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Abstract

In recent years the application of electrochemistry in synthetic organic chemistry has
beenincreasng in popularity as chemists are tasked with finding cleaner synthetic
routes for highly complex molecules. It is seen as an auspicious method to solve
persistent problems in orgarsbemistry;however it is still considered a last resort
out of fiesrhaeteiro ndbe sbhpy many. Reactions whic
oxidants/ reductants or often expensive metal catalgstsoichiometric quantities

can be performed under milder conditions by substituting these harsh reagents with
so call ed @&ntig.opbotoessos electorg) However, there are
inherent issuesvhich can render it inaccessible forns® researchers inclimd
technical knowhow, lack of access testandardised edument which leads to
reproducibility issugsand the lack ofteaching electrochemistry as a synthetic

strategy.

In this work, the issues of standardised reactors, reproducibility, and reaction
profiling of electrochemical reactions amddressed. Herein, homeade and
standardised reactors are utilised for a variety of synthetic protocols; their efficacy is
compared in terms of product yield and reproducibility. The different impacts that
batch and flow electrochemistry can have on &tr@a and how these differences
can be used to explore a reactionds kine
was found that the reaction was zero order and the electrochemical step was
identified as rate determining. This coupled with cyclamtammetry shed key
insights into the mechanism of the reaction with regards to the proposed catalytic
species. Studies of electrode material in both batch and flow chemistry highlighted
the importance of electrode material and the issue of electroddutimsoand

deposition that arise when using metals over inert materials. The profiling

iv



techniques, electrode analysis, and technical khow achieved in Chapter 2 was
applied to the work in Chapter 3 to investigate surface morphology, kinetics, and

reacto setup.

The applications of electrodeposited zinc in known as well as novel case studies to
form complex products is described in Chapter 3. We were able to demonstrate the
applicability of a simple el eketbest®@sl-e pb si t
hydroxyesters, and substituteea2etidinones. Using hommade and standardised
reactors, we were able to demonstrate the importance of standardised systems and
the improvement standardised reactors have in reproducibility, which is a key issue

in zinc chemistry. Using electrodeposited zinc presents an elegangficisnt

method of metahctivation obviating expensive and toxic precious metals.
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1 Introductionto Electrochemistry

An electrochemical reaction is a heterogenesxshangeof electrons between the
cel | 6s s alcenductiveo sllestance (carbon, metal, boron doped diamond
[BDD] etc), and the bulkeaction mixturg2) For exanple, in Daniell cells electrons
flow by oxidation atthe zinc anod@and reduction athe copper cathodevith a salt
bridge connectig thetwo separate chambe(Sigure1.1). To avoidcharge buileup

at theanodeor cathodethis exchangenust occur to equal extentfscilitated by a
conductive reaction mixturef ionsin a liquid medium(in this example aqueous
solutions of ZnS@and CuSQ®@are used)Theseions canbe the reactionsubstrates
additives, or electrolytes (or all three)le&rolytesare typicallyinert, low charge
densityspeciesmade up of a cation and anjamhich can beeduced anaxidised

accordingly to prevent net charge builg within the reactior{Seel.3.5.

e’ e e’
— — —

T /7~ SaltBridge N\ l
/"‘"'_'_-___""‘ ""_'_-___""\
\__‘_________ ___________/
/"‘ \
\.._ —/

Zn —>@ @—i»Cu
Zinc Copper
sulfate sulfate
solution solution
p/ v
Zn(0) = Zn(ll) + 2e Cu(ll) + 2e" = Cu(0)
Anodic Oxidation Cathodic Reduction

Figurel.1 Diagram of aStandard Daniell cell showing spontaneous electron movemel

copperzinc cell with anodic oxidation (left) and cathodic reduction (right)



1.1 Electrochemistry in Synthesis

Electrochemistry has been used by synthetic chemists since the late 19th century to
prepare substances in by such asthe HallHéroult process of aluminium
production which was first run in 1889 and the chloalkali process osodium
chloride electrolysis to generate>Gnd NaOH first run onan industrial scale in
1892(5) Recent examplesf electrosynthesis in literature can be seeRigurel.2:
electrochemicalC-C bond formationin salutaridinein the total synthesis of-)¢
oxycodong6) direct oxidativeN-N dimerization to produce the natural product
dixiamycin B(7) decar boxyl ati ve di meri zat-i on
onoceradiené€d) and electrochemical oxidative coupling of two nucleophilic groups

in the synthesis of Alliacol A9)

B-onoceradiene i anodic [O] | Cyclosporine A analog  cathodic [Red];

Corey, JACS, 1958 Waldvogel, OPRD, 2015

Alliacol A
Moeller, JACS, 2003

Dixiamycin B
Baran, JACS, 2014

Figurel.2. Recent molecules synthesised using electrochemistry. Bonds formed are
highlightedby red, dashed linesTheprefunctionalised portion of the structure highlighted
in bluein a box with dashed lines with theaction type underneath. * indicates the two

carbons which are joined by anodic oxidation.



In conventional chemical reactions substrates rarely spontaneously react upon initial
mixing; a push to reach the activation energy is introdueagl in the form of
heating for the reaction to proceed. In a similar way, electrochemical reactions begin
with an unreactive starting material [R] which then reacts, either directly with the
electrodes or indirectly by way of a redox mediator, to form the desired product or a

reactiveintermediate which then reacts further.

Pt(+) - Pt(-) Pt(+), Pt(-)
MeOH, rt.  Q 20 mA (c.c.), 2 F/ mol
— o’ 0.51,
20A(cc) R 0.5 mmol H,S04 (2 M)
1.0mmol  AcOH buffer MeCN, 0 °C p-xylene
-2CO0O, 1.0 mmol
R-R<—— R’ N/J\Wo. /( j

(@] 10 mmol

Pt(+), Hg(-)
lodination PhCH,CI (5 mmol) DMF, r.t.

e, TBAB (4mmol) | 200 - 300 mA
RH RH"—©.
F R—F R] Reductive
2e T Fluorination C-N coupling
RH— > R* F- P o
i N

BDD(+), MeO,
(NH St steel(-)
)

0 H,SO, (0.1 M) . Pi(+), Sn(-)  HO_ .
001mM MeOH, r.t., 75 mA )J\/\/\ 100 mA(CC) 5_\ .
IPA, rt.
’ 66%
2 mmol Et,NOTs (16.5 mmol) °
RVC(+), Pt(-)
_ NaCIO, (03 M) (0.3 M)
< Q T Meot it |
4 F/ mol, 3-4 mA O =
1 mmol 55%
Figurel.3. Examples of organic reactions in

Figure 1.3 depicts some of the numerous organic reactions available to an

electrochemist:

i Halogenation of organic compounds with iod{{i®) or fluorine (11) is a

highly useful tool in the generation of valuable and versatile intermediates



for medicinal chemists, and electrochemical generation subverts the use of
oxidants and reduces thssociateavaste

T CiN,(12) CiC,(13,14) and QO(15) couplings are accessiblevia
reductiortoxidation and allow for latestage coupling of highly
functionalised substrates, a vital tool in natural product synthesis, without
the transition metal catalysts required in traditional synthetic metuods
their subsequent removal upon war

1 Oxidative decarboxylationsush as the Kolbe electrolysis are powerful

processes to create symmetrical diri8$from simple carboxylic acids
1.2 Industrial Applicationsf OrganicElectrochemistry

Electrochemistry is becoming a much more popsyenthetic optiorfor organic and
inorganic chemists, witlmumerous tutorials andhformative papersexplaining
solvents, electrolytes, set up, amsther parameters to be considered for a
beginner(3,11,25 31,17 24) In industy, manyhousehold namg8ASF, Monsanto
and Hoffman- La Rocheetc) use electrochemistryirom relatively basic starting

materials on a commercial and pilot plant scakeb{e1.1).(11,21)

Table 1.1. Electrochemical Processes in industry. P = pilot scale, C = commercial scale

Adapted from referencé41,21)

Product Starting material | Company Scale

Adiponitrile Acrylonitrile Monsanto (Solutia), BASF, C

Asahi Chemical

Ceftibuten Cephalosporin C | Electrosynthesis Co., Scherind P
Plough
Ethylene Glycol Formaldehyde Electrosynthesis Co. P




p- p-methoxytoluene | BASF C

methoxybenzaldehyde

Pinacol Acetone BASF, Diamond Shamrock P
Polysilanes Chlorosilanes Osaka Gas C
Substituted Substituted Hydro Quebec P
benzaldehydes toluenes

1.3 ElectrochemicaCells
1.3.1 Galvanc vs.Electrolyic Cells

Electrochemical cells can baivided into two different categoriesalvanic and

Electrolytic (Figurel.4).

Galvanic Cell Electrolytic Cell

Light bulb Power source

Electrolyte
solution

Electrolyte
solution

lon permeable
membrane

Anode —_| Cathode __ |

Cathodic Reduction Anodic Oxidation
Yite >y X>X +e

Anodic Oxidation  Cathodic Reduction
X=>X +e Y'+e2>Y

X+Y > Y+ X (AG<0) X+Y" 3 Y+ X (AG > 0)

Figurel.4. A diagramcomparng a standard Galvanigith anElectrolytic cell

Galvaniccdls produceenergy from spontaneous redox reactiahsch occur within
the cell wherereactants of high energy are converted to lower energy prodines

general setup is either two metal electrodes submerged in a solution of electrolyte, or
5



two individual half cds connected by either a sepgrmeable membranes..
Nafion)to allow selective ion transfer a salt bridges seen in the Daniell cell from
Figure 1.1. Although one suclcell can be termed a batterpatteries normally

consist of multiple cellgn series

Electrolytic cellsuse electrical energy from an external souecg.patteries, power
packs) toinstigate a nosspontaneous redox reactiofihe setupis similarto the
Galvanic cell; two electrodes are submerged in a solution of electrolyte or two
individual half cells with their own solutions (catholyte for the cathodelye for

the anode). The key differencetlse external power supply connecting the anode
and cathodeElectrolytic cells are thaystem of choice for electroorganic chemistry

as they can explore noispontaneous reactiorsuch asgenerang high energy
intermediates Due to the multitude of reactions which are possible in an
electrochemical cell, standard reduction potential is a vital consideration, as is
electrode selection, as both factors can influence whether your cell preferentially
facilitates oneor two electron transfer. An example of this is the use of platinum
metal as an electrode in Kolbe electrolysis; platinum electrodes have been found to
stabilise thesingle electron transfealkyl radicals produced in this reaction by
chemisorption, wherasa carborbased electrodes have been found to undergo

oxidative desorption and prevent the formation of the desired pr@tkjct.
1.3.2 Reacto Typesin Synthetic Electrochemistry
1.3.2.1 ElectrochemicaBatch Cells

As previouslymentioned,there are certain factors to consider when selecting an
electrode for electrochemical processes; in batch there is a third factor to consider:
the number of electrodes to ugenalytical chemistry typicallyemploysa three

electrode system (working electrode, auxiliary electrode, and reference electrode),
6



whereas batch electrochemistypically useswo (anode and cathodejigure1.5).

The working electrode is a term used to define the electrode that the intended
reaction will occur ate.g. for an anodic oxidation reaction the anode would be
considered the working electte. The auxiliary electrode is the electrode where the
intended reaction does not occur but is still involved in the electrical circuit. The
reference electrodes a system whicthas a known and stabttandardelectrode

potential such as theéhdardHydrogenElectrode (SHE)
r}@;l | }_‘
A) B)

' 1

' \ '
\ 1

" v

'

'

'

Auxiliary Working Anode Cathode

Electrode Electrode
Reference

Electrode

Figurel.5. Diagram depictingytpical batch electrochemistry cells using-al8ctrode
system (A) and a-Blectrode system (B)

Synthetic electrochemisttend to use two-electrode systems with no redece
electrode, as evidenced kye absence of threddectrode systems in the literature
This may bdinked to the difficulty of scaling up a thredectrode systenmput it is
more likely to be de to it not being paiculaly necessaryto have areference
electrodein most casesUnlessthereis evidence of a discrepancy between the
electronsused and the potential/current output for exampidor testing the energy

efficiency of a particular system most researchers will avoid a reference electrode

Batch reactors are generally the-tgooption for synthetic organic chemists when

testing a reaction. Once it has been established thatetheeaction does in fact



occu, the conditions can then be modifiedoptimise the reactioe.g.using Design
of Experiments (DoE) or One Variablat a Time (OVAT) methods These
optimised reaction conditions generate new process understanding which allows for

translating batclprocesses into flow.
1.3.2.2 Electrochemical Flow Cells

Electrochemical flow cellhave recently seen a boam publication(25,32,41,38
40) due to their inherent advantages of lower electricity requirem@ntaller
interelectrode distancand improved surface area to electrode rataw)d facile

temperature and pressure modulation

Owing to thedecreased interelectrode distance and increased interfacial ratio of
electrodeto reaction stream within an electrochemical flow systdra efficiency of
mass, heat, and electron transfer is significantly enhafi¢ede improvementsan
resohe theseproblemsfound in batch reactors upon scale. Furthermore, flow
reactors can be made with specific dimensi@aactor volumgeelectrode sizeetc)

meaning they areasier to replicate famtherresearchers

Although flow reactions require initiadata on reaction progression, solubility of
starting materials, and a basic idea of how the reaction proceeds, this does not always
require exhaustive batch testifithe basicflow setup consists of an inlet and outlet
platewith alternatingpositive and negative electrodes separated by RoF&nother

inert, nonconductive substancelividers with the flowpath cut out Flow is
achievedusing a pump, often supported by a backpressure regulator when dealing
with gas evolution or high tempeuaés. Numerous idine, online, or off-line
analytical processe®.g. HPLC, mass spec) can be addedhe setup to monitor

the reactionThe number of electrodalatesused and total volume of the reactor is



often reaction dependent, and requires sapgmising when dealing with new

reactionsand reaction systems
1.3.3 Batchvs.Flow Cells

Batch is an excellenteactor choicefor multiphasic systems as thare largdy
unaffectedoy unexpected precipitation or gas formation during the reaction. Surprise
precipitation or increases in viscosity can block up a flow reactor, rendering it
useless until it can be taken apart and clealRedhermoreproduction musalsobe

halted until tle cause is identified. Blockages can also easily occur when using metal
electrodesinflojas el ectrodeposition of met al car
and cathode causing a short circuit. Thisigs impossible in batch, however it is

much less likel due to the larger interelectrode distances.



Electrodes

Q (@) o Q Q (@)
S Stacking Order:
Q Q Q @)
o o o o= o o ABCBCBCBCBCBCA

PTFE Inlet/Outlet Metal Electrode Plate PTFE Pathway
plate plate

Figurel.6. A diagram of the bsic skeleton of an electrochemical flow reactor and its
componentgleft) and round bottom flask batch reactor (rigktectrochemical plates
arrangedA(BC).BA, wherenO 1 depending on desired f|

While organic electrosynthesis in batch represents a useful approach for small scale
reactions it can be diffcult to efficiently scale up to the quantities required in
industry This is predominantlgue to poor mass and electron transfer: the electrode
surface area to electrolyte volume ratio decreases upon-ggabnd greater
interelectrodedistancs for the substrates to croseequires higher amounts of

electricity to compensate

Furthermore, batch systems can have problems with reaction reprodycibility
currently each synthetic group wilend tohave their own, idiosyncratic, sep.
While the idea of homenade reactors is appealing in a eeective sense, its

drawback is that whatever results are achieved can be difficult to replicate ks other

10



However, this is changing with companies sushll®A selling electrochemical

reactors (both batch and flow) indicatitigait soorthis may no longer be an issue.

To concludeglectrochemicateactor selectiomsually begins withraditional batch
chemistry;once thereaction behaviour has been obsereed its process better
understood it can be moved into floloweversome reactionslo not effectively

proceed in continuous flaw
1.3.3.1 Divided vs. Undivided Cells
In electrochemical processes, one has the choice between an undiedl.7A)

and a dividedKigurel1.7B) corfiguration.

A) B)

Cell
Separator

Cathode Anode Working Auxiliary
~_ \Electrode (_Electrode)

Auxiliary
Electrode

Working Auxiliary
Electrode Electrode

Working
Electrode

Reactant Auxiliary

Solution Electrode
Reservoir| Solution

Reservoir|

Reactant
Solution
Reservoir|

Membrane

Figurel.7. Batch (top) and continuous flow (bottom) process example of an undivided

electrochemical cell (A) and a divided electrochemical cel({B).

In an undivided cell, the anode and cathode are immersed in the solution containing
the electrolytes and substratesdare not separatdaly anythingother thardistance

Undivided cells have been favoured by many synthetic electrochemists due to their

11



relative ease of assembly, lower internal resistance, and longer lifetime than its

divided counterpart.

Divided cells consist of a working electrodedan auxiliary electrode in a solution

of electrolytes and substrates (anolyte and catholyte solutions for the anode and
cathode respectively), separated by a porous semipermeable membrane which
selectively allows certain ions across. This divisienfavouable when ionsor
intermediatedormed at one electrodean interfere with the reaction at the other
electrode leading to better yield and selectivitilowever, it alsoincreases the
resistance of the cell as it widens the interelectrode distance,sarttieainembrane

itself can slow the reaction dowirurthermore, the lifetime of the electrochemical

cell is limited by the mechanical properties of this memb(a6glt canthereforebe

more practical to perform electrochemistry using an undivided cell
1.3.4 Eledrode Selectiorior Syntheic Electrochemistry

Electrode material selection is crucial to the success of any electrochemical
experiment; each electrode material will have its own surface properties,
conductivity, and electron transfer kinetie. which are vital to considefhough
electrodes care in liquid, solid, or even gaseous form synthetic chemibtg
historically alwaysopted forsolid forms. Solid electrodes can be metallic, such as
nickel, or nommetallic, such as graphite; electrode pairings are dependent on the
desired chemistry, as thelectrodes themselves can facilitate chemical reactions.
Chemically inert electrodes such as reticulated vitreous carbon (RVC) can be used
to ensure no electrode material interference and have hemessfullyused in
metal free electrochemical reactiqd®) Knowledge of standard redox potential
(E®) is alsovital when selecting electrodes for an electrochemical cell, as the values

will dictate whether a material is better suited as the cathode or the anode. Values
12



are measured relative to a reference electrode with its own intrinsic standard
reduction potendil such as the saturated calomel electrode (SCE [.241 V],

the standard hydrogen electrode (SHE)$/.000 V], or a silver chloride electrode

[E° = +0.197 V]. For examplen an electrolytic systerwith one iron electrode and

one copper electrod&’(Fgs) =-0.440 V, B(Cus) = +0.337 V. Here, Cu is more
readily reduced and would therefore act as the anode. Iron is comparatively more

readily oxidised, so would suit the cathodalfle1.2).

Table 1.2. Common electrode materials and their associated standard potential, V, in

descending order from most anodic (platinum) to most cathodic (lithisrBHE (43)

Y% Equation E% V Y% Equation E°/V
Pt*+2ez Pt 1.180 Fe*+3ez Fe -0.037
Agt+ez Ag 0.800 PP*+26z Pb -0.126
Calomel Electrode | 0.241 Ni*+2eZ Ni -0.257
(SCE)

CwW'+2ez Cu( £0.337 Fe€*+2ez Fe -0.447
2H*+ 267 HSHE) 0.000 Lit+ez Li -3.04

When selecting electrodenaterials, one must also consider the possibility of
cathodic electrodeposition and electrode dissolution. The fowhescribes the
process by whiclmetalions arereduced at the cathode and either depmsito the
cathodeitself or in the reator; the latter describes the movement of the electrode

metal particlesinto the bulk solution thereby degrading the electrode which will in
13



time have to be replaced. Electrodeposition and electrode dissolution is the principle
behind electrplating: the anode metal dissolves into solution and is reduced at the
cathode, coating the cathode in the anode metal. It is therefore often preferable to use
more inert materials such as carbon (graphite, reticulated vitreous ¢&¥Gh) or
platinumat higher potentialsSelection of the wrong electrode can drastically reduce
the yield of thereaction orcan result in unwanted side reactioesmetimes

overwhelmingthe desired reaction itself
1.3.5 Solvent Selectiofor Electrochemistry

Solvents ae not immune t@ledricity and have an Electrochemical WindowQ\i)
between anodic and cathodic decomposition. Tdrege varies from solvent to
solvent and is why certain solvents are or aoe suitable for certain types of
electrochemistry, for example hexafluoroisopmopaHFIP) has an EW of +0.4 V
to+2.1 V and would therefore be unsuitable for any cathodic reactions wingheas
dimethylformamide (DMF) has an EW of -3.5 V to+1.5 V and therefore is very
suited to cathad reactiong44) For noraqueous electolhemistrycommon solvents
includeacetonitrile THF, DMF,and DCM Commonprotic electrochengal solvents
arewater, short chain alcor®{MeOH, EtOH, and HFIP. Solvent mixtures are also
commonand have shown to be able to direct synthdwsvever this research is in

its infancywith only a few papersentioning it(45 47)

The intrinsic characteristics of certain solvents can also affect the type of chemistry
they areused in for example MeCNhas been suggested to stabilesetivated

zinc(48) andDMF has been reported to react with cation radi@3.

14



1.3.6 Electrolyte Selection

The function of an electrolyte is to, when dissolved, create an electrochemically
conductive solutionOnce electricity is applied to the circuit,causesa negative
charge cloud around the cathode, and a positive cloud around the Bnedbarged
electrolyte neutralises these clouds and allows electron flow to congleatron
density at the cathode reduces an electrolyte ion, which moves into the bulk solution

to the anode where it axidised

There are a wide variety of known electrolytes that have been used over the years;
they are chosen depending on the type ofrisiey performedand the solubility of

the electrolyte in the chosen solvent. They can be inorganic, such as lithium
perchlorate, or organic, such as tetrabutylammonium iodiB&l), but are always

an ionic salt which dissociates into its constituent iamssolution. Though
electrolytes of the same clasgill not perform better thaeachother, the solubility

of the saltand its intrinsic reistancan the solvent of choice will greatly impaitte
efficacy of the reactianCare must be taken when selegtan electrolyte to avoid

any possibleinterference from the constituent ions such as wiftm [TBAI) which

has been reported form hypervalent iodine, asonably good oxida(®0,51)
1.4 Electrochemical Catalysis

Electrocatalysis has found dmations spanningscience from nanoscalereactors
used in diagnostics and therapeuy(®) to biohydrogen productionsingmicrobial
electrolysis cellg53) to the ever expanding universe of batteries and energy

storagg(54)

There arenumerous ways in which an electrochemical reaction may proceed

depending on how each species interacts withelleetrodesA s ub sEr at ed s

15



determined usingyclic voltammetry,can help decidewhether the reactioshould
usedirect electrolysigif E° is within thes o | v eQW) @ sdiréct electrolysis (if

E° is outside the EW). A direct process is whetbe electrongput in the reaction
mixture directly affect chemical change of the substrate, and the potential applied is
equal to ofargerthan the electrochemical redox potential of said substrate. Indirect
electrochemistry utilises a separate chemical species to elitieraical reaction;

this second species is referred to as a redox mediator. The redox mediator hias an E
value lower than that of the substrate but once activated electrocheriiéailiys a

reactive intermediate whiclgoes on to facilitate the desired cheah reaction

(Figurel.8).
Electrode
[Substrate]
Direct e
[Reactive o
intermediate] [Product]
Redox
mediator
[R.M] [Substrate]
Indirect e
[R.M]* [Reactive .
Activated intermediate] [Product]

Redox
mediator

Figurel1.8. A comparison of direct anitidirect electrochemical processes

Some reactonhave one fiactiveo el ectrode which
the desired reactioa n d a fi(pr awiary)electrode taccomplete the circuit;
electrolysisreactionsvhere botre | e c t r o d e proceedpairdd @lectralysisg 0

by one of the four methods seen belgwgurel.9):
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- Standard paired electrolysistwo substrates (A + Bwhich react with
oppositeelectrods to eachmakea product (C + D)

- Convergent electrolysis two substrates (A + B)which react with an
electrode each to form reactive intermediates (A* + B*) which combine
together to make a product)(C

- Domino electrolysis oneactive substrat€A) react with one electrode to
form another electroactive substand®) (which reacts with the second
electrode to forna product(C)

- Convergent electrosynthesis one substrate(A) can react with both

electrodes and fom 2 different products (B + C)

A

O rN PR
A B AP g wAﬂ
C D é c B c

Standard Paired Convergent Domino Divergent

Figurel.9. A depiction of dfferent types of paired electroly55,56)

Paired electrolysis allows for minimisation of wasted improvement in green
metrics as the reactiemt both electrods producea valuable produgb7) however

as there is no standard for pairing species togétlvan be difficult tofind a good
substrate pairingDue to the difficulty in predicting the behaviour of the starting
material under electrolysisstandard paired is usually the starting point hew
substrate pairingwith convergent and domingystems emergintater to optimise

the reactions
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1.5 Applications of Electrochemistry in This Work

Electrochemistrycan offer awide range of possibilities for synthesis in terms of
reaction mechanism, materials, and reactor typesccess glethora of novel and
known moleculesNumerous recent reviews on electrosynthesis hawvarked upon
this, demonstrating the shift towards its implementation into standard lab

practice(18,33,34,37,3041,58,59)

However, due to its relative infancy thaeelittle in the way ofavailable process
understanding (kinetics, scale up factorstc) and standardisationwhich
detrimentally affects reproducibilitgnd how easy it is for novice electrochemists to
get into the field.Furthermore, processes are generally limited to one reaction
typeone substrate typ@C-H activation, hydrolysis, dimerizationetc), with each

redox mediator preferentially reacting with certain functional groups.

My work has focussed on thevestigation of electrocatalytic systems, both metallic
and nommetallic, to synthesiseindustrially relevantsubstrates.The research

described in this thesfscuses on two main aspects

a. C-H activationramination of benzoxazolevith morpholine using flow
chemistry(Chapter 2)
b. Utilisation andmanipulation of highly reactive zinc particlesa number of

known zincmediatedeactiongChapter 3).

The specific aims are described in tbkowing sections.
1.5.1 C-H Activationusing Flow Electrochemistry

C-H activationtraditionally require a transition metainfortunately this also means
there is transition metal wasf@oduced Once these catalysts have served their

purposethe mixture needsexpensive and arduonsetatremoval processes there
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to the minimum amount of metal guidelin@$erefore research into metdiee GH

activation isof considerabldéiscal andenvironmenthinterest insynthesis.

The work in this thesis explores a published electrochemical C-H
activation/amination coupling morpholine with benzoxa@#¢ and its adaptation

from batch into flow analysing the reaction with regards to kinetic profiles,
aternative electrodes, and the effect of constant potential at varying volidges.

aim of this work was to generate new process understanding and develop protocols
for translating batch to flow reaction agt with the intention of improving substrate
sawpe and yield of reactiodditionally, metalfree electrocatalytic € activation
presents a greenanoreenvironmentally friendlyandsafer alternative to transition
metal catalysis, which suffers frothe high cost ofransition metal&nd extensive

purification requirements
1.5.2 Utilisation of Electrodeposited Zinc Particles

Organozinc reagents have a broad synthetic scope in organic chemistry, however
they are rarely used in an industrial setting due ts#ses withnherent instability
and handling difficulties pyrophoricity, and reproducibility In fact, large scale
synthetic protocols will tend to avoid zinc altogetheess organozincreactions
floccasionally (and unyeiéi ctably) fail
Herein electrochemically depositl zinc particles formed using a published
methoalogy(63) were usedto (1) replicateliterature results (2) investigatethe
Blaise reaction dynamics for process understandi@pjnvestigate the synthetic
applications of this highly reactivanc to forms u b s t i-lactams@reviolstried

and testednethods of react® zinc particle generatiooften require highly specific
starting materials (Staudingereaction 7 ketenes, Kinugasareaction -
nitrones}64,65) high temgratures (refluxing for metallic zin$6,67) specialised
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ligands for metal catalysts (Mannich reactipf@8) or highly flammable
commercially availableproducts.The formation of these particlesnonpyrophoric

and when compared to standard prdaee in particular simple and highly cost
effective Our resultprove that this method igersatile in terms of reactidgpe, has

good functional group tolerancandgivesyields up to 99%Reformatsky reaction,
Section 3.4.2)This work proved tharinc is a viable electrocatalyst with greatly
improved process safety and more reliable method of zinc activation, which opens

new opportunities for organic synthesis.
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2 C-H Activation/Aminatian of Benzoxazoles

2.1 C-H Activation

CH activation is an extremely valuable r
it removes the need for pfanctionalised molecules (necessary for many popwar C

C forming reactions such as Suzbkiayura and Heck redions) and can be more

time and materiaé f f i ci ent because of this. The pr
the thermodynamically stableld b on d . For exampl g(C-t he bo
H) for ethane is 101 kcal.m§l comparatively the bond enthalgy Hesk(C-Br) in
bromoethane is 72 kcal.mb(69) This aligns with what we already know about
carbonhalogen bonds: halogens are excellent leaving groups as the bond is

relatively easily broken.

There is a second more obvious issue: most molecules targeted by this reaction type
will have more than one-8& bond, so how do you target one specific bond? Current
solutions include using highly specialised catalysts (usually a transition engtal

Ru), highly complex ligands (such as substituted catechols), or precise
prefunctionalisation. Novel solutions inde electrochemistry and photochemistry,

which can allow for more selective i€ activation reaction670i 72)

Electrochemistry and photochemistry are becoming more popular for capricious
reactions; electrochemistry is discussed in length in Chapter 1. Phoistfyeuses

a catalyst or redox mediator which is activated by light in the ultraviolet [UV]-(100
400 nm), visible (4050 nm), infrared [IR] (75@000 nm) region and goes on to
initiate a catalytic cycle to form the desired product. This redox medmtoften
metallic €.g.iridium)(73) but this is not always case.¢. TEMPO)(74) The main
function of a redox mediatas to overcome high activation energy barriers, which
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would be inaccessible by traditional thermal routes. It is used industrially to
synthesise benzyl chloride (approximately 100,000 tonnes per year) by gas phase
photochemistry of toluene and chloringa radical pathways with HCI as a -y
product(75) The further literature review will focus on metal catalysedd C
activation, Hydrogen Atom Transfer (HAT), and use of highly specific directing

groups.
2.1.1 Metal Catalysed €& Activation

Mechanisms of metal cdy@sed GH activation fall into one of three groups:
electrophilic activationKigure 2.1A), oxidative additionsKigure 2.1B), and sigma

bond metathesisF{gure 2.1C). In electrophilic activation an electrophilic metal
attacks the hydrocarbon to displace a proton, and is a popular choice for alkenes,
allenes, and allyng36) Oxidative additions occur when a low valency metal
oxidises the €H bond(77,78)Sigma bond metathesis proce&isa fourmembered

ring transition state where all bonds are formed and broken in a single step and is
common inmetals withd® electronic configuration&Z9)

A - Electrophilic Activation

L,M*+RH —> L,MR +H"

B - Oxidative Addition
M = Metal centre

LM+RH ——> L,MR+H" L, = Ligand
R/R" = Organic group

C - 6-Bond Metathesis

t
R

L,MR + RH LM’ “H L,MR' + RH
\R'/

Figure2.1. Three mechanistic pathwaysE@-H bond Activation.
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Typical metals for €H activation are palladium, rhodiu(80) iridium,(81) and
platinum(82) Palladium is a powerhouse of-KC activation chemistry, with
numerous papers and reviews detailing its versatility and reproducibility, making it
often a chemistds fir stH aptivatian(83iB7) Othea | | w h
transition metals such as cob@8 90) iron,(911 95) and manganeq®6i 98) are

becoming more commonplace inrHCactivation chemistry in an attempt to reduce

costs by using more abundant metals
2.1.2 Hydrogen Atom Transfer

Hydrogen atom transfer, also known as hydrogemaéxtraction, involves the
movement of an electron and a proton and follows the general equation XM + Y
X+ YH. It is a key methodology in photochemistry and traditional chemistgy (
the action of cytochrome P450 in the body), and careitheer direct or indirect

(Figure2.2).(99)

Direct Hydrogen Atom Transfer Indirect Hydrogen Atom Transfer
PC Y-H PC Y-H
\\ \\
/y *\ Y /y *\ Y
N H N H
/ /
PC* HAT PC PC* SE_T PC
; . ; X
R-H R
HAT

R-H R

HAT = Hydrogen Atom Transfer; SET = Single Electron Transfer

Figure2.2. Diagram of a standard direct (left) and indirect (right) photocatalytic Hydrogen
Atom Transfer. PC = photocatalyst, Y = proton acceptor, X-satalyst/hydrogen

abstractor.

Traditional HAT {.e. nonphotocatalytic HAT) proceeds in a similar way to that

seen inFigure2.2, the key difference is that the catalyst is not activated by light but
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a chemical hydrogen extractor. Direct HAT proceeds by lighivatain of a
photocatalyst (PC) to form PC*, this acts asl-@tom extractor and HAT occurs

with a given molecule () to form Rand®PGH. The PC radical is quenched with

a hydrogen acceptor (Y) and the R radical goes on to react. Indirect HAT proteeds

a similar way except the photocatalyst is not the hydrogen extractor; once activated it
undergoes a single electron transfer with ecatlyst (X) to form the hydrogen

extracting species.

This process can be extremely selective and, when done plabgticatly with an
organic catalyst, greatly improve a reac:
transition metal catalysts. One interesting example is the-Mariovnikov
hydrothiolation of alkenes using UV light and a benzophenone photocatalyise

good to excellent yields.

MeCN, N,

UV light, rt
RN + RISH — 1 R~ SR®

0
)J\ 75 - 94%

Ph Ph

R' = Ar, c-hex., naphth.
R? = Ph, Bn, Ar, {Bu

Scheme2.1 A literature example ofliotochemically catalysed thiolation of alkenes using a
benzophenone redox cataly$00)

However,the need foffine-tuning and a lack of catalysp-reaction pairing means

that when applied to a novel reactid may not work entirely. Therefore, it can be

time and resource consuming to attempt this with unknown substrates. This also

applies to Atraditional o HAT, where the

tuned sterically/electronically until the desireeactiorpredominates.
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2.1.3 Directed GH Activation

Specific GH bonds <can be activated or deacti
functional groups to selectively direct regiand stereochemistry; it can be either

Ai nnateo (reactivitg mobreadle)presetritiguwd d
induced by external interference). Examples of innate and guided activation can be
seenbelow (Scheme2.2), where he innately activated -l bonds are highlighted in

blue, and the guided activated bonds are highlighted infradsformation#\ andB

use metal complexation with the carboxylic acid and methoxy groups to alter the
reactivity of the ring €H bonds to givehe desired substitutions. The use of a bulky

iridium catalyst in transformatio@ induces a steric bias of the reagent forrieta
hydrogenover theortho/para(101i 103) 2-methoxybenzoic acid can undergo the
electrophilic substitutions described h and E as the combination of functional

groups selectively activates thepbsition GH. Similar reasoning is behind process

F.(104,105)
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GUIDED
CO,H CO,H Br

i

H N
Bpin-ly.2 a0
PIN~=1rs-N

Bpin' | Bpin

d

[ir]

nginz
CuBr,
CO,H H
MeO H H
H H - i /\
D / H,cOo E \ [Br] F | B
HCI

Scheme2.2 Examples of inna{@04,105)(blue)vs.guided101i 103)(red) GH

functionalisation. Image adapted from refere(i@s).
Despite the positive reviews given to this rejnathesis method by Barast al, it
does not change the fact that more complex molecules will need more convoluted
strategies to either prefunctionalise a molecule or combine the correct additives and

catalysts to ensure good selectivity.
2.2 C-H Activation/Amination of Benzoxazole

A good example of industrially applicable directHCactivation is amination of
benzoxazole, which is biologically relevant moiety observed in both receptors and
enzymes in the body107) 2-amino benzoxazole alone haseo 6400 potential
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ligand investigations to its nan(&)8) with its uses spanning a wide medicinal
research range such as antibact€r@d) and antiproliferativg€l10) agents. Currently

used functionalisation methods require precious metal catalysts such as palladium,
and high temperatur€83) This negatively effects the green metrics for large scale
productionsuch as€-factor (nass ratio ofvaste to desired produicicluding solvent

waste catalystsand product yielgand atom economfefficiency of ther eact i on o6 s

principal componenjg111,112)

Greener methodologies using hypervalent iodine catalysis have emerged as
promising alternatives to this, however, the iodine requires -@xictant in
stoichiometric quantities to form the catalytic spsciElectrochemical oxidation of
iodine is a cleaner, and more efficient method as it leaves no waste and requires no
removal post synthesis. It has been reported previously in the litef42,1€,7,113)

but at the time of this research (2018) only the work by & ab was available.

Further work by the Francke group investigated the mechanism using DFT and
radicatbased reaction studies, disproving the original idea of an iodinencat
catalytic specie€l13) Their work confirmed what was found below regarding the
rate determining step. They also attempted to optimise reaction yield by changing
electrolyte, reactin time, and solvent medium. Electrode material was also
investigated and wasfound that using aluminium wdseneficial Using an anilide
starting material without an additive was demonstrated by the Waldvogel group
using single electron transfer elexthemistry(114) However, the publications listed
above were all performed using their mwatch reactors with no attempts made to

move to electrochemical flow.

This work was based off a paper from Gacal which describeda GH activation

amination of benzoxazole catalyseg hypervalent iodine§cheme2.3). (42) It has
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advantage over common functionalisation techniques as it is-frestaind therefore
would allow for much simpler purifation techniques and uses a cheap and readily
available redox mediator. lodine has been shown to effectively catalyse this reaction
with an oxidising additive such as hydrogen peroxides,116)but this was the first

use of iodine as a redox catstifto catalyse this reaction. Their work was repeated
and then moved from a batch reactor system to an electrochemical flow reactor to
determine the underpinning kinetic processes for the reaction and use this knowledge
for optimised scaleip. The reactiorbetween morpholine and benzoxazole was

chosen as a model reaction for its high reported yield (91 %) and availability.

AcO@

H
@EN\ AcOH @EN\G)
o> o>

HN 0]
/

H
NH /™
e

)
)

Spouy

|
S\ 9 N H ®
O ey M
j— N -HI o -2e
\_/e
|

Scheme2.3 Proposed reaction scheme for electrocliatmxidation amination of

benzoxazole with morpholineediated by
2.2.1 Reaction Monitoring

Herein we describe investigations il amination of benzoxazole as a function of
electrode material, additive concentration, constant cuvwentonstant potential,
varying potential and current, and flow rate. The batch reaction described Bt Gao
al.(42) was reported to have been monitored by thin layer chromatography (TLC)
untl the starting material disappeared. Unfortunately, the protocol gave no indication

of reaction time ot her than dAuntil TLC
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is not especially quantitative, therefore alternative reaction analysis techniques were
used. Furthermore, while benzoxazole is UV activ@rpholine is nqgttherefore

TLC can only be used to observe benzoxazole depletion. The reaction was monitored
using Gas Chromatography (GC) which was calibrated for benzoxazole and the
product; this allowed facile kinetic testing and easily quantifiable yield calculation.
Once the reaction had been studied and its rate determining step identified it can be
more easily moved into a flow reactor; if successful, this would allow for more
complex structures tbe used as substrates. It was hoped that effective transfer of
this reaction from batch to flow would allow design of a standard protocol for

reactions of this ilk to be easily transferred from batch to flow.

2.2.2 C-H Activation/Amination in a Batch Electchemical Reactor

Figure2.3 Left: an image of the batch reactor-spt(L-R: potentiostat, ammeter, reactor).
Right: closeup image of the reaction vessel.
For the initial batch process, the conditions used were those described in the
literature: 0.05 M concentration of starting evél and iron cathode RVC anode
electrode system. This was to observe the reaction and to acquire sufficient product
for a GC calibration. Once this was completed the reaction was scaled up by a factor

of 5 (5 mmol in 100 mL MeCN) to increase product ¢ieThe power supply was
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capable of constant potential; constant current was achieved by manually changing

the applied potential while reading the current on the multimeter.
2.2.3 Kinetic Analysis

To understand the reaction itself, certain variables neededdoabged to ascertain

what the rate determining step is and to investigate whether the reaction mechanism
described inScheme2.3 is correct. The hypbesised mechanism appeared to be
zercorder with respect to the substrates involved in the reaction and determined by
the amount of charge passed through the reaction. Therefore, doubling the applied

current should in turn double the rate of product foromat

To confirm this we ran two reactions under identical conditions other than the

applied current, one at 12 mA and the other at 24 mA. The rate of product formation
at 12 mA was almost half that of the reaction run at 24 Figufe 2.4); this was

also reflected in percentage conversion and percentage yield, confirming that the

amount of charge appliedirsdeedthe limiting factor for this reaction.
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Figure2.4. Graph depicting reaction progress at 12 mA and 24 mA.
Once the reactionds | imiting fiavestigate had
the impact of factors not covered by Gabal. such as electrode material and
pairing.
2.2.4 Electrode Selection

In total, seven different variations of theHCamination/activeon of benzoxazole
with morpholine reaction were rufigble2.1). It was discovered early on that using
silica to remove trace metal from GC samplescéd the results significantly, as far
greater starting material depreciation rates were observed comp&eltadiltered
samples. Therefore, the reactions were repeated Gsirtg filtration which rectified

these anomalous rates, the results otWitian be seen ifable2.1.
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Table 2.1. Reaction performance of electrochemicatHC amination/activation of

benzoxazole with morpholine in batch. RVC = reticulated vitreous cdrbon.

Anode | Cathode | Current/ | Potential/ | Time/ % % Mass Total

mA V h Yield | Balance | Charge/
C
1 RVC Fe 12 6.47 6.9 3 8 118 129.6
2| RVC Fe 12 6.81 7.2 6 16 99 259.2
3| RVC Fe 24 13.01 13.7 6 34 95 518.4
4 RVC | St Steel 12 6.17 6.5 6 13 105 259.2
5 St. Fe 12 N/AP 6 8 107 259.2
Steel

6 RVC RVC 12 7.31 7.8 6 20 101 259.2
7| RVC RVC 24 9.57 10.6 6 35 105 518.4

a. Benzoxazole (5.04 mmol), morpholi(t0.08 mmol), TBAI (0.504 mmol), AcOH (25.2
mmol), MeCN (40 mL). b. Current reading was not possible due to constant jumping of the
meter.

The higher yields in entrie3 and 7 appear to be mostly electrode independent, as
both the RVERVC and RVCFe systemyielded similar results (34% and 35%
respectively), however, none of the batch scale reactiong results thatvere
comparable with the literature yield (91%)was uncleawhy the literature yields
were notable to be replicatedhe yield disparitycould be due to a number of
reasons: timeequipment differences, definition of room temperature, or electrode
size.However, without a detailed kinetic analysis it would be impossible to pinpoint

a reason for the lower than expecteddsel

It was hypothesised that the reaction in an electrochemical flow reactor would be

much more efficient, as the interelectrode distance would be much smaller, the area
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of electrode in contact with the reaction solution would be larger, and the overall
amountof electricity required would also be greatly reduced as the applied current
would be lowered. This has been shown in the literature and is one of the major
advantagesf electrochemical flow33,58,117) Therefore, our next step was to

attempt to use flow electrochemistry to improve gsehnd electrical efficiency.

2.2.5 C-H Activation/Aminationin a Flow Electrochemical Reactor

Figure2.5. The equipment used for flow electrochemistryR): battery, syringe pump,
multimeter, flowreactor, outlet.
For the electrochemical flow reactor (EFR) the concentrations used were identical to
the batch results. A syringe pump was used to push the reaction mixture through the
flow cell, a battery pack provided the power, and the current arehtedt were
monitored via a benchtop multimeter. The flow cell used alternating plates of

electrode and PTFE pathways.
2.2.6 Electrochemical Flow Results

Table 2.3 details the results of @ activation/amination of benzoxazole in
continuous flow using the reaction 4gt described previously in the same quantities
as in batch. Due to equipment limitations, constant current was maintained by
manually increasigydecreasing applied potential to maintain multimeter reading at

the desired current. Entry 1 was run at psecmigstant current as the power base did
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not have the capabilities to maintain current (only potential); it was found that,
unlike with the batchreactor, the current could not be effectively maintained and
would jump (x4 mA) and the results would not be reproducble.s pi t e RVCO6
success in batch it is not feasible to use in this flow system due to its inherent
brittleness to avoid leakage fromhe reactor the base and plates are screwed tightly

together, if this were attempted using RVC it would lead to either leakage or

shattering of the electrode.

Table2.2. Results of the continuous flow procé&s$1 activation/amination.

Electro Flow | Potent | Current tr/ | AcO % % Total
de Rate/ | ial/ V / mA min H Con | Mass | Energy/
mL Eq. v. | Balan C'

min-t ce

12¢ | St. Steel 5 1.21.8 12 2.4 5 3 400 14.4

2°¢ | St. Steel| 0.25 = 2.0 57.6 48 5 26 64 235.7
106.1

34 St.Steel 025 1.8 43.0 48 5 6 64 163.3
70.4

441 St . Steel 025 2.0 | 9.8204 48 | 25 12 51 435

gb.d Fe 0.25 2.0 133164 | 48 5.0 2 69 427.7

6 Cu 025 20 - 48 | 5.0 - - -

a. Constant current conditionls. Constant potential conditions. Sampled at regular time

intervals.d. Sampled every hateactor volumee. No results possibly due to immediate

short circuit. & = residence timd. Energy per residence time.
Unfortunately, both the yield and the makalance significantly worsened upon

moving to continuous flow; the maximum yield achieved (26%) is substantially

lower than was achieved in batch (35%). Because of the issues with constant current
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discussed above, constant potential was used. Usingeatjpbtof 2.0 V increased

yield from 6 to 26 % which was in agreement with what was found in ba&h (
increase in electricity increases yield). However, a further increase was not used as it
was thought that it would further increase the electrode Idiss® and cause
blockages as the reaction progressed. Stainless steel electrodes performed better than
iron electrodes, and the current significantly increased in the iron electrode pairing.
At 2.0 V constant potential using iron electrodes (Entry 5) rg peor yield was
observed (2%); during the reaction the current reading would jump to 200 mA
frequently and the reactor was observed to leak after 0.5 reactor volumes. It was
suspected that a blockage in the system caused these jumps in current which is
accompanied bythe presence of a brown substance upon cleaningrgasion
(Section 2.7). Therefore, it was concluded that iron electrodes were not sufficiently

stable to use in this reaction system.

Postreaction, the electrodes had visibly undergongcsiiral change as the reaction
pathways from the PTFE plates had been etched into each side. This suggested that
both electrodissolution and electrodeposition occurred in this system; we
investigated the surface using EDX and SEM techniques, the resultsobf can be

found in Section 2.7.

When copper electrodes were us€dlfle2.2, entry 6) the system appeared to short
circuit straight away as the cent reading dropped to 0 mA, therefore, the reaction
was stopped immediately. Interestingly, the outlet flow turned bright blue almost
immediately. Upon evaporation of the reaction mixture, copper acetate monohydrate
crystals were identified; this confirdeour suspicions that electrodissolution of the
copper electrodes occurred, and that copper is not a suitable electrode material for

this reaction.

35



For this reaction it became apparent that the parameters used were not ideal for the
flow setup. The currets and potentials used resulted in numerousrgidetions due

to electrodissolution of the metal electrodes, and we were unable to reduce the
stoichiometric amount of AcOH as it more than halved the yield. The batch results
had a more cotnessicurernganticaomdstaett er vyield

current seup was found, the results of which can be seen below.

2.3 Electrasyn2.ReactorResults

Figure2.6 Images of the Electrasyn and how it is set up for electrochemistry; L: the
Electrasyn2.0 and its components, M:-8ptin use with electrochemical reactor vessel
attached to base. R: 9gb with homemade adaptor attached.
A second type of batch reactorasvalso used once it became clear that constant
current was a better option than constant potential and a more precise method of
achieving this was necessary. An Electrasyn2.0 was purchased as it has constant
current and potential capabilitieSigure2.6), however itdoes not have a particularly
good seal and is therefore not suitable for reactions which are air and moisture
sensitive Furthermore, ther is nocapability forthermalcontrol and reactions can

only be run at room temperature
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To use the powerbase as much as possible an adaptor was created which allowed us

to use its programmable functions on other reactor types and not limiting its use to

the supplied reactorThis PTFE attachmentcan be seen above. With this extra
appendage wevere able to reliably attain constant current conditions and maintain

this over a long period of time for our own reactthe @A Cr eate exper
functionwas usedo set the current and totaharge applied to the desired valutbe

bl ack A arewsd inwlace and the adaptor fastened using an elastic band

The anode and cathode wires were then attached to the appropriate electrodes of the

reactorusing crocodile clips

Table 2.3 shows the results of using the IKA reaction vessel (entries 1 and 2) and
using the base with the adaptor seen in Figure 2.6 as a powerpack for the round

bottom flask seen iRigure2.3 (entries 3 and 4).

Table2.3. Reaction performance of& activation/amination of benzoxazole with

morpholine using the Electrasyn2dhction vessel

Current/  Electrode Observed Run % % Mass  Total
mA Material =~ Voltage/ V  time/ Yield Balance Charge/
h C
12 24 Graphite  11.57 17.8 14 13 104 1209.6
22 1.2 Graphite 1.57 2.0 14 42 93 60.5
a. Electrasyn2.0 reaction vessel used. Benzoxazole (0.256 mmol), morpholine (0.502 mmaol),

TBAI (0.026 mmol), AcOH (5.02 mmol), MeCN (5 mL).

Entry 1 was run at 24 mAnd gave a low yield of 13%; the mass balance of 104%
was likely due to a sampling errddsing the constant current agh the maximum
yield achieved was 42%entry 2) a marked improvement on our previous results. It

is possible that the Electrasyn-sgt performed better than our previous batchugpet
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due to the smaller scale of reactione ttlecreased interelectrode distance, or the
consistent interelectrode distance. Furthermore, a lower current of 1.2 mA drastically
improved the yieldvhen compared tentry 1,suggesting that too much electricity is

a hindranceo the system rather thanlpil.

The Electrasyn2.0 sefp was found tdoe a marked improvement on previous batch
results.Using the power base and adaptor, we vabie toinvestigatealternaing
electrode polarity at specified intervals which can reduce electrode surface fouling
and improve mass transfer of active ingredients from the electrode surface to bulk

solution.

Table 2.4 Resultsof the GH activation/amination reaction of benzoxazole with nfmime

using the Electrasyn2.0 power base and homade adaptor to alternate electrode polarity.

Current/ Electrode  Observed Run % % Mass  Total

mA Material =~ Voltage/ V  time/ Yield Balance Charge/

h C
12 12 RVC +9.81 10.0° 21 35 82 907.2
22 24 RVC +1507 155 21 31 52 1814.4

a. Electrasyn power base and adaptor used with round bottom flask reactor. Benzoxazole
(5.04 mmol), morpholine (10.04 mmol), TBAI (0.504 mmol), AcOH (25.20 mmol).
Electrode polarity reversed eves® seconds. Voltage limit on powerbase was set to 10 V.

It was found that alternating polarity every 60 seconds at 12 mA fdr ¢dve a
reasonable yield of 35%entry 1); however this was only slightly better than no
polarity inversion with the same electrodes using RVC cathdddgg2.1, entry 7).
Further increasing the current to 24 mA at the same alternating freqdec®ased

theyield to 31%.
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Neither reactions using alternating polaritpnproved the reactions yield or mass

balance in the round bottom flask reactberefore it was not investigated further.
2.4 Cyclic Voltammetry Analysi®f Reaction Components

Cyclic voltammetry (CV) was utilised as a tao validate the proposed reaction
mechanism: if there were unidentified peaks in the voltammogram this could be the
purported 1 species. Three different samples were analysed for electrochemical
activity: TBAI (source of hypervalent iodine), benzoxaz(dearting material), and
benzoxazole with AcOH (starting material, conductivity promoter). These were
chosen for three main reasons: to identify the iodine redox peaks, to ascertain if
benzoxazole has its own electroactivity within the applied electrachémindow
(ECW), and whether the use of 5 eq. acetic acid alters the electroactivity of the
starting material. We chose to apply a potential windowl & +2.5 V, as it is well
within the ECW of acetonitrile-{.8 i +2.8 V, Pt electrodevs. SCE) with
tetrabutylammonium tetrafluoroborate (TBATBF) as a supporting electrolyte,
therefore we would not need to take solvent decomposition into account. The
substrate concentration in dry, degassed MeCN was 3 ¥1for each solution, the
electrolyte concentteon was 0.1 M in each solution, and the reference electrode was
a silver/silver chloride systenkach solution was run at 3 different speeds (0.1 V/s,
1.0 V/s, and 10 V/s) in an attempt to observe long, medium, and short lifetime

intermediate speciedll voltammograms can be found incBen8.1.1
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Figure2.7. Cyclic voltammogram of TBAI20 scans run at0V/s. (a) and (b) denote
significant reduction events.
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Equation2.1 Standard Reduction Potentials of iodide species

The CV results for TBAI showed 2 distinct reduction and 2 corresponding oxidation
peaks(Figure 2.7). This is in agreement with literature diagrams for the activity of
iodide (F) and trtiodide (k).(118,119)As the shape of the voltammogram does not
show any abnormal peaks, it is unlikely that the suggestagéecies is formed

electrochemically.
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Figure2.8 Cyclic voltammogram of benzoxazole, 20 scans rurDay/s.
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The cyclic voltammogram of benzoxazole did not show any significant oxidation or
reduction eventat the three scan rates ug€&igure 2.8). This confirms thatt was
not involved in the electrochemical step or electroactive within this electrochemical

window.
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Figure2.9 Cyclic voltammogram of benzoxazole (1 eq.) and acetic é&tid).).10 sants at
1.0 Vis.
A sample of benzoxazole and acetic géigjure2.9) showed a significant reduction
event (a) and a corresponding oxidation eventctvii likely to bethe oxidation of

acetic acid into carbon dioxide:
00 yYQ Yo £ 600 (qOv 0O ™™ Q@
The analysis described above confirmed that neither the benzoxazole, nor a

combination of the benzoxazole with the aceitid are electroactive
2.5 Electrode Surface Analysis Batch and Flow Systems

From the results seen above, batch procebt dtivation/amination demonstrates
excellent mass balance using an RVC anode and an RVC cathode. This is likely to
be due to thdow reactivity of RVC and relative inertness; iron and stainless steel
electrodes both exhibited signs of electrodeposition and electrodissolution in all

systems they were used Figure2.10).
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Figure2.10. Left: Image of the tainless steel electrodes before (left) and after (right)
electrochemical process. Righthage of the tinless steel (left) and iron (right) electrodes
after a batch electrochemical process.

When stainless steel electrodes were usedatichbfor a sixhour reaction the surface
became visibly altered, in some cases an orlngen powder appeared suggesting
a metal oxide formation. Similarly, when iron electrodes were used in batch there
was also a physical change in the surface obviouthéonaked eye. For the
electrochemical flow reactor electrodes there was also a stark difference observed

before and after the reaction; on both anode and cathode plates the reaction pathway

had been etched into the electrode.

Figure2.11. Image ofa section of the cathode from an electrochemical reasfithnsection
highlighted in green (left) and SEM image of the highlighted section.
Scanning Electron Microscopy (SEM) was used to further investigatexteat of

the etching undergone by the electrodes in the EFR system. An iron cathode was
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used as a sample, as it could be usedstablishelectrodeposition from the steel
anode and also the effect the electrochemical reaction has on the metal sudace. Th

flow reactor electrode seen in

Figure 2.11 highlights the difference preand postreaction; very clear etchings of

the reaction pathway can be seen in the right electrode compared to the smooth
surface on the left. It is unclear wheththis is due to the electricity itself or the
reaction mixture producing an active intermediate after electricity is introduced
which affects the surface. However, due to the CV investigation results showing no
obvious intermediate  Section 2.4  we have  concluded that
electrodissolution/deposition due to the electricity is much more lilsEjv images

for the iron and stainless steel electrodesathlbatch and flow can be found in

Section 2.7.1.

Using EnergyDispersive Xray Spectroscopy (EDX) analysis techniques we were
able to observe electroplating and electrodissolution in batch process from the
stainless steaton electrode pairing. The EDXap of stainless steel and iron which

did not come into contact with the solution compared to that which was involved in
the electrochemical reaction showed resounding evidence for electrodissolution of
the stainless steel electrode and electrodepositionetdls from the steel electrode

onto the iron electrod@able2.5).

Table 2.5. Observedelemental weight from EDX analysis electrodes after a batch

electrochemical reaction.

Element weight % (+ error%)
Mo Cr Fe Ni I

T B T B T B T B T B

1.63 148 15.36 17.76 72.69 70.15 10.32 9.60 0.00 0.37
+34.90 +35.87 +5.40 +5.71 +3.52 +3.45  +11.83 £12.83 +58.34
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0.00 228 0.00 0.00 9755 76.74 000 1081 0.00 0.75

b +17.60 +2.80 +3.34 +8.75 +57.48

a. Stainless steahode b. Ironcathode T = top of electrode, not submerged. B = bottom of
electrode, submerged in solution.

The table above showssultsfrom a batch system using a stainless steel af@de

and an iron cathodéb); the top of the electrode which was not exposed to the
electrochemical system is denoted by T, and the exposed section by B. The stainless
steelshows typical metals used in stainless st@biromium[Cr], iron [Fe], nickel

[Ni], molybdenum[Mo]) and the iron was found to have no other metals on the
surface.The stainless steel B section shows a decrease in Elemental weigMdj in

Fe, and Njbut anincrease in Cr and This coincides with the appearance of Mo

and Ni on the iron surfaceonfirming electrodepositigrthe cathodelso appears to

loseweight % of Fe suggesting the cathode also undergoes electrodissolution.

The red error % values the table were also of interest, as there are errors
significantly larger than the reported values themselves [Wiol). These were left

in the table as it was felt that just because it appears to be anomaly to us, future
replications of this experiment may find the same resttsthermoreresearchers

with better knowledge of this technique may be able to rationalise it.

Unexpected electrode erosion also occurred when the protocol was moved into
continuous flow in both stainds steel and iron systems, where gesction the
electrode surfaces were visually and physically different to the unreacted metal
plates. It is highly likely that the metal electrodes also underwent electrodissolution
and electrodeposition in the eleahemical flow system. Furthermore, the
orange/brown deposit seenkigure2.11 was also found in the EFR systeRigure

2.12).
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Figure2.12. Images showing therbwn substance formed during electrochemical flow

reactionon the pathway plates (left) and once dry in a sample vial (right)

In particular the iron electrode system produced significantly more than the stainless
steel system. This substance was analysed using AAS and confirmed to be an iron

complex, further prang that the potentials used were affecting the metal surface.

Despite the strides made in identification of key parameters of this reaction, once it
was confirmed that electrodissolution of the electrodes had occurred coupled with

the low yields further investigations into this process were stopped.

2.5.1 SEM Images
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2.5.1.1 Batch Iron Cathode

As magnification increases in this sample there is clear evidence for deposition of a
conductive substance on the surface. It appears in the form of chwkierscould

indicate a form of seeding similar to what is observed in crystallisation, or that due to
mixing those electrode sections were the most likely to come into contact with labile

metal ions.
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2.5.1.2 Batch Stainless Steel Anode

%

[ t | modo | wo
500k | 1O | SE | 49mm

As magnification increases there are clear layers visible which suggests that material

was removed from the surface during the electrosynthesis. There is a clear
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distinction between the anode surface and the cathode surface (4.1.3.2), and both are
noticealty different than the surface before the reaction. There is an interesting
surface shape of triangular layers, and the topography also supports the electrode

leeching hypothesis from the anode to the cathode.

2.5.1.3 Flow Iron Electrodes

5/1/2018 X: -46.1480 mm HFW — 30 mm
3:47:23 PM y: 48.5065 mm 72.5mm Nav-Cam Nav-Cam




—————500pm

Hova NanoSEM

,ﬁz HV det mode WD mag ® 5/1/2018 — 500 ym —™ ™ ™
% | 3.00kv |ETD | SE |53 mm | 100x | 4:01:25PM Nova NanoSEM

The SEM analgis in this section can be used to show a direct comparison between

electrode sections which were exposed to electrosynthesis and sections where it was
not. The difference is obvious as on the right hand side the electrode is smooth, the

left hand side shas clear electrodeposition on the surface.
2.6 Conclusionto C-H Activation Work

This work shows attempts to understand the process behind the C
activation/amination of benzoxazole with morpholine. This work was concluded
when it was realised that this réao was reasonably capricious in batch and even
more so in continuous flow. Initially, it was assumed that the relatively simple

published reaction will be a good model study for learning practical
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electrochemistry. However, electrodeposition and eleissotution issues, which
were not mentioned in the literature, significantly constrained planned research into

flow electrochemistry.

Kinetic analysis of the reaction in batch successfully confirmed the rate determining
step as the electrochemical stepdaabling the applied current appeared to double
the reaction rate and overall yield. Unfortunately, the yields described bgtGho

were not replicated and a maximum yield of 42% was achieved in batch. Attempts to
move this reaction into continuousavere not successful, as the reaction mixture
under electrochemical conditions was not compatible with the three metal electrodes

tried.

In the subsequent years after this research was completed, other groups have reported
this electrochemical reactionduas Ghoshadt al.who used a 5 V phone charger as

a power source and report high yields of up to 9307) Interestingly, they found a
carbonaluminium electrode pairing to give optimal results, and a cairoon

pairing gave less than 5% ldeafter 3 h which contrasts with previous reports and

our own research. Unfortunately, this further highlights the issues with
electrochemistry in research previously described; because each group will have
their own homemade reactor, result reproducityil can be extremely difficult.
Furthermore, many of these papers have insufficiently reported or have not
investigated the electrical parameters of the experineegtglectrode surface area

or total charge applied) which only adds to the issue.

Cyclic voltammetry of the reaction components was performed to better understand
the electroactivity of the reaction components and give a better insight into the
reaction mechanism. The proposed literature mechanism claimspecies formed

by anodic oxidatio is the driving force for this reaction, however there was no
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spectroscopic evidence (CV, cation trapping experimemtg, provided to validate
these claims. Three years after Getoal. published their findings, Koledat al.
published an investigatiointo the synthesis of substituted benzoxazoles using

Ahyperval ent iodineo which(113phey proposed

— A -1

r
\
(FAC)2HC. I

s X

N () .
AriX H ; N N
O 2| 9 oS —
g Ph CENXH g Ph o
+J o Ph
T Jonars
oH (FsC)pHCO | ClO,

|
OCH(CF3),

AriX,

Scheme2.4 Proposed mechanism for I(Ill) mediateeHCactivation of benzoxazaold 13)

Through mechanistic studies and calculatiafs the proposedtransition state
reaction barriershey provide reasonable evidence to support tneichanism after
narrowing down from three possibilitie¥his in combination with thdack of I
signaland presence of I(Ill) signaeenin the cyclic voltammetry showim section
2.6 of this work it is highly likely that I(lll) is the catalytic species in this reaction

however it is not clear what the equivalehfArIX: is in this reaction.

In 2018 Quiet al. published a catalyst and electroltee GH activation/amination

of benzoxazoles with secondary amines which, contrary to the work done previously

by Gaoet al.and Koledeet al. descr i bandreagentircemd a |l syysrit hes
yields of up to 94%.Using numerous techniques including kinetic analysis,
computational studies, and operandolR reaction monitoring they proposed an
alternative mechanism of Single Electron Transfer (SET) based anodic
oxidation(120)However, ashere was no investigation into residual metal content of
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their glassware, stirrer barstc. therefore it is unclear whether this truly is reagent

free or due toesidual amountsf transition metals such as palladium or rhodium.

anode

R! R H*l Hy cathode
H+- H+ ?ﬁ
o > 4 2AcO"  2AcOH
H (@)

;
N+ /R1 N (R
RL P _ @[ =N ;—4— ©: >N,
: o R2 -e O R?
3

Scheme2.5 Mechanism of reagefitee GH Activation/Aminationproposed by Quet al
wherel = benzoxazole Image from referencd 20).

As the work in this chapr contained both acetic acid and an iodide source it is
likely that both mechanismare occurring during the reaction. However, we cannot
be certain whether the two interfere with each other andeqoesitly inhibit each

other, resulting in the lower thaeported yields.
2.7 Future Work

When this work was originally concluded the ideas for future work were to use DoE
(Design of Experiments) of the reaction in flow by initially identifying the critical
parameters and then moving on to a yiefatimisation using software such as
MODDE. Once the optimised reaction parameters were identified, the next step
would be a scalep investigations and substrate scope to investigate for example
other nucleophiles we could use to couple with the benzoxaaot primary,
secondary, and tertiary amines. The literature published in proceeding years provided

more understanding of the reacti(@8) by i n
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ard its scaleup.(107) Computational and kinetic studies of the reaction mechanism
described in reference 44 put together a very convincing reaction mechanism which
is useful for future rationalisations of reaction behaviour, and the succesdéigc
process shows that this reaction does in fact perform well when scale is increased.
Future work could be focused on further optimisation using DoE which could
support scakeip investigations. Additionally, substrate scope could be extended to

include different nucleophiles and possibly less electtense amines.g.amides.
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3 Electrodeposition and Utilisation of Highly Reactive Metallic Zinc

3.1 Introductionto Organozinc Chemistry

The first recorded organozinc compound was discovered by Edwarkland in

1848; diethylzinc was prepared by heating ethyl iodide in the presence of zinc metal,
creating a volatile, colourless liquid which spontaneously combusted upon exposure
to air(121) As somediorganozinc reagenisre pyrophorig this requires preparation

using airfree techniges and are often made and usesitu due to their instability.

Zinc metalas a mediator in synthesis it can beeffective, selective, and have a
wide application. They can be used to form functional groups suctesn@poxides,
disulphides and alcohts (Figure 3.1) and have remarkable functional group

tolerance.

godon

(0] ; R

l + R—NH;, —— R/\N,
R H

Amines

Nitriles

Figure3.1. Diagram ofpossible functional groups that can be formed using various zinc

catalystq122)

Some of the mostwell-known applications of zinc chemistry ardhe
Reformatsky(123,124) Blaise(125) SimmonsSmith,(126) and the Nobel prize

winning Negishireaction§127) (Figure 3.2). These can be used to form complex
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structures from simple starting materials and are relevant in all aspects of synthetic

chemistry.

Reformatsky Reaction

H
o O O

O Zn(0) 4
R! )Qx Lo 2O, R
o R3J\R4 \O R3

R2 R2
Blaise Reaction

0O 0O O

R B _2n0) R
\OJ\( "+ R3CN 0 R3

R? R? R = allyl, alkyl, aryl, etc.

Simmons-Smith Reaction

R R R AR
CHyl, + Zn(0) ———> ICHyZnl + >=< — >A<
R R R R

R = allyl, alkyl, aryl, etc.
Negishi Coupling

o 1 Pbaor X = Br, I, F, OTf
- + - _— -
R’-ZnX NiL R'-R R,R'= alkenyl, allyl, aryl, propargyl
n

Figure3.2. Three different applications of Zn(0): Reformatsky, Blaise, Sima%mih and
Negishicouplingreactions.

Despite its advantages, zinc chemistry is rarely found in industrial scale synthesis. Its
scarcity can bepartially accredited to its issues with reproducibi(idL,)
reliability,(60) and unpredictable induction perio2) Furthermore, many
organozinc reagensich as diethy] dimethyl, ard diphenylzincare pyrophoriand

react exothermically with air and moisturghis candiscountsolvents other than
aprotic solventshowever, work by ipshutzet al. and Jacksoet al. have published
methods of organozinc formation wmater for zinc medided palladium catalysed

crosscouplings of aryl bromidedl28) and Negishi coupling€l29) The solvent
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specificity of pyrophoric zinc reagentsften precludes their use in industrial
guantities as their handling and use wvdoukquire lengthy health and safety
procedures which can be avoided by choosing a different synthetic route. When zinc
chemistry is found in industry it is usually in the form of a less reactive organozinc
halide; thiscan be used with a secondagtivatng reagent such as a magnesium or

copper derivativé130)
3.1.1 Formation of Organozinc Reagents

Organozinc reagents traditionally fall into one of the following categories:
diorganozinc (RZn), heteroleptic (RZnX) where X denotes an electronegative
ligand, and ionic (Zn and RZnL"). Synthsis of these reagents can be achieved
via several routes; three popular methods are: directly from zinc ,nmetational

group exchanggl31)and transmetalatiof132,133)

A.  ZnX,+[H] — Zn° + R-X — R-Zn-X

C. MR,+Zn — ZnR,+M; MR, +ZnX, —> RZnX + MRX

Figure3.3. Three different methods of organozinc reagent generation: from zinc metal (A),
functional grougexchange (B), and transmetalation (C).
Activation of zinc metal to remove the highly stable oxide layer can be achreved
many different routes: acid or base, sonicat8¥) naphthalene and lithium (Rieke
method)(135) electrochemical136) and mechanochemical meth{ti37) (Figure
3.3A). These methods can be challenging to perform and can also have issues with
reproducibility and impurity removal. Commercially available diorganozinc reagents

can be used as a more direct routeirisymmetri@l zinc reagentsuch asvieZnPh
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(Figure 3.3B). However, these can be expensive, are limited in what can be bought,
and are typically suspensions which can be difficult to quantify. Once formed, the
agymmetric diorganozinc reagents are typically purified by distillation. This can be
capricious on a small scale, let alone when applied to industrial scales.
Transmetalation strategies using a zinc salt and an organomagnesium or
organolithium compound is atraightforward way to form simple organozinc
reagentgFigure 3.3C); however, this method is not functional group tolerant and
would not be useful in # formation of more complex organozinc reagents

containing an alcohol group for example.

When diorganic zinc reagents are formed in the presence of a zinc halide salt,
expedient separation of the reagent from zinc salts must be done in order to prevent
the reversible formation of organozinc halides (heteroleptic zinc reagents), also

known as the Schlenk Equilibrium.
3.1.1.1 The Schlenk Equilibrium

The Schlenk equilibrium was first put forward by Wilhelm Schlenk in 1929, and
describes an equilibrium betwedmteroleptic and diorganometallic spedi£38)

First desribed in Grignard reagents, the equilibrium is also found in all metal
halides with Lewis acid character, and can therefore also be applied to zinc
(Equation3.1). It has been previously shown that in tetrahydrofuran (THF), the
Schlenk equilibrium for methyland ethylzinc iodides (and the corresponding
dimethyl and diethylzinc) lies far to the 16f£39,140)Unlike magnesium, there is
little to no literature on quantitative study of the zivased Schlenk equilibria so in

house techniques must be used to motiitereffect in each individual reacti¢ib41)
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Equation3.1. The Schlenk equilibrium of zinc.

Most synthetic protocols for diorganozinc reagents form zinc halide JjZas<a by
product which means that considerationsniinimise the effect of the Schlenk
equilibrium on the yield of the diorganozinc used must be taken. Equilibrium can be
shifted by manipulating concentration of either side. One method is to distil and
collect the diorganozinc as it forms. A second, shgtrickier alternative is using a
solvent that the zinc salt is either insoluble or sparingly soluble, causing it to
immediately precipitate upon formation. Both methods work by shifting equilibrium
to the right to reduce the backwards reaction. As agac reagentan be
exothermic in air and moisture distillation is not always a favourable choice.
Furthermore, most zinc salts are highly hygroscopic and to avoid a pyrophoric

incident the method must be run under extreme dry conditions.
3.1.2 Direct Activation of Zinc Metal

Activation of zinc metal can be achieved through numerous different methods which

cover organic, inorganic, and engineering backgrounds. Arguably the most famous
met hod of activation forms what i's know
ReuberD. Rieke in 1972, Rieke metals are highly reactive metal powders which are
generated by the reduction of an anhydrous metal salt with an alkali metal in a
suitable solvent, usually THE35) This method was successfully applied to
zinc(135,142 144) obviating the need for specialist equipment sl for

previously discovered activation techniques such as ultrasonic irradia84).

Despite its commercial success, purchased Rieke zinc is a suspension of the active
particles in an aprotic solverg.g. THF, toluene) which poses reproducibility issues

as it is difficult to quantify exactly how much zinc you are adding each time.
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FurthermoreRieke zinc is difficult to prepare consistently due to the nature of the
material and the number of variables inved in making it. Further chemical
methods of surface activation include iodine, potassium tramethylsilyl chloride
(TMSCI).(145) While they can be advantageous, as with HCI activation the removal

of the activating agent can be time and material consuming

Mechanochemical activation of the zinc surface has been shown by the Browne
group to be highly effective in the Reformatgky6) Barbier(147) and Negishi
coupling reaction§l37) Its energy efficiacy and the ability to run solvent free
greatly improves the green metrics of the reactions run. However, as with sonication
and irradiation of the surface metal the equipment required to run these reactions are
highly specific and, though they can be mmgram scale, excess quantities of zinc

are required (up to 2 equivalents) to achieve good yields.

Electrochemical activation of metal surfaces has seen success in transition group
metals such as copper and iron and is derived from the concept of @eoigp

where electricity is used to deposit small metal particles onto a surface. This method
has been shown to eliminate the issues often found in commercial zinc powder
products, namely the small but significant lead cofi&&)which has been proven

to affect known zinc reactions such as the Simnfméth cyclopropanatio(ii49)
However, as with mechanochemistry, the required equipment and knowledge of the
basics can be a barrier to its implementation, although standardised reactors are
available for purchase. Unlike mechanochemistry, reactors can be easily assembled
from commony found lab materials. This then makes results difficult to reproduce

because of each individual reactor o6s i di ¢
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3.1.3 Electrodeposition of Metallic Zinc Particles

Electrochemical activation of zinc typically involves electroreductionoha salt at
between-0.8 and-1.4 V vs.a standard calomel electrode (depending on solvent) to
produce active metallic Zn(@L36) This reduction requires a counteraction; this

is usually the oxidation of a sacrificial anode using an easily oxidised metal such as
magnesium, aluminium, or zinc. The electrodeposited Zan ract with an
organohalide (RX) to form an organozinc halide (RZnX). When a sacrificial zinc
anode is used, the oxidation create$"Zvhich can then be reduced at the cathode to
create further zinc deposits or, in the presence or organohalides and flethene
addition, can form heteroleptic organozinc reagents. Furthermore, zinc anodes can

become activateda electroscoring of the surfacEigure3.4).

ANODE CATHODE
-2e” + 2e”

zn’ ——— zn?* —— zn°

\+RX \J' RX |+RX
+ 2e”

RZnX RZnX RZnX

Figure3.4. Possible reaction pathways of active zinc and organohalides to form organozinc
halide complexes.

Tokuda et al. reported that electrogenerated zinc was not only purer than the

commercially available zinc powder (which contained impurities such as lead), but

also had a significantly smaller particle size and larger surface aadde (3.1).

Here, the reactive metal was prepared by electroreduction under nitrogen of a

sacrificial zinc anode in a 0.1 M solution of4ECIO4 in DMF using a platinum

cathode at 25 mA cotent current for 200 C. This method was adapted from work

done by Perichomt al.on the use of electrogenerated zinc as a catalyst for the Blaise

reaction(48) The electrodepo®t zinc was also shown to have better reactivity than
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commercial zinc through isoprenylation of various carbonyls (88%38% using

zinc powder),150)which was thought to be due to the larger surface area.

Table3.1. Characterisation of zinc metals by Tokwdal. from Referencé148)

Specific Surface Ared
Zinc Metal Particle Sizeé (um)

(m?g)

Electrodeposited Zn <0.1 23.8
E. Merck 5-15 1.9
Aldrich Chemical 50- 150 0.4
Rare Metallic 100- 400 0.5
Wako Pure Chemical 2-8 25
Nacalai Tesque 3-9 1.3
Kanto Chemical 3-10 0.8

a. Estimated by FSEM photographs. b. Measured by BET surface area analysis.

3.2 Objectives ofElectrodeposition Research

In this section the reactivity of the electrochemically activated zinc will be tested on

three case studies:

1) Blaise reaction to forrb-ketoesters

2) Reformatsky reaction to forfn-hydroxyesters

3) Formation of2-azetidinones.

Case studies 1 and 2 were chosen as they have been reported using electrodeposited
zinc.(48,63) However, both reactionshave not been investigated in terms of surface
morphology, the importance of each electrode, and the reproducibility of the zinc

deposits.
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Figure3.5. Left: Diagram ofan electrochemicabund bottom flask reactor. Right: Image of

bottle reactor from referen¢&51) showing the assembled reactor, the full lid, and the PTFE
electrode holders

Initially, a standard $ecked round bottom flask was used as the relelsemical

reactor; the reactions were later run using a bottle reactor from the Willans group at

the University of LeedsHgure 3.9.(151) The above case studies were chosen as

they were known to have success using traditioimal metal techniques; both Blaise

and Reformatsky reactions have been published using electrodeposited zinc.

Furthermore, all reactions have documented issues with stereoselectivity and

enantioselectivity which would be interesting to investigate to whkgne this

electrodeposited zinc would have an effect on these.

62



3.2.1 Reformatsky Reaction

The Reformatsky reaction was discovered in 1887 by Sergey Reformatsky and is the
condensation of al dhalbestatseusing ainc akzediatorioe s wi t
f o r nAmydrbxyesters. The reaction proceeds formation of a Reformatsky

enolate, where after oxidative addition of the zinc into the canladmgen bond a

dimer forms(Figure3.6) which rearranges to give two zinc enolates.

Figure3.6 Image of the iystal structure of the Reformatsky dimer from refergiié2)
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The enolate cordinates to the carbonyl and forms a psesidomembered ring

transition state which is then hydrolysed to give the hydroxyester product.

R2
O\
2oy O
X
\o)g/ —_— \O n
R2 R2

R2 R2 R2
Scheme3.1 The Reformatsky reaction mechanism.

Reformatsky enolates are relatively stable and slightly less reacgjweill not react
with esterg124) This allows itto be used to selectively target aldehydes and ketones

without the need to protect the ester groups.

Reformatsky reactions using electrodeposited zinc has been reported byeRallin

in yields of up to 92%48) Despite its apparent efficacy, further work on

el ectrodeposited zincos use in Ref or mat
outside of the Perichon group. This may be due to the sparse descriptions given of

the electrahemical process in the papers which makes replication difficult.
3.2.2 Blaise Reaction

Similar to the Reformatsky reaction, the Blaise reaction also exploits the reactivity of
met al | i ¢ z-haloesters loutvsavapd geéectiophile toa nitrile group. It

was discovered in 1901 by Edmond Blgi$83) and proceeds by insertion of the
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zinc into the carbothalogen bond, reaction with the nitrile to form an imine

i ntermedi ate, whi ch iketoestéergchheméd3Rdr ol ysed t

Ban\

1 Zn(0) QB RN o N
R! J\( Rl Zn_—_ L|R! )KH\ ,
0 R

50 % aq. H*/H,0

K,COg4

R1 )v\ R )K(U\
R = allyl, alkyl, aryl, etc.

Scheme3.2 Mechanism of the Blaise reaction with its two possible products and their work

up.
This reaction is tolerant of unprotected alcohol groups, allowing for carédyon
bond formation without lengthy protection and deprotection gtEp$) Functional
group tolerance is a highly desirable trait for organometallic reactions, as it obviates
the need for more extensive guided synthesis and can in turn greatly improve process
efficiency. Furthermore, a simple change to the reaction wprkrom acidic to

bast (50% KCOz(aq.) allows access to the enamine intermedi48).

Similar to the Reformatsky reaction, the sibichiometric electrochemical
activation of zinc electrodes inglBlaise reaction has been reported by the Perichon
group with moderate to good results up to 98%).Since this was also published by

the same group, there are similar issudh s replication by other researchers.
3.2.3 2-Azetidinone Ring Formation

2-azetidinone is, arguably, one of the most important in antibiotics as they are found
i n  ddctam dntibiotics. These are globally the drug of choice for bacterial
diseases due tcheir efficacy and the sheer variety from the plethora of core
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structures availableF{gure 3.7).(155) Industrially, penicillin derivative drugs are
produced via fed-batch fermentation of genetically engineered bacté68)
However, 2azetidinone is not limited to antibacterial activity, and has been found to
be of interest across medicinal chemistry for -aaticer, analgesic, and anti

inflammatory propertie§157,158)

R
)i ;Q J@ m
O
CO,H CO,H CO,H
Monobactam Carbapenam Penam Oxapenam
H =
RO 7 ¢
CO,H
N Y N / N_ _~ Oxacephem
O
CO,H CO,H CO,H CO,H
Penem Carbapenem Cephem Carbacephem

Figure3.7.Theo r e st r ulactar ankicics antl théor nomenclature

For smaller scale production, these structures can be made using a variety of
techniques e.g. enolateimine condensation, intramolecular cyclisation, fing
opening/closure, and named reactions. Substitutedefidinone formation has
issues withcis-trans diastereselectivity at the €3 and G4 position as thérans

lactam is usually thenore sterically stable isomer, leading to isomerisation of the

cis-lactam(159)
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Intramolecular Cyclisation

M = Rh, Pd
Ry R n" = chiral P-ligand

(a Nad
N
2 ML, * H R

* *

Rz R H

Scheme3.3 Mechanisnof forming substituted-2zetidinonesia Intramolecular cyclisatin.

Intramolecular cyclisation techniqueSaheme3.3) proceedvia metal ceordination

from an ab compoundvhich facilitates GH insertion to form the azetidinone. First
reported in 196%160) it was developed into an enantioselective system using a
dirhodium(ll) catalyst with chiral ligands with up to 80% e.e. but this promoted the
formation of the pyrrolidinone(91%) over the azetidinore product (9%).(161)
Further research brought the yield of thendmbered ring up to 81% yield and 93%
e.e. using different chiraldands and a ring system locking the N1 and C4 position
which is not always possible in synthe&li62) Despite these successes, it is
apparent from the literature that this system has a variety of issues: catalyst pairing,
substrate desigrgnd catalyst synthesis. Chiral catalysts such as oxazolidinone or
pyrridones to form the desired dirhodium catalyst can be complex and time
consumingto prepareSpecific catalyst and substrate design can lead to discounting

intramolecular cyclisation du time and financial constraints.
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Staudinger Cyclisation

H
Ry _H R
T R1\,2>‘\”/Nu*
N \/ oy ®
R .. O
R
®
*Nu R2 R\ O
o/ N
d H H R,

* ok

\( N Ri H

H
O:.:<R Nu* = chiral imine
2

Scheme3.4 Staudinger cyclisation mechanism to form a substitutede2idinone ring.

The Staudinger reactiors¢heme3.4) was published in 190@,63) and is a [2+2]
cycloaddition between an imine and ketene followed by a conrotatory cyclisation. In
recent years, success has been found in using an eldefiioirent imine and a
keteneenolate rather than a ketene in an examplé&mipolung chemistry. This
method used a benzoquinopleotocatalystatalyst (10 mol%) and gave impressive
e.e. of 9599% but average yields of #5%/(164) Further applications using Wang
resin peptide megh65) and flow photochemistt66) display the applicability of

this reaction to a wide variety of chemistry techniques. As witranmolecular
cyclisation, the ketene and ketesolate starting materials required for this
synthesis can be capricious to form due to their inherent reactivity, and the complex

chiral catalysts required are also time and-cosisumingo prepare
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Enolate-Imine Coupling

OML,*
JY A O&qu/ AR
M Li, Zn
= chiral ether ligand
R O
3\N /k/ R,
R
R4 R

Scheme3.5 Enolatelmine Coupling mechanism to form a substitutealz2tidinone ring.

Enolatelmine coupling Scheme3.5) is similar to the Umpolung Staudinger reaction

as it also couples an imine and an enolate; however, this isviloneetal catalysis

with chiral ligands. The original methodology proceededa formation of a
Reformatsky enolate using zinc and iodine known as a GilBpaeter
reaction(167) but many variations have now been reported: silyl ether instead of
metal(168) rhodium catalysi$169) and high intensity ultrasour(d70) Enolate

imine couplings require relatively more commonplace starting materials than some
of the other processeas enolateare relatively easy to producéhe primary issue

with this process is the formah of a norcyclised aminoester bgroduct;
according to a review by Brandit al, this is an issue that has been frequently

reported in enolatanine coupling reactionEl59)
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Kinugasa Reaction o

R HB=H

ML,
R1\ O .o
N BH
R, R
RSy ™ " H ¥ OML,,
® N
HB=H R, B = K,CO4, Cy,NMe, KOAc

R R M =Cu L, = bidentate ligand

R1\N/O MLn
Ry—\

Scheme8.6 Kinugasa Reaction mechanism to form a substitutede®idinone.

The eponymous Kinugasa reactiddcheme3.6) was first publisheé in 1972(171)

and has since seen applications in the enantioselective synthesis of natural products
such as (+Jupinine(172) hydroxycotining173) and (+}porantheriding174) The

protocol boasts a high atom econgmgnd accessible and stable starting
materials(175) It couples a metal alkyne with a nitrone to form -sn&mbered
isooxazoline intermediate which rearranges into an azetidinea &ade is added

form the azetidinone. Unfortunately, using an alkyne presents issues with
diastereoselectivity in adabn to the enantiomeric selectivity. Therefore, although
Itds not necessary to use chiral | i gands

specific enantiomer is required or chiral resolution is too difficult.

Ring Expansion

',q 5mol% [Rh(CO),Cll, R, (6]
N CO 20 atm. l\\l:/,/
Q,,,/ 90 °C .
Ar Ar

R = vinyl, Ar, Me

Scheme3.7 An example of ring expansion of an azirane to form a substituéze®inone.
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Ring expansionmethods using carbon monoxid8cheme3.7) is an attractive

synthetic route because it gives regiospecific and enantiospecific control of the
reaction without requiring a complex chiral catalftsibugh an enantiopure starting

material is requiredin good to high yields of above 81@76) Furthermore, kinetic

resoluton studies found that using stoichiometric quantities of chiral additive

menthol (3 eq.) the optical yield could be optimised to 96% and gh@vg¢Despite

its impressive yield and resolution capabilities, this reaction is less practical than

ot her methods | isted. The chitdloraairdiodi
make and it is more preferable to ga the more easily accessible epoxides. Thus,

enantiomerigourity is achieved earlier in the synthesis.

Ring Contraction

(0]
~"NH TFA el
H=—=R, MecN so°C M R
2 >-—OH OH
o—/ 0—.,
“ R, —R,

R1 = CEC—CH3 R2 = COQEt

Scheme3.8 An example bring contraction to form a substituteea2etidinone ring.

Ring closure $cheme3.8) o f-membe®8 ring is an interesting approach that has
been applied in the total synthesis of-(3¢lsemoxoningl78) Closing a larger
heterocycle had pveusly seen success in forming azetidines from oxazindrty,

and was then adapted for the natural product formation. This begins with a step
similar to that seen in the Kigesa reaction where the-fhembered heterocycle
collapses into a-fnenbered ring. While this is an interesting reaction technique, it is
not always feasible to plan a synthesis around creating then contracting this ring

system.
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Of the presented routes of substituted ametideswhich are mediatedby zinc, the

three most comonly used zinc sources are diorganc reagents and zinc powder
suspensions. Using diorgaginc reagentscan cause issues with reproducibility,
while also adding issues with safety and stability as diorganozincs are inherently
pyrophoric and air/water wtable. Use of zinc powder in THF at reflux can also
discount more volatile compounds as the boiling point of THF C66 this work

the main focus is on electrochemically activated zinc to avoid issues with pyrophoric

and unstable compounds.
3.3 Surface Characterisatiarf Zinc Electrodes

In heterogeneous catalysis, knowledge of surface morphology is vital as it gives an
insight into the nature of the activeetaland is typically achieved using electron
microscopy for imaging, BET for surfacesar EDX for elemental analysis, and XPS
to identify the chemical state of the elements. Electrogenerated zinc for catalysis has
previously been analysed using BET and SEM to analyse particle size and surface

area (sesection3.1.3.

For electrodeposition and electroscoring reactions, it is important to ensure that the
surface morphology is similar when changing reaction types as this has the potential
to affect reactivity. Therefore, when work using the Bottle reactor began the
electrode surfaces were also characterised in the same way as the round bottom flask
reactor in order to ensure that there were no significant differences in morphology
between rathods. This was determined using SEM and EDX technology and is

summarised in the table below.
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Table3.2. Comparison of electrode surface between the reactor types used.

RBF Bottle Reactor
ANODE

Pre-
Blaise

Post
Blaise

Pre-
Blaise

Post
Blaise




All imagestakenof the zinc surface electrodes ustBgM analysis can be found gection

4.2.2 and 4.2.3 in the Appendix.

The pre Blaise reaction anoder both reactor typegA + B) shows very fine
structures. The surface looks like a solid foam or that bubbles have been removed
from surfacethese craterare approximately 16050 nm in sizgthis is likely due to
electrodissolution of the zinc into the bulk solutidine post Blaise anode in both
RBF and bottle reactorsC(+ D) shows large cracks visible on the surface; upon
magnification we see underae cracked plates are dendrous looking structures, or
possibly stacked metal plates. This is visibly different thanh B where no chasms

were observed, which is thought to be due to further reaction of the anode surface

with the substrates.

The pre Blaie cathodel + F) showedobvious metal deposits on the surface, which

is almost certainly due to electrodeposition of zinc metal from the bulk solution.
There are large chasms/holes on the surface as the deposits appear to cluster together
into macrostruatres of <100 nm patrticles. The macrostructures are similar in size to
the craters seen in the anode (I@® nm). It is uncertain why the nanodeposits
cluster togetherhowever, as with crystallisation, there may be a seeding effect
which causes clusters form. Measurements oflleof the fine structures founthem

to be nanoscale. The post Blaise cath@le+r H) shows big crackand chasms for

both reactorsAlmost crystalline deposits were found with increasing frequency at

the edges; these wertbund to also be zinc. There are no bubble type
macrostructures seen as in the pre Blaise cathode. There are chasms, but they are
very different to previous @&hHesechasmeaees an.
thought to be where the electrodepositett had reacted, exposing the active zinc

metal of the electrode below. Reaction of this zinc with the bromoester substrate
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could cause the metal to be removed in a way which would result in the observed

topography.

The images imable3.2 clearly show that the electrode surface morphology between
reactors is very similar, therefore the bottle reactor should demonstrate similar
reactivity to the round ditom reactor. Furthermore, EDX showed no significant
element presence other than zinc and carbon which is consistent with our previous

results.

Once the surface morphology of the zinc had been characterised its application in

synthesis was investigated.
3.4 Electrochemical Reactions Round Bottom Flasks

The batch reactor used was similar to that described in Chapter 2, The
electrodeposition was achieved by passing 202 C of electricity at 50 mA constant
current through a solution of MeCN with zinc bromide, ATBF, and submerged

zinc electrodes under an inert atmosphere. The amount of electricity used would
electrolyse 50% of the zinc bromide in solution as it was reported by Zsfttadr

that this gave the highest yigldi8) The applied current in the literature was 100 mA,

but there were concerns that the electrodeposition would form a bridge between the
two electrodes and cause a skortuit as larger currents have a tendencyrtalpce

larger deposited particles.
3.4.1 b-Ketoester formatioa TheBlaise Reaction

According to the literature, this method of electrodeposition and utilisation of
metallic zinc applied to the Blaise reaction gave yields up to 9&¥e,a variety of
substrate were used in an attempt to reproduce the literature data for the Blaise

reaction(Table3.3).
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‘ R MeCN R

[ Br)}(o\ + ozt —— SN
N r.t. N2

0] 0O O

Table3.3. Results othe Electrochemical Blaise reactiarsing diferent bromoesters

Entry R Product Yield (%) "
1 Me 70
OMe
O O
2a
2°¢ Me 59
OMe
O O
2a
3d Me 58
OMe
O O
2a
4 Ph Ph Ph 59 (86}
SO S
0] @) OH O
2b: 37% 2c: 25%

Electrodeposition: MeCN (40 mL), ZnB(2 mmol), TBATBF (0.1 M), 50 mA constant
current, 202 Ca. b-bromoester (10 mmol), MeCN (40 mL) stirred at r.t. for 18.Royield
calculated using calibrated HPLC integratiem an internal standardc. Onepot reaction
where ester was present during electroformation of Zsh(@hBr. was dried by vacuum and
N2 backfill (x3). e. %yield calculated usinH NMR against a dodecane internal standard.
Total yield including amine bproduct.

Entry 1 is a mimic of th@ublished stepvise protocol and gave 70% which is within
the bounds of reported yields (80%). A onepot reaction was also run in an
attempt to make the reaction more streamlined (entry 2); unfortunttesygave a
lower yield of 58% To establish theensitivity of the reaction to air and moisture,

the thorough drying of zinc bromide was replaced with a vaeugdithin triplicate;
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this also reduced the yield to 59% (entry 3). It became clear that our initial method
was the highest yielding and thesed was used for the substrate screening reactions.
Due to the equipment limitations, analytical method was changed to analysis using

NMR spectroscopy.

Entry 4 using methyl-bromophenylacetate gaaa excellent yield of 86%, which is
comparable to those reported (95%). Interestingly, -ketd tautomerism was
observed with the phenylester, which was not reported by Zylber, but it is-a well
known occurrencél79,180)It was likely not identified in previous reactions as
standard HPLC columns do not separate tautomers, however upon NMR analysis the
enol ester product was found to be presenbw yields (< 5%) foRa. Furthermore,

a third substance other than the ketoester tautowessdentified; this wakund to

be an amineversion ofthe imine Blaise intermediatdhe amine byproduct was
found in a low yield of 27%, in between the y®ldf the ketoester and enol ester
(Section 3.6). However, this was not identified for prod@et Analysis and
identification of this aminewhich was identified athe unhydrolyzed Blaise reaction
intermediatas described in section 3.8s the reactionsglescribed ifrable3.3 were

run visible changes to the electrodesre notedit eaclreactionstage.

A C A A C

C
€ R-X
I I

Figure3.8. Diagram of visual changes in the electrodes as the reaction procee:
anode, C = cathode. Léftbefore use, middleé after electrodeposition, rightafter

Blaise reaction. 77



The above diagram illustrates the difference seen in the zinc electrode surface before

use, after electrodepositipand after the Blaise reaction was reig(re3.8):

initially, both electrodes are identical (reflective and sandpapered)

during the electrochemicarqress the zinc cathode blackens within the first

5 minutes, then zinc clusters form on the face of the electrode and along the
edges under the solvent line

after addition of the bromoester the

leaving a black catide. The anode then also slowly turns black.

In particular, the anode appeared to shrink in size, indicating that not only was the

zinc bromide salt involved in electrodeposition but also the zinc anode. Between the

two electrodes an average of 1 g in virtiggas lost between starting the reaction and

after the Blaise reaction was run. Furthermore,-ptesttrodeposition the anode was

silver but after addition of the bromoester it slowly turned black to match the

cathode. It was therefore important to chatifie role of each zinc electrode: are both

surfaces electroactivated and if so to what extent is the active zinc involved in the

Blaise reaction?

Ph MeCN

Ph Ph
|- 0N A SNPNOS NN
N rt. N 0O O OH O

2b 2c

Table3.4. Electrode removal reactiofts.

Entry Total Electrode Removal| 2b (%)" 2c (%) | Amine
Charge/ C (%)°
1 202 Anode 15 12 27
2 202 Cathode 16 13 27
3 202 None 37 25 27
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Electrodeposition: MeCN (40 mL), ZnBf2 mmol), TBATBF (0.1 M), 50 mA constant
current, 202 Ca.St e p wi s e -bromaestar (1®nmmol), BMeCN (40 mL) stirred at r.t.

for 18 h.b. %yield calculated usingH NMR against a dodecane internal standard added
postquench.

This involved removing 1 electrode pestectrodeposition before addition of starting
material imagesof electrodes from these reactions can be seéigimre3.9. It had
previously been noted that both anode and cathode change visually as the reaction
progesses Interestingly, both anode and cathode behaved similarly in tefms
yield, which was considerably less than when both electrodes are present. The main
difference was in the yield of themineintermediate(see section 3.6)hich was

higher than previously seen in this reaction. For both reactions described in the
abovetable, the remaining electrode was considerably more eaten away than in
previous reactions, this suggests the reaction compensates for the lack of secondary

electrode and the remainder acts somewhat sacrificially.

Figure3.9. A - Image of cathode post anode removal reaction (Tableentry 1). B-
Image of anode post anode removal (Tab#e entry 1). G Image of anode post
cathode removal (Tab®&4, entry 2).
It was deduced from this work that botle@rodes are significant in the reaction;
therefore, we concluded that both electrodes are activated during this process. It is

thought that the electrodeposited zinc reacts first as it quickly disappears upon
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addition of the starting material, howeverjstunclear if both activated anode and
cathode react to the same degree. All reactions were continued using the two

electrode system.
3.4.2 b-Hydroxyester Formation The Reformatsky Reaction

After investigatingthe Blaise reactiowe then decided to explore other electrophiles

to broaden the substrate scope. It was decided that benzaldehyde would be an
appropriate alternative, and this could be achieved by removing the MeCN solution
from the reaction and adding a THF solution @f thotbmoester and benzaldehyde.
Electrochemically activated zinc(0) was successful in coupling benzaldehyde with

the bromoester to give the hydroxyesain excellent yields up to 99%.

0]
| THF
o o+ I — N
r.t. N2

) OH O
3a

Table3.5. Results of Electrochemical Reformatsky reactidtn benzaldehyde

Entry Electrophile Product Yield (syn:anti) (%)"
12 ©Ao OH O 77 (61: 39
O
|
20 ©Ao OH O >99 (70 : 309
O
|
2° ©Ao OH O 63 (37:26)°
O
|

Electrodeposition: MeCN (40 mL), ZnB¢2 mmol), 50 mA constant current, 202 C. ZnBr
dried for 3 h under vacuum at 180 pr i or -branoester €10 mraol), bénzaldehyde
(10 mmol ), THF (40 mL )-branbester(18 ohmod),tbenzaldghyde f or -

(20 mmol), THF (40 mL) stied at r.t. for 48 h. c. %yield calculated usththNMR against
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a dodecane internal standard!td.NMR ratio of syn:antj determined byl (Hz) values. e.

3.6 mol%D,L-DBNE added.

Interestingly, thesynisomer appears to form predominantly over amé; different
benzal dbromgedter :rafios does not appear to influence this. Comparing
Entry 1 which used a 1:1 ratio to Entry 2 which used a 2:1 ratio of benzaldehyde to

bromoester theyn:antiratio minimally changes from 61:39 to 70:30.

N,N-dibutylamineD,L-norephedringD,L-DBNE), wasused to investigate the extent

to which a chiral auxiliary would affethe stereochemical ratio 8& This was used

in an attempt to control the stereoselectivity of the reaction as DBNE is a known
chiral catalyst in zinc chemistry. Though it reduced the yield significantly from 99%
to 63%, it did change theynanti ratio from 70:30 to a more equal 5%:4
Considering the structure of DBNE it is possible that there was some zinc
complexation with the catalyst which would in turn lower the yield. As the catalyst
was racemic it was expected to give an enantiomeric ratio of 50:50; though it was

successful imeducing thesyn:antidisparity thesyndiastereomewas still prevalent.

Once it was established that this system worked well with bromoesters and
benzaldehyde, other carbbalogen bond containing molecules were used as

substrates to investigate thimre t i onés functional group to

Table3.6. Zinc-mediated eactiors usingheterocyclicsubstrates.

Entry Substrates Product Yield
(%)°
1 o OH F OH 0
oo \ J \o
Cl
/@A 3b /" oH
F
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@) O\ 0
\/ HO SN

s
c cl s
W = s

Electrodeposition: MeCN (40 mL), ZnB¢2 mmol), 50 mA constant current, TBATBF (0.1

M), 202 C. ZnBs dried for 3 h under vacuum at 180 prior to use. a. organohalide (10
mmol), carbonyl (10 mmol), MeCN (40 mL) stirred at r.t. for 48 h. b. %yield calculated
using®H NMR against a dodecaneténnal standard.

Unfortunately, neither substrate pairing gave the intended product; both reactions
showed only starting material upon warg. This could be due tdhe carbon
halogen bonds ndatufficiently polarisedto allow for zinc insertionthe heteroatom

of the ring structure and its carbonghay co-ordinate with the active zinc
constrained t heortherasananceooh thesringgsultomgin & Isss

electrophilic carbony{Schemes.9).

©
0] . Cl 0] cl
W ~ xf) X=8,0

Scheme3.9 Resonance structure of furan andphiene aldehydes.

Therefore, as the Reformatsky reaction has beenresdlarched and we were not
able to successfully apply this method to more complex structures, the focus was
shifted backto the Blaise reaction. THecus changed to the reproducibility of the

results and solvent screening.
3.4.3 Screenindor Alternative Solvents

Traditionally, reactions utilising Zn(0) have been run in polar aprotic solvents such
as THF or MeCN and the Blaise reaction is no excefd8rl25,181)Both THF
and MeCN are widely used as solvents in electrochemistry; the protocol described by

Zylber et al. utilises the electrolyte tetrabutylammonium tetrafluoroborate
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(TBATBF) in both dichloromethane (DCM) and Me@#B) DCM was not utilised

in this research as it is classified as havinppmaj or |1 ssueso and i s t
absolutely necessa($82) It would be highly beneficial if a second solvent with
equalsuitability for both the electrochemical and Zn(0) reaction was found; ideally

this would d@&so comply with industrial solvent requirements. Principle component
analysisof solvent popertiesusing data from Murrayet al(183) was run by B.

Nguyen to make a-B solvent mapo identify similar solvents to MeCN using DCM

as a outerboundary as this has also been used successfatlyhe Blaise reaction.

The following solvents were choseethyl formate, methyl formate, nitromethane,

DMF, methyl acetate, THF, dioxane, and dimethyl carbonate (DMC).

The Nguyen group has previously found TBATBF to be incompatible with THF
which is largely due to the largeespfic resistance of this electrolyte in THF: the
specific resistance of a 0.5 M solution
Me CN it i(%84)Beportdd.eleatmochemical reactions in these solvents and
their dielectric constants were researched and potential solvents were identified (See
Section 3.11.5). DMF has been previously reported as a solvent in electrochemistry
as it is a good odnic solvent, however it has been reported to have problems with
hydrolysis susceptibility and anodic oxidati85) Nitromethane has been found to

be useful in anodic reactss, with limited capabilities for cathodic reactions which is
dependent on the water content of the solvent. Use of dimethyl carbonate has been
reported in electrochemistry as a substrate and pr@tl@6j;t is likely that, due to

its low dielectric constant (0 = 3.12),
Ethyl formate, dioxane, and methyl acetate alhave | ow dielectric
7.10, 2.20, and 6.80 respectivéhg7) and were therefore not considered further.

Though methylformt € has a high dielectric consta
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of 34-36 °C and would therefore be unsuitable for a room temperature reaction due
to evaporation. Ideal solvents would have a reasonably high boiling poif€ (68D
O 8 agooddkeectric constant (U > 5), and

range of electrolytes.

DMC and DMF were used as reaction solvents in the electrochemical and Blaise
reaction, where the protocol was identical to previous reactions. The DMC reaction
appeaed to not form any deposited Zn(0), which was confirmed when the Blaise
reaction was analysed to show only starting material. In the DMF electrochemical
reaction the solvent turned grey with black deposits which were hypothesised to be
small flakes of Zr{); methyl 2-bromopropionate was added, then after overnight
stirring benzaldehyde was also addd@dhe benzaldehyde wassed to ascertain
whether any active zinc or starting material remained as the Reformatsky product
would be seen after wotlp. Interesingly, none of the ketoester product was
detected by NMR, but high resolution mass spectrometry showed evidence of DMF
reacting with the bromoester to form a hydrolysis prone pro@ateme3.10). The
molecular weight of thediamine product and its chemical formula matches that
which was identified by the mass spectromefggyre 3.10). Unfortunately due to

the inherent instability of this product a yield was not possible to calculate using

NMR as with previous experiments.

Chemical Formula: C7H3NO,
Molecular Weight: 143.19

Scheme3.10 Formation of highly unstable DMF produgsing zinc
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|menss +MS, 1.2-1.6min #70-96, -Peak Bkgrd|  Confirm/Find Formula Results
x10

1+
144.1020 The section below shows the results of formula calculation. If an expected formula was provided and found these are the
results that are listed. If no formula was provided or no matches were found the system has attempted to determine the
formula constrained by the parameters listed to the left

1.57

Concentration too high. Dilute sample!

10 Meas. m/z lonFormula z m/z err[mDa] err[ppm] mSigma Score Sum Formula Adduct

144101952  C7TH14NO2 1+ 144101905 0.0 03 161 10000 C7HI13NO2 M+H
C7H14NO2 1+ 144101905 -0.0 0.3 161 10000 C7H1002 M+NHa

200.127940  C10H18NO3 1+ 200128120 02 09 107 10000 C10H17NO3 MeH
C10H18NO3 1+ 200128120 02 09 107 10000 C10H1403 M+NH4

05

1+
145.1043

1430694
1

143 144 145 146 147 mz

Figure3.10Image of High Resolution Mass Spectrometnalysis, M+1 peaks molecular
weight aligns with producthown inSchemes.10.
The success of MeCN over DMC and DMF is likely due to the stabilisatiadhe
electrodeposited zinc by the nitrile group hypothesised by Zybat. which was
not replicated with the other two solved®) As there were no suitable alternatives

to MeCN found, it was used as the solvent for all subsequent reactions.
3.4.4 Reproducibility ofthe Reactor

As previously mentionedide supra one of the primary issues witksing zinc in
synthesisis the unreliable repducibility. It was therefore important that this was
explored in our own reactor system in order to show it is a viable alternative to
commercially available methods. For this, timed reactions using the phenyl
bromoester were run in triplicate which wdralted at 15, 30, and 60 minutes by
guenching with saturated N8I solution. This ester was used because it gave us the
highest yield Table3.3). 'H NMR was used to analyse the ratio of starting material
to products, the results of which can be se€haile3.7, and all reactions were run

using theprotocol described in Section 3.10.
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Table3.7. Results of the reproducibility experiments of mettmdmophenylacetate and

acetonitrile®

Stop time SM (%) 2b (%) 2¢c (%) Mass Bal.
(Min) (%)
15 67 49 15 131
15 14 28 5 47
15 17 47 5 69
15° 41 5 1 47
30 10 34 14 58
30 35 25 16 76
3¢ 35 6 1 42
3¢ 31 8 2 41
60 16 41 19 76
60 8 26 11 45
60° 46 17 3 66

a. ZnBr; (2 mmol), methyl bromophenylacetate (10 mmol), MeCN (40 mL), TBATBF (0.1
M), 50 mA constant current, 202 C with two zinc electrodes. %yield calculated using HPLC
calibrated integration against an internal standardReaction run using high purity zinc
(99.9%) electrodes. Sample was run 24 h after wenlp was completed.

The results seen above do not show satisfactory reproducibility. Each column of the
table varies significantly with each experiment; the samples which were run 24 h
after workup show tlat either the quench used is not effective enough or there is a

secondary reaction/equilibrium that we are unaware of. To investigate the possibility
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of impurity in the electrodes was causing this loss in mass balance high purity zinc
(99.9% purity) vas ugd as an electrode materiagds they showed no distinct
difference to the lower purity electrodes (99%), there was no reason to suspect the
electrode purity was influencing product yield. It is highly likely that the variation in
results is due to the inneistency in interelectrode distance from reaction to reaction.
Furthermore, the mass balance suggests that there is either degradation of starting
material/product or there is a third product that we have not identified. To shed light

on this issue, theeaction itself was studied using a variety of techniques.
3.4.5 Attempted Cros€ouplingReaction

Work by Duncan Browne used ball milling to activate zinc as a catalyst for Negishi
style couplings(137) we attempted to use the electrodeposited zinc in a similar
fashion. It was hypothesised that once the imine was formed it could be used in

palladium catalysed reactions to form an arylimi@eheme3.11).

| COzMe
Zn*, MeCN N\ZnBr 5 mol% szdba3 | CO,Me

t N
Br CO,Me r 2 18 h, rt., N,

30 min
/©/ OMe

\2\ OMe
7 SCO,Me \H\ O
N CO,Me
L ®
OMe MeO

5a: 0% 2a: 59% 5b: 7%

Scheme3.11 Attempted Negishstyle coupling using palladium and iodoanisdie yields
shown calculated byH NMR.
Unfortunately, this reaction did not yield the desired iniae Instead, the Blaise
product2a was formed in a moderate yield (59%) which is comparable to previous

87



reactions, and interestingly the biaryl coupling prodilctvas formed albeit in a low
yield (7%). This is likely due to the palladium catalyst facilitating homocouphsg.

the desiredmine was not formed no further work was done on Negishi couplings

Once it was established that this reaction worked well with the bromoesters, focus
was placed on solvent selection to investigate whether alternatives to MeCN could

be used to avoid any comiition with other electrophiles in the reaction.
3.5 Reaction Monitoringf Blaise Process

During a placementtahe AstraZeneca site in Macclesfield Bkise reactiorwas
studied using the specialise@dsitu reaction monitoring equipment. The reaction set
up used was an EasyMax system which allowed for remote monitoring of any
temperature changes, additionalmtoring such as a conductivity probe and Raman
probe, and improved stirring using an overhead stirrer. Once the reaction was
replicated using this sefp and the yield was found to be adequate work began on

analysing the reaction and its progression.

Figure3.11. Image of the EasyMax reactor gt (left), a closaup of the additions (right)
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A kinetic monitoring reaction was run to deduce whether the reaction had an
induction period and to observe the behaviour of the starting material and product
over time using HPLC. Theethyl pherylboromoacetate substrate was used as it is
inherently UV activeand gave good yields in the initial substrate scope. Initially, an
EasySampler attachment arm was trialled for sampling. However, issues arose once
it was realised that zinc electrodepedibnto Hastelloy, the main component of the
sampling arm, and when used post electrochemical deposition the arm blocked
almost immediately and could not be used despite attempts to add a filter. Therefore,

manual sampling was required.

Ultra-Pressure Liga Chromatography was used to monitor the reaction; a 50 pL
aliquot was taken from the reaction mixture, quenched in 50 pL saiCINk) and

made up to 1.1 mL with MeCN. The results of this can be seBigure3.12. The
starting material and product peaks were identified and referenced against a biphenyl

internal standard peak.
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Figure3.12. Graph depictig starting material and product % yietsltime.

Initially we see a sharp decline of the starting material which is not matched by an
immediate increase in product formation. This sharp decrease is likely to be due to
zinc insertion C-Brtband; aftere3 mnutes there is veey fitbes
starting material depreciation, likely because the active zinc is already saturated with
starting material, and then after 30 minutes there is another drop in starting material
to <1 %. However, the decrease starting material is not matched by product
formation; this could be due to product degradationptmygucts, or the column or

UV detector is affecting the product somehow. In an attempt to shed some light on
the reaction as it progressed a +momtactRaman probe was used to monitor the

reaction overnightRigure3.13).
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Figure3.13. Results of overnight Raman probe monitoring of the reaction
The analysis in conjunction with Principal Component AnalyPCA) analysis of
the peaks over time was run by Dr Heidi Fitkwas proposed that this technique
could identify a zinc intermediate as metalygen bonds give strong peaks in the
150450 cm' region{188) unfortunately this was not seefhe three peaks found
significant were at 990, 1060010, and 1300 cth These peaks can correspond to
aliphatic C-C bonds and €-C bonds, but unfortunately nothing more

comprehensive could be gleaned from the results.
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Figure3.14. Image of the flow cell NMR saip (left) with a closaup of the reactior

vessel and its attachments (right)

The presence of an intermediate was confirmed using EHeivNMR set up at
AstraZeneca Macclesfield where the steipe reaction was monitored after adufiti

of the methyl phenylbromoacetate overnight. The NMR monitoring and data analysis

was performed by M. NunrF{gure3.15).
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Figure3.15 Plot of'H NMR signal (ppm) vs. time (minsf the Blaise reaction using met|
phenylbromoacetate

As time goes on an unidentified peak emerges at approximately 3.51 ppm and

remains throughout thiéme period. Its appearance coincides with a second peak at

1.73 ppm suggesting that the two are from the same molecule. Known signals of the

starting material&), ketoesterB), and enol esterQ) products were identified and

their intensity over time waplotted relative to the electrolyte TBATBF (3.21 ppm).

Two other significant peaks were identified and their intensities plotted, one at 3.51

ppm and 3.65 ppni{gure3.16).
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Figure3.16. Graphical depiction of peak area intensisytime from the overnight flow

NMR Blaisereaction.Yellow i A, Greeni B, Cyani C, Purplei UnknownD, Bluei

Within the first hour (t = 4000 s) the starting material drops in concentration to

UnknownE, Red- Electrolyte.

approximately 45%, between t = 1 h and t = 2 h there appears to be a plateau of all

signals, then the starting mage drops to 4% and remains there for the duration of

the experiment. The ketoester (green) product signal appears and remains at

approximately 32% after 7.5 h; the enol ester product (cyan) peaks at 3 h at 22% but

decreases as time goes on to 19%. Tagehse appears to correspond to an increase

in ketoester yield so this change is likely to be due to tautomerization. There are two

significant peaks which were not identified (blue and purple) but also follow the

trend of increase in signal intensity lintt= 1 h and a plateau until hour 2. The

purpl e

signal

drops

t

o

0 %

after

2
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product peak increases immediately after its disappearance by approximately the
same intensity. However, the blue peak, a$ whe enol ester product, peaks at 3 h

then slowly depreciates over time.

As the peak at 3.51 and 1.73 ppm is very prevalent both in the flow cell NMR and

previous results it was deemed important to identify this unknown species.
3.6 Amine Side Product Idenii¢ation

Using the data collected when analysing the reaction itself, it became clear that there
are unexpected side products which had not been taken into account. Looking back
over all previous NMR analysis done of this reaction and the behaviour of the
substrates in the literature there were two possibilities which aligned with the
unknown peaks seen in the spectra: acac/astyée coordination with zinc, or

enamine/iminoester tautomer intermedidig(re3.17).

NH O NH, O
“ /Zn Zn
e - AN RN
O @) HN (@] @) 0]
— A A
Ph Ph
Iminoester Enamine ester Co-ordination

Figure3.17. Possible Sid€roducts from the Blaise Reaction

The enamine product had been reported prelyoby Zylber(48) however, it was
explained that only by using potassium carbonate solution as a quench angpwork
could it be isolated. TLC of the crude mixture did show amomk species close to

the product spot which indicates the species is very similar in polarity to the
ketoester. Using column chromatography the aminoester was isolated and identified
usingH NMR, and twodifferent crystal structures were obtain@gigure 3.18 and

Figure 3.19). The presence of this amine intermediateows that the quenching
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system used (sat. NBlag) was not sufficient in hydrolysing the imine

intermediate. Including this known peak in the product tables increases mass balance

significanty.
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Figure3.18 Crystal structure of one of the crystal morphologies of the amiyprdguct (see

section4.2.4.1,RH_10052]}.
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Figure3.19 Crystal structure of the second found crystal morphologies of the amine by
product (see sectich2.4.2, RH_170821).
However, it was still suspected that a zinc complex was formed as zinc oxide crystals
were found to form owetime post workup; while investigating the unknown
intermediate a second {pyoduct was identified by LCMS. Analysis of the species
gave a peak at 483.2; this matches the molecular weight of the ketoester dimer

(Figure3.20).
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