release
redundant, however, we opted to include the ligand in these reactions as it led to a smoother
reaction in which none of the copper acetylide rinediate precipitated out of solution
(thereby maximising the amount of copper accessible for recovery) and meanorgywe
needed to add a fraction of the amountH&lxq) (and HO) before recovering as we did
previously (3 drops v&0 mL of HCI). It was found that we still needed to atlds small

amount of acid however, becautsappeared as the amine additive TMEDA and DABCQ

held the coppein the organighasemaking it resistant to reduction at the electreddace

when we tried talirectly recover the copper from the reaction mixtimeerestingly, adding

just H20 to the reaction mixture and vigorously stirring it allowed the copper to migrate up
into the aqueous phase with no acid being requiféds ispotentially quite usefulfithis
approach were extended to other reactions where the desired products are sensitive to acid.
However, the copper could not then be directly recovered from this aqueous layer until the
HCI (3 drops) had been addethe movement of copper ions frometlrganic to aqueous

phaseafterwater was addeid clearly observabli Figure 30 (A andB).2°

Organic
Reaction
mixture

Figure 30: Location of copper species in: A. the organic phase just Bf®rwas added
and B. the aqueous phase after 30 min vigorous stiffing
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The TMEDA-coordinated copgr is likely converted toCuChk upon acidificationwhich is
much more easily reduced and recovefddasingly, application of a reducing potential to
theaqueousolutionthen allowed us to reoat the electrode with coppérhe details for this
experimenareshownin Scheme68 where6 mol% Cu was used (frothe fact thatl mmol
phenylacetylene was usaddan initial chargavaspassed 0f11.99 G seeFigure 31, A).%°

Cu-coated C WE (6 mol%) / Pt CE, Ph%Ph
N (+0.5 V vs Ag QRE), 0.05 M BusNPFg / DCM, 70%
o Divided Cell, DABCO (1.2 eq), +
TMEDA (1.0 eq), air, RT, 16 h {

i. H,O, 2 M HCI (3 drops)
ii. -1.0 V vs Ag QRE, 30 min

Schemes8: Recovenof Cu onto a graphite WE after a Gladday reaction using TMEDA
as a liganc®

We then undertookxperiments to accurately determthe amount of copper redeposited on
theelectrodeAs mentioned previouslysing the charge passed when recovetogper from

the HClaq,) solution proved unreliable as significant component of the chargaust be
attributed to the electrolysis of tlaeidic solutionitself. Therefore, we tresferred thenewly
re-coatedelectrode to a fresh solutiasf acetonitrile with 0.1 M BiNPFs as background
electrolyteto oxidisethe coppecoatinginto solution as Cu(MeCMPFs while monitoringthe
charge passe®Ve know from previougxperiments that the copper is released reliahty
efficiently in the6+160xidation state iMeCN (SeeChapter 4) which allows us to accurately

use the charge passed in this oxidation to determine how much copper we had managed to
recover It also allows us to ignore any electrolysis of the acidic aqueous solution that may be
taking place during the recovery phase. the metalliccoppercoatingis exhausted, the
current falls to zero and the chamgeproaches a maximum as can be seen from the plots of

current B) and chargeQ) vs.time inFigure 31.%°
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Figure 31: A. charge graph of initial coating of graphite rod. B. Current graph and C.
charge graph when releasing recovered copper coating into MAK®& redrawn for
clarity.?°

Whenthe current approaches zero (i.e. wha#rof the copper metal had been stripped from
the graphitesurface) a charge of 2.34 C had passed. This correspahd3xb0°> mol Cuard

a corresponding recovesfficiency of 39%, as the graphite rod was initially coated with
6.21x10° mol of copper.We were very pleased with this as it meant that we could finally
assign an accurate value to the amount of copper wera@reering and felt that 39% was a
reasonably good result consiohey the experimental difficulties of recovering metal catalysts
by traditional methodsBut we did not stop theré.

We believed we could improve this methodoldagy tweaking a couple of aspects of our
current conditions. Firstly, we wantedtest whethethis recovery could be achied using
much less TMEDA ligan&nd secondlywe wanted to see if usingdifferent acid would
improve the recovery efficiencylo this end we carried out a new test usihg same
conditions asn Scheme68 except thatTMEDA (20 mol%) a graphite Cihstead of Pt (for

a larger surface area of the CE) and a Cu loading of 8 rffoit#h -15.46C passd during
coating and 1 mmol phenylacetylene ysedre usedWe then ran this test and treated the
reaction mixture with HG{y) as beforeo separate ouhe copper. The organic phase was
purified to yield 71%of 18 which validatedthe idea that 20 mol% TMEDA was adequiate

this reactionBut most importantly, when the aqueous phasengatralised with NaOH, then
re-acidified with conc. HSQu (1-2 drops) andsubjected to a reducing potentidl-0.5 V (vs

Ag QRB for 2 hwe obtained anoticeably more complete coating r@coveredCu on the
graphite surface than in previous attemptse&tj when this Gaoated C electrode was then
oxidisedinto a0.05 M BuNPFs; / MeCN solution, the chargeassed4.915C) showed that
64% of the original Cu coating had been recovered, which is a significant infrease
previous testd~urthermore, we decided to utilise this second release of the Cu coating to show
that the electrodes can effectively beusd so we added an excess of phenylacetylene and
DABCO to this MeCN solution to allow a simple copper acetylide reaction to lage. frrom

the copper that we calculated was released from our recoveredafd C electrode, we
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isolated5.6 mg of 17, showingthat 67% was incorporated into the copper acetylide product.

These tests are summarisedchemes9 andFigure 32,

P Cu-coated C WE (8 mol%)/ __18__ - i. HCl(aq) and
| | C CE (+0.5 V vs Ag wire), 1% H;S0,(aq) added -coated C,

- L)
DABCO, TMEDA (20 mol%), 64% recovered

c + ii. -0.5 V vs Ag wire Copper
. u species in
H  air, BuyNPFg/DCM, 16 h I 2h

1
cu' process

cu Ph————H
17 - (+0.5 V vs Ag wire),
67% | DABCO, BusNPFg/ MeCN,
2h
l Ph : |
Cu' process

Schemes9: Multistage reactions showing the release, recovery and release of a copper
coating topromoteboth Cliand CU reactions.
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Figure 32: A. charge graph of initial coating of graphite rod. B. Current graph and C.
charge graph when releasing recovered copper coating into MAE®s redrawn for
clarity.

We wondered if the reason adding thgsB, to the recovery step proved so successful was
because the S® anionwas perhapkess strongly coordinating than'Chnd so @l not hold

the copper in solution as effectively. The competition for coordination to Cu between the Cl
and S@ ionsmay, therefore haveallowed more copper to be recovered than whémas

the only anion present. However, when we carried nwlaost identicalestto that shown

in Scheme69 but using justconc.H2SQuaq, (3 drops / H2O (20 mL)in the recoverystage

we achieved a lower recovepgrcentage o#8% (-15.98 Cinitial coating, 3.855 C release
into MeCN) This test also gav&% for 18 and70% for 17. With this result in mind it appears

as if the combination of HCI and.8HCQs is necessary to obtain the best recovery of comper
perhaps the recovery success is tied to the precise concentration of acid used (as slightly
differing concentrations of aciould have been used across the various tddis)e tests

would need to be carried out to investigate this relationship further.
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Overall, we were very pleased with these result$hag demonstrated that a significant
percentage of the original copper tog could be recovered, and even used again
immediately to promote another reaction. Not only this but we managed to show that the
oxidation state of the copper could be effectively controlled with the conditions employed to
facilitate a Cl process (GlserHay coupling) in the first reaction, then a' @wocess (copper
acetylide synthesis) in the second reaction. This high level of control over the oxidation state
of the Cu (C&Cu'-Cu’-Cu) shows a great deal of potential for carryingelattrochemially
promotedcatalytic reactions in the future with copper, and even with other metals. The
financial benefits of being able to recover a relatively cheap base metal catalyst like copper in
this way are limited, but if this methodology were extended pemsive noble metals such as

Pd, the benefits would be substantial. The ability to recover all (or even a significant portion)
of a catalyst into an immediately reusable form after a reaction is complete, essentially at the
click of a button, is a highlytaactive proposition in terms of sustainability. As such, we
believe the results shown here represent a major advancement in the methodology of electro

organic reactions and with some work in the future could make a large impdstaneth
8.2 The Bubble Paradox

A closer look at the Guooated C electrodes after the copper had been recovered from solution
revealed an interesting phenomenon. Small holes in the Cu coating were olfeyvesl

33) which were not seen in the initial coatings from Cu&solutions andvhich we deduced

must have arisen from bubbles of gdhs being generated from the reduction of protons in the
slightly acidicrecoverysolution.This creates a certain paradeswe know the acid is required
toget the copper into a,datenpsateadutonoftibecdpper m (|
directly from organic solutions or from aqueous solutions with strongly coordinating ligands
(such as agueous ammoniacal sohgi® [Cu(NHs)4(H20)2]?") failed. However, it also
appears that the presence of this acid allows significant competirggitiction to take place

that creates bubbles on the surface of the elechimdieringthe copper recovery. If the €u
coated C electrab are left in these acidic solutions the copper coating also begins to be
dissolved by the acid. Clearly then, our aoaked method is imperfeanhd will require future

refinement
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Figure 33: Imageof the recovered Cu coating with noticeable hqexbally created by Hl
gas evolution.

Inspired by tlis line of thinking a theory \ith regards to the ligands surrounding the copper

ions and what effect this has on the ease with which the copper magdireed during
recoverywas formed. It seemigkely that when a reducing potential is passed through the
graphite rod in solutions, Coulombic repulsioould push anionic ligands away, allowing the
copper cations to be 0fr eeadly@harffrononeutraltigandsni ¢ | i
This would explain why copper was recoverable from Cyg{and CuClg,)solutions but

was not from aqueous ammoniacal solutions.
8.3 Other Metal Coatings

Some initial work has been conducted on the coating of graphite rods with metals other than
copper in the hopes that this will open up large new areas of etettigtic research. Given
that we managed to employ €oated C electrodes to carry out vag@iucatalysed reactions
and even recover the Cu after the reaction was completed, it is our belief that this could be a
viable approach when extended to other metals. We therefore investigated the coating of Ag,

Pd and Zn onto graphite rods.

Silver provedstraightforwardto coat in a similarway to copperwherewe simplyapplied a
reducingpotential ¢1.0 V vs Ag QRE}o a0.1 M agueous AgN®@solution(undivided cell,
graphite WE, Pt CE, Ag wire QREJhis allowed the coating to form veegsily Figure 34,
A).

103



After ﬁd
(grey)
coating

CUSO4(aq_)

Figure 34: Showing A. Silver, B. Palladium, C. Palladium coatings, D. Coating solutions
and Pd(OAg)trimer, 56.

By contrast,the method used fgpalladium proved much more difficuind convoluted,
probablydue to the use dess than optimal reagentd/e did rot want to buy any new
expensivePd saltsand so were forced to use what was to hand in the lab, namely, a Pg(OAc)
trimer reagent56. We dissolved this in wateo create drown0.01 M solutiomnand tried to
directly reducehe Pd as acoaing of Pd onto our graphite electrode but had no success. We
thereforeaddedHCl g, (creating a ~0.5 Molution with respect tBlCl and ~0.007 M solution

with respect to Pd acetatand left this to stir overnight to hopefully break up the palladium
acetate and make it easier to recover. fEHseltingdark orange solution was then subjected
to -1.0 V (vs AgQRE), which turnedthe solution more red in colour and prodde black
coating of Pd on the surface of the graphoie (Figure 34, B). Wethenplaced this electrode

in 0.1 M BuNCI / MeCN in a divided celand applied areasonably strongly oxidising
potential of +1.5 (vs Ag QRE)oit to release all of #acoating into solution (lower potentials
proved ineffective). The resultindark orangesolution, which we very tentatively propose
couldhave beersolubilisedPdCb(MeCN),, was themreduced with0.5 Vvs Ag QREto re

coat the graphite rod with a light grey coating of Pd this tifigufe 34, C). After this final
reduction the solution was now a pale yellow colour. Interestingly, when this light grey Pd
coated C eleocvde was left exposed to air overnight, the palladium appeared to darken in
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colour, suggesting perhaps oxidation to a more stabl@®ide. The various solutions used

for the coating of graphite electrodes are shawfigure 34, D.

Based on the techniques described in this section and motkeescribed in this thesising
Cu-coated C electrodes, our group has recently had success witha#d electrodedhis

work, carried out by Diyuan [??*involved the plating of zinc by applying a potential bf2

V (vs Ag QRE)to a ZnChaq,) solution containing KCOs. This addition of base proved
essential as the zinc would not coat effectively otherwise. Theseatad C electrodes were
then employed in iodocyclisation reactions where an oxidative potential was applied in a
divided cdl containing Nal. This had the effect of first releasing the Zn into solution ‘as Zn
and then also producingih a dual oxidative procesSeeScheme70.2°

_ Zn-coated C WE / Pt CE, I
OH 0.3 M LiCIO4 / MeCN o

(+1.2 V vs Ag QRE), 7 examples,

up to 99% yield

R Divided Cell, Nal (4.0 eq), R
60 °C, 16 h
Zn-coated C
31
via -2e” Zn2+ -2e

|37=—‘|2+ I~

Scheme70: Theuse of Zrcoated C electrodes for iodocyclisation reactidtis
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Some major progress has been madedweral Ctbased reactions using electrochemistry

The development of two electrochemical protocols (undivided cell and divided cell) for
producing copper acetylides has a lot of potential as these are valuable synthetic building
blocks used in a multitude of organic reactions. The key advantage of these syntheses is that
they are highly sustainable, generatimichalide waste at all anih the case of the undivided

cell reaction,obviate the requirement of an added base as this is first gendrated
quaternary ammonium electrolyte sadtisd then regenerated electrochemically, making it
catalytic in natureThe next logical step for thessectrochemical syntheses would be to
integrate them into the organic transformations where copper acetylides are intermediates to
create new, sustainable reactions. Indeed, we demonstrated some initial success with this
approach for the CuAAC reaction. @y to the widespread use of this reaction in
pharmaceutical chemistry, a reliable electrochemical synthetic route would be very useful to
develop and research further. However, the yields obtained in our work currently fall short of
traditional methods ahso require improvement before the electrochemical method can
compete.

We had success with the Glastay reaction, helping to shed new light on the mechanism of
this 1508year old homocoupling. The use of electrochemical techniques such as CV plot
analyss proved vital to our understating and revealed that the chloride ions that were
generated when DABCO reacted with DCM appeared to play a part in the oxidation of the
sacrificial Cu electrode, lowering the potential required. Furtherntioegdentification of a
dinuclear Cu complexderived from DABCO, DCM and the electrogenerated Cu, as the
probable active catalyst in this reaction helped to build up a picture of the likely processes
taking place and allowed us to propose a mechanism foeleatrochemical Glasdiday

reactions.

Investigaing copper coupling reactions that were not based on copper acetylide chemistry
proved informative, if not particularly high yielding. The CHaam reaction was theoretically

the most difficult reaction we t@mpted in this project due to the host of different processes
we were trying to get to work in concert to yield the final product. Releasing the Cu from the
electrode and oxidising it up to Gurelying upon the catalytic base generation from the
electrdyte salt and prompting the transmetallation with the boronic acid coupling partner may
have been too much for our current conditiomfiandle effectivelyHowever the fact that

we managed to get this reaction to work and produce some of the desatadt pscagood

result from such a difficult taska the future, if this reaction were revisited it seems clear that
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using 2 equivalents of the boronic acid and using molecular sieves could both help to improve

the yield by mitigating some destruction bétboronic acid.

Finally, the use of Cweoated C electrodes proved to be very useful throughout this project.
We found that they could be used to determine the oxidation state of the Cu we were releasing,
that they allowed us to effectively control theatgtic loading of Cu we used in our reactions

and, perhaps most significantly of all, they gave us the opportunity to recover the metal
catalyst after reactions were complete. Thiay bea significantadvancenent in the
methodology oklectraorganic reactionanot just when using Cu, but potentially with other
metals as well. To date the highest recovery percentage of Cu is 64%. When thinking about
the significanceof this figure, there is both an environmental and a financial beryit.
essentiallymerelyswitchingthe polarity of the applied potential we have shown that almost
two thirds of the metal catalyst can be recovered from solution in an immediately reusable
form (as demonstrated in this work). This means less metal wasteaied and that less
catalyst is lost. We have also managed to demonstrate that other metals, such as Ag, Pd and
Zn can be coated ontheap graphiteods, thus opening up the possibilityin¥estigating

vast new areas of electteemicallypromotedcatal/sis chemistry (with some initial success
already beingshown with Zn in iodocyclisation reactior®} and also opening up the
possibility of recovering these metals electrochemically. Financib#ability to do this with

an expensive, versatile metal like Wduld bevery attractive indeeaven with relatively low

recovery percentages

In theory, this methodology could be extended to many methésthan copper for a vast
number of catalyticeadions (Figure 35). Of course, the work presented in this thesis has

only taken the first steps towards this possibility. A lot of work to improve the recovery
percentages further and extend the approach to other reactions and metals is needed, but this
thesis does at leastpresengood initial resultsowards such generalpproach.

Reagents Products

n+
M-coated C oiqative ) Reductive M-coated C

Figure 35: General approach to electchemicallypromotedcatalysis using metatoated
graphite electrodes

Additionally, futurework could be focused autilising the electrochemical copper acetylide
syntheses tsee whether our electrochemical approach lsarused in similar ways as
photocatalysis has been. Work carried out by M. Ruegtiafy?®? (Scheme71) showshow G
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H bond functionalisation has been achieved using-pgbinoted ruthenium catalysts (blue).
We believe that anodic oxidation could be used to produce the same intermediates in these
types of reactions, thus yielding the same products, without the nesg@nsiveohotoredox

catalysts.

(;G Anodic Oxidation? (;G catalyst N—Ph
N. N N. =
»M [Ru(bpy)al” Z%pp | Phm=—"" \

oxidation; O, Ph

h v [Ru(bpy)sl?*

Scheme71: Possible GH functionalisation inspired by photocataly$?s.

Furthermorethe characterisation of the metal coatings we were forming and using in this
project could be carried out to reveal important information about the oxidation state and
thickness of the coatings. Such factprebablydetermine how these electrodes perform in
reactions. Measuring the exact surface area of the electrodes and investigating how best to
scale them up would also be important. It is likely that other materials would prove much more
effective as the core electrode material to plate the metals omris ¢ surface area and so
finding out what these materials are would all@&ctions to be carried out on much larger

scales

Finally, it often occurred to us throughout this project that carrying out reactions with
palladium could be a fruitful area tfsearch and steading on from the work in this thegis

a promisingeactionto investigate would be the Sonogashira reaction as it procieestgpper
acetylide intermediated.his mayprovide a foothold into Rdatalysed chemistry. Another
potential idka that may be wortimvestigating isthe application obxidative potentialgo
efficiently facilitate Pd to Pd" transitions, as transient Pdntermediates have often been
proposed in the mechanisms ofHC bond functionalisations, alkene borylations and
difunctionalisationg%2%4 Early examples of this approach exXf8tput further exploration

could yield even more valuable results
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10.1 General Experimental

Solvents and reagents were purchased from suppliers and used without any further purification
unless otherwise stated. Normal phase silica gel (Merck KGaA) and sand (VWR) were used
for columnchromatography. Reactions were monitored by TLC unless otherwise stated. TLC
plates precoated with silica gel 6025 on aluminium (Merck KGaA) were used, detection by

UV (254 nm) and chemical stain (potassium permanganate). Mass spectra were measured on
Thermo Finnigan MAT900 XE and Waters LCT Premier XE machines operatigg @l

andESI mode. 'H NMR spectra were recordedeither300, 400, 5006000r 700MHz, 3C

NMR spectra were recorded @ither 75, 100, 125 150 or 176 MHz and °F NMR spectra

were recorded at 282 MHan Bruker Avance spectrometers at ambient temperature. All
chemical shifts were referenced to the residual proton impurity of the deuterated solvent. In
H NMR the multiplicity of the signal is indicated as s (singlet)dduplet), t (triplet) g
(quartet), quin (quintet)dt (doublet of tripletspr m (multiplet) defined as all multipeak
signals where overlap or complex coupling of signals makes definitive descriptions of peaks
difficult. The 1*C NMR is assigned as C (gaanary), CH, CHand CH as determined by
DEPT 135. Coupling constants are definedJand quoted in Hz to one decimal place.
Infrared spectra were obtained on a Bruker Alpha FTIR Spectrometer operating in ATR mode
Melting points were measured with a lBakamp apparatus and are uncorrected.
Decomposition points were recorded on this same apparatus but should not be taken as
definitive characterisation values due to their inherently large margins of kernacuois

used to describe solvent removal Bichi rotary evaporation between-40 °C. For NMR
experiments, CDGUdenotes deuteratedif chloroformand(CDs),SOdenotes deuterateds)

DMSO. Electrochemical reactions were carried out using an Iviimthnologies Vertex
model potentiostat operating in chronoamperometry mode. CV plots were carried out using
this same potentiostat with a glassy carbon workiegtrode, a Pt wire countelectrode and

a Ag wire quasi referenagectrode Where a Cecoakd graphite electrode was used, it was
prepared by placing a graphite rod workilgctrode (4.12 cfrarea) into an undivided cell
containing a 0.5 M CuSfq)solution. A Ag wire quasi referenegectrode (0.79 cfrarea)

and a Pt wire counteglectrode (1.26 cfarea) were added and all electrodes were then
connected up to a potentiostat. Patentialwas set te0.50 V for 600 s and the charge passed
was recorded and used to determine how much copper had besh @itd the graphite
surface with the use &q. 1

10.2 Details of Electrochemical Methods

The general experimental setup we used for electrochemical reactions was designed to be as
simple and accessible as possible. In doing shapeal to minimise the disparity and lack of
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reproducibility of results inherent in electooganic synthesis due to there being a lack of
standardised experimental setupsd i v i d e d waédftén usedad our reaction vessel
(dimensionshown inFigure 36, A). Each chamber hiha size B19 groundlass neck and a

total volume of 20 mL. A senpiorous sintered glass divideatbetween each chamber. All
reactions were however carried out using 10 mL of electrolyte solution in each chamber as
this was sulfficient to sit above the line of the sintedadgdivider and thus allow sufficient

ion transfer. Copped p | at e 6 electrode§ weneemade dy cutting strips from a roll of
copper sheet metal (around 0.5 mm thickness) to create plates with dimensions of 10 mm x 40
mm. When used, these were plddeto solution to a depth of 25 mm, meaning the area of
electrode exposed to solution was approximately 536.mnsilver wire, which was 1 mm

thick, was used as a quasi referealeetrode and was likewise placed into solution to a depth

of 25 mm givingan effective area of 79 nfrBoth the copper plate and the silver wire were
placed into the same chamber to minimise the potentialatispg from resistance and kept

10 mm apart. A platinum wire of 1 mm thickness was used as the celeuiode and placed

in the other chamber of the H cell, this time at a depth of 40 mm giving an effective area of
126 mnt. Where graphite electrodes were used for the worklegtrode and/or counter
electrode, rods of 5 mm diameter were used at a dé@h mm giving an effective area of

412 mn.’r’_20,39,40

Where an undivided cell wasquired we used a 10 mL sample vial as our reaction vessel
(dimensionshown inFigure 36, B) asa size B19 Sub&eal fit perfectly in the neck to create

a seal. A balloocould bdfitted into the centre of the Sutseal for degassing and maintaining

a specific gaseousnvironment during electrolysis. Three metal wire electrodes were also
inserted im0 the Sub-Seal in a triangular pattern, to a depth of 20 mm into the 10 mL
electrolyte solutions used in the reactions. The electrodes were heltiOamni distance
between any two electrodes over the course of reactions. As the three electrodesaiges] wer
same diameter (1 mm), and all held at the same depth into the solution, they all had the same
effective surface area of 64 mMnAll reactions were run using an Ivium Technologies Vertex
model potentiostat operating in chronoamperometry mode. Thislrabbowed for reatime

charge over time and current over time graphs to be generated which we found exceedingly
useful for this work, especially for measuring charge passed over the course of ré&¢tns.
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10.3 Experimental Procedures

Electrochemical dibromination reaction

1,2-Dibromo-1,2-diphenylethane,5

BusNBr (6.45 g, 20.0 mmol, 10.0 eq) was dissolved in MeCN (20 mL) to make upa 1 M
solution. A divided (H) cell was charged with this solution (10 mL each side) followed by
trans-stilbene (0.18 g, 1.0 mmol, 1.0 dq)one chambeonly. The solution was stirdeat RT
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for 5 min to allow all solids to dissolve. A platinum wire ®®&m? area) and a silver wire
(0.% cn? area) were then placed into the chamber of the H cell with the stilbene substrate,
and a carbon rod (@1 cm? area) was placed into the other wiiger. These electrodes were
then connected up to a potentiostat (Pt = WE, AQRE, C = CE) and the potential was set

to run at +1.00 V for 16 h, whilst stirring at RT. The precipitate formed was then filtered out
of the dark brown solution and washed wMRCN to give the product as a white solid (0.23

g, 68%); m.p. 24243 °C(lit.,>°6240-242°C); R; 0.45 (10% EtOAfpet. ether.); IRmax (Nea}

2962, 1496, 1452, 1135, 762, 689, 596, 551;ctd NMR (600 MHz, CDC}) 4 11517.53

(4H, m, AH), 7.417.44 (4H, m, AH), 7.367.39 (2H, m, AH), 5.49 (2H, s, EBr) ppm;*3C

NMR (150 MHz, CDC}) ¢ 140.1 C), 129.1 CH), 128.9 CH), 128.0 CH), 56.2 CH) ppm;
LRMS (Cl) m/z 360 ([MEBréBr)+NH4]*, 12%), 358 ([M#Br’°Br)+NHJ]*, 24%), 356
(IM("Br™Br)+NHa]*, 12%), 305 (17%), 278 (97%), 276 (96%), 196 (48%), 180 (100%);
HRMS ( Cl ) gaHasNBrgM(°Bf “Bri+NHz]* 3559644, found 355.9645. Data in
agreement with literaturé’

Electrochemicalmethoxybromination reaction

(1-Bromo-2-methoxyethanel,2-diyl)dibenzene,16

racemate

NaBr(2.06 g, 20.0 mmol, 5.0 eq) was dissolved in MeOH (20 mL) to make up a 1 M solution.
A divided (H) cell was charged with this solution (10 mL each side) followdxhhg stilbene

(0.36 g, 2.0 mmol, 1.0 ed) one chambeonly. A platinum wire (0.9 cn? area) and a silver

wire (0.% cn¥ area) were then placed into the chamber of the H cell with the stilbene substrate,
and a carbon rod (@1 cn? area) was placed into the other chamber. These electrodes were
connected up to a potentiostat (Pt = WE, AQRE, C = CE) and the potential was set to run

at +1.30 V for 16 h whilst stirring at RT. The precipitate formed was then filtered out of the
pale yellowsolution and washed with MeOH to give a white solid (0.26 gnapproximate

ratio 1:30f 5 and 16 respetively (conversion = 9%% and 33%16) by 'H NMR). Partial
isolation of16 was achieve by column chromatography on silica gel (5% EtOAc/pet. ether.)
to give a white solid (0.08 g, 14%in.p. 114116 °C (lit.,?®® 115118 °C); R: 0.34 (5%
EtOAc/pet. ether.); IRmax (Nea) 2930, 2884, 1493, 1453161, 1091, 1072, 692, 581 €m

'H NMR (400 MHz, CDCQY) w 137%7.39 (2H, m, AH), 7.257.35 (8H, m, AH), 5.07 (1H,

d, J = 6.9,CHBr), 4.68 (1H, dJ = 6.9, GHOMe), 3.22 (3H, s, OBs) ppm; C NMR (75

MHz, CDCk) ¢ 188.9 C), 138.5 C), 129.0 CH), 128.6(CH), 128.5 CH), 128.3 CH), 128.3

(CH), 128.1 CH), 87.2 CH), 57.8 CH3), 57.2 CH) ppm LRMS (ESI) m/z 261 ([M#Br)-
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OMeJ", 11%), 259 ([M(°Br)-OMe]*, 11%), 211 [M-Br]*, 13%), 197 (100%), 180 (92%).
[M+H]* not observedData in agreement witliterature2°

Divided cell method for preparing (phenylethynyl)copper 17 from an aqueous
ammoniacal soluton?

(Phenylethynyl)copper, I

i

LiClO4 (0.16 g, 1.5 mmol, 0.8 eq) was dissolved in ~30%O®aq) solution (19 mL) and
EtOH (11 mL) to make up a 0.05 M solution. A divided (H) cell was charged with this solution
(15 mL each side). A copper she@DQ cn¥ area) and a silver wire (&&n¥ area) were then
placed into one chamber, and a platinum wire J@&8¥ area) was placed into the other
chamber. These electrodes were connected up to a potentiostat (Cu = WER)REg Bt =

CE) and the potential was set tun at +2.00 V for 30 min whilst stirring at RT.
Phenylacetylene (0.22 mL, 2.0 mmol, 1.0 eq) was then added to the blue solution in the
chamber containing the copper electrode, immediately causyetioav solid precipitate to
form. The potentiostat waben set to+2.00 V for a further 16 Whilst stirring at RT. The
yellow precipitate was filtered out of solution and washed with ~309 q)Solution (30

mL), H.O (30 mL), EtOH (30 mL) and ED (30 mL) to yield the product as a bright yellow
solid (0.07 g, 21%); m.p. 22830 °C (lit.,2%° 226-229 °C); IR 3max (Nea) 3046, 1929, 1481,
1440, 745682, 521, 511 crh Data in agreement wititerature?-39%5.209210Note that due to

the insolubility of copper acetylides, NMR was not an effective form of characterisation for
thesecompound.

GeneralMethod A. Divided cell method for preparing copper acetylides from an MeCN
based solutior°

BwNPFKs (0.77 g, 2.0 mmol4.0 eq was dissolved in reagent grade MeCN (20 mL) to make

up a 0.1 M solution. A divide¢H) cell was charged with this solution (10 mL each side). A
copper plate (5.30 chrarea) and a silver wire (0.79 érarea) were then placed intme
chamber, and a platinum wire (1.26 <carea) was placed into the other chamber. These
electrodes were connected up to a potentiostat (QVE= Ag = QRE, Pt =CE) and the
potentialwas set to run at +0.50 V for 4 h whilst stirring at RT and exposad bhepotential

was then stopped and the pale green solution from the chamber containing the Cu electrode
was transferred to a flandried RBF and degassed with argon for 5 min. DABGD1( g,

1.0 mmol, 20 eq) and the terminal alkyne (0.5 mmol) #q) were then added, immediately

causing &ellow precipitate to form. The solution was then degassed for a further 5 min before
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being left to stir for 1 h at RT under argon. The yellow precipitate was then collected by
Buchner filtration and washed with MeGBO mL), then HO (30 mL), then acetone (30 mL)
before being dried in a vacuum oven to yield the copper acetylide product.

General Method A(Phenylethynyl)copper, 17, phenylacetylen€0.06 mL, 0.55 mmol) used
giving a bright yellow solid (83 mg, 92%)

((3-Methoxyphenyl)ethynyl)copper, 21

Q%Cu

General Method A3-Ethynylanisole (0.06 mL, 0.47 mmol) used to yield a bright yellow solid
(82 mg 89%); m.p. 186188 °C (dec.); IR3max (Nnea) 3064, 2937, 2830, 1951, 1934, 1588,
1482, 1460, 1414, 1315, 1261, 1189, 1140836, 994, 915, 842, 787, 774, 684'cth

D=

General Method Ap-Tolylacetyleng0.06 mL, 0.47 mmol) used to yield a bright yellow solid
(76 mg, 91%); m.p. 23837°C (dec.)(it.,211 236 °C); IR3max (n€a) 3017, 2915, 1931, 1887,
1500, 805, 515 crh Data in agreement willterature?®-95211

(p-Tolylethynyl)copper, 22

(Thiophen-3-ylethynyl)copper, 23

SN —Cu

General Method A3-Ethynylthiophene (0.05 mL, 0.51 mmol) used to yield a bright yellow
solid (56 mg, 64%); m.p. 19B95°C (dec.); IR3max (Nea) 3102, 2926, 2869, 1936, 763, 621

le.ZO
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(3-Ethoxy-3-oxoprop-1-yn-1-yl)copper, 24
EtO,C————Cu

General Method AEthyl propiolate(0.05 mL, 0.49 mmol) used to yield a bright yellow solid
(70 mg, 88%); m.p. 18284 °C (dec.); IR3max (Nea) 2983, 2876, 1954, 1914, 1694, 1453,
1194, 1021, 791, 743 ch?°

(4-Phenylbut-1-yn-1-yl)copper, 25

——Cu
Ph

General Method A4-Phenyt1-butyne (0.07 mL, 0.50 mmol) used to yield a bright yellow
solid (62 mg, 64%); m.p. 17476 °C (dec.); IR3max (nea) 3055, 2929, 1941, 1605, 1496,
1451, 1436, 764, 688, 461 P

(Cyclohex1-en-1-ylethynyl)copper, 26

.

General Method Al-Ethynylcyclohexene (0.06 mL, 0.51 mmol) used to yield a dark yellow
solid (63 mg, 73%); m.p. 16865 °C (dec.); IR3max (Nea) 2926, 2855, 1433, 833, 793, 556

le_ZO
((Trimethylsilyl)ethynyl)copper, 27
Me3zSi—=——Cu

General Method ATrimethylsilylacetylene (0.07 mL, 0.51 mmol) used to yield an orange
red solid (60 mg, 73%), stored-&0 °C tomitigatedecomposition; m.p. 14244°C (dec.);
IR 3max (N€a) 2955, 2895, 2189, 2139, 1878, 1245, 839, 757, 668 Bata in agreement

with literature?®-212

General Method B. Undivided cell method for preparing copper acetylides from an
MeCN-based solutiorf®

EtN(OsSGH.CHsz) (0.03 g, 0.10 mmol, 1.0 eq) was weighed out into a reaction vessel and
sealed as showm Figure 36, B with Cu wire (WE), Ag wire (QRE) and Pt wire (CE)
electrodes pushed through the S&sml. Anhydrous MeCN (10 mL) was then added to make

up a 0.01 M sition. The terminal alkyne (0.20 mmol, 2.0 eq) was then adidesyringe and

the solution was degassed with argon for 5 min. The electrodes were then connected up to a

potentiostat and thpotentialwas set to run at +0.50 V for 4 h whilst stirring at Rider
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argon, immediately causing a yellow precipitate to form. jdtentialwas then stopped and

the yellow precipitate was collected by Buchner filtration and washed with reagent grade
MeCN (20 mL), then kD (20 mL), then acetone (20 mL) before beingdliin a vacuum

oven for 30 min to yield the dry copper acetylide product.

General Method B(Phenylethynyl)copper, 17, phenylacetylene (32 mg, 0.32 mmaged
giving a bright yellow solid50 mg, 97%}°

General Method B(p-Tolylethynyl)copper, 22, p-tolylacetylene (25 mg, 0.21 mmalsed
giving a yellow solid (37 mg, 969%Y

General Method B(3-Ethoxy-3-oxoprop-1-yn-1-yl)copper, 24, ethyl propiolate (32 mg,
0.32 mmol)used giving a bright yellow solid (26 mg, 51%§

General Methd B. (4-Phenylbut-1-yn-1-yl)copper, 25, 4-phenytl-butyne (27 mg, 0.20
mmol) used giving a yellow solid (25 mg, 63%Y

General Method B(Cyclohex1-en-1-ylethynyl)copper, 26, 1-ethynylcyclohexene (21 mg,
0.20 mmol)usedgiving an orange solid (29 mg, 86%5)

((4-(Trifluoromethyl)phenyl)ethynyl)copper, 30

F3C©%Cu

GeneralMethod B.4-EthynytU , Uriflidrophenylacetylene (31 mg, 0.18 mmol) used to
yield a yellow solid (40 mg, 95%6m.p. 1861 8 8 A C (.dxénea) 2920, 191R, 1607,
1402, 1315, 1160, 1113, 1101, 1063, 1014, 835, 592, 513, 44¥ cm

((2-(Trifluoromethyl)phenyl)ethynyl)copper, 31
Oy=a
CF;

General Method B2-(Trifluoromethyl}phenylacetylene (32 mg, 0.19 mmol) used to yield a
bright yellow solid (43 mg, 99%); m.p. 2434 5 AC ( «d«énea) 3065, 1P3R, 1600,
1570, 1484, 1445, 1313, 1157, 1120, 1107, 1052, 1031, 756, 744, 650, 5%0 cm
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((4-Methoxyphenyl)ethynyl)copper, 32

General Method B4-Ethynylanisole (25 mg, 0.19 mmol) used to yield a bright yellow solid
(36 mg, >99%); m.p. 24249 °C (dec.) (lit?**2 6 0 A G (nea)l3a31, 2836, 1600, 1499,
1247, 1168, 1029, 818, 533, 449-trbata in agreement with literatut®?10-211

((Triisopropylsilyl)ethynyl)copper, 33
Pr

. \
’Pr—/Si ——Cu
iPr

General Method Brriisopropylsilyl acetylene (37 mg, 0.20 mmol) used to yield a dark yellow
solid (11 mg, 21%); m.p. 161 6 5 AC (mek(@ea) 3315, 294K 2867, 1460, 1372, 883,
835, 613, 451 crh®

(3,3-Dimethylbut-1-yn-1-yl)copper, 34

—=—cu

General Method B3,3-Dimethyl1-butyne (16 mg, 0.19 mmol) used to yield a yellow solid
(13 mg, 47%); m.p. 14150 °C (dec.) (lit3380-1 5 0 A Gu)x (neajl 3822,2965, 2923,
2896, 2864, 2183, 1471, 1453, 1360, 1239, 455 @ata in agreement with literatut&?*?

Traditional method for preparing (phenylethynyl)copper, 173988

To a flask backfilled with argon, a mixture NHsOHq,) (30% solution, 50 mL), EtOH (30

mL) and Cul (3.80 g, 20 mmol, 2.0 eq) was added to create a deep blue solution.
Phenylacetylene (1.02 g, 10 mmol, 1.0 eq) was then added dropwise whilst stirring to
immediately cause a bright yellow preciptate to form. 3dlation was then left to stir at RT
under argon for 16 h, before the precipitate was collected by Buchner filtration and washed
successively wittNHsOHaq) (10% solution, 100 mL), then® (50 mL), then EtOH (30 mL)

and finally EtO (100 mL). The brighyellow solid was then dried in a vacuum oven for 2 h

to yield the dry product? as a brightellow solid (1.64 g, 99%).
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Traditional method for preparing 1-benzyt4-phenyl-1H-1,2,3triazole, 39 from
(phenylethynyl)copper, 17,us ed as a¥*% Cl i ck testod

A flask was charged witliphenylethynyl)copperl7 (1.0 eq), followed by Bnil (1.5 eq
dissolved in reagent grade cyclohexane (3 mL). The solution was stirred at RT as glacial acetic
acid (1.0 eq) was added dropwise, causing an immediate colour change from yellow to pale
green. The flask was then sealed with a Stkal and degassed fon8n, before being left

to stir at RT under argon for 16 h. The solution was then diluted with EtOAc (15 mL) and
filtered into a separating funnel, before being washed with 1 Ma4J€LO mL), then 1 M
K2COs(aq) (10 mL), then HO (15 mL). The organic lay was then dried over b0, filtered

and concentratedn vacuo The crude offwhite solid was then purified by column
chromatography (25% EtOAc/pet. ether.)dgiwe the pure produci-benzyt4-phenytlH-
1,2,3triazole,39 as a white crystalline solid.

General Method C.CUuAAC reactions using Cucoated C electrodes

A graphite rod workingelectrode (4.12 cfrarea) was first coated with a layer Cu by placing

it into an undivided cell containing a 0.5 M Cug®) solution. A Ag wire quasi reference
electroak (0.79 carea) and a Pt wire countglectrode (1.26 charea) were added and all
electrodes were then connected up to a potentiostafpdibatialwas set t¢0.50 V forthe
length of time required for the calculated charge to be pggseexamplejf a 10 mol% Cu
coating vasdesired and 0.2 mmol phenylacetylenasto be used then 2x®mol Cuwas
needed. Usingq. 12x10° mol x 2 x 1.602x10° C x 6.022x18° mol* = 3.86 C neeslto be
passell These electrodes were then carefully cleaned with water and acetone and placed into
a divided(H) cell (Cucoated graphite and Ag wire in one chamber, Pt wire in the other
chamber) which had been charged with al M solution of EULNO A ¢ T.@ (8.05 g, 0.2
mmol, 1.0 eq) dissolved in reagent gralieCN (20 mL) (10 mL each side of H cellJhe
electrodes were connected up to a potentiostaic@@ted graphite = WE, Ag ©RE, Pt =

CE). The solution was briefly degassed with argon tterpbtentialwas set to run at +0.50

V until all of the Cu had been releaséthe electrodes were theemoved,and the solution
was transferred to an RBfd aegassed with argon agakizN (0.04 mL, 0.3mmol, 15 eq),

BnNz (0.04 mL, 0.3 mmol, 1.5 eq) and phenylatetye (0.02 mL, 0.2 mmol,.Q eq) were

then addedia syringe, the solution was degassed one final time, then the solution was left to
stir at RT under argon for 16 h. The solution was then conceniratetuq before being
dissolvedn EtOAc (15 mL) and filtered into a separating funnel. The organic layer was then
washed with 1 M HGlq,) (10 mL), then 1 M KCOs(aq)(10 mL) and dried over N&Q, before
being filtered and concentratéd vacuo The crude offwhite solid was then purified by

columnchromatography to yield the pure product
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General Method D. Undivided cell method for CUAAC reaction®®

EuNOACc-4H,0 (0.10 mmol, 0.5 eq) was weighed out into a reaction vessel and sealed as
shown inFigure 36, Bwith Cuwire (WE), Ag wire (QRE) and Pt wire (CE) electrodes pushed
through the Sub&eal. Anhydrous MeCN (10 mL) was then added to make up a 0.01 M
solution The terminal alkyn€0.20 mmol, 1.0 eq) anBnNs (0.30 mmol, 1.5 eq) were then
addedvia syringeand the solution was degassed with argon for 5 min. The electrodes were
then connected up to a potentiostat andptitentialwas set to run at +0.50 V for 3 h whilst
stirring at RT under argon. Thpetentialwas then stopped and the solution was letitcfor

a further 13 h at RT, under argdrhe solution was then concentratedracuq before being
dissolvedn EtOAc (15 mL) and filtered into a separating funnel. The organic layer was then
washed with 1 M HGq,) (10 mL), then 1 M KCOs(aq)(10 mL) and dried over N&Q, before

being filtered and concentratéd vacuo The crude offwhite solid was then purified by

column chromatography to yield the pure product

1-Benzyt4-phenyl-1H-1,2,3triazole, 39

Highest yieldfrom the General Method Dwhen fhenylacetylene (22 mg, 0.22 mmalas

used to yield a white soli#1l mg, 79%) (General Method C. also used).p. 127128 °C
(lit.,°*130131°C); RO . 20 ( 25% Et OA gaf(mead) B142, 207602924, 2853, | R
1450, 1223, 1045, 767, 727, 66d’; *H NMR (600 MHz, CDCJ) w T.797.81 (2H, m,

ArH), 7.65 (1H, s, NCH), 7.357.41 (5H, m, AH), 7.307.33 (3H, m, AH), 5.58 (2H, s, N

CH,) ppm;**C NMR (100 MHz, CDG)) ¢ 1#8.3 C), 134.8 C), 130.6 (), 129.2 CH), 128.9

(CH), 128.2 CH), 128.1 CH), 125.8 CH), 119.5 CH), 54.4 CH,) ppm; LRMS (ESI) m/z

236 ([M+H]", 100%). Data in agreement with literatd?é! 214

1-Benzyt4-phenyl-5-(phenylethynyl)-1H-1,2,3triazole, 40

N
[ FN
N™ N Ph

P h)_\

Ph

General Method Gvas usednot obtained itGeneral Method D. whie exclusivelyl-benzyt
4-phenytl1H-1,2,3triazole 39 was produced The highest yield was obtained when 8tk
mol% electrode was usesth phenylacetylene20 mg 0.2 mmol) to give a colourless ¢i15
mg, 46%); Rr 0.32 (25% EtOAc/pet. ether.); IRBmax (nea) 3063, 3032, 2926, 2853, 2220,

119



1606, 1497, 1481, 1454442, 1357, 774, 756, 736, 719, 680*; 'H NMR (400 MHz,
CDCl) w &17-8.20 (2H, m, AH), 7.497.52 (2H, m, AH), 7.337.48 (11H, m, AH), 5.68
(2H, s, GH2) ppm;**C NMR (100 MHz, CDC}) ¢ 1#8.2 €), 134.8 ©), 131.6 CH), 130.4
(C), 129.8 CH), 129.0 CH), 128.8 (x2)CH x2), 128.7 CH), 128.6 CH), 128.2 CH), 126.3
(CH), 1215 €), 117.3 €), 102.4 C), 75.7 €), 53.1 CH,) ppm; LRMS (ESI) m/z336
(IM+H]*, 100%).Data in agreement witliterature?

1-Benzyt4-(4-methoxyphenyt1H-1,2,3triazole, 41

N
N /\
N™ N™ g

MeO

General Method D4-Ethynylanisole (27 mg, 0.2 mmol) usedytield a white solid (6 mg,
11%); m.p.137-138°C (lit.,>*® 140-142°C); R 0.14 (25% EtOAc/pet. ether.); IRmax (neaj
3126, 2924, 2852, 1499, 1247, 1026, 830, 81878 *H NMR (300 MHz, CDC}) 1169
7.74 (2H, m, AH), 7.57 (1H, s, NCH), 7.357.42 (3H, m, AH), 7.297.34 (2H, m, AH),
6.906.95 (2H, m, AH), 5.56 (2H, s, NCH>), 3.82 (3H, s, @H3) ppm;**C NMR (75MHz,
CDCl) ¢ 159.7 C), 148.3 C), 134.9 (), 129.3 CH), 128.9 CH), 128.2 CH), 127.1 CH),
123.4 C), 118.8 CH), 114.4 CH), 55.5 CHs), 54.3 CH.) ppm; LRMS (ESI) m/2266
(IM+H]*, 100%).Data in agreement witliterature?16-217

1-Benzyt4-(4-(trifluoromethyl)phenyl) -1H-1,2,3triazole, 42

N
“ N\
NN Ph

F3C

General Method D4-EthynytU , Wrifludrophenylacetylene(33 mg, 0.19 mmol) used to
yield a white solid (38 mg, 65%); m.p. 133135 °C (lit.,2'® 133134 °C); Rr 0.48 (40%
EtOAc/pet. ether.); IRmax (Nea) 3107, 1620, 1327, 1121, 834, 718, €98*; *H NMR (400
MHz, CDCk) » 11907.92 (2H, dJ = 8.1, AH), 7.75 (1H, s, NCH), 7.637.65 (2H, dJ =
8.1, AH), 7.3%7.43 (3H, m, AH), 7.367.34 (2H, m, AH), 5.59 (2H, s, NCH,) ppm; 1°C
NMR (100MHz, CDCk) ¢ 146.9 €), 134.5 C), 134.1 ) (doublet,Jrc = 1.3), 130.0C)
(doublet,Je.c = 32.6), 129.3CH), 129.0 CH), 128.2 CH), 125.9 CH), 125.8 CH), 124.2
(C) (doublet,Jrc = 272.1), 120.3CH), 54.4 CH2) ppm; °F NMR (282 MHz, CDCk) ¢ -U
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62.6 (OFs) ppm;LRMS (ESI) m/z304 ([M+H]*, 100%), 214 (62%), 181 (62%), 165 (45%),
149 (28%)Data in agreement witliterature?8

1-Benzyt4-(p-tolyl)-1H-1,2,3triazole, 43

N
// ~ /\
N~ N Ph

General Method Dp-Tolylacetylene (23 mg, 0.19 mmol) used to yieMthite solid (17 mg,
35%) as well asl-Benzyt4-(p-tolyl)-5-(p-tolylethynyl)-1H-1,2,3triazole,44; m.p. 146-147
°C (Iit., 16 142143 °C); R 0.20 (25% EtOAc/pet. ether.); IRmax (nea) 3095, 3019, 2921,
1495, 1455, 1221, 1047, 792, 720, &03%; *H NMR (300 MHz, CDC}) 4 11667.70 (2H,
m, ArH), 7.62 (1H, s, NCH), 7.297.42 (5H, m, AH), 7.197.22 (2H, dJ = 8.0, AH), 5.56
(2H, s, NCH>), 2.36 (3H, s, €l3) ppm;13C NMR (100MHz, CDCk) ¢ 1#8.4 C), 138.1 C),
134.8 ), 129.6 CH), 129.2 CH), 128.8 CH), 128.1 CH), 127.8 €), 125.7 CH), 119.2
(CH), 54.3 CH>), 21.3 CHs) ppm;LRMS (ESI) m/2250 ([M+H]*, 100%).Data in agreement

with literature?6.217
1-Benzyl4-(p-tolyl) -5-(p-tolylethynyl) -1H-1,2,3triazole, 44

N
N” N7\

¥

General Method Dp-Tolylacetylene (23 mg, 0.19 mmol) used to yialdolourless oil (16
mg, 45%) as well ag-Benzyk4-(p-tolyl)-1H-1,2,3triazole,43; R 0.37 (25% EtOAc/pet.
ether.); IR3max (Nea) 3030, 2921, 285&219, 1665, 1496, 1001, 817, 730, 697, 8&; *H
NMR (300 MHz, CDC}) 1 8i058.09 (2H, m, AH), 7.317.42 (7H, m, AH), 7.207.27 (4H,
m, ArH), 5.66 (2H, s, NCH,), 2.41 (3H, s, €l3), 2.39 (3H, s, €3) ppm;**C NMR (L00MHz,
CDCl) ¢ 148.2 C), 140.1 C), 138.5 C), 134.9 C), 131.5 CH), 129.5 CH), 129.4 CH),
128.9 CH), 128.5 CH), 128.2 CH), 127.6 ©), 126.2 CH), 118.6 ), 117.2 ), 102.6 C),
75.2 C), 53.0 CH.), 21.7 CH3), 21.4 CHs) ppm; LRMS (ESI) m/z364 ([M+H]*, 100%).

Data in agreement witliterature®*®

h
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GeneralMethod E. Electrochemical GlaserHay reaction®

BuwNPFs (0.39 g, 1.0 mmol, 0.5 eq) was dissolved in DCM (20 mL) to make up aM.05
solution. A divided (H) cell was charged with this solution (10 mL each side). A copper sheet
(6.00 cn* area) and a silver wire (&%n? area) were then placed into one chamber, and a
platinum wire (0.8 cn? area) was placed into the other chamber. These electrodes were
connected up to a potentiostat (Cu = WE, AQRE, Pt = CE) and the potential was set to run

at +0.50 V for 30 min whilst stirring at RT and exposed toTdie terminal alkyn€2.0 mmol,

1.0eq) was then added to the chamber containing the copper sheet, followed by DABCO (0.27
g, 2.4 mmol, 1.2 eq) which had been dried in a vacuum oven overnight. The potentiostat was
set to run at +0.50 V for a further 2.5 h whilst stirring at RT, then theicolwas left to stir

for a further 13 h. The solution was then filtered into a separating funnel and extracted once
with brine (30 mL), before the aqueous layer was diluted with DCM (30 mL). The organic
layer was extracted and combined with the otherrocgayer, then washed once with®

(30 mL), dried over MgS®@ and concentrateth vacuo The resulting yellow solid was
dissolved in20% EtOAc/pet. ether. and passed through a plusilich gel before being
concentrateéh vacuoto give the product

1,4-Diphenylbuta-1,3-diyne, 13

General Method EPhenylacetylene use@.22 mL, 2.0 mmol) to yielda white crystalline
solid (0.17 g, 84%)m.p. 8688 °C(lit.,22°86-88°C); R: 0.54 (20% EtOAc/pet. ether.); BRux
(nea) 3047, 2143, 1483, 1438, 914, 751, 682, 523;¢i NMR (600 MHz, CDCJ) 4 153
7.55(4H, m, AH), 7.337.40 (6H, m, AH) ppm;23C NMR (150 MHz, CDG)) ¢ 1B2.6 CH),
129.3 CH), 128.6 CH), 121.9 C), 81.7 C), 74.0 C) ppm; LRMS (ESI) m/z 203 ([M+H]
6%), 201 (48%), 199 (100%). Data in agreement litighaturg2°-40.220

1,4-Di-p-tolylbuta-1,3-diyne, 45

General Method Ep-Tolylacetyleng0.25 mL, 2.0 mmol) was used to yield the product as a
white solid (0.11 g, 46%); m.A75177 °C (lit.,?** 177-178 °C); R: 0.54 (20% EtOAc/pet.
ether.); IR3max (Nnea) 3027, 2916, 2133, 1501, 805, 520%¢AH NMR (400 MHz, CDCJ) « U
7.41-7.44 (4H, dtJ = 8.0, 1.6, AH), 7.15 (4H, dJ = 7.8, AH), 2.37 (6H, s, €3) ppm;13C
NMR (75 MHz, CDC}) ¢ 189.6 C), 132.5 CH), 129.4 CH), 118.9 C), 81.7 C), 73.6 ),
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21.8 CHs) ppm; LRMS (E) m/iz230(M 100%) , 229 (21%), 215 (16

for CigH14 M* 230.1090, found 230.1727. Data in agreement kitééhature?2°

1,4-Bis-(4-fluorophenyl)buta-1,3-diyne, 46

General Method E4-Fluorophenylacetylene (0.16 mL, 1.4 mmol) was usedield the
product as a creaicoloured solid (0.06 g, 36%an.p. 189190 °C(lit.,222189-190°C); R: 0.60
(20% EtOAc/pet. ether.); IRnax (nea) 3071, 21431887, 1593, 1500, 1216, 1157, 826, 524
cm?; 'H NMR (600 MHz, CDCJ) w 1507.53 (4H, m, AH), 7.037.06 (4H, m, AH) ppm;
13C NMR (150 MHz, CDGJ) ¢ 163.1 C) (doublet,Jr.c = 251.8), 134.7QH) (doublet,Jr.c

= 8.3), 117.9C) (doublet,Jec = 3.5), 116.0 CH) (doublet,J-=.c = 22.0), 80.5C), 73.6 C)
ppm;°F NMR (282 MHz, CDCJ) ¢ -fi08.5 ppm; LRMS (CI) m/z 256 ([M+Nif", 5%), 238
(100%), 204 (63%), 203 (81%), 186 (55%), 185 (53%). Data in agreemeniteviakure?

Procedure used tgroduce (bromoethynylenzene47

(Bromoethynyl)benzene47

{ V=-s

BuwNPFs (0.39 g, 1.0 mmol, 0.5 eq) was dissolved in DCM (20 mL) to make up a 0.05 M
solution. A divided (H) cell was chargedth this solution (10 mL each side). A copper sheet
(6.00 cn* area) and a silver wire (&%nY area) were then placed into one chamber, and a
platinum wire (0.9 cn¥ area) was placed into the other chamber. These electrodes were
connected up to a poteositat (Cu = WE, Ag ©)RE, Pt = CE) and the potential was set to run

at +0.50 V for 30 min whilst stirring at RT and exposed to air. Phenylacetylene (0.22 mL, 2.0
mmol, 1.0 eq) was then added to the chamber containing the copper sheet, followed by
DABCO (027 g, 2.4 mmol, 1.2 eq) and freshly recrystallised NBS (0.43 g, 2.4 mmol, 1.2 eq).
The potentiostat was set to run at +0.50 V for a further 2.5 h whilst stirring at RT, then the
solution was transferred to an RBF and left to stir under argon for a flBHherThe solution

was then filtered into a separating funnel and extracted once with saturaf@J\émlution

(30 mL), before the aqueous layer was diluted with DCM (30 mL). The organic layer was
extracted and combined with the other organic layer, Weshed once with ¥ (30 mL),

dried over MgS®@and concentrated vacuo The resulting yellow solid was dissolve®@i%o
EtOAc/pet. ether. and passed through a plugjlizia gelbefore being concentratéd vacuo

to give the product as a yellow ¢0.28 g, 78%) R: 0.54 (20% EtOAc/pet. ether.); 1Bhax

(nea) 3061, 2201, 1485, 1442, 906, 752, 731, 688;¢i NMR (300 MHz, CDCJ) 151
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7.53 (2H, m, AH), 7.357.41 (3H, m, AH) ppm;*3C NMR (75 MHz, CDC)) ¢ 182.2 CH),
128.9 CH), 128.6 CH), 122.9 (), 80.3 C), 50.1 ) ppm; LRMS (EI) m/z 182 (M{Br)*,
96%), 180 (M(°Br)*, 98%), 101 (100%), 75 (54%). Data in agreement lighature?*

Procedure used tgproduce 1-(phenylethynyl)pyrrolidin -2-one,48

1-(Phenylethynyl)pyrrolidin -2-one, 48

D=t

BuwNPFs (0.39 g, 1.0 mmol, 0.5 eq) was dissolved in Me@N mL) to make up a 0.05 M
solution. A divided (H) cell was charged with this solution (10 mL each side). A copper sheet
(6.00 cn¥ area) and a silver wire (&%n¥ area) were then placed into one chamber, and a
platinum wire (0.8 cn? area) was placedhio the other chamber. These electrodes were
connected up to a potentiostat (Cu = WE, AQRE, Pt = CE) and the potential was set to run

at +0.50 V for 30 min whilst stirring at RT and exposed to air. Phenylacetylene (0.22 mL, 2.0
mmol, 1.0 eq) was thendded to the chamber containing the copper sheet, followed by
DABCO (0.27 g, 2.4 mmol, 1.2 eq) andpgrrolidinone (0.61 mL, 8.0 mmol, 4.0 eq).
Immediately a bright yellow precipitate formed. The potentiostat was set to run at +0.50 V for
a further 2.5 h wifst stirring at RT, then the solution was left to stir for a further 40 h. The
resulting dark blue solution was concentrated vacuo and purified by column
chromatography (280% EtOAc/pet. ethetd give the undesired diyne produtd, as a white

solid (0.15 g, 76%) and the desired ynamide product as a yellow oil (0.04 g, R09430

(50% EtOAc/pet. ether.); IBnax(nea) 2980, 2895, 2245, 1716, 1684, 1393, 1217, 1195, 755,
691 cm'; 'H NMR (600 MHz, CDCY) w 1437.45 (2H, m, AH), 7.277.31 (3H, m, AH),

3.78 (2H, t,J = 7.2, GH:N), 2.48 (2H, t,J = 8.0, (H.CO), 2.17 (2H,app.quin,J = 7.7,
CH2CH>CH,) ppm;13C NMR (150 MHz, CDGJ) ¢ i¥6.0 €), 131.6 C), 128.4 CH), 128.1

(CH), 122.7 CH), 80.5(C), 72.7 C), 50.3 CHy), 29.8 CH>), 19.0 CH.) ppm; LRMS (CI)

m/z 203 ([M+NH]*, 100%), 186 ([M+H], 93%). Data in agreement wiliterature?
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Preparation of DABCO-DCM -derived salt, 50*°

1-(Chloromethyl)-1,4-diazabicyclo[2.2.2]octan1-ium chloride, 50

cl
NS

A flame-dried flask, that had been bafilked with argon, was charged with DCM (25 mL),
followed by DABCO (0.29 g, 2.58 mmol, 1.0 eq). The solution was left to stir under argon
RT for 16 h. The solution was then carefully concentrategtacuoand immediately stored
under argon at20 °C to prevent decomposition of the resulting hygroscopic white salt (0.47
0, 92%) m.p. 146148 °C (dec.)lit.,?*> 148 °C dec); IR 3max (nea) 3413, 3372, 3004, 2968,
1637, 1460, 1362, 1092, 1051, 840, 619, &3#; *H NMR (300 MHz, (CR).S O )4 5.89

(2H, s, GH:Cl), 3.41 (6H, tJ = 7.5, (H2)3N), 3.08 (6H, tJ = 7.5, (AH2)sN*) ppm;**C NMR

(176 MHz, (CR).S O)c 615 CH2), 50.6 CH,), 44.4 CH,) ppm Data supported by

literature0.225.226
Standard conditionsfor Chan-Lam reaction

1-Methoxy-2-phenoxybenzeneb4

O

CLO

|
EuN(OsSGH4CHs) (0.30 g, 1.0 mmol, 2.0 eq) was weighed out into a reaction vessel and
sealed as showim Figure 36, B with Cu wire (WE), Ag wire (QRE) and Pt wire (CE)
electrodes pushed through the S3=al.DCM (10 mL) was then added to make up a 0.1 M
solution(alternatively MeCN could be usedjhephenylboronic acig0.06 g, 0.5mmol, 1.0
eq) was then addexhd the slution was stirred to dissolve all solidsMethoxypheno[0.06
mL, 0.5 mmol, 1.0 eq) was then addfmdlowed by the reaction vessel being sealed and kept
under an atmosphere of air (balloon). Paotentialwas set to run at +0.50 V @6 h whilst
stirring at RT.The resulting solution wasienconcentrated vacuoand purified bycolumn
chromatographyl0-50% EtOAc/pet. ethetd give the producis awvhite solid(16 mg, 5%);
m.p. 76-77 °C (lit.,?” 76 °C); R 0.71 (50% EtOAc/pet. ether.); IRmax (nea) 3064, 3023,
2980, 2953, 2923, 2846, 1597, 1581, 1489, 1221 c##8 *H NMR (400 MHz, CDC}) w U

7.27-7.32 (2H, m, AH), 7.1%7.15 (1H, m, AH), 6.907.06 (6H, m, AH), 3.84 (3H, s, E3)
ppm; *C NMR (100 MHz, CDCk) ¢ 168.0 C), 151.6 C), 145.2 C), 129.6 CH), 124.8
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(CH), 122.5 CH), 121.2 CH), 121.1 CH), 117.3 CH), 112.9 CH), 56.1 CH3) ppm;LRMS
(ESI) m/z201 ([M+H]", 56%), 149 (29%), 130 (11%d)ata in agreement witliterature®?’

Copper recovery/multistage syntheis procedures
Initial conditions®

A graphite rod workingelectrode 4.12 cn? area) was first coated with a layer Cu by placing

it into an undivided cell containing a 0.5 M Cu&@) solution. A Ag wire quasi reference
electrode (0.79 cfrarea) and a Pt wire countglectrode (1.26 cfarea) were added and all
electrodes were then connected up to a potentiostapdtbatialwas set t60.50 V for 600

s (11.99 C passed, 62.14 umol, 3.95 mg Cu deposited). These electrodes were then carefully
cleaned with water and acetone and placadardividedH) cell (Cu-coated graphite and Ag

wire in one chamber, Pt wire in the other chamber) which had been charged with a 0.05 M
solution of BUuNPFs (0.39 g, 1.0 mmol, 1.0 eq) dissolved in reagent grade DCM (20 mL) (10
mL each side of H cell). TMEDAO.15 mL, 1.0 mmol, 1.0 eq) was then added to the chamber
containing the Cu and the electrodes were connected up to a potentiostatf€iigraphite

= WE, Ag =QRE, Pt = CE). Theotentialwas set to run at +0.50 V for 30 min whilst stirring

at RT and rposed to air. At the end of this time all Cu had been released from the graphite
electrode and the solution was pale blue. Phenylacetylene (0.11 mL, 1.0 mmol, 1.0 eq) was
then added to the chamber containing the graphite and silver electrodes, folld&B®Y

(0.14 g, 1.2 mmol, 1.2 eq). The potentiostat was set to run at +0.50 V for a further 2.5 h whilst
stirring at RT, then the solution was left to stir for a further 13 h whilst exposed to@ir. H

(20 mL) was then added to the solution and stirredraigsly for 1 h, causing the Cu species

to migrate into the aqueous phase. The two layers were separated into the aqueous layer and
the organic layer:

The dark blue aqueous layer was treated with 2 M8 drops) and then placed into one
chamberof an H cell, along with NaCl (0.20 g, 3.42 mmol). The other chamber was filled
with a slightly acidic (2 M HGlq) (3 drops)) brine solution (NaCl (0.20 g, 3.42 mmol)
dissolved in HO (20 mL)) and the H cell was charged with a graphite rod wordegtrode

a Ag wire quasi referenaglectrode and a Pt wire countectrode (graphite and silver in
copper solution chamber, platinum in brioely chamber). The electrodes were then
connected up to a potentiostat andgb&entialwas set to run atl.00 V for30 min, causing

Cu metal to once more be plated onto the surface of the graphite rod. To accurately determine
how much copper had been recovered, thisc@ated graphite rod was used as a working
electrode when placed into an H cell charged with a 0.BMNPFs (0.77 g, 2.0 mmol)
dissolved in reagent grade MeCN (20 mL)) solution (10 mL each side). A silver wire quasi
referenceelectrode was added to the same chamber as toeded graphite electrode and a
platinum wire counteelectrode was placed intbe other chamber, before all electrodes were
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connected up to a potentiostat andgbtentialwas set to run at +0.50 V for 1800 s at RT and
exposed to air (2.34 C passed, 24.26 pmol, 1.54 mg Cu recovered, 39%).

The organic layer was washed ona¢gh H>O (30 mL), dried over MgSf£and concentrated

in vacuo The resulting yellow solid was dissolved in 20% EtOAc/pet. ether. and passed
through a plug of silica gddefore being concentratéa vacuoto give theproductl18 as a

white crystalline solid (71 mg, 70%).

Improved conditions

A graphite rod workingelectrode (4.12 cfrarea) was first coated with a layer Cu by placing

it into an undivided cell containing a 0.5 M Cu&@) solution. A Ag wire quasi reference
electrode (0.79 charea) and graphite roccounterelectrodg4.12 cn? area)were added and

all electrodes were then connected up to a potentiostat. The potential was0sed tdto

form a coating15.46 C passed80.13umol, 5.09mg Cu deposited). These electrodes were
then carefully cleaned with water and acetone and placed into a d{{Hjiedll (Cu-coated
graphite and Ag wire in one chambgraphitein the other chamber) which had been charged
with a 0.05 M solution of BINPFs (0.39 g, 1.0 mmol, 1.0 eq) dissolved in reagent grade DCM
(20 mL) (10 mL each side of H cellphenylacetylene (0.11 mL, 1.0 mmol, 1.0 eq) was then
added to the chamber containing the graphite and silver electrodes, followed by DABCO (0.14
g, 1.2 mmol, 12 eq). The electrodes were connected up to a potentiostab@@ed graphite

= WE, Ag =QRE, C = CE). The potential was set to run at +0.50 V for 2 h whilst stirring at
RT and exposed to air. At the end of this time all Cu imadtly been released fronhe
working electrode and the solution was oran§®EDA (0.03 mL, 0.2 mmol, 0.2 eq) was

then added to the chamber containing the Culamg@otentiostawvas set to run at +0.50 V for

a further 1 h whilst stirring at RT, then the solution was left to stir for a further 13 h whilst
exposed to aitd,0 (20 mL) was then added to the solution and stirred vigorousB0farin
causing the Cu species to migrat® the aqueous phase. The two layers were separated into
the aqueous layer and the organic layer:

The organic layer was washed once with 2 M &G(10 mL) to collect tklast of the copper
(which was then added to théheraqueous layer), then ddever MgSQ and concentrated

in vacuo The resulting yellow solid was dissolved in 20% EtOAc/pet. ether. and passed
through a plug of silica gdiefore being concentrated vacuoto give theproductl8 as a
white crystalline solid (72 mg, 71%).

The combinedaqueous lays were treated withNaOH to neutralise the HGInd thenre-
acidified with conc. HSQs (1-2 drops). This solution was thetaced into onehambeiof an
H cell, along with NaCl (0.20 g, 3.42 mmol). The other chamber was filled with a slightly
acidic (2 M HClaq) (3 drops)) brine solution (NaCl (0.20 g, 3.42 mmol) dissolved.D 30
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mL)) and the H cell was charged with a graphite rod worldlegtode, a Ag wire quasi
referenceslectrode and graphite rodcounterelectrode (graphite and silver in copper solution
chamberpther graphitén brine-only chamber). The electrodes were then connected up to a
potentiostat and the potential was set toati®.5V for 2 h, causing Cu metal to once more

be plated onto the surface of the graphite rod. To accurately determine how much copper had
been recovered, this @wated graphite rod was used as a workiegtrode when placed into

an H cell charged witla 005 M (BusNPFs (0.39 g, 1.0 mmol) dissolved in reagent grade
MeCN (20 mL)) solution (10 mL each side). A silver wire quasi referetesrode was added

to the same chamber as the€ated graphite electrode andraphite roccounterelectrode

was phced into the other chamber, before all electrodes were connected up to a potentiostat
and the potential was set to ran+0.50 V foraround1200 s at RT and exposed to aitq15

C passed50.95umol, 3.24mg Cu recovered4%). This solution washen transferred to an

RBF and degassed thoroughly with argon, a large excess of DABCO (0.06 g, 0.5 mmol) and
phenylacetylene (0.06 mL, 0.5 mmol) were added and the solution was degassed again before
being left to stir at RT under argon for 2 h. Immediatebright yellow precipitate formed.

This precipitate was theoollected by Bichner filtration and washed with reagent grade
MeCN (20 mL), then bD (20 mL), then acetone (20 mL) before being dried in a vacuum
oven for 30 min to yield the dry coppacetylde 17 (5.6 mg, 67%)
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