University of
@Southamptcn

University of Southampton Research Repository

Copyright © and Moral Rights for this thesis and, where applicable, any accompanying data are
retained by the author and/or other copyright owners. A copy can be downloaded for personal
non-commercial research or study, without prior permission or charge. This thesis and the
accompanying data cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the copyright holder/s. The content of the thesis and accompanying
research data (where applicable) must not be changed in any way or sold commercially in any

format or medium without the formal permission of the copyright holder/s.

When referring to this thesis and any accompanying data, full bibliographic details must be given,

e.g.

Thesis: Author (Year of Submission) "Full thesis title", University of Southampton, name of the

University Faculty or School or Department, PhD Thesis, pagination.

Data: Author (Year) Title. URI [dataset]






University of Southampton

Faculty of Engineering and Physical Sciences

Chemistry

Electrochemical oxidation and reduction of hydroxyalkenes

DOI

by

Domenico Romano

Thesis for the degree of Doctor of Phylosophy

April 2022


https://www.southampton.ac.uk/




University of Southampton

Abstract

Faculty of Engineering and Physical Sciences
Chemistry

Doctor of Phylosophy

Electrochemical oxidation and reduction of hydroxyalkenes
by

Domenico Romano

Electrochemistry is the chemistry that studies all those processes that involve the transfer of
electrons and organic electro-synthesis is that branch that exploits electricity for the synthesis of
valuable chemical compounds. It is considered an environmentally friendly approach but it has
never been largely used in synthetic organic laboratories because of lack of standardised
equipment and protocols. For this reason, nowadays the use of flow equipment and flow
electrolysis cells is gaining a lot of interest and is helping the development of new electro-
synthetic processes.

Heterocycles are one of the most important and useful groups of organic compounds; they
are found in bio-active natural compounds, agrochemical and pharmaceutical compounds.
Because of that, their preparation in an efficient and economical way has been the main
target in industry. Because the common approaches usually require expensive or toxic
reagents, severe conditions, long reaction time, new more sustainable and convenient
approaches are required. So electrochemical methods can be an interesting and environmentally
friendly way to synthetize different heterocyclic structures. Recently, there has been much
interest in the use of flow systems in organic synthesis, especially flow electrochemical
reactors. This interest is due to the ability of microflow approach to give high selectivity and
high conversion in a single pass. The main target of my first work was the synthesis of
substituted tetrahydrofurans and lactones using an Ammonite electrochemical flow reactor. The
approach targets a reagent free oxidative cyclisation of styrene-derivatives using microfluidic
electrolysis cells. Different substrates have been tested with moderate to good yields and some
mechanistic insight have been given with regard to this process.

While working on the oxidative cyclisation we discovered a side-reaction involving the reduction
of the styrene double bond to single bond. Considering the importance of such reaction in
synthetic chemistry and after a careful literature review we decided to focus our attention on
developing an electrolysis method in the Ammonite microfluidic reactor for the reduction of
styrene-double bond. Our method does not require any metal catalyst and no flammable
hydrogen gas. Once optimised the electrolysis conditions, the method has been applied to
different substrates, in particular on the synthesis of Gigantol a natural compound with medicinal
properties. While working on the substrate scope a defluorination side-reaction was observed for
substrate bearing fluorine atoms on their structure and this could be a topic to further explore in
future considering the importance of such reaction especially in medicinal chemistry.
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Chapter1 GENERAL INTRODUCTION

1.1 Basics of electrochemistry

Electrochemistry is the field of chemistry that studies the results of the combination of chemical
and electrical effects. Two main electrochemical processes can be identified: Galvanic and

Electrolytic.

In a galvanic process, a spontaneous chemical reaction is used to produce electricity. The most
common example is the reaction between an aqueous solution of zinc and one of copper, during
which solid Zn? is oxidised to Zn** while Cu® is reduced to Cu®. A galvanic cell usually consists of
two chambers connected through a salt bridge in order to close the circuit; in each chamber there
is an electrode, a cathode and anode. In this type of cell, the anode is indicated as negative
because electrons are generated there and they start to flow through the circuit to the cathode
which is positive because it is where the electrons are consumed by the reduction reaction.

Electrons flow through the circuit until equilibrium is reached (Figure 1.1).

electrons
)
S
Anode (-) Salt bridge Cathode (+)
ZnSO, (aq) ) Cus0, (aq)
Zn° Zn?t + 2e Cu?* +2e cu®

Figure 1.1: scheme of a galvanic cell.

During an electrolytic process instead, the passage of electric current is provided by an external
source (battery) in order to perform a chemical red-ox reaction that normally would not occur
spontaneously. An electrolytic cell can look like a galvanic one but it also can be undivided. In this
case, the cathode (where the reduction happens) is indicated as negative because the battery
provides the electrons that are used to reduce the compound at the cathode; at the anode
(where the oxidation happens) the species get still oxidised but it is indicated as positive because

the electrons generated are “removed” by the battery (Figure 1.2).!
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Anode Cathode Anode Cathode

Figure 1.2: Scheme of electrolytic cells (undivided and divided).

1.2 Organic electrosynthesis

1.2.1 Fundamentals of organic electrosynthesis

The principle of electrosynthesis is to replace the electrons formally transfered between
molecules in redox reactions with two separated processes: electron release at the anode and
electron consumption at the cathode. In most cases, only one of these two reactions is wanted
and it takes place at the working electrode, the other one is the counter-reaction and it happens
at the auxiliary (counter) electrode. An electrochemical reaction occurs in a cell that is part of a
broken circuit and at the ends of each break, there are the two electrodes (anode and cathode);
other components of this circuit are the substrate, the solvent and the supporting electrolyte. In
order to close the circuit and have the desired transformation, ions needs to flow between the
electrodes. The electrolysis reaction can take place in an undivided cell or a divided one if the

counter reaction can interfere with the chemistry at the working electrode (see Figure 1.2).2°

An organic electrochemical reaction that proceeds directly at an electrode is made of different
steps, chemical and physical: the mass transport of the substrate from the bulk solution to the
electrode surface via diffusion or migration; a pre-reaction such as deprotonation or dissociation
may take place to form an intermediate that is adsorbed on the electrode surface, followed by the
electron transfer (reduction or oxidation); the intermediate formed in the electron transfer step is
then desorbed and subject to the chemical step to give the final product; the last step is the
diffusion of the product from the electrode surface to the bulk solution (Figure 1.3).5¢ This is a
simplified picture, and multiple electron transfers take place in many reactions with intervening

chemical steps.
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Figure 1.3: Simplified overview of the steps involved in an electrolysis reaction.

The key step of an organic electrochemical reaction is the electron transfer between the molecule
and the electrode. It can be described using molecular orbitals as a transfer of an electron from
the highest occupied orbital (HOMO) to the anode in case of an oxidation and as transfer of an

electron from the cathode to the lowest unoccupied orbital (LUMO) for a reduction (Figure 1.4).57

Oxidation Reduction
LUMO LUMO LUMO LUMO e
HOMO s HOMO b HOMO et HOMO =t
* i» # T L +e - T :
Figure 1. 4: MO’s involved in electrochemical oxidation and reduction.
1.2.1.1 Electrodes and their role

The electrodes are crucial components in an electrochemical cell, and the choice of the right
material is fundamental.® The selection of the right electrode is often based on prior experience
rather than a theoretical basis, but careful attention is needed because the success and the
selectivity of the electrolysis are highly dependent on it.® The oxidation of acetic acid,>*? and the

reduction of acrylonitrile®31°

are examples where the same starting material can be converted to
different products by simply changing the working electrode; the selectivity is affected by the
ability of the electrode material to adsorb the reactant, the product, the intermediates or even
the species not directly involved in the transformation (solvent, additives); also the selectivity
depends on the ability of the electrode to drive the main reaction at high rate and low

overpotential, inhibiting possible side-reactions.? (Scheme 1.1).
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Scheme 1.1: Examples of the effect of electrode material in: (a) the oxidation of acetic acid, and (b)

reduction of acrylonitrile.

The yield and the selectivity for the desired reaction are not the only parameter to consider when
choosing appropriate electrode materials. The overpotential for undesired reaction is another
one. In general, the overpotential is the additional potential to the equilibrium potential that
needs to be applied at both electrodes in order to make the current flow through the circuit and
to form the product.® Unwanted reactions may be avoided by using a specific electrode material
with an overpotential that is high enough. In cases where reactions at the counter-electrode, such
as anodic oxygen evolution and cathodic hydrogen evolution, are desirable it is preferable to
choose a material with a low overpotential.!®*® Moreover, when choosing suitable electrode
materials, electronic conductivity, chemical and physical stability (stability at various
temperatures, pressures, solvents, resistance to corrosion and to degradation) need to be taken
into account. In addition, other parameters like cost, toxicity and how easily it can be worked into

different shapes.>>#2

As previously stated, an electrochemical reaction is made of different steps (adsorption and
desorption, single or multi-electron transfer, preceding and/or subsequent chemical reactions)
and all of them depend on the electrode surface and its cleanliness. To that extent passivation of
the electrode surface due to formation of oxide films or polymer deposition can be a big issue
affecting the kinetics of the reaction. Passivation can be detected by cyclic voltammetry
experiments but in general, it is good practise to pre-treat the electrode surface before the use;
this can be simple mechanical polishing or exposure to a solvent or a chemical species in order to

activate the surface.>>?!

When picking the cathode material, if it is going to be the working electrode, it is desirable to
have a high overpotential for hydrogen evolution. Mercury has the highest hydrogen
overpotential and was frequently used in the past as cathode, but its application is greatly limited
nowadays due to its toxicity. An exception perhaps is application of Hg as a cathode for
electrochemical measurements. Pt has the lowest hydrogen overpotential and it usually a good
choice as cathode material for hydrogenation reactions; Ni can be an inexpensive alternative to

Pt. Carbon is inexpensive and has a high hydrogen over-potential; stainless steel despite a



relatively low hydrogen overpotential, because of its low price and corrosion resistance has many

applications.?®

When choosing the anode material, not only the oxygen overpotential has to be taken into
account, corrosion resistance is also a very important parameter to consider unless it is a
sacrificial anode. If anode disintegration provides the counter reaction, electronegative metals
such as zinc, aluminium or magnesium are commonly used as sacrificial anodes. Other anode
materials include platinum because of its tendency to generate radical intermediate selectively,
but its activity is very dependent on the conditions of the surface; carbon anodes are widely used
in electrosynthesis and are available with different microstructures (graphite, glassy carbon,
C/PVDF, diamond, nano-tubes and fibres) and at relatively low costs. Characteristic properties

include the ability to enhance further oxidation forming useful cationic intermediates.>>%

When working under controlled potential conditions, a third electrode is needed to perform the
role of the reference electrode. It must have a constant efficiency, providing a stable potential.
The reaction at the reference electrode should be reversible and when choosing the right one it is
important to consider the temperature and the pressure of the cell and if the species generated
at the anode and cathode can interfere with its performance. A common reference electrode in
aqueous systems is the SHE (standard hydrogen electrode) whose potential is conventionally
defined as zero. Other common reference electrodes are the SCE (saturated calomel electrode;
Hg/Hg,Cly/sat. KCl in H,0) and the Ag/AgCl electrode (Figure 1.5).>% All reference electrodes
consist of: a body (made of plastic or glass); a top seal; a junction that separates the filling
solution from the external electrolyte and it can be a Teflon frit or a ceramic junction and the
active component inside of the electrode (metal wire or platinum flag or metal wire/sparingly

soluble salt or mercury/sparingly soluble mercury compound).?

Electrode terminal Electrode terminal
Q Copper wire 0 Silver wire
. _ Glass tube S Glass tube
[ [
— —
I
I T
- To salt bridge Eiie To salt bridge
- Saturated KCI Ag wire covered
Aqueous solution 1 with AgCI
@ Hg + Hg,Cl, <1 Saturated KCI
\ / Aqueous solution
N Ho N2 containing AgClI (s)
(a) Saturated colomel electrode (b) Ag / AgClI electrode

Figure 1.5: schemes of SCE and Ag/AgCl reference electrode®.



1.2.1.2 Solvent and supporting electrolyte

Another important component of the electrolysis cell is the electrolyte. The term “electrolyte”
refers to the reaction solution and supporting electrolyte, if used.? Different solvents can be used
in organic electrochemistry, as long as they are able to dissolve the substrate(s), and reagents and
the supporting electrolyte in order to afford conductivity. The solvent also needs to have a wide
enough potential window in order not to get reduced or oxidised at the electrodes. It is also
desirable that solvents should also have low toxicity and low viscosity; the latter is important
because viscosity can strongly affect the diffusion of the substrate from the bulk solution to the
electrode surface. Common protic solvents are water, methanol and ethanol; they are useful
especially because they can give proton reduction to hydrogen gas as a counter reaction. Nitriles
(e.g. acetonitrile) are also used in organic electrochemistry because of their stability to common
redox conditions and their high polarity and good solvating power. THF is quite commonly
employed in organic electrosynthesis because of its electrochemical stability, although its low
polarity can make it difficult to dissolve the supporting electrolyte. Halogenated solvent have
excellent solvating power, but their use is discouraged due to poor stability under some reductive

conditions and especially because of their toxicity.>?%2

The term supporting electrolyte refers to the salt dissolved in the reacting solution in order to
provide ionic species capable of migrating between the electrodes, allowing the current to pass in
the cell; it needs to be soluble in the reaction solvent and it should be stable under oxidative and
reductive conditions. The most common salts that are routinely used in electrochemistry, are a
combination of tetraalkylammonium cations with perchlorate or tetrafluoroborate counter ions.
The tetraalkylammonium ions are used because of their organic solubility and their low
electroreductive reactivity; lithium, sodium and magnesium are also used sometimes, although
care may be needed to avoid plating of metals on the cathode. Selection of appropriate anion is
also important; halide ions can be used but CI7, Br~ and I” can be oxidised. Perchlorate salts have
been widely used, although safety concerns related to explosion hazards should be considered.
Tetrafluoroborates and hexafluorophosphates are a good alternatives, but are relatively

expensive (Figure 1.6).%%%122

CoHs ®,CoHs CqHy ®,C4Hg CeHs ®,CeHs //\®
N\ N\ N\ —N ~ N\
CoHS™ CoHs C4Hg" C4Hg CeHs™ CeHs e
tetraethylammonium tetrabutylammonium tetraphenylphosphonium  1-methyl-3-ethyl-imidazolinium
o S) F ©)

O:C|:O F\B/F CeHs\ /C6H5 F\F"/F CeF5\B/C5F5

o0 F"°F CgHs~ “CgHs F/":\F CeFs~ "CeFs
Perchlorate tetrafluoroborate tetraphenylborate  hexafluroborate tetrakis(pentafluoro

phenyl)borate

Figure 1.6: Examples of cations and anions used in supporting electrolytes.



1.2.2

Organic electrosynthesis as a sustainable approach

Electrochemistry is the chemistry that studies all those processes that involve the transfer of

electrons. In particular, electro-synthesis is that branch that exploits electricity for the synthesis of

valuable chemical compounds.*?3 Electrosynthesis has the potential to provide a valuable method

in organic synthesis, but its application, despite its growth in recent years, is still far from making

it a routine technique.*

The growing interest in electrosynthesis lies to a large extent in its potential to provide a

sustainable and an environmentally friendly approach to synthesis. In 1998, Paul Anastas and John

Warner described in their publication “Green Chemistry, theory and practice” a list of twelve

principles to follows in order to make a chemical process sustainable and green.?* These 12

principles are:

Prevention: it is better to prevent waste than to treat or clean up waste after it has been

created.

Atom economy: synthetic methods should be designed to maximise incorporation of all

materials used in the process into the final product.

Less hazardous chemical syntheses: wherever practicable, synthetic methods should be
designed to use and generate substances that possess little or no toxicity to human health

and the environment.

Design safer chemicals: chemical products should be designed to preserve efficacy of

function while reducing toxicity.

Safer solvents and auxiliaries: the use of auxiliary substances should be made unnecessary

wherever possible and innocuous when used.

Design for energy and efficiency: energy requirements should be recognised for their
environmental and economic impacts and should be minimised. Synthetic methods

should be conducted at ambient temperature and pressure.

Use of renewable feedstocks: a raw material or feedstock should be renewable rather

than depleting whenever technically and economically practicable.

Reduce derivatives: unnecessary derivatisation should be minimised or avoided if

possible, because such steps require additional reagents and can generate waste.

Catalysis: catalytic reagents are superior to stoichiometric reagents.



e Design for degradation: chemical products should be designed so that at the end of their
function they break down into innocuous degradation products and do not persist in the

environment.

e Real-time analysis for pollution prevention: analytical methodologies need to be further
developed to allow for real-time, in-process monitoring and control prior to the formation

of hazardous substances.

e Inherently safer chemistry for accident prevention: substances and the form of a
substance used in a chemical process should be chosen to minimise the potential for

chemical accidents, including releases, explosion and fires.

Electrosynthesis follows almost all of these principles:’ the substrate is activated by the electron
transfer so there is no need for thermal activation and the reaction rate can be controlled by
adjusting the current density or the applied potential, so electrochemical reactions are generally
conducted under mild conditions (room temperature and atmospheric pressure).>”?>?7 |Instead of
toxic and hazardous reducing and/or oxidising reagent (OsO., Pb(OAc)s, NaH, Na°, K°) electricity is
used.? Electricity is a cheaper and safer reagent, its use also reduce the amount of waste
produced’?**>?7 and can be generated from renewable resources?®. In many cases “greener”
solvents like water or methanol are used.”?>?” Another big advantage is that selectivity can be
controlled by the applied potential (controlled potential reactions) or by the choice of electrodes
[see section 1.2.1.1, scheme 1.1 ] so it is not always necessary to activate a substrate or a
particular functional group through derivatisation.>”?*It is possible to reverse the reactivity of a
particular group (umpolung), potentially shortening the synthetic sequence.*”?>% An example of
this approach will be further discuss in Chapter two: it is the electrochemical synthesis of
heterocycles based on the conversion of electron-rich olefins, that would normally serve as
nucleophiles, to radical cations that instead serve as electrophiles [Chapter 2 section 2.3]. Here

we just report the general scheme (Scheme 1.2).

X X -H*; e~
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Scheme 1.2: General mechanism for the electrochemical intramolecular oxidative cyclisation.

By simply coupling electroanalytical control methods real-time monitoring is easily achieved
reducing errors and costs;” atom economy is improved thanks to the possibility to perform direct,
indirect or paired electrolysis [see section 1.2.3.2];7%% reactive intermediates, that are in most

cases unstable and dangerous can be generated and directly used in-situ (e.g. superoxide (0;*") or



$%).726 An example is the synthesis of carbamates reported by Moracci et al*° using a

combination of CO; and O;"~ electrochemically generated as carboxylating reagent (Scheme 1.3).

Divided cell
Hg cat.; Pt anode
20, -1.0Vvs SCE 20,°"
1.09 1.10
(0]
0,*7; CO
Br(CH,),NH, 2 2 O)J\NH
\/
(CH2)n

Scheme 1.3: Moracci’s carbamate synthesis.

The electrodes can be considered the heterogeneous catalysts in an electrochemical reaction and
they can be simply removed from the reaction mixture at the end of the process, so no-extra

purification steps are needed to recover them at the end of the process.’

1.23 Methods of electrolysis

1.23.1 Controlled potential and constant current

We can distinguish two main types of reactions: controlled potential and constant current.

Usually, a reaction is run under controlled potential when selectivity is an issue so the potential is
set to a value at which only a specific functional group is reduced or oxidised, avoiding any over
reduction or over oxidation and any side reactions. A reference electrode is needed in order to
keep the potential at the working electrode constant; this make the set-up a bit more complex
because not only you have three electrodes but also a potentiostat is needed. Another drawback
is that once the substrate is almost consumed, there is drop of current with consequent long

reaction time. %57:2931

Most of the electrolysis reactions are run under constant current; the set-up is simple, they are
easier to scale-up compared to the reactions under controlled potential and the only drawback of
course is the selectivity but in most of the cases, it is not an issue. The flow of current through the
circuit is kept constant while the potential between the two electrodes varies.>>”2%3! The amount
of current needed for the transformation can be easily calculated by the Faraday’s law. It is the
law that says that the moles of a substance produced or consumed at one of the electrodes
during an electrolysis is proportional to the amount of electricity that passes through the cell. This
is the general formula: I = (m X n X F)/t where | is the current, m is the number of moles, n is
the number of electrons F is the faraday constant (96485 C/mol) and t is the time for which the

current is applied. For a flow electrolysis is almost similar and itis: I = n X F X ¢ X  where again



| is the current, F the faraday constant and n the number of electrons exchanged, c is the

concentration of the substrate and Q is the flow.3?

1.2.3.2 Direct electrolysis and indirect electrolysis

An electrolysis process can be direct or indirect (electrocatalytic).>>’ In a direct electrolysis, the
electrode on whose surface the substrate is transformed has replaced the redox reagent. In an
indirect or electrocatalytic process, a mediator that is regenerated at the electrode surface will
act as redox reagent, so instead of the heterogeneous electron transfer between the electrode
and the substrate, a homogeneous one between the activated mediator and the substrate occurs

(Scheme 1.4).

a) b)

Cathode Cathode

SUBSTRATE Medoy SUBSTRATE

PRODUCT Medgeq PRODUCT

Scheme 1.4: a) Scheme of direct electrolysis; b) Scheme of electrocatalytic electrolysis.

The mediator can be activated and regenerated in the same cell where the actual process
happens (in-cell approach) or in another cell (ex-cell approach). When choosing the mediator, its
reduced and oxidised forms have to be inert to all the processes except the electron transfer, the
electron transfer between the mediator and both the electrode and the substrate needs to be fast
otherwise larger surface area electrodes and higher temperature are needed. Another important
parameter is the mediator potential; if it is lower than the potential of the substrate you can
operate with an in-cell approach; if it is higher you need to activate the mediator separately (ex-

cell process) otherwise the substrate would get reduced or oxidised before the mediator.®

35-37 33,35,38

Common redox mediators are triarylamines,®** quinones, arylimidazoles and transition

metal ions (FeII/III’ COII/III).35,39,4O

1.2.3.3 Paired electrolysis

Usually it is only the reaction of interest, the one happening at the working electrode that is the
focus of electrochemical synthesis published in the literature. However, the counter electrode
reaction is of critical importance in electrosynthesis. Usually, it involves a sacrificial process like
electrolysis of the solvent. However, sometimes reaction at the counter-electrode can be usefully
applied for the synthesis of valuable compounds too. In this scenario, four cases can be identified:
parallel paired electrolysis, convergent paired electrolysis, divergent paired electrolysis and linear

paired electrolysis.’
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1.233.1 Parallel Paired Electrolysis

In parallel paired electrolysis two different starting materials, each react at one of the electrodes
generating different products. One example is the industrial process for the synthesis of phthalide
(1.12) and dimethylacetal 1.14 (Scheme 1.5). In an undivided cell, at the cathode, phthalic acid
dimethyl ester 1.11 is reduced to give methanol and phthalide 1.12, while simultaneously, at the

anode, tert-butyltoulene 1.13 is oxidised to the dimethyl acetal of tert-butylbenzaldehyde 1.14.%

2MeOH
cathode + anode

COyMe tBu
i :COZMe - C
1.1 113 —4e”
+4e”, +4H"*
(0] tBu
@E@O M‘*"Y@
OMe 1.14

1.12
+

2MeOH

Scheme 1.5: Electrochemical synthesis of phthalide 1.12 and dimethyl acetal 1.14 by parallel paired

electrolysis.

1.2.3.3.2 Convergent paired electrolysis

In the case of convergent paired electrolysis the substrates undergoing electron transfers at
opposing electrodes generate two intermediates that will react together to give the final product.
An example is the synthesis of cyanoacetic acid (1.15) starting from acetonitrile and CO,. The
conventional industrial synthesis of cyanoacetic acid is a dangerous and not green process that
requires chloroacetic acid and alkaline cyanide. This convergent paired electrolysis provides a
more sustainable alternative: at the anode a radical, generated from the oxidation of the
supporting electrolyte anion, abstracts a hydrogen from the acetonitrile. This new radical -:CH,CN

will then react with the reduced CO, generated at the cathode to give the desired product.*?

cathode X = F,B~, CI", Br, HSO," anode
CO, X
{e _e_
- ° . +v— H N .
0-G=0 CH,CN  H'x~ <CHaCN
P l
NCCH,COO > NCCH,COOH
1.15

Scheme 1.6: Convergent paired electrochemical synthesis of cyanoacetic acid (1.12).
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1.2.3.33 Divergent Paired Electrolysis

Two different products are produced from the same substrate in divergent paired electrolysis,
where the starting material undergoes either oxidation or reduction at opposing electrodes. An
example is the electrochemical synthesis of sorbitol and gluconic acid from glucose. This process,
used on industrial scale, allows the simultaneous oxidation and reduction of glucose in an
undivided packed-bed electrode flow reactor to afford sorbitol and gluconic acid in high yields and
high current efficiency. At the anode glucose is oxidised to gluconic acid with the

electrogenerated HOBr, while at the Ni-Raney cathode it is reduced to sorbitol. *

OH OH OH OH O
- Ho -
o - - OH anode
cathode OH OH OH OH
2H,0 Sorbitol 1.17 Gluconic Acid 1.18 22"
-2e”
20H"
OH O
2H+20H" AL Br,
OH OH
Glucose 1.16

Scheme 1.7: Divergent Paired electrochemical synthesis of sorbitol and gluconic acid.

1.2.3.34 Linear paired electrolysis

Linear paired electrolysis converts a single substrate to the desired product by exploiting two
different reactions happening at the two electrodes. One example is the electrolysis of dibutyl-N-
hydroxylamine (1.19) to N-butylidenbutylamine (1.20, Scheme 1.8). WO,*/WOs* is used as
cathodic redox mediator while Br/Br, as anodic redox mediator to oxidise N-hydroxy secondary
amines to nitrones. Hydrogen peroxide react with WO, to form WOs?™ that will then oxidise the

substrate; on the other side, the electrogenerate Br, will also oxidise the N-hydroxyl amine.*

O
cathode anode
02 Hzo N 2Br-
NGNS
_ 1.19
+2e -2e
H
H,0, WOs2 \/\/N\/\/ Br,

.20

Scheme 1.8: electrochemical synthesis of N-butylidenbutylamine.
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1.24 Classification of electrolysis reactions

Electrolysis reactions can be classified as cathodic reductions, cathodic cyclisation (ERC), anodic

oxidation and anodic cyclisation.*

1.24.1 Cathodic reductions

Cathodic reductions do not need metals or metal hydrides with consequent economical and
environmental advantages. In this regard a good example is the electrochemical reduction of
vinyl halides, applied to the synthesis of inositol, by Hudlicky and co-workers (Scheme 1.9).°
In their studies they compare the electrochemical approach with the chemical reduction using
BusSnH; they obtain similar yields with the two approach demonstrating how the
electrochemical approach can be a valid and more sustainable method. In some cases,
electrochemistry can also be used together with catalytic amounts of metals; an example is
the electrochemical NHK (Nozaki-Hiyama-Kishi) reaction using two sacrificial anodes reported
by Durandetti et al. (Scheme 1.9).% The NHK is a coupling reaction between allyl, vinyl or aryl
halides with aldehydes (highly selective for aldehydes), that requires toxic Cr" and Ni" salts.
Durandetti and co-workers in their modified approach, generate electrochemically the Cr" and
Ni" catalysts from a sacrificial stainless steel anode (Stainless steel composition:
iron/chromium/nickel=72/18/10); once this first transformation is complete, the stainless

steel is replaced by an iron rod electrode to perform the actual NHK coupling.

a) Divided cell
X Hg pool cathode H
0 Pt anode 0
>< Ag/Ag” reference ><
HO” >~ ~O -3.2V; nBuyNBF,/MeOH HO” >~ O
OH OH
X= C|, BI’, orl 1.21
b)
0 X Fe/Cr/Ni anode OH
| Ni sponge cathode FG
Al ~ | N bipy. DMF, nBu,BF, - Al
= P% 0.15-0.25 A constant current
FG
A=H, CF3, CO,Me X=Br, Cl 50%—-80%

FG= OMe, COzMe, CF3

Scheme 1.9: a) Cathodic reduction of vinyl halides reported by Hudlicky and co-workers*; b)

Electrochemical NHK coupling reaction reported by Durandetti and co-workers.*®

1.2.4.2 Cathodic cyclisation

The definition electroreductive cyclisations (ERC), refers to all those reactions where an

electron-deficient alkene undergoes an electrochemical reductive cyclisation.” The
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advantages of the electrochemical approach are the mild conditions and the selectivity that
can be achieved,* the fact that the polarity of a functional group can be reversed triggering
umpolung reactions.*® An example of this approach is the electroreductive cyclisation of a,B-

unsaturated esters described by Little and co-workers.*

a,B-Unsaturated esters undergo
umpolung electrochemical reduction generating a nucleophilic B-carbon that then cyclise on

the ketone or aldehyde at the other side of the chain in good yields (70-79%).

Divided cell

/O Hg pool cathode C;)H
CO,CHj Ptanode CO,CHj
— SCE ref. electrode
Et4NOTs; -2.1Vto 2.2V
1.22 1.23 (72%)

Q Divided cell OH
Hg pool cathode o
X _CO,CHj Pt anode
SCE ref. electrode CO,CH;4
1.24 Et4NOTs; -2.1Vto 2.2V

1.25 (76%)

Scheme 1.10: Intramolecular electrochemically initiated cyclisation of a,B-unsaturated esters.

1.243 Anodic oxidation

14

Anodic electrochemistry is a powerful tool in the synthesis of organic molecules; this
approach allows selective oxidation of functional groups and can reverse the polarity of
nucleophiles.® Anodic oxidations are the largest class of organic electrosynthetic procedures,

and are often carried out as constant current experiments in an undivided cells.

The Kolbe electrolysis®®>!

is the best known anodic oxidation and in general one of the most
studied and reviewed electrolysis reactions.>*? It is an electrochemical decarboxylation of
carboxylic acids that leads to the formation of a carbon-centred radical®*. In the first example
reported by Kolbe in 1849, the radical dimerises forming a new C—C bond (Scheme
1.11a);°*>3but over the years the Kolbe decarboxylative coupling has been used between
different carboxylic acids, decarboxylative intramolecular cyclisations and addition to
alkenes.*>3 An example of cross-coupling is the one from Haufe and co-workers,** shown in
scheme 1.11b, where they applied the Kolbe electrolysis in the synthesis of bioactive lactones;
in particular in scheme 1.11b is shown the coupling between intermediate lactono acid 1.26
and butanoic acid. An example of addition of the carbon-centred radical to an alkene is the

work by Schifer et al. where they exploited the Kolbe electrolysis to start a tandem

intramolecular cyclisation.® In the particular example shown in scheme 1.11c acid 1.28 is



reacted in an undivided cell equipped with a stainless steel cathode and a platinum anode,

with acetic acid; different result where obtained based on the current density.

a)

0 0
2 R\)kOH i,zR\)ko. 20, ot | o~UR
oM

Undivided cell
b) Pt electrodes
50 V; 0.1 Alem?

o
MeOH,; r.t. o
0o OH T __coH o
OAc

OAc
1.26 1.27
) Q 0
iéf \
1.31 1.30
*CHj3
.CH3
o Undivided cell o 0
S.S. cathode . =
= Pt anode > =
CH3CO,H
1.2 F/mol; 40°-45°C
CO,H
1.28
(e} O o
C.D.= 25 mA/cm?; 1.29=42%; 1.30=15%; 1.31=8% H H
C.D.= 100 mA/cm?; 1.29=33%; 1.30=24%; 1.31=17% *CH,
C.D.= 200 mA/cm?; 1.29=25%; 1.30=24%; 1.31=20% -~
1.29

Scheme 1.11: a) General scheme of Kolbe electrolysis; b) Haufe’s Kolbe cross-coupling; c) Schafer’s Kolbe

tandem intramolecular cyclisation.

Another well-known example of anodic oxidation is the Shono oxidation, the electrochemical
oxidation of amides to generate N-acyliminium ions.”® It consists in the electrochemical
oxidation of amides to N-acyliminium ions followed by nucleophilic attach.®>* This
methodology has been extensively reviewed and studied over the years®® and applied to the
synthesis of complex molecules and natural products. An example, to that extent, is Moeller’
synthesis of natural compounds (—)-A58365A (1.34) and (+)-A58365B by anodic amide
oxidation (Scheme 1.12b).
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Scheme 1.12: a) General scheme of Shono electrochemical oxidation; b) Moeller’s electrochemical

synthesis of natural compounds (—)-A58365A and (+)-A58365B by anodic amide oxidation.

1.244 Anodic cyclisation

This methodology is based on the electrochemical formation of a radical cation followed by
intramolecular attack of a nucleophile and can be applied to the synthesis of complex
molecules.* Popular functional groups involved in EOCs are enol ethers, ketene dithioacetals
and common nucleophiles are oxygen and nitrogen based.’®®® The anodic oxidation of
electron-rich olefins followed by intramolecular nucleophilic attack is an example to this
regard and it will be further discussed in Chapter 2. Also a general scheme of this type of

reaction has been shown before in section 1.2.2, scheme 1.2.

1.25 Cyclic voltammetry

A number of useful electroanalytical techniques are available to help understand physical and
chemical processes taking place in electrochemical reactions.®¢? Cyclic voltammetry is a common
technique in organic electrochemistry used to investigate the red-ox processes of a substrate.®
From a cyclic voltammetry experiment the red-ox potential can be determined. It is also possible
to establish: whether a process is reversible or irreversible,* the presence of intermediates or
side-products and hence the stability of the product, standard rate constants for electron
transfer, electrode kinetics,®* whether eventual electrode passivation occurs.® A cyclic
voltammogram gives also information about the diffusive or the adsorptive nature of the
electrode process, its kinetic and thermodynamic parameters. The resulting peak signal provides a
fingerprint of the reduction and oxidation processes; the position and the shape give information

about the nature of the electrochemical process.®*

In a cyclic voltammogram current is normally plotted over potential (Figure 1.7). The potential
sweep usually follows a triangular-like waveform that starts and ends at the same point. If a
process is reversible, there will be a second peak beneath the oxidation one when the voltage is

swept towards a positive value and then back again.*®
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Reversible ‘ Irreversible

Figure 1.7: cyclic voltammetric waveshapes for a reversible and non-reversible processes.5

The characteristic shape of a voltammogram allows to understand the kinetic behind an
electrolysis. If we consider a generic one electron reduction, at the start of the scan no current is
flowing because the potential is not negative enough to reduce the species. Once the scan starts
and the potential gets more negative, current starts to increase (rising section of the forward
swept). At this point the reaction is under kinetic control, the rate of the electron transfer
between the substrate and the electrode surface is limited by the rate of the chemical
transformation. When the concentration of the starting substrate is almost zero, the current
reaches is maximum; after that current starts to decrease and the reaction is under diffusional
control: the rate of the electron transfer is now limited by the rate of the diffusion of fresh

starting material from the bulk solution to the electrode surface (Figure 1.8).%*

Forward

Sweep 4

< Reverse
Sweep

10x10° 4 ROVO’SC
Sweep

Figure 1.8: Reversible cyclic voltammogram.5!

Important parameters are the peak potentials (Ep. for cathodic reduction; E,q for anodic oxidation)
and corresponding currents (ipc and/or ixq). The half-wave potential (E%) for a reversible process is
the potential in the middle of the E,c and E,,, Which is specific for an electrochemical reaction.®
When planning a CV experiment the first thing to consider is whether run it in a divided or
undivided cell. To make this choice it is important to know if the products at the counter-
electrode can interfere with the experiment. To perform a CV experiment, a cell, a potentiostat

and three electrodes (working, counter and the reference electrodes) are required. Common
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working electrodes used in CV are platinum, gold or carbon; the ideal electrode should always
behave the same way, but during the experiments its surface can become contaminated, due to
formation of oxides for example, so before running the experiments it is good practise to clean
the electrode surface by mechanical polishing or exposure to solvent or other chemical species.’
The counter electrode is normally a platinum, due to its high stability, and typically has a much
bigger surface compared to the working one so the counter reaction is fast enough and will not
limit the reaction at the working electrode. The most used reference electrodes are the saturated

calomel (SCE) and the Ag/AgCl, due to their stability and reproducibility.®

Current

Epe

Potential

Figure 1.9: Cyclic voltammogram for a reversible process.®
1.3 General aspects of flow chemistry

The term “flow chemistry” refers to all those chemical processes that are performed in a tube or a
pipe in a continuous stream.®® In recent years the flow chemistry approach has gained a lot of
interest in the field of organic synthesis in research laboratories but also in industrial

processes®”8

Flow chemistry has various applications and has several advantages compared to batch chemistry
as it can allow better control, efficiency, reproducibility and increased safety. Using a flow
apparatus, facilitates accurate control of the reaction time and temperature, avoiding the risk of
uncontrolled exothermic reactions with consequent degradation or formation of side-products.
This is due to the high surface area to volume ratio present in many flow reactors, giving excellent
heat transfer. The higher surface area to volume ratio, also increase the mass transfer compared
to a batch system. Another big advantage is a better mixing especially for multiphasic systems; a
flow approach, thanks to the small volumes involved, allows better mixing, which can reduce or
even eliminate concentration gradients that may be an issue in batch processes. Using a flow
system is also more advantageous when it comes to scale-up: in batch, scale-up, especially for

multiphasic reactions, involves several problems like the size of the reactor, its shape, achieving
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efficient stirring and mixing and controlling the temperature. With a flow system, as stated
before, control of temperature and mixing can be greatly improved. What can be considered a
drawback of flow chemistry is the initial investigation, which is less familiar to chemists used to
working in round-bottom flasks. The design of the experiment requires additional considerations
of parameters such as flow rate, concentration and residence times in the reactor. The substrates
should ideally be soluble and not precipitate during the process, and the design of the reactor,
and its size need to be considered. The initial optimisation work can be made easier and faster by
the use of in-line analytic methods (IR, NMR, UV, GC) to check the outlet solution, although some
of these technologies are quite expensive and can make the set-up of the all system more
difficult.?®¢7.%° A general flow set-up comprises of pumps to flow the reagents/reactants, which
are mixed before entering the reactor where the chemical process takes place (Figure 1.10). The
reaction mixture can then be quenched in-line and collected or sent to the analysis system. The
reactor is the key part of the flow set up and can take many forms, such as chip, coil and packed
bed. The nature of the reaction determines the type of reactor and its material, for example chip
reactors because of their high surface to volume ratio, offer the best heat transfer. Coil reactors
are generally cheaper than the chip ones, they can be made of different materials; fluoropolymers
reactors have good transmission properties, so they are often used for photoreactions while
stainless steel coil reactors are good for high temperature and high pressure applications. Packed
bed reactors are instead used when a heterogeneous catalyst or reagents are required is a

continuous chemical transformation.®®

MIXING -~ REACTOR

\

. QUENCHING |  PRESSURE COLLECTION OR
Reagent A —Q_‘i REGULATOR | CONNECTION
(ANALYSIS,
PURIFICATION)
> {>=< -

Chip  Packedbed  Coil's,

| W

Figure 1.10: Generalised diagram of a flow chemistry set-up.

Reagent B —Q—_
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1.4 Microfluidic electrosynthesis

The use of electricity in organic synthesis is an approach that has been known since mid-1800s,
but only in the recent past has organic electrosynthesis started to gain increasing interest.”
Electrosynthesis may be considered to be a green, environmentally friendly approach where toxic
and dangerous oxidising and reducing agent are avoided in favour of relatively cheaper electricity.
An ideal scenario would be one where the electricity used would be generated from renewable
sources like the sun or the wind, and no reagent waste would be produced and high atomic
efficiency would be achieved. A further advantage of the electrochemical approach is that
unstable and/or hazardous intermediates can be generated and consumed in situ; reactions are

often run under mild conditions (e.g. atmospheric temperature and pressure).570-73

Organic chemists have shown a reluctance to apply electrosynthesis, and it has never been
considered as a routine technique in synthetic organic laboratories, although this situation is
changing as more researchers try electrochemical methods.”* Historically, some of the barriers to
take-up of electrosynthesis could include issues such as a lack of standardised equipment and
reliable protocols. Also, many of the methods described in literature were potentiostatic and their
scale-up and reproducibility was problematic due to the use of three electrodes and the long
reaction time, and the cost and additional complication of working with a potentiostat. »>7:293!
Equipment commonly used in electrosynthesis is based on batch cells, that can be broadly
grouped under beaker and H-cells (Figure 1.11), although a wide array of cell designs have been
described.” Beaker cells are most widely used because they can be made of components that are
more readily available to the synthetic chemist. However, they do have several drawbacks such as
lack of reproducibility; slow rate of conversion, which can also lead to degradation and formation
of side-products with consequent low selectivity; heat transfer issues and mixing problems are
especially for heterogeneous transformations at an electrode surface. Beaker electrolysis cells are
difficult to scale-up and bigger batch cells can suffer from lower surface to volume ratios and poor
mass transport. As the distance between the two electrodes is frequently quite large, greater

amounts of supporting electrolyte is needed, making the process less cost efficient.”®727476-78
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Cathode
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Figure 1.11: Diagrams of a beaker cell and of a H-cell.

For the reasons mentioned above, nowadays the use of flow equipment in electrosynthesis is
gaining a lot of interest.”* Flow electrolysis cells may appear to be more complex, and require
additional consideration in the set-up to plan the design and the conditions of the experiment,
but they offer significant advantages compared to batch cells. Flow cells can allow high selectivity
and high conversion that can be achieved just by controlling the potential between the two
electrodes. Due to efficient mass transport and high electrode area to reactor volume, the
residence time in the reactor can be very short, often less than 1 minute, so competing chemical
side-reactions or degradation can be reduced. Owing to the small interelectrode gap present in
some microreactors, no additional supporting electrolyte is needed or the amount can be reduced
considerably compared to batch cells. Consequently, purification and isolation of the product is
easier. Superior control of temperature is possible due to the small reactor volumes involved and
the higher surface area, enabling better heat transfer. The arrangement of the electrodes in a
plane parallel fashion maintains a constant inter-electrode gap, and potential gradients are easier
to control. The points across the surface of the working electrode are equivalent so potential
gradients are minimised when low conversion occurs during each reactor pass. However, it should
be noted that electrode potential is a function of conversion along the channel, so single pass and

multiple pass approaches will differ in this respect.®7%76.7°

In many anodic electrosynthesis hydrogen evolution is used as a counter reaction with formation
of a gas, which can be a disadvantage in a flow reactor.?’ In some situations, however, formation
of gas bubbles in the reactor channel enhance the mass transfer and the mixing of the reaction.”®
Flow systems are also amenable towards implementation of analytical technology in-line in order
to follow the course of the reaction or to analyse the outlet solution, and recent applications have
been reported.®! Flow systems also offer easy linking of reaction steps, which can be combined
together in a continuous process. This can be particularly useful when unstable or very reactive or

hazardous intermediate are generated, and consumed in a subsequent step.®
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Laboratory flow cells are generally based on parallel plate arrangements and electrolysis can be

carried out with high conversion by recycling the reactant through the cell multiple times, or in a

single pass using microfluidic cells (Figure 1.12).7#

1
- ol | i |

—t -
% Solut|o.n
= resevolr
=
(3]
(@)

T
T .

1
Inlet

Outlet o
solution solution

Anode

Figure 1.12: Representation of single pass and multiple pass (recycling) approaches to flow electrolysis.

A drawback of recycling approach is that the rate of the reaction drops very substantially as the
reactant is consumed and its concentration decreases, requiring a reduction in the cell current
towards the end of the process to avoid side reactions.”® Cells used in recycling or single pass
mode can be divided or undivided. Separators used in batch cells, such as ion bridges and glass
frits, are not easily applied in flow cells, particularly those that have microfluidic dimensions.
Divided reactors require a suitable separator (glass frit or iono-selective membrane) to be put
between the two electrodes in order to separate their chemistry, and this is important when the
counter reaction can interfere with the reaction at the working electrode. Using a divided cell
system makes the set-up more complex and the separation is not total, some mixing will always
happen. For this reason divided flow cells are often avoided by synthetic chemists, and undivided
cells are more common. This requires careful consideration of the compatibility of the chemistries
at the two electrodes that are in the same electrolyte solution. The formation of hydrogen gas as
counter reaction is often convenient for anodic transformations in protic solvents such as MeOH.
Alternative strategies such as synthetising the same product at both electrodes have been
applied, but are limited in scope, as is the use both cathodic and anodic reactions in a chemical
sequence that will lead to the final product [see discussion of “paired electrosynthesis above]. In
the case of reductions, use a sacrificial anode (Mg, Al, Zn) is frequently used as a counter reaction,

but formation of inorganic salts can complicate flow processes and cause blockages.®7%7476.77
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14.1 Electrochemical microflow reactors and their applications

Over the years, different microfluidic electrolysis cells have been developed, and some illustrative

studies are presented below.

In 2005,7482 Yoshida and co-workers reported a two compartment electrochemical microfluidic
cell made of diflone and stainless steel (Figure 1.13). The two chambers were divided by a PTFE

(polytetrafluoroethylene) diaphragm, with a carbon felt anode and Pt wire coil cathode.

|82

Figure 1.13: Yoshida’s microfluidic cel

Despite the low volumetric flow rate, this cell has been used to perform several interesting
reactions, and can be considered to be one of the pioneering approaches in microfluidic
electrosynthesis. Its big advantage is the possibility to perform electrolysis at low temperature.’
One of the interests of Yoshida and co-workers was an approach they termed “cation flow”. A
typical example is the oxidation of carbamates 1.35 to form N-acyliminium cations 1.36, which are

trapped post-reactor with different nucleophiles (scheme 1.13).22

OAc o)
L 1.37
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1.35 C felt Anode N* o T ~N
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Scheme 1.13: Yoshida’s electrochemical generation of N-acyliminium ions and application in “cation flow”

syntheses.®?
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In 2015, Chapman et al. reported an electrochemical flow cell for the selective generation of Cu-

N-heterocyclic carbene complexes (Scheme 1.14).7483

)
X~ Cu(s) electrodes ?( \]/N‘R
N MeCN, rt Cu cu*
N—R' R~ )\ _R or
I/ N7 N R R'
\__J N7 N
1) XfC'? Eapp= 1.94 V; L= 10 mA; X=PFg; Eapp= 2.54 V; |= 20.1 mA;
R=R'=mesityl; 1.40 (94%) R=R'=Mesityl; 1.42 (93%)

2) X=Br; Eapp= 2.20 V; 1I=19.3mA;
R=picolyl; R'=Allyl; 1.41 (91%)

Scheme 1.14: Electrochemical generation of Cu-N-heterocyclic carbene complexes reported by Chapman et

al.®

The cell is a monopolar stack cell made of a series of copper electrodes arranged one on top of
the other and separated by PTFE gaskets to create a snaking channel. Both the electrodes
participate in the chemistry: at the cathode the carbene is generated, while the sacrificial anode

erodes to generate Cu(l) that combines with the carbene (Figure 1.14).

Anode

Figure 1.14: Chapman’s microfluidic cell.®

The first commercially available extended length channel cell is the Syrris microflow cell and was
reported in 2012, and was developed as part of an EPSRC-funded project involving Syrris, Pfizer
Pletcher, Brown and co-workers (Figure 1.15).748%% |t is made of two rectangular plate
electrodes, a carbon PVDF anode (polyvinylidene fluoride) and a stainless steel cathode. The
prototype design has a PFKM (perfluoroelastomer) spacer with a snaking microchannel; the
stainless steel electrode has a recess, to locate the spacer and two holes for the inlet and the

outlet. The commercially available version has a modified sealing arrangement, with a Teflon
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spacer to create the channel and an outer O-ring to improve sealing. A range of electrode

materials are available, and the cell is part of the Asia Flux flow electrochemical system.”

Top (Working)
Elecrode

Figure 1.15: Prototype Syrris microfluidic cell showing: a) internal view of the cell; b) cell after the inclusion
of the plate electrode; c) arrangement of the grooved electrode, the gasket and the plate
electrode.

This cell has been used for many reactions incuding the methoxylation of N-formylpyrrolidine 88>

TEMPO mediated oxidation of alcohols to aldehydes and ketones,®” the Kolbe reaction for the

formation of dimethyladipate’® and the a-methoxylation of N-protected cyclic amines (Scheme

1.15).88
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KOH (10 mol%); meOH
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Scheme 1.15: Examples of electrosyntheses performed in the Syrris prototype cell. a) Methoxylation of N-
formylpyrrolidine; b) TEMPO mediated oxidation of alcohols; c) Synthesis of dimethyladipate via Kolbe

decarboxylation; d) Ley’s electrochemical a-methoxylation of N-protected cyclic amines.
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More recently a new electrolysis flow cell has been developed, the Ammonite reactor (Figure

1.16).74#°

Carbon Polymer FFKM
Electrode Spacer
(a) (b)

Figure 1.16: Ammonite microfluidic cell.

The Ammonite electrolysis cell has a particular compact design that allows the solution to flow
through a spiral channel formed by a polymer spacer between the two disk electrodes. The
Ammonite reactors have been applied to a number of electrochemical reactions, and on different
scales.”> Examples include the methoxylation of N-formylpyrrolidine”” and the cleavage of 4-
methoxy groups from PMB ethers for alcohol deprotection.®® [Its application and set-up will be
further discussed in the following chapters, in particular in the experimental section of this

thesis].
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Scheme 1.16: a) Methoxylation of N-formylpyrrolidine; b) PMB deprotection.

Another commercially available electrolysis cell is the lon electrochemical reactor by Vapourtec
(Figure 1.17).7>7>% |t consists of two electrode holders where the electrodes are held in position;

the flat plates electrodes can be of different materials (platinum, glassy carbon, boron-doped
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diamond, nickel, graphite); the electrodes are separated by a gasket and all the system is held
together by a single-hand-screw system. This reactor can also operate on broad range of

temperature (—10 to 100°C).”

Figure 1.17: lon electrochemical reactor by Vapourtec; a) reactor housing with cell inside; b) electrical

connections; c) and e) electrodes on holders; d) spacer.”®

Examples of reactions run in this cell are methoxylation of N-formyl pyrrolidine’” and the
generation of hypervalent iodine to perform a series of different oxidative transformations
(Scheme 1.17), such as oxidation of dihydroquinone, 7>7> and difluoro- and trifluoromethylative

coupling of electron-deficient alkenes.??
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Scheme 1.17: top) electrochemical generation of hypervalent iodine for oxidative transformations; bottom)

electrochemical difluoro- and trifluoromethylation of electron-deficient alkenes.

In 2017, Waldvoegel et al. designed a modular parallel-plate flow electrolysis cell for organic
electrosynthesis (Figure 1.18).7%7> This cell consist of two Teflon pieces with connection for tubing and a
space for the electrode; a gasket around the electrical connectors avoid that the connector and the
electrolyte get in contact. The electrodes are insert in the Teflon pieces by thermal expansion of the
polymer that is then cooled down contracting and holding the electrode in position. Its design allows to

work both in divided and undivided mode.
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b) Electrolyte inlet and outlet
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Figure 1.18: a) cross-section of the Teflon piece with connections; b) complete half-cell containing the
Teflon piece, the electrode and the stainless steel plate; c) half-cell with gasket on top; d) drawing of

complete divided cell.”

Examples of organic electrosynthesis using this modular flow cell, are the domino-oxidation-

reduction of aldoximes to nitriles®® and the selective anodic dehydrogenative cross coupling of

phenols.?
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a) cl Graphite anode cl
i A~ OH B0 mA: 142 uLimin N
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Scheme 1.18: a) electrochemical domino-oxidation-reduction of aldoximes; b) electrochemical

dehydrogenative cross coupling of phenols.
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1.5 Summary

The aim of this chapter was to give a just a general overview of the basic aspects of
electrochemistry with a particular focus on organic electrosynthesis, its principles, and the value
of its application in organic synthesis in order to prepare the reader for a better understanding of
the following chapters. In the second part the focus was on flow chemistry and the application of
flow reactors to organic electrosynthesis. Some examples of different flow electrolysis cells and

their applications have been reviewed.
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Chapter 2 OXIDATIVE CYCLISATION

2.1 Importance of oxygen heterocycles

Heterocycles are ring structures containing not just carbon atoms but also oxygen, nitrogen or
sulfur. They are the building blocks of a diverse range of natural compounds like alkaloids,
carbohydrates, nucleic acids and amino acids. The fundamental process that underpins drug
discovery and leads to the development of a valid candidate for therapeutic treatment is
essentially attempting to imitate a natural compound; for this reason, heterocycles are an
important building block in the majority of commercially available drugs (Figure 2.1). However,
heterocycles are also important building blocks because of their properties; introducing
heteroatoms into a ring can affect the polarity, solubility and lipophilicity of the final compound,

influencing its pharmacokinetic, pharmacological, toxicological and physicochemical properties.®
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antidepressant analgesic

Figure 2. 1: Examples of drugs containing heterocyclic systems.

In particular, saturated heterocycles increase water solubility and create useful three-dimensional
molecular shapes that are often attractive in potential drug candidates; moreover avoiding
aromatic heterocycles can remove potential problems of toxic metabolites derived from arene
oxidation.®® One category of saturated heterocycles are saturated 5-member oxygen heterocycles
such as tetrahydrofurans and y-butyrolactones. They are structural units present in many
naturally occurring compounds with numerous examples displaying interesting bioactivities.
Examples include Amprenavir, a protease inhibitor used to treat HIV infection, oxycodone, an
opioid derivative used to treat pain, Eribulin, a marine macrolide used for the treatment of breast
cancer and tetrahydrofuran 2.06, a polymerase inhibitor of the nucleoside respiratory syncytial

virus (RSV), that just entered phase Il clinical trials (Figure 2.2),9>96/105-107,97-104

30



ocopri NN
R
Cl e

7N,
N (6}
Ph s & 0
Pr'oCcO
2.05 2.06
Amprenavir RSV polymerase inhibitor

HIV-1 protease inhibitor

_0O
(0]
N
H OH
(0]
2.07 2.08
Eribulin Oxycotin (oxycodone)
Marine macrolide with biological activity analgesic

Figure 2. 2: Examples of bioactive compounds containing oxygen heterocycles.

2.2 Synthesis of THFs and y-lactones

A wide variety of approaches have been described to synthesise THFs10010L108-113 gng y-

lactones, 108109114 from acyclic precursors involving C—C and C—O bond formations to create the

5-membered ring.

In terms of C—C bond formation the ene-type cyclisation with the use of a metal catalyst (Pd, Rh,

Ru, Ti) is a well-known approach (Scheme 2.1).1%

For example in 2012, Evans and co-workers reported a highly diastereoselective Rhodium-
catalysed ene-cycloisomerisation of carbon and heteroatom-tethered alkenylidenecyclopropanes
(ACPs) for the synthesis of 5-member rings containing two stereo-centres (Scheme 2.1a). The
diastereoselectivity and efficiency of this reaction are independent of the nature of the starting
material, the alkene geometry and substitution. Based on their proposed mechanism is the
carbometalation the stereoselective step; as shown in Scheme 2.1, the reaction starts with the
oxidative addition of the Rh catalyst, the intermediate 2.09a rearrange to 2.09b; at this point a
stereoselective carbometalation leads to the formation of intermediate 2.09¢ that undergoes B-

hydride elimination to give 20.9d; the final product is then afforded by reductive elimination.

31



[Rh(COD)CI], (4 mol%)
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n
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Scheme 2.1: Evans’s diastereoselective Rhodium-catalysed ene-cycloisomerisation.

More recently, in 2018, Giri et al. described a cyclisation/cross-coupling reaction of olefin-
tethered alkyl halydes with arylzinc compounds catalysed by Ni-complex for the synthesis of
heterocyclic scaffolds (Scheme 2.2). This approach proved to tolerate different functional groups
(CN, COMe, CO;Me) affording the desired products with moderates to good diastereoselectivity.
Based on their proposed mechanism, the NiBr, combining with the terpyridine (terpy) generates
the actual catalyst that undergoes transmetalation with the arylzinc reagent; the alkyl halide is
reduced by single electron transfer (SET) and then cyclise to a primary alkyl radical which after

recombination and reductive elimination generate the desired product.!'’
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Ar Ar
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Scheme 2.2: Giri’s Ni-complex catalysed cyclisation/cross-coupling reaction.

In 2000, Zhang and Lu developed a method for enantioselective carbocyclisation of enyne esters
involving Pd" catalysis (Scheme 2.3) The use of nitrogen containing ligands (2.13, 2.14) not only
allowed to get the desired products with really high enantioselectivity (up to 92%ee) but their use
also inhibited the beta-hydride elimination and made the intramolecular olefin insertion into the
vinyl palladium bond more preferable to its protolysis. The proposed mechanism of the reaction
involves trans-acetoxypalladation of the triple bond, followed by intramolecular olefinic insertion;

the final product is finally afforded by deacetoxypalladation.!®
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Pd” OAc |
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AcO™ X\ :

(0] N
o~ © \L
\/ OAc

Insertion
Scheme 2.3: Zang and Lu’s enantioselective carbocyclisation of enyne esters.

Another example is the application of ring close metathesis using second generation Hoveyda-
Grubbs catalyst for the synthesis of chiral y-butenolides reported in 2011 by Feringa and co-

workers (Scheme 2.4).11°

Hoveyda-Grubbs Il (3 mol%) MesN.  NMes

Ph
A 2 CH,Cl,, 40 °C = T\\\C'

., "R Ru—
0”07 "R oZ O c”

2.18: R= C4Hq (83%) Pro
2.19: R= Cy1Ha3 (84%)

Ar

NS
Ru
Ph Ar Ph
(> S~ A
B = " Ru
j\ /’/ [2+2] cycloaddition Ph f i

0”07 "R

Ru
%
/Ru R
i [2+2] cycloaddition i p <
0 o) "R —_— . !
07y 'R o7 O

Scheme 2.4: Hoveyda-Grubbs metathesis.

Oxidative cyclisation of alcohols and carboxylic acids with pendant unsaturated chains constitutes

a major tactics for the synthesis of substituted THFs and lactones. One method is the oxidation of
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the alkene to a reactive intermediate prior to cyclisation.!'”120-125 |n the literature many methods
are reported utilising a variety of metal catalysts like Pd (Il), as shown in the general Scheme 2.5a.
For instance Pd(ll) can coordinate to an alkene double bond hence facilitating inter or intra-
molecular nucleophilic attack; the nucleopalladation intermediate can then undergo different
reactions.??® The work from Dong and co-worker is an example to that extent (Scheme 2.5a ) .}%
They developed a method for the deoxygenation of alkenes using a combination of a Pd(ll)
catalyst bearing an electron-rich diphosphine ligand and hypervalent-iodine. In accord with their
proposed mechanism, the palladium complex undergoes trans-acetoxypalladation with the olefin
to give the organopalladium intermediate which is then oxidised by the hyper-valent iodine.
Intramolecular cyclisation regenerates the catalyst and leads to an acetoxonium intermediate and

then the desired product.
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Scheme 2.5: a) General scheme of Pd catalised oxidative cyclisation; b) Dong’s deoxygenation of alkenes.

Oxidative cyclisation of 1,5-dienes catalysed by transition metal-oxo species, such as 0sO,4, RuO4
and MnOg4 is another approach for the synthesis of THFs, in particular THF-diols.2?"1% Thijs
approach, as described by Baldwin,®3! is based on a [3+2] cycloaddition of the metal-oxo species
across the first alkene, followed by syn addition of the two oxygen atoms across the original
double bond; this intermediate is oxidised before an intramolecular [3+2] cycloaddition onto the
second double bond and another syn addition. Examples of oxidative cyclisation of 1,5-dienes for
the synthesis of THF-diols have been reported by Piccialli using Ru04!3? Piccialli!*® and

Donohoe®* using 0s0s, and Brown and co-workers3® using MnO4~ (Scheme 2.6).
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Scheme 2.6: Examples of oxidative cyclisation of hydroxyalkenes and dienes.

Intramolecular oxidative cyclisation of hydroxyalkenes can be also accomplished by using metal
oxo-species complexed to the carbinol (Scheme 2.7).58113126136-138 Eyamples of this type of
approach were reported by He and co-workers (Scheme 2.3a),'?® and Dzudza and Marks (Scheme
2.3b),12*139 where Silver and lanthanides triflates respectively, are used for an intramolecular
hydroalkoxylation of double bonds. In their work, He and co-workers, present a Silver(l)-catalysed
intramolecular addition of hydroxyl or carbonyl groups to unactivated olefins. Different substrates
gave good to excellent yields; for terminal alkenes only 5-exo cyclisation porducts were observed,
while terminal monosubstitued alkenes gave a mixture of 5-exo and 6-endo porducts. Based on
their proposed mechanism, the silver(l) activates the double bond that is then attacked by the

oxygen nucleophile from the opposite face; proton transfer leads to the formation of the product
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and the regeneration of the silver catalyst. Dzudza and Marks approach require instead the use of
lanthanides triflates in imidazolium-based ionic liquids to mediate the hydroxylation/cyclisation of
alkenols; from what they proposed the use of ionic liquids instead of common solvents, enhance
the Lewis acidity of the lanthanide ion amking also easier the product separation at the end of the

reaction.

a) on AGOTI (6 mol%)
Ay peeGmb). 83 /E(} 2.34 (96%)

AgOTf (5 mol%)
MOH DCE (5 mL), 83°C /E%o 2.36 (74%)
235 — o
AgOTf (5 mol%)
Ph\/\></OH o
DCE (5 mL), 83°C 2.38 (87%)

2.37 ph N0
Ag 6-endo 5-ex0 Ag
1 1 O
R o+ r\ /\A R o
R2 H R2
+Ag
1\
R2
RHE] ‘
r2 © . R0
[Ag] R2
b) R'R? Ln(OTf)3 (1 mol%) R
HOM [Comim][OTA] 1 R= H; alkyl; Ar
A R RZ  (40%-90%)
R? o
Ln(OTf)3 (1 mol%) Ph
Ph, Ph i Ln=La; 61%
[Comim][OTHf] ; o
HOM 2 Phbi Ln=Sm; 82%
2.39 o Ln=Yb; (5%

o R Ln(OTf)s
D_< HO R’
( ~ RZ \/\W
R2
+
hn|*

Scheme 2.7: Examples of Lewis acid-catalysed intramolecular oxidative cyclisation of hydroxyalkenes.

Many oxidative cyclisation approaches employ stoichiometric amounts of oxidising agents, and/or
metal reagents or catalysts that are finite resources, which, in some cases, present toxicity issues

and are unattractive from a sustainability point of view. Photoredox catalysis offer an attractive
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alternative approach, elegantly harnessing energy from light to avoid the requirement for
conventional highly energetic oxidising agents.}*®% |n 2013, Glorius and co-workers developed a
visible light-mediated method combining a Gold catalyst with a photoactive Ru-complex for the
oxy- and aminoarylation of alkenes (Scheme 2.8).1** None the less, this methodology still utilises
Au and Ru species as catalysts. Based on their porposed mechanism, the Au(l) catalyst reacts by
anti-selective cyclisation with the hydroxyalkene to give the intermediate alkoxygold(l) that will
then react with the aryl radical to give the Au(ll) intermediate. The photoactivated Ru complex
has both the roles to generate the aryl radical and the highly electrophilic Au(lll) intermediate that

finally by reductive elimination gives the disered product.

[PhsPAUINTf, (10 mol%)
[Ru(bpy)3](PFe)2 (2.5 mol%)

HY N,* “BF, 23 W fluorescent bulb |/Y RZ R
N R? degassed MeOH; 4-6 h; rt L
R3/% | N > R®
\ n
: X 7\
R1
R4 \\R4
(0.2 mmol; 1 equiv) (4 equiv) (34%-79%)
—_ . o~ (o]
VHEORNATS — Ré= 1, 4-Mea-Ph,
R'=H, Me 4-CO,Et, 2-Br-4-Cl
R?=H, Me, Ph

R3= H, Me, Ph, Et

+ +x
Nz\ Ar—Nz\/ [RU”(bpy)3]2
/ Photoredox \» hv
catalysis

[Ru''(bpy)3]**

[Ru'(bpy)a]**

Ar\p;'u/,\_/o
PhsP :\)
single-electron

re . oxidation
single-electron +

oxidation
Ar< |||J\/
Gold. A;u O

J\/ catalysis PhsP :\)
|
Au O

| 5\) Reductive
PhsP anti-selective elimination
cyclisation
[PhsP-Au'l
H+
OH

S

Scheme 2.8: Combined Gold and Photoredox catalysis for the oxy- and aminoarylation of alkenes by Glorius

and co-workers.
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In 2018, Dagousset et al. developed a photoredox method for the anti-Markovnikov
difunctionalisation of alkenes (Scheme 2.9).1*' Their novel approach was also applied to the
synthesis of substituted ethers, and is catalysed by an Ir-complex and is proposed to involve the
generation of alkoxy radicals from N-alkoxypyridinium salt 2.41. The advantages of this
methodology are that it tolerates different functional groups (halogen, methoxy, amides), it can
be performed both in batch and flow, three types of difucntionalisation can be achieved
(hydroxyalkoxylation, dialkoxylation, aminoalkoxylation) with anti-Markovnikov regioslectivity.
Based on their proposed mechanism, the N-alkoxypyridinium salt is reduced by the visible light-
activated Ir catalyst, generating RO- that will then react with the alkene. The new carbon-centred
radical intermediate, is oxidised by the Ir(ppy)s* to the corresponding carbocation that is finally

trapped by a nucleophile (water, alcohol or acetonitrile) to give the desired product.

NC )
R2 @ BF R2 2.42: R'= 4-CI;R?= H; R3= H (65%%; 64%I°)
R NN OH.y  2.43R'= 4-MeR%= HR%= H (72%07; 75%)
e

2.41 ri A 2.44:R'= 4-OMe;R?= H;R3= H (52%!?))
Batch or flow conditions ~ ~.®  OMe  2.45:R'= 4-OMe;R?= H; R3= Me (56%!%); 60%!°)

2.46:R"'= H;R2= Me;R3= H (72%))

0 AN
z |
/

[a] Batch: alkene (0.2 mmol); N-alkoxypyridinium salt (0.1 mmol); fac-Ir(ppy)s (1 mol%); NaH,PO4+2H,0 (0.1 mmol);
degassed wet acetone; 3 W blue LED; rt; 36 h

[b] Elow: alkene (0.05 M; 2 equiv); N-alkoxypyridinium salt (1 equiv); fac-Ir(ppy)s (3 mol%); degassed wet
acetone/CH,Cl,

(5/1); 450 nm blue LED; flow 0.15 mL/min; 25°C; 2 mL solution (0.1 mmol)

Flow scale up: for substrate R' = F; R? = H; R® = H; 80 mL solution (4 mmol)

visible light

Ir(ppYy)s Ir(ppy)s

Scheme 2.9: Dagousset’s Anti-Markovnikov photoredox catalysed difunctionalisation of alkenes.

More recently, in 2020, Knowles and co-workers reported a visible light-driven method for the
intramolecular hydroetherification of unactivated disubstitued and trisubstitued alkenes catalysed
by an Ir complex, a Brgnsted base and a hydrogen atom transfer co-catalyst . This method is
based on the photocatalytic activation of the hydroxyl functionality to afford the formation of C—
O bond, has been applied on a broad range of substrates in terms of functional groups and alkene

substitution pattern.(Scheme 2.10).1*° Their proposed mechanism involves a proton coupled
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electron transfer (PCET) activation of the O—H bond by the concerted action of the Ir activated
complex and the Brgnsted base catalyst; the new oxygen-centred radical will then attack the
alkene forming the new C—O bond and the final hydrogen atom transfer will give the final
product. The catalytic cycle is closed by the reduction of the thiyl radical by the Ir(ll)

photocatalyst.

R’ R?
/\/\)\ —_— R2
HO Z > R2 D—f
o H
R= alkyl

(47%-97%)

Conditions: solution vial filled in a glove box; N, atm;
substrate (0.5 mmol, 1 equiv); Ir cat 2.30 (2 mol%);
Bu4P*(PhO),P(0)0O- (20 mol%; anhydrous PhCF3 (0.1 M);
(2-FPhS); (30 mol%); blue LED lamps; 48-60 h; 40 °C

+ hv
|r||| f R1
B~ /\/\)\
HO 7 R?
ET/PT O-H
PCET

Ars-H __R
[\—<R2

C-0
bond formation

Scheme 2.10: Knowles’s Ir-complex catalysed intramolecular hydroetherification.

Many of these photochemical approaches require photo-redox catalysts based on transition-
metal complexes such as Ir, Ru, Au which are finite resources. But there are also some examples
of organic molecules used as photocatalysts. In 2012, Nicewicz and Hamilton reported a direct
anti-Markovnikov hydroetherification of alkenols using a combination of 9-mesityl-10-
methylacridinium perchlorate 2.49 and 2-phenylmalononitrile 2.48 as photoredox catalysts

(Scheme 2.11).1%
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Scheme 2.11: Nicewicz and Hamilton’s intramolecular anti-Markovnikov hydroetherification catalysed by

2.48 and 2.49.

In 2015, Wagenknecht et al. developed two photoredox approaches, catalysed respectively by 1-
(N,N-dimethylamino)pyrene (Py) 2.53 and 1,7-dicyanoperylene-3,4,9,10-tetracarboxylic acid
bisimide (PDI) 2.54, for the intra- and inter-molecular nucleophilic addition of hydroxyl
functionality to styrene double bonds (Scheme 2.12).14? The first route, catalysed by an electro-
rich chromophore like Py (2.53), starts with a single-electron transfer onto the substrate; the
intermediate radical anion is immediately protonated to the neutral benzylic radical which after
electron transfer is converted to a cation that by nucleophilic attack of the alcohol at the end
gives a Markovnikov-type addition product. The second approach, instead, catalysed by an
electron-poor chromophore like PDI (2.54), starts with the oxidation of the styrene double bond
to a radical cation; nucleophilic attack by the alcohol leads to the formation of a benzylic radical,
by electron transfer the radical is converted to an anion intermediate that after protonation gives

the final anti-Markovnikov-type product.
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Scheme 2.12: 2.53 and 2.54 Photocatalysed Markovnikov and anti-Markovnikov intramolecular

hydroetherification of styrene derivatives by Wagenknecht et al.

Another example of the application of an organic photocatalyst for the synthesis of cyclic ethers is
the one from Laha and co-workers (Scheme 2.13).24° They developed this photochemical method,
catalysed by DCN (1,4-dicyanonaphtalene), for the intramolecular cycloetherification on the
benzylic position. The reaction starts with a single-electron transfer followed by proton loss;
another single-electron transfer between the DCN and the intermediate and subsequent

cyclisation gives the final product.

Ph oH DCN (0.05 equiv) |pp Ph. O
MeCN
hv (450-W); 3 h; rt _H DCN
OMe OMe
2.67 (1.0 mmol)
2.68 (72% yield of
Ph H isolated
© product calculated
° based on consumption

of starting material)
OMe

Scheme 2.13: Laha’s direct benzylic C—H activation for C—0O bond formation by photoredox catalysis.
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2.3 Electrochemical methods for the synthesis of THFs and y-lactones

An alternative approach for the synthesis of substituted heterocycles, and in particular cyclic
ethers, and lactones is electrochemical oxidative cyclisation. The main advantage of this approach
is that it reverses the polarity of electron-rich olefins that would normally serve as nucleophile by
conversions to radical cations that in the end can be trapped by a pendant nucleophile such as OH

or NHR (Scheme 2.10).50.146-150

X X —H*: —e”
©)
= > + solvent (ZH
(o Y - (" Y X ) (2H) X
e ( —H (Km N4
—_— - > n Q —_—— Z
Nu—H Nu—H aNu Y Nu Y
H

Scheme 2.14: General mechanism for the electrochemical intramolecular oxidative cyclisation.

Moeller and co-workers have pioneered these anodic oxidative cyclisations, mainly focussing
upon the electrolysis of enol ethers and ketene dithioacetals, using alcohols to trap the radical
cation intermediates and applying this methodology in the synthesis of natural products like (+)-
nemorensic acid 2.75 (Scheme 2.15).148%51 Starting from (R)—(+)-3-methylglutarate (2.69), it was
first reduced with BH3-Me,S to the hydroxyester that then cyclised to lactone 2.70. Treating the
lactone with MesAl and 1,3—propane thiol afforded the ketene dithioacetal functionality needed
for the oxidative cyclisation. The hydroxyl functionality of 2.71, was oxidised and treated with
methyl lithium, then oxidised again and treated with allyl-B—isopinocamphenyl-9—
borabicyclo[3.3.1]nonane to give 2.72 as 3:1 mixture of isomers that could only be separated after
the cyclisation step. Substrate 2.72 was then electrochemically oxidised and the two isomers
separated by HPLC. The major isomer 2.73a was finally converted to the final product via

ozonolysis, oxidation of the aldehyde to carboxylic acid and hydrolysis of the ester functionality.
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Scheme 2.15: Moeller’s synthesis of (+)-nemorensic acid 2.52.

Alcohols proved to work well as trapping agents for the radical cation intermediate generated in
the oxidative process, and carboxylic acids were also demonstrated to provide effective
nucleophiles in oxidative electrolysis without undergoing Koble decarboxylation.’® In 2013,
Moeller and co-workers studied the compatibility of the carboxylic acids, as nucleophiles, in
anodic cyclization. First they studied the anodic oxidative coupling of ketene dithioacetals and

carboxylic acids (Scheme 2.16).

RVC anode, Pt cathode

6 mA (2.0 F) constant current
S. .S 30% MeOH/THF (\
| 0.1 M NEt,OTs B S
0 base (LiOMe or 2,6-lutidine) No/
" o}
OH o

2.76: n= 1; base= LiOMe (87%)
2.77: n= 2; base= 2,6-lutidine (72%)

Scheme 2.16: Moeller’s electrochemical intramolecular oxidative coupling of ketene dithioacetals and

carboxylic acids.

Using different bases and different amount of current they discovered that Kolbe-type
decarboxylation did not interfere with the oxidative coupling reaction between the carboxylic acid
and the electron-rich olefin. Cyclization attempts to five and six membered rings worked well.
Attempts to seven-member ring gave decomposition because the cyclization step was too slow to

compete with degradation pathways. They also explored anodic coupling of carboxylic acid
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groups with vinyl sulfide and enol ether functionalities (Scheme 2.17).1°2 Reactions with vinyl
sulfide proceeded much better than with the enol ethers, presumably due to more facile

oxidation.

RVC anode, Pt cathode

X 6 mA (2.0 F)
W& 30% MeOH/THF
o) 0.1 M NEt,OTs /o%
0.5 equiv. LiOMe (6]
OH -

2.78: X= OMe (66%)
2.79: X= SMe (74%)

Scheme 2.17: Moeller’s electrochemical intramolecular oxidative coupling of vinyl sulphides or enol ether

and carboxylic acids.

Studying these examples they were able to deduce that the first oxidation occurred at the olefin
rather than the carboxylate. Moeller and co-workers also investigated oxidative cyclisation of
styrene derivatives to determine whether olefins with higher oxidation potential could be
effective in the reaction (Table 2.1).12 With the simple styrene derivative 2.80 they were not able
to achieve a yield of better than 33% (entry 3, Table 2.1), even when increased current and the
temperature were applied. None the less, they did not observe decarboxylation. They concluded
that the low yield was due to a problem with the second single-electron transfer rather than the
cyclization step. For this reason, their other attempts employed a methoxy-substitued styrenes,
which ultimately gave the lactones with improved yield this study they were able to say that the

methoxy group helped the second electron oxidation.
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Table 2. 1: Moeller’s Investigation of anodic lactonization of styrene derivatives

RVC anode, Pt cathode

6 mA

30% MeOH/THF

0.1 M NEt,OTs o
HO Z X base
| R S

2.80: R=H 2.84:R=H

2.81: R=4-OMe 2.85: R=4-OMe

2.82: R= 2-OMe 2.86: R=2-OMe

2.83: R=2,4-OMe 2.87: R=2,4-OMe

entry R Base/T F Yield (%)

1 H 0.5 equiv LiOMe/rt 2 15
2 H 0.5 equiv LiOMe/rt 10 27
3 H None/40°C 10 33
4 4-OMe 0.5 equiv LiOMe/rt 2 56
5 4-OMe None/40°C 2 76
6 2-OMe 0.5 equiv LiOMe/rt 2 48
7 2-OMe None/40°C 2 59
8 3-OMe 0.5 equiv LiOMe/rt 2 4
9 3-OMe 0.5 equiv LiOMe/rt 10 35
10 3-OMe None/40°C 10 23
11 2,4-OMe 0.5 equiv LiOMe/rt 2 48
12 2,4-OMe None/40°C 2 45
13 2,4-OMe 1 equiv LiOMe/rt 2 74

From Moeller’s work it was clear that carboxylic acid could be coupled to electron-rich olefins

without interference from competitive decarboxylation reaction. Moreover the success of the

styrene derived coupling reaction was dependent strongly on the presence and the position of the

methoxy group on the aromatic ring (Scheme 2.18), being most effective when carbocation

stabilisation was achieved through resonance.
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Scheme 2.18: Mechanistic insight of the electrochemical oxidative cyclisation of styrene carboxylic acid

derivatives.

In recent years, some other examples of electrochemical oxidation of styrene double bond
followed by nucleophilic attack have been reported. In 2018, Xu et al. reported the
electrochemical synthesis of aromatic lactones through dehydrogenative C—O bond formation
(Scheme 2.19).3 This method proceeds under mild conditions (reactions are performed at room
temperature and open air), and can tolerate different functional groups (methyl, methoxy,
cyanide, nitro, ketone, halides, carboxylic acids) and proved to be scalable up to 100 g. Their cyclic
voltammetry studies suggest that the oxidation of the carboxylate is easier that than the oxidation

of the arene ring for both electron-rich and electron-poor compounds.

[e) Pt(-) | C graphite(+) 0
6.0 mA, LiOCI
R—I = OH MeCN, r.t., opzn air, 5 h R A o T 2.88: R:= 4'N?2§ R"=H (83%)
_ \ A Hyl 2.89:R'= H; R"= 4-CN (60%)
| 1 Re :—R" 2.90: R'= H; R"= 3,4,5-OMe

- x (42%)
2.91: R'=H; R"=4-COOH
(91%)

Scheme 2.19: Synthesis of aromatic lactones through electrochemical C—O bond formation.

In 2019, Xu and his group®™* reported the electrochemical dimethoxylation of olefins using
platinum electrodes. Their protocol was applied on different substrates, but the majority of them
containing a more readily oxidised styrenic double bond (Scheme 2.20). The outcome of their CV
experiments is that the olefin is easier to oxidise than the MeOH, using the optimised reaction
conditions, which exclude the possibility to generate methoxyl radicals in the presence of the
olefin. So at the anode the olefin is oxidised to a radical cation that undergoes nucleophilic attack
by the methanol; then the radical intermediate is oxidised to a cation that can follow two paths
based on its stability: direct nucleophilic attack or semipinacol rearrangement to the acetal

product.
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Pt(-) | Pt(+)
20 mA, nBuyNBF,4
R R' MeCN/MeOH=711 \.q  Re 2.92: R'= Ar= 4-Cl-CgH,; R"= H (84%)
>:/ 60°C R'ﬁ—< 2.93: R'= Me; Ar=4-(prop-1-en-yl)CgHy4; R"= H (44%)
Ar AF OMe 2.94: R'= Me; R"= H; Ar= 2-Naphtyl (36%)

R’ R" _ R__ R R " R R" B R' "
j o —e :__+_ / MeO >. ( —e >+ < MeO MeO > <
Ar Ar Ar OMe Ar OMe Ar OMe

R R e R. R
OMe
Ar OMe AY OMe

Scheme 2.20: Xu’s electrochemical dimethoxylation of olefins.

In 2020, Nam et al. developed an electrochemical methodology for the electrochemical reductive
dicarboxylation and B-hydrocarboxylation of styrene derivatives (Scheme 2.21).2® The electrolysis
requires a nickel cathode and magnesium sacrificial anode, and it is performed under an
atmosphere CO, to give dicarboxylation and in presence of 1 equivalent of water gives -
hydrocarboxylation. It is possible that both the styrene and the CO; get reduced under the
reduction conditions; both scenarios lead to a B—carboxylate radical intermediate that is again
reduced and then can undergo protonation or carboxylation on the benzylic position.

1) Ni(=) | Mg(+)
10 mA/cm?, DMF-TABF 4

CO, (1 atm), rt. CO,H
©/\ 2)HCI (2 M) CO-H
(89%)
2.95 2.96

1) Ni(=)IMg(+)
10 mA/cm?, DMF-TABF 4, rt

CO, (1 atm), H20 (1 equiv) 2.97: R= 4-OMe (56%)

CO,H
R—‘\ X 2)HCI(2 M) RN 2 2.98: R= 4-F (43%)
T L 2.99: R= 4-Me (60%)

H

—_— CO,
\ . _ H*
Co0 = -
O
e (ofelon
CO, - Co 7 C&* (ofelon
o™

Scheme 2.21: Electrochemical reductive dicarboxylation and selective B-hydrocarboxylation of styrenes.

In 2021, Kim and co-workers®® described the electrochemical oxidation of styrene derivatives
followed by nucleophilic attack of DMF to afford formyl-protected syn—1,2—diols. The electrolysis
is performed in an undivided cell, using Pt cathode and C anode, in the presence of trifluoroacetic

acid and water (Scheme 2.18). A mechanism has been proposed, starting with the electrochemical
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oxidation of the alkene to a radical cation that undergoes nucleophilic attack by the DMF. A
second oxidation generates a benzylic cation that is trapped by the trifluoroacetate ion generating
the anti-dioxyenated intermediate. Nucleophilic displacement of the trifluoroacetate group by the
DMF and subsequent hydrolysis gives the syn-diformyloxylation product. Kim and co-workers also
envisioned a second path where is the DMF the nucleophile that attack the benzylic cation giving
the anti-diformyloxylation product; however this path is considered less likely because
trifluoroacettate is a better nucleophile and also because the predominant stereoselectivity

observed is syn.

Undivided cell
Pt(-) | C(+)
2.5V, TBABF, o
CF3COOH, H,0 \> 0
__ DMF, 22°C, Ny atm o7 2.100: Ar= 4-Me-CgH5 (90%)
Al >_/ 2.101: Ar= 4-CO,Me-CgHs (48%)
Ar
\ 0
o ke N N HO
R & R N o~ e (O — AR
— [E—— — —_— H"'. a7 —_— H|||+ an r
/ / / ( R R (0]
Ar Ar Ar  H Ar H _ i
anti—product
or
N 0
\ \ o
_//NL _//N+_ _//O \> Va \> Va
P CF,CO,~ H, 9 H, O DMF 03 0~ 1,0 03 o7
HpAR  — g R — AR — T Ap — Mg
ArH /(L H i H Ar H Ar H
F,c~ 0 FsC~ ~0 syn—product

Scheme 2.22: Electrochemical dioxygenation of simple styrene derivatives.
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2.4 Aims and objectives

Our ongoing interest in oxidative cyclisation approaches to oxygen heterocycles, together with
our work in the field of flow electrosynthesis, prompted us to further explore anodic cyclisation of
styrene derivatives based on Moeller’s pioneering studies. The aim of this research was to
develop the anodic oxidative cyclisation of styrene derivatives bearing pendant alcohol and acid
functionalities to give THFs and lactones using a commercially available electrolysis flow cell,
which possessing a narrow interelectrode gap (0.5 mm) combined with an extended path (100

cm) targeting high levels of conversion in a single pass of the reactor.

electrolysis

X
R—i AN " 0OH @ R
=

electrolysis

O
AN
R \)J\OH f
R R
=
Scheme 2.22: General scheme of the proposed flow electrolysis.

2.5 Synthesis of starting materials

For the initial exploration and optimisation of the oxidative cyclisation process, (E)-5-phenylpent-
4-en-1-ol (2.65) and (E)-5-(4-methoxyphenyl)pent-4-enoic acid (2.81) were selected as model
substrates. For the synthesis of alkenoic acid 2.81 we relied on the protocol reported by Moeller
and co-workers (Scheme 2.23);%? thus, Wittig reaction of commercially available phosphonium
salt 2.102 with p-anisaldehyde (2.103) afforded 2.81 with a 79% yield after recrystallisation from
CHCl, .

((CH3)3SI)2NN3

O
o | THF (0]
0°Cto-78°Ctort X
Brr  MeO
MeO

2.102 2.103 2.81
(79%; E isomer)

Scheme 2.23: Synthesis of alkenoic acid 2.81 by Wittig olefination of p-anisaldehyde.

Alcohol 2.65 could have been obtained from the corresponding carboxylic acid, made with the
method described above, however, a more efficient synthesis of alkenol 2.65 was sought. The
first, more direct approach, was by Wittig reaction of benzaldehyde with a phosphonium reagent

2.104 (Scheme 2.24). Phosphonium salt 2.104 is not commercially available so by adapting a
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procedure reported in literature its synthesis was attempted by bromination of 1,4-butanediol
2.105 followed by reaction with PPh3.%%%7 As reported in the literature compound 2.104a should
have been easily purified by precipitation in Et,0. Instead, *H-NMR analysis revealed a mixture of
2.104a, Ph3PO, the diphosphonium salt 2.106 along with other impurities, which was obtained as

a gum-like substance that was very difficult to purify.1*®

0
<L |
1) HBr 48% ph3(|;)/\/\/OH
toleuene 2.104
Ho S OH __reflux (2 404a x = Br; 2.104b X = 1)... 2197 ____ x OH
2) PPhg ® Wittig reaction

toluene ®
2.105 PPh 2.65
reflux Phsp/\/\/Br@g
BrO

2.106
Scheme 2.24: Attempted synthetic approach to alkenol 2.65 via Wittig olefination.

Diphoshonium salt 2.106 was a consequence of double bromination of 2.105; as such, one of the
hydroxyl groups was protected by formation of the tetrahydropyranyl (THP) ether 2.108 to block
subsequent double addition of PhsP to give 2.106 (Scheme 2.25). Unfortunately, a gum-like

substance was obtained that proved difficult to purify.

1)OHP tluns
pTsOH ®
flux, 16 h OTHP
HO/\/\/OH CH2C|2 Br/\/\/o o} L, phsp/\/\/
0,
2) HBr 48% OBt
toleuene
2.105 reflux 2.108 2.109

Scheme 2.25: Attempted synthesis of phosphonium salt 2.85 following protection of the hydroxyl

functionality by formation of a tetrahydropyranyl ether.

A literature procedure reported for the synthesis of the phosphonium iodide salt was attempted,
but the same purification issues arose again.’ In the case of the phosphonium bromide salt
2.109, precipitation of a semi-solid was observed, which was difficult to filter. *H-NMR
spectroscopy confirmed the presence of the desired product 2.104b, but contaminated with a lot

of impurities.

Therefore, the Wittig route was abandoned in favour of a palladium-catalysed Heck cross-
coupling approach towards compound 2.65 (Scheme 2.26).%%° Classical Heck reactions require a
palladium(0) catalyst with phosphine ligands in presence of a base; Pd(0) can be replaced
Pd(OAc), that is reduced to the active specie Pd(0) in situ by the base, in this case here, with the
help of TBAB that stabilises the Pd(0) in the absence of phosphine ligands.'®1"163 After Heck
reaction of alkene 2.110 and iodobenzene (1.57), purification by column chromatography gave

two main fractions. One was a mixture of the desired product 2.65 and its isomer 2.111, the other
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was a mixture of the two isomeric aldehydes 2.112 and 2.113. Palladium catalyses the migration

of the alkene along the carbon chain by palladium hydride elimination and subsequent re-addition

to give enols that tautomerise to the aldehydes.1%4167

| .
Pd(OAC), nBuNBr OH OH
EtsN, DMF/H,0
rt., 16 h 2.65 2.111

2112 2113

Scheme 2.26: Unsuccessful Heck coupling approach to the synthesis of alkenol 2.65.

Another approach to obtain compound 2.65 was a two-step sequence involving a Sonogashira
coupling of 2.114 and iodobenzene followed by reduction of the resulting alkyne 2.115 (Scheme
2.27).%%8 This two step approach ultimately afforded the desired E alkenol 2.65 as a single isomer

with an overall yield over the two steps of 81%.

©/I LiAIH; THF
Pd(PPhs), AlHy,
Cul, EtsN, THF 4 0 C to reflux «
1.57 _rt.2h A5h 00 OH
(92%) HO (88%; E isomer) ©/\/\/\

OH
2.114 2.115 2.65

\

Scheme 2.27: Synthesis of alkenol 2.65 through a two step Sonogashira coupling - LiAlHs reduction

sequence.

2.6 Initial exploration of the oxidative cyclisation process

With the alkenol 2.65 in hand, investigation of the crucial anodic cyclisation in the electro-flow
reactor could begin (Scheme 2.28). Because the reaction was going to be performed for the first
time and not knowing the reactivity of 2.65 in the Ammonite cell, a set of starting conditions was
chosen. A stainless steel cathode provides a robust material for the counter electrode reaction,
which will be reduction of protons here. A C/PVDF anode is a good general starting point for
oxidation. The concentration of reactant was set at 0.1 M, with 0.5 equivalents of supporting
electrolyte to improve conductivity. To achieve full conversion in one pass of the cell at a flow of
0.25 mL/min the required current can be calculated. Assuming that that the overall process

required two electrons, the required current was determined by the formula:

I (current) =n XF Xc XQ =80mA
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where n is the number of electrons per molecule (2 electrons), F is the Faraday constant (96485
C/mol), c is the concentration (mol/mL) and Q is the flow (mL/min). So a current of 80 mA was
needed.

Stainless Steel cathode

C/PVDF anode
80 mA (2 F), E4NBF,

“ MeOH, 0.25 mL/min H
OH o) .

2.65 2.116 (75%)

Scheme 2.28: First attempt of oxidative cyclisation of 2.65 in the Ammonite flow reactor.

During the electrolysis the formation of bubbles was observed, due to the hydrogen gas produced
at the counter electrode. The cell contact voltage was between 2.9 and 3.0 V. Once the reaction
was finished the solvent was evaporated and the crude dissolved in EtOAc, resulting in
precipitation of the supporting electrolyte, which was then filtered off and recovered. From H-
NMR analysis of the crude no starting material remained and a major product 2.116 could be seen
in the crude mixture. By HSQC NMR spectroscopy and GC-MS analysis the product was identified
as the desired THF diastereoisomers 2.116, rather than the six-member ring isomer. By GC-MS
analysis, the main fragment ion peak was observed at m/z 121, that derived from a five-member

structure and not a six-member one (Figure 2.3).
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Figure 2. 3: GC-EIMS of compound 2.93 showing fragment ions

Purification afforded the desired product 2.116 as a mixture of diastereoisomers with a 75% yield.
From integration of the THNMR spectrum an 80/20 diastereoisomeric ratio favouring the erythro
isomer was determined. The assignment of the signals for the erythro and threo isomers was
based on several studies reported on substituted THFs, in particular THF-acetogenins derivatives.

These studies rely on empirical rules based on HNMR chemical shifts and comparison with
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compounds of known relative stereochemistry, based on which in this case the proton on the
carbon bearing the OMe group is generally more shielded in the erythro isomer than in the

threo.'®917¢ The 80/20 isomeric ratio was confirmed by chiral HPLC (Figure 2.4).
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Figure 2. 4: Chiral HPLC chromatogram of compound 2.116. (AD-H column, 0.5 mL/min, IPA/hexane 0%

to 2.5% over 50 min, UV detector (254 nm)

Alkenoic acid 2.81 was subjected to the same electrolysis conditions (cell voltage registered 2.9 V)
giving the lactone 2.85 with a 78% isolated yield as an 80/20 diastereoisomeric mixture favouring
the erythro isomer (Scheme 2.29). The spectroscopic data for lactone 2.85 matched the ones
reported by Moeller and co-workers.'””

Stainless Steel cathode

C/PVDF anode

o 80 mA (2 F), Et,NBF, OMe
MeOH, 0.25 mL/min H

N OH oS @
(0]
MeO

MeO
2.81 2.85 (78%) o

Scheme 2.29: Oxidative cyclisation of alkenoic acid 2.81 in the Ammonite flow reactor.

2.7 Optimisation of the electrolysis conditions

With the promising preliminary results, and before going on testing new substrates, optimisation
of the flow electrolysis conditions was undertaken on compounds 2.65 and 2.81, evaluating
different electrodes materials, supporting electrolytes, temperature, solvents and concentration.
At first, to check the yield of the different experiments, an internal standard (dimethyl
terephthalate) in the 'HNMR was used. Unfortunately, this method proved to be not sufficiently
accurate, so a GC method has been developed for both THF 2.116 and lactone 2.85 products

(figures 2.5 and 2.6). Further details concerning the development of the GC analytical method are

given in the experimental section.
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Figure 2. 5: GC chromatogram of 5-(methoxy(4-methoxyphenyl)methyl)dihydrofuran-2-3H-one 2.116

(retention time 8.63 min).
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Figure 2. 6: GC chromatogram of 2-(methoxy(phenyl)methyl)tetrahydrofuran 2.85 (retention time 8.78

min).



The first parameter screened has been the anode material. The different anodes tested are shown

in Figure 2.7.

C graphite
C/PVDF Glassy Carbon (Recess channel)

Graphite |

Platinum Grapr;é‘ne

B

Figure 2.7: different anode materials screened in the oxidative cyclisation.

Platinum was the first anode screened; compared to C/PVF, full conversion of alkenol 2.65 and
alkenoic acid 2.81 was achieved only when 2.5 times the stoichiometric current (200 mA) was
applied (Table 2.2, entry 5). In addition, the yields for both THF 2.116 (44%) and lactone 2.85
(28%) inferior to those obtained with the C/PVDF anode. The very large amount of bubbles
observed at the outlet of the reactor suggested that under these conditions the oxidation of the
solvent (MeOH) was competing with the substrate oxidation. Other anode materials tested were
Glassy carbon, Graphene and Graphite (entries 6-8), and in all cases, oxidative cyclisations to

2.116 and 2.85 gave lower yields compared to C/PVDF (Table 2.2).
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Table 2. 2: Investigation of different anode materials

S.S. cathode S.S. cathode
MeOH (0.1 M) MeOH (0.1 M)
Et,;NBF, (0.5 equw) \ Et4,NBF, (0.5 equiv) \O
0.25 mL/min 0.25 mL/min
X OH r.t. @)\3 /@/M rt.
©/W @ s @ :
2.65 2.116 | 2.85 (o]
entry Current (mA), [charge (F)] anode Yield 2.116 (%)** Yield 2.85 (%)*°
1 80 [2.0] C/PVDF 68 (75 isolated) 76 (78 isolated)
2 80 [2.0] Pt 8 12
3 120 [3.0] Pt 18 38
4 160 [4.0] Pt 27 33
5 200 [5.0] Pt 44 28
6 80 [2.0] glassy carbon 32 15
7 80 [2.0] Graphene® 56 48
8 80 [2.0] graphite 39 29

@ Reactions performed on a scale of 0.5 mmol (substrate conc. 0.1 M). ? Estimated using a calibrated GC. Stainless steel as cathode flow
rate 0.25 mL min~, EtaNBF4 (0.5 equiv), rt, MeOH (0.1 M). ¢ Sheet of graphene on a paper support.

Different cathode materials were also investigated including (figure 2.8). Platinum was the first
cathode screened because this was the material used by Moeller and co-workers in their work,*?
then leaded bronze, copper, nickel and silver were tested but none of them improved the result
obtained using a stainless steel cathode for either 2.116 and 2.85 (Table 2.3). Due to the
construction of the Ammonite flow cell, one of the electrodes has a recess channel into which the
gasket is located. This design feature means that one of the electrodes has to have the recess
channel, and because some electrodes are only available as flat plates, not all combinations are
possible. Apart from the copper where C/PVDF was used as anode, for the other trials, carbon

graphite has been used because of its recess channel, in order to have a channel in the cell where

the solution could pass. (Table 2.3).

58



Silver

' Leaded bronze

d

X

Figure 2.8: different cathode materials screened.

Table 2.3: Investigation of different cathode materials.

80 mA (2 F) 80 mA (2 F)
MeOH (0.1 M) MeOH (0.1 M)
Et4NBF, (0.5 equiv) ~o Et,;NBF, (0.5 equiv) ~o
0.25 mL/min 0.25 mL/min
(e]
2.65 2.116 | 2.85 (0]
entry cathode anode Yield 2.116 (%)** Yield 2.85 (%)>*
1 Pt C graphite® 17 29
2 leaded bronze C graphite® 8 27
3 Cu? C/PVDF 35 29
4 Ni C graphite® 3 47
5 Ag C graphite® 40 31
6 S.S. C/PVDF 68 76

a9 Reactions performed on a scale of 0.5 mmol (substrate conc. 0.1 M). ® Estimated using a calibrated GC. ¢C graphite electrode with
recess channel was employed. ¢ Cu electrode with recess channel used.

Once confirmed that C/PVDF and stainless steel provide a suitable electrode combination for the
oxidative cyclisation process, other reaction parameters were investigated, starting with the
supporting electrolytes. All of them gave similar results, while in absence of electrolyte the
reaction gave very low yield. Actually using BusNBF, resulted in slightly better yields (Table 2.4,
entry 2) compared to EtsNBF; but we decided to stick with the EtsNBF; as it can be easily

recovered from the crude mixture by precipitation in EtOAc and the actual improvement in the
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yield was not that big. Once decided to stick with Et4NBF. as supporting electrolyte, considering
the cost of it, its amount was reduced to 0.25 equivalents (entry 6) without a significant effect on
the yield of the reaction. After the supporting electrolyte, another parameter checked was the
concentration of the starting material; increasing the concentration in methanol from 0.1 M to 0.2
M (entry 7) did not affect the yield of 2.93, while for lactone 2.85 a worst result, compared to the
starting conditions (entry 1) was observed because of a problem of solubility of the starting
material. The other parameter checked was the flow (entry 8): increasing it from 0.25 mL/min to
0.5 mL/min gave lower yields. The last parameter checked was temperature; for both alcohol 2.65
and carboxylic acid 2.81 the reaction has been run at 0° C and 50° C. Varying the temperature did
not seem to heavily affect the results for the alcohol oxidative cyclization while for the cyclization
of carboxylic acid 2.81 a massive drop in the yield was observed (entry 9 and 10).
Table 2.4: Investigation of flow rate, concentration, temperature, supporting electrolyte.

S.S. cathode S.S. cathode
C/PVDF anode C/PVDF anode
80 mA (2 F), MeOH o 80 mA (2 F), MeOH

@W@—@LQ*OQM*%@LM

2.116

entry | Temp (°C) | flow rate Supporting electrolyte Yield 2.116 Yield 2.85 (%)>*
(mL min™) (%)*°
1 rt 0.25 EtaNBF,4 (0.5 equiv) 68 (75 isolated) | 76 (78 isolated)
2 rt 0.25 BusNBF,4 (0.5 equiv) 71 83
3 rt 0.25 EtsNOpTs (0.5 equiv) 69 78
4 rt 0.25 NaClO4 (0.5 equiv) 66 81
5 rt 0.25 no electrolyte 17 29
6 rt 0.25 EtsNBF4 (0.25 equiv) 66 77
7¢ rt 0.25 EtsNBF4 (0.25 equiv) 68 65
8 rt 0.50 EtasNBF,4 (0.5 equiv) 51 55
9 50 0.25 EtasNBF4 (0.5 equiv) 58 38
10 0 0.25 EtsNBF4 (0.5 equiv) 59 18

9 Reactions performed on a scale of 0.5 mmol (substrate conc. 0.1 M). ® Estimated using a calibrated GC. € 0.2 M solution of starting
material in MeOH.

At the end of this reaction parameter screening process, we observed that the best results were
the ones obtained using Stainless steel as cathode, C/PVDF as anode, a flow of 0.25 mL/min, a 0.1

M concentration of starting material in methanol, the stoichiometric amount of current (80 mA,
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2.0 F), room temperature and EtsNBF, as supporting electrolyte (table 2.4 entries 1 and 6), whose

amount we decided to reduce from 0.5 equivalents (entry 1) to 0.25 equivalents (entry 6).

2.8 Substrate scope

With the optimised conditions in hand, the substrate scope was investigated under the same
conditions. As previously stated, for the synthesis of the starting carboxylic acids we relied on the
protocol reported by Moeller and co-workers;**? so starting from the commercially available
phosphonium salt 2.102, by Wittig reaction with a set of aldehydes, different carboxylic acids
were synthesised and then subjected to the optimised electrolysis conditions. The carboxylic acids
were reduced with LiAlH; to their corresponding alcohols in almost quantitative yield,*’® and the

resulting alkenols were also subjected to the electrochemical oxidative cyclisation (Scheme 2.30).

S.S. cathode
C/PVDF anode

80 mA; MeOH (0.1 M)
((CH3)3Si);NNa Et,;NBF, (0.25 equiv)
o -(EHC!:t Gl 0.25 mL/min; rt
o 0
OH
y O)K/\/Pgh_g* m o—0@)—
r

i
T
o
X
2.102 ‘/ (E/Z ~ 70/30 to greather than 95/5)2 R-T
% O
(0]

41 ~ erythro/threo

S.S. cathode
C/PVDF anode

80 mA; MeOH (0.1 M)
Et4,NBF4 (0.25 equiv)

|
\)i THF 0.25 mL/min; rt O/\O
X X OH _0Ctort O/\r‘f\/\OH
R
’ Q*O

LiAIH,

(E/Z ~ 70/30 to greather than 95/5)2
4/1 ~ erythrolthreo

Scheme 2.30: Synthesis of substituted THFs and lactones through electrochemical flow oxidative

cyclisation.?For ratios of alkenes isomers see experimental section.

All yields of cyclised products are for isolated pure compounds obtained from a range of
carboxylic acids and alcohols (Figure 2.9). Good to moderate isolated yields were achieved and all
the target compounds were obtained as approximately 4/1 (*H NMR) erythro/threo

diastereoisomeric mixtures.
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‘ X
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2.84 (61%) 2.85 (78%) 2.117 (73%) 2.118 (22%) 2.119 (65%)

75125 ~ erythroithreo

Begs

2.120 (51%)

80/20 ~ erythro/threo

o

2.121 (60%)
80/20 ~ erythro/threo

80/20 ~ erythro/threo

o)

2.122 (35%)
78/22 ~ erythro/threo

80/20 ~ erythro/threo

80/20 ~ erythro/threo

80/20 ~ erythro/threo
O/ o/

2.116 (75%) 2.123 (50%) 2.124 (42%) 2.125 (30%) 2.126 (58%)
83/17 ~ erythro/threo 80/20 ~ erythro/threo 80/20 ~ erythro/threo 80/20 ~ erythro/threo

og |

HN)k o~
2.127 (59%) 2.128 (61%) 2.129 (49%)

oo oo On
80/20 ~ erythroithreo 80/20 ~ erythro/threo 87/13 ~ erythroithreo

2.130 (36%)
80/20 ~ erythro/threo 2.131 (61%)

Figure 2.9: Substrate scope.

We were delighted to observe y-lactone 2.84 in a decent 61% vyield, as a 4:1 mixture of
diastereoisomers erythro:threo (by H-NMR) (scheme 2.31a), while Moeller and co-workers
reported a modest 33% vyield using an excess of charge and elevated temperature (scheme
31b).%>2 Carboxylic acid 2.81 containing an electron-releasing group at the 4-position gave the
desired y-lactone 2.85 with a higher 78% yield, again as 4:1 erythro:threo mixture (scheme 2.31a).
Moeller and co-workers reported a similar yield (76%) for the same substrate (scheme 2.31b),
reinforcing the hypothesis that the presence of electron-donating group on the aromatic system is
capable of stabilising the benzylic carbocation intermediate, and that this is important for efficient
anodic cyclisation. It should also be noted that Moeller’s electrolysis was performed with a 0.03 M
solution of carboxylic acid, at 40° C, using 3.3 equivalents of supporting electrolyte and in the case
of carboxylic acid 2.80 using and excess of current, while the method we developed was applied
on a more concentrated solution of starting material (0.1 M), was performed at room
temperature, required only 0.25 equivalents of supporting electrolytes and for all the substrates,
included carboxylic acids 2.80 and 2.81, only the stoichiometric amount of current (2.0 F) was

needed to achieve full conversion.
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a) S.S. cathode
C/PVDF anode
20F
o Et4,NBF,4 (0.25 equiv) OMe

MeOH (0.1 M)
©/\/\)\0H 0.25 mL/min; r.t.
%@%’ 0

0,
(61%) 284 O

S.S. cathode

C/PVDF anode

20F

Et4,NBF, (0.25 equiv) OMe
0] MeOH (0.1 M)

0.25 mL/min; r.t.
NN OH s @ /©)\OQ
MeO
MeO (78%) (o]

Pt cathode
RVC anode
30% MeOH/THF(0.03 M) OMe

0
« 10.0 F: 40 °C
OH  NEt,OTs (3.3 equiv)
(33%) o

2.80 2.84 (0]
Pt cathode
RVC anode
(e} 30% MeOH/THF (0.03 M) OMe
X OH 2.0F;40°C
NEt,OTs (3.3 equiv)
_—
MeO 76% o
2.81 (76%) MeO 285

Scheme 2.31: a) Flow electrochemical oxidative cyclisation of acid 2.80 and alcohol 2.81 (this work); b)

Moeller’s batch oxidative cyclisation of 2.80 and 2.81.

By contrast, oxidative cyclisation of the alcohols bearing methoxy groups at 2-, or 4-positions
afforded THFs 2.123 and 2.124 in reduced yields (50% and 42%, respectively). The presence of the
—OMe group on the aromatic ring would stabilise the carbocation intermediate, leading to the
anticipation of a higher yield of the THFs. However, it is believed that the lower yields were due to
over-oxidation of the product. [More details on this over-oxidation reaction are reported later in
the CV study section]. In the case of the lactone, the stronger electron-withdrawing O—COR

group may help to supress the over-oxidation of the product.

An advantage of the developed flow conditions is that it is also possible to oxidatively cyclise
substrates bearing an electron-withdrawing groups on the aromatic ring. Lactones 2.119, 2.120
and THFs 2.126 and 2.127 were obtained with yields of 65%, 51%, 58% and 59% respectively.
Moreover, products 2.118 and 2.125 with a pyridine ring instead of a benzene ring were
synthesised with a 22% and 30% yield without full conversion; in order to achieve full conversion,
a 2.5 fold excess of current was needed, but the desired products were obtained with yields lower
than 10% due to degradation. The oxidative cyclisation proved to work even for substrates with a
substituent on the double bond and on the alkyl chain; THFs 2.128 and 2.131 were both obtained

with a 61% vyield and lactone 2.121 with 60%. Using water instead of methanol as solvent, gave
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hydroxyalkyl THF 2.129 with a 49% vyield. In this case, to ensure solubility of the substrate a 1/1
mixture of water and acetonitrile was used, resulting in simultaneous formation of the Ritter

reaction product 2.130 in 36% yield (Scheme 2.32).

S.S. cathode

C/PVDF anode

20F o
Et,NBF, (0.25 equiv)

11 HZO/MeCN (0.1 M)

2.65 2.129 (49%) 2.130 (36%)
Scheme 2.32: flow electrochemical oxidative cyclisation using water as nucleophile and Ritter side-reaction.

While working on the substrate scope, oxidative cyclisation of alcohol 2.111 containing a 1-

substituted styrene was investigated (Scheme 2.33).

C/PVDF anode,

S.S. cathode |
80 mA,Et;NBF, 0
OH MeOH, 0.25 mL/min N
.................. !
2111 2.132

Scheme 2.33: flow electrochemical oxidative cyclisation of 2.111.

The strategy adopted for the synthesis of compound 2.111 aimed to prepare the styrene starting
from y-butyrolactone 2.134 via the hydroxyketone 2.133 (Scheme 2.34).

(0] (0]
©)J\/\/OH — ©)J\/\/OH — do

2111 2133 2.134

Scheme 2.34: Retrosynthetic approach for alkenol 2.111.

The first attempt to prepare hydroxyketone 2.133 was by Friedel-Crafts reaction from benzene.
Adapting a procedure reported by Feng and co-workers,'”® y-butyrolactone 2.134 was first
reacted with SO,Cl, and then with benzene in the presence of AICls. The reaction did not work;

both the *H-NMR and TLC revealed a complex mixture of different products (Scheme 2.35).

o 1) SO,Cly; reflux o

2) benzene; AICIl3;; DCM
o ©)K/\/OH

2.134 2.133

Scheme 2.35: Attempted synthesis of hydroxyketone 2.133 via Friedel-Crafts reaction.
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A five step synthesis for compound 2.111 was then developed; it was a substantially longer route,
but one that could be applied on a larger scale compared to the one previously described.
Following a procedure reported in literature®® amide 2.135 was easily obtained by reaction of y-
butyrolactone with morpholine in the presence of trimethylamine. Before conversion of the
amide 2.135 to ketone 2.136 by reaction with phenyl magnesium bromide,®! it was necessary to
protect the hydroxyl group by formation of the tetrahydropyranyl acetal.’® Ketone 2.136 was
then converted to alkene by an unoptimized, low-yielding (30%) Wittig reaction® and finally the

deprotection of the hydroxyl functionality gave the desired product 2.111 (Scheme 2.36).18!

0
o] 1) DHP, pTsOH
C/fo morpholine NMOH CH,Cl,
EN Q (79%) R
“68%) O 2) PhMgBr, THF
2.134 2.135 (59%)
1) PhyPMeBr
tBUOK, THF
OTHP  (30%) OH
2) H,0/MeOH
pTsOH, 50°C
2.136 (91%) 2.111

Scheme 2.36: Synthetic route to alkenol 2.111.

With compound 2.111 in hand, the cyclization step was performed in the electro-flow reactor

(Scheme 2.37).

Stainless Steel cathode
C/PVDF anode
80 mA, Et4;NBF,

MeOH 0.25 mL/min

2.1 2.132
Scheme 2.37: Attempt of flow electrochemical oxidative cyclisation of 2.111.

The reaction was tested with the previously described conditions. Upon electrolysis in MeOH a lot
of bubbles were observed and a minimum voltage of 3.2-3.3 V were registered. After the work-up,
by H-NMR the detection of the desired product 2.132 was difficult; but by GC-MS, the main peak
with a retention time of 7.3 min showed an ion of (m/z = 192.2) corresponding to that of the
methoxy THF 2.132, with fragmentation (115 [Ce¢H1102]*, 77 [CeHs] *) also consistent with the
expected product. However, TLC analysis showed a multi-component mixture with little or no
separation. Attempted, careful column chromatography, did not allow the desired product to be
isolated. The number of different products and degradation observed in this reaction can be

rationalised by considering the proposed mechanism, where, after the first oxidation an unstable
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primary alkyl radical would be generated following 5-exo cyclisation (Scheme 2.38). Further
oxidation would give rise to an unstable primary carbocation. Therefore, in this case, other
pathways may compete, leading to the complex mixture observed. These could include 6-endo

cyclisation, intermolecular reactions with MeOH and so on.

211 2.111a
+ OMe
7e7
(e} 0] (¢}
2.111b 2.111c 2.132

Scheme 2.38: Possible mechanism for the oxidation of hydroxystyrene 2.111.

2.9 Mechanistic studies

During the flow electrolysis experiment, three phases can be identified: 1) when the voltage drops
down from the maximum value to the lowest as the substrate enters the cell and current starts to
pass, increasing from 0 mA to the set value (80 mA); 2) the steady state, when the cell is flooded
with the substrate solution and the current has stabilised at the set value and the voltage remains
constant; 3) when the voltage starts to increase again while the current drops down as the plug of
reaction solution exits the cell. To probe the efficiency of the electrolysis at these different points,
the cyclization of phenyl substituted alkenol 2.65 was performed under the optimised conditions
and three fractions were collected in order to examine the reaction profile with time. As shown in
Figure 11, the 'HNMR spectra of the three fractions look similar, indicating that the reaction
profile is fairly uniform. This validates the approach where the entire reaction sample is collected,

rather than discarding the first and/or the last portion of the reaction solution (Figure 2.10).
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Figure 2. 10: 'THNMR spectra taken from samples collected at three different stages of the flow electrolysis
experiment.

It is believed that the anodic cyclisation proceeds via a two electron oxidation. The first anodic

electron-transfer step leads to the formation of a radical cation that is rapidly trapped by the

hydroxyl (or carboxyl) group. A second electron is abstracted, with generation of a benzylic

carbocation that is trapped by a nucleophile, which is the solvent in this example (Scheme 2.39).

MeOH OMe
anode
X
RIS H @—C@j%> R
P = (0]
—e MeOH
,H‘*‘

OND—'OAO

Scheme 2.39: Proposed mechanism of the oxidative cyclisation.

The proposed mechanism for this type of reaction has already been well
documented.3160.146.147,152183  Moeller and co-workers, as previously stated in introduction to this
thesis, worked extensively on anodic cyclisation reactions towards efficient methods for the
synthesis of different ring systems. The electrochemical approach allows the conversion of
electron-rich olefins into radical cations that can react with nucleophiles, whilst they would
normally serve as nucleophiles themselves (Scheme 2.40), giving rise to a reversal of “classical”

reactivity akin to “Umpolung” of the carbonyl group.
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Scheme 2.40: Proposed general mechanism of the oxidative cyclisation of electron-rich alkenes reported by

Moeller and co-workers.

2.10 Cyclic voltammetry

In order to explain the results of the substrate scope previously described and have a better
understanding of the behaviour of the different substrates during the electrolysis we undertook
some cyclic voltammetry experiments. We decided to analyse four substrates: alkenol 2.65 and its
corresponding carboxylic acid 2.80, carboxylic acid 2.81 bearing an electron-donating group on
the aromatic ring and and alkenol 2.135 bearing an electron-withdrawing group on the aromatic

ring (Scheme 2.41).

S.S. cathode
C/PVDF anode
80 mA; MeOH

©/WOH Et4NBF@O .25 mL/min ©/§\O

265 S.S. cathode 2116

C/PVDF anode

80 mA; MeOH
Et,NBF 5 mL/min
Beana s o Q*O

2.135 $.S. cathode 2.127
C/PVDF anode

o) 80 mA; MeOH

Et4NBF 4.0.25 mL/min
2.80 S.S. cathode 2.84

C/PVDF anode

o 80 mA; MeOH

/@/\/\)k Et4NBF@ 25 mL/mm/@)\Q
A
MeO

Scheme 2.41: Electrolysis reactions analysed by CV.

Cyclic voltammetry (CV) experiments were carried out in a two compartments cell using a vitreous
carbon disc (diameter 3 mm) working electrode, a Pt wire counter electrode and an aqueous SCE
reference electrode mounted in a Luggin capillary. An Autolab PGStat204 potentiostat with Nova
1.9 software was used and responses were analysed using Nova 1.9 software. All voltammetry run

with a 5.0 mM concentration of substrate, using 100 mM supporting electrolyte.
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As shown in Figure 2.11, the CV of methoxy-substituted styrene carboxylic acid 2.81 shows a
lower oxidation potential (1.16 V) compared to 2.80 (1.39 V), due to the presence of the +M
(electron-releasing) group on the aromatic ring, which stabilises the radical cation intermediate.
This would be consistent with the observation of a higher yield for the electrolysis substrates

bearing and electron-donating group on the aromatic due their oxidation under milder conditions.

1,4

1,2

0,8

0,6

0,4

Current density (mA cm™2)

0,2

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6

-0,2
Potential vs SCE/V

Figure 2. 11: Cyclic voltammogram for carboxylic acid 2.81 and 2.80; potential scan rate 25 mV s™%; scan
range0Oto 1.5V
From the preparative electrolyses, the 4-methoxyphenyl and 2-methoxyphenyl lactones 2.85 and
2.117 were obtained with good yields of 78% and 73%, respectively. On the other hand, the
corresponding THFs 2.123 and 2.1124 were obtained in lower yields of 50% and 42%, respectively.
A possible explanation, that the presence of an electron-donating group, the THFs were more

liable to over-oxidation with consequent consumption of the THF product.

In order to provide evidence for this proposal, THF 2.123 was passed through the Ammonite 8
reactor under the oxidative cyclisation reaction conditions. Analysis of the outlet solution showed
almost full consumption of the starting THF to give p-methoxy benzaldehyde and the

corresponding dimethyl acetal (Scheme 2.36).
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S.S. cathode
C/PVDF anode

o~ 80 mA; MeOH o~
Et4,NBF4; 0.25 mL/min
~ o
¢ ~o o
2.123 2.103 2.136

Scheme 2.42: Flow electrochemical oxidation of THF 2.123. Evidence for over-oxidation of electron-rich

styrene derivatives.

Once aware of this outcome, the crude *HNMR spectra of the reaction mixtures from anodic
oxidation of different alcohol substrates were carefully re-checked and in all cases the
corresponding dimethyl acetals were observed, except for substrates bearing an electron-
withdrawing group (—F; —CFs). Dimethyl acetals were most prominent in the crude *H-NMR
spectra of 4-methoxyphenyl and 2-methoxyphenyl THFs 2.123 and 2.124, but traces were also
evident in the spectra of lactones 2.85, 2.117, 2.84 and THF 2.116. Probably the presence of the
carbonyl group for lactones 2.85 and 2.117 makes the products more electron-poor than their

corresponding THFs, with consequent inhibition of the over-oxidation process.

A proposed mechanism for over-oxidation is presented in Scheme 2.43, based on the studies

reported by Obigin and co-workers on the investigation of the electrochemical cleavage of

benzylic C—C rtand o bonds.'®*

OMe OMe OMe
0 o}
MeO MeO MeO

2.123 2.123a 2.123b
OMe OMe
e . /@)* . /©)\OMe
MeO MeO
2.123c 2.136

Scheme 2.43: Obigin’s proposed mechanism for electrochemical over-oxidation of substrate 2.123.

Increasing the scan range to 2.2 V for the CV of alkenoic acid 2.81 showed additional two peaks,

which could be due to the over-oxidation reaction (Figure 2.12).
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Figure 2. 12: Cyclic voltammogram for carboxylic acid 2.81; potential scan rate 25 mV s™%; scan range 0 to

2.2 V.

CV experiments have been also run on substrate 2.135 bearing an electron-withdrawing group (—

CF3) on the aromatic ring for comparison with hydroxyalkene 2.65. As anticipated, a higher

oxidation potential was registered for the alcohol with the —CF; electron-withdrawing group

(1.74 V). This result is consistent with preparative electrolysis experiments where oxidation of

alcohol 2.135 containing a CF; group on the aryl ring gave a lower yield (59%) of the THF product

compared the unsubstituted phenyl derivative 2.65 (75%) (Figure 2.13).
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0,4 0,6 0,8 1 1,2 1,4

Potential vs SCE/V

1,6 1,8 2

Figure 2. 13: Cyclic voltammograms for alcohols 2.65 and 2.135; potential scan rate 25 mV s%; scan range 0

to1l9V
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After these studies it became clear that, if the substrate is very electron-poor, the anodic
cyclisation is challenging due to high oxidation potentials needed to form the radical cation. On
the other hand, if the substrate is electron-rich, then the cyclised products are prone to further
oxidation. This is most evident for THFs, as the lactone products are less susceptible to over-

oxidation.

2.11 Scale-up and batch cell experiment

To explore whether the electrolysis developed in flow translated, we applied the same conditions
in a “home-made” beaker-type cell to the synthesis of 2-hydroxybenzyl tetrahydrofuran 2.116
(Figure 2.14).

Figure 2.14: Left side: batch cell set-up; Right side: batch cell components: stirring magnet, glass vessel,
stainless steel cathode and C/PVDF anode.
[Full details on the set-up of the experiment and its conditions are described in the experimental
chapter]. Based on the same current density used for the reaction in the Ammonite cell, a current
of 7.2 mA has been applied for 3.72 h in order to achieve full conversion of alkenol 2.65, giving
the desired THF 2.116 with a calibrated GC yield of 49%. Extension of the flow conditions to batch
was demonstrated, albeit with lower performance compared to the flow approach (Scheme 2.44).
A less clean reaction profile was evident from 'H NMR analysis of the crude reaction mixture from
the batch electrolysis, suggesting that the extended time needed in batch led to increased
degradation with consequent impact on yield. However, it is important to recognise that no

optimisation of the batch conditions have been carried out here.
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S.S. cathode

CIPVDF anode OMe
7.2 mA; 3.72 h; MeOH
Et,NBF
2.65 2.116 (49% GC yield)
S.S. cathode
C/PVDF anode OMe

80 mA; MeOH
Et4NBF,4; 0.25 mL/min
SR :
2.65

2.116 (75% isolated yield)

Scheme 2.44: Comparison between the batch and the flow approach for the oxidative cyclisation of alkenol

2.65.

Another potential advantage of the flow approach is the ease of scale-up by simply running the
flow electrolysis for an extended time. Under the conditions already developed, 7.4 mmol (1.2
grams) of phenylpentenol 2.65 was fully converted in 5 hours, in a single pass of the flow reactor,
giving the desired product 2.116 with an isolated yield of 79% (Scheme 2.45). Thus, gram-scale
amounts of oxidative cyclisation products are accessible using the same reactor and conditions

within a reasonable period of time.

S.S. cathode OMe
C/PVDF anode
80 mA; MeOH H
o Et,NBF,; 0.25 mL/min QAQ 2116
OH o @ OMe 8o/ 20 ~ erythro:threo
79%(1.1 )

2.65 0o
(1.29)

Scheme 2.45: Scale-up of the flow oxidative cyclisation of alkenol 2.65.

2.12 Spirocycles

Spirocycles consist of two or more rings connected by one common atom. In recent years,
synthetic chemistry has worked on developing efficient methods for the synthesis of these
scaffolds because of their importance, especially in the field of drug discovery. Spirocycles,
including spiroketal motifs, are present in many different natural molecules, and numerous bio-

active, pharmaceutical and agrochemical compounds (Figure 2.15).185-192
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W/
N
2137 2.138
Cevimeline (£)-y-rubromycin

2.139 2.140
Spironolactone Griseofulvin

Figure 2.15: Examples of spirocycles in bio-active compounds.
Methods reported for the synthesis of spirocompounds are as diverse as the targets themselves,
but common approaches include metal complex catalysis (Pd, Rh, Fe),18187.1931% the yse of
Brgnsted acids,'® and photochemistry.1%%1%:1%7 Most of the time these methods require the use of
expensive and toxic reagents.'®® Therefore, electrochemistry has a potential application for

synthesis of spirocyclic compounds as a more sustainable approach.

In 2000, Marké reported an anodic electrolysis method for the synthesis of spiroketals starting
from w-hydroxy-tetrahydropyrans (Scheme 2.46a).1%® More recently, Marké and co-workers
reported the application of anodic electrochemistry for the synthesis of the spirocyclic C28-C38
fragment of okadaic acid (Scheme 2.46b);%® while Opatz and co-workers have been working on
the application of electrochemistry, in particular anodic oxidation, in the synthesis of natural

products and also spirocycles (Scheme 2.46¢).1%
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Scheme 2.46: a) Electrochemical synthesis of spiroketals by Markd; b) Electrochemical synthesis of

spiricycles applied to the synthesis of okadaic acid; c) Opatz and co-workers’ anodic oxidation method for

the synthesis of spirocycles.

During our work on electrolysis towards the synthesis of THFs and lactones, styrene diol 2.147
was selected as a possible candidate in order to perform an intramolecular oxidative cyclisation

by having a second nucleophile within the molecule (Scheme 2.47).

S.S. cathode
C/PVDF anode
OH 80 mA; MeCN
S Et4NOpTs; 0.25 mL/min 0
OH o @\
2.147 2.148 0
767
,H‘*‘
OH OH
oH _-H" _ . _—e 3
o o
2.147a 2.147b 2.147c

Scheme 2.47: Flow oxidative cyclisation of substrate 2.147.

Compound 2.147 was synthesised in three steps starting from commercially available 2-
iodobenzoic acid 2.129 (Scheme 2.48).1%92%° 2,149 was converted to the methoxy ester with a
95% yield before Sonogashira coupling to give compound 2.151 with a 60% yield; with LiAlH; we

then manage to reduce both the ester to alcohol and the alkyne to alkene. It proved to be

75



necessary to convert the carboxylic acid to the methyl ester prior to the Sonogashira coupling;

attempted direct coupling of the acid with the alkyne gave a mixture of products.

Pd(PPh3),Cl,
(0] H,S0O,4 conc. o Cul; Et;N LiAlH,4; THF
MeOH; reflux _MeCN 0 °C to reflux
OH OMe
(95%) (60% (75%
I I
2.149 2.150 2.151 2.147

Scheme 2.48: Three step sequence for the synthesis of 2.147.

With compound 2.147 in hand, the electrolysis step was investigated, swapping the solvent from
MeOH to avoid methoxylation. MeCN was chosen as a suitable solvent and for a matter of
solubility, and EtsNOpTs was used as supporting electrolyte. The crude *HNMR spectrum of the
electrolysis reaction showed starting material left (= 30%) and one main product, which was not
the expected bis THF 2.148. The structure of the electrolysis product was determined to be

spiroketal 2.152, isolated in 15% yield (Scheme 2.49).

S.S. cathode

S.S. cathode C/PVDF anode
C/PVDF anode OH 80 mA; MeCN
o 80 mA; MeCN Et4NOpTs; 0.25 mL/min 0O
Et4NOpTs; 0.25 mL/min X
—O—-o OH o——(@© X%
(0]
(15%) 0
2.152 2.147 2.148

Scheme 2.49: Flow electrochemical oxidative cyclisation of 2.147 leading spiroacetal 2.152.

This unexpected result gave some interesting information about the mechanism of the oxidative
cyclisation, supporting the involvement of a carbocation intermediate. It supported initial
oxidation and cyclisation with formation of a five-membered ring. In this particular case, after the
second electron-transfer, a hydride migration occurs with formation of an oxacarbenium ion
2.147d, followed by ring closing to the spirocycle 2.152 (Scheme 2.50). It maybe that cyclisation of
the hydroxymethyl group onto the benzylic cation is slow relative to the hydride migration, or

even reversible at the anode, where acidic conditions are present.
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2.147 2.147b
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Scheme 2.50: Proposed mechanism to explain the formation of spirocycle 2.152 by anodic oxidation of 147.

In the previous reactions, the hydride migration was not observed, probably because when
working with methanol as solvent in a large excess, the cation formed after the second oxidation
was rapidly trapped. In order to support this hypothesis, electrolysis of alcohol 2.65 was
performed by using just five equivalents of methanol and MeCN as solvent. The crude *H-NMR
supported the presence of the acetal product 2.153 in a 1/4 ratio with THF 2.116, showing
characteristic doublets at 3.03 ppm and 3.12 ppm Unfortunately, due to its volatility, most of the
product tentatively assigned as 2.153 was lost on solvent removal. However, the small amount of
purified material recovered was enough to obtain an HNMR spectrum that matched data
reported in literature,?®! and a GC-MS showing molecular ion [CsH90,]* and [C;H;] * with a mass

respectively of 101.06 and 91.05 confirmed the positive outcome of the reaction (Scheme 2.51).

S.S. cathode
C/PVDF anode
80 mA; MeOH (5.0 equiv)
MeCN

Et4NBF4 0.25 mL/min

A

2.65¢

ob o'

2.153

ot

2.65d

2.116

R

Scheme 2.51: flow electrochemical oxidative synthesis of 2.153.

2.65a 2.65b
H -
LH  hydride 0
—e” migration ¥ 4}MeOH ©/\©
o) 0 0

2.153
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2.13 Investigation of the influence of chiral supporting electrolyte

Having developed a flow approach to anodic oxidative cyclisation, all the products were obtained

as aproximately 4/1 = erythro/threo diastereoisomeric mixtures (scheme 2.52).

Stainless Steel cathode OMe
C/PVDF anode

80 mA, Et,NBF, 7
MeOH, 0.25 mLimin  R<_J 0

N~
\ ~

RO/\HJ# OH @—@—. OMe 80/20 ~ erythro/threo
/

(E/Z~ 70/30 to greater tthan 95/5) R—;

Scheme 2.52: General scheme of the flow electrochemical oxidative cyclisation method developed.

It was highly desirable to be able to improve the ratio further in favour of the erythro isomer or
reverse it in favour of the threo diastereoisomer. One approach to achieving stereoselectivity
could be by performing the reaction in the presence of a chiral additive, such as an
enantiomerically pure chiral supporting electrolyte. In electrochemical reactions, both in batch
and flow, the role of the supporting electrolyte is to act as a charge carrier by migration from one
electrode to the other through the electrolyte solution. Asymmetric synthesis by electrochemical
methods has been one of the most challenging subjects in organic electrochemistry;2°? some good
results have been obtained using chiral modified electrodes, that normally consist of a carbon
electrode modified by a film consisting of a metal complex with chiral ligands.?%72% These
electrodes unfortunately are mostly selective for a specific reactions, sometimes lack
reproducibility and are difficult to prepare and to re-use.?? Maekawa et al.> tried to perform
electro-oxidative enantioselective oxidation of enol acetates using chiral supporting electrolyte
TEACS (tetraethylammonium camphorsulfonate) (Figure 2.16), and their best result was an
enantioselectivity of 44%. Although 44% would be considered mediocre in general asymmetric

synthesis, achieving this using a chiral electrolyte remains and impressive result.

~ 0
SO3™ *NEt,

2.154

Figure 2. 16: Structure of tetraethylammonium camphorsulfonate: a chiral supporting electrolyte.

Due to the practical challenges of chiral modification of electrodes, it was decided to test TEACS
as a chiral supporting electrolyte in an attempt to improve the diastereoselectivity. For the
synthesis of TEACS 2.154, a procedure reported by Maekawa and co-workers was followed

(Scheme 2.53): reaction of 15-(+)-camphorsulfonyl chloride 2.155 with ethanol in the presence of
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a base (pyridine) to give 1S-(+)-ethyl camphorsulfonate 2.156 followed by treatment with
trimethylamine in ethanol under reflux to finally afford the tetraethyl ammonium salt 2.154. The
reaction step between 2.155 and ethanol did not work; after the work-up compound 2.156 was
not recovered. Instead compound 2.156 was synthesised by reaction of 15-(+)-camphorsulfonic
acid (2.157) with triethyl phosphite with a 67% yield.?® The second step, the conversion of ethyl
camphorsulfonate 2.156 to the tetraethyl ammonium salt 2.154 by reaction in dry EtOH with

triethyl amine under reflux, finally afforded the desired product with 58% yield (Scheme 2.53).

EtOH
SOZCIO pyridine, 0 "C
2.155
EtsN, EtOH
reflux, 3 h
P(OEt); 0 _ 0
2h.50°C Et0,S SO *NEt,
/ 2.156 2.154
Lo (67% yield) (58% yield)
3
2.157

Scheme 2.53: Synthesis of chiral ammonium salt 2.154.

Once prepared, compound 2.154 was tested as chiral supporting electrolyte for the anodic
cyclisation in the flow reactor. The conditions previously described were used: a 0.1 M solution of
reactant, a stoichiometric equivalent of current (80 mA, 2.0 F) and a flow rate of 0.25 mL/min. The
chiral supporting electrolyte 2.154 (0.05 M) was used in place of EtsNBF4. During the reaction, the
formation of bubbles exiting the reactor and a voltage of 3.4-3.3 V, comparable to the previous
experiments run using EtsNBF,. Full conversion was achieved but analysis of the crude reaction
mixture by *H-NMR and by TLC revealed that it had proceeded less cleanly with a small decrease
in diastereoselectivity (70/30= erythro/threo instead of 80/20). (Scheme 2.54). The use of chiral

supporting electrolyte was an ambitious project and it did not gave the expected outcome.

Stainless Steel cathode
C/PVDF anode

80 mA, MeOH

0.25 mL/min

SOy
*NEt,

2.154

Scheme 2.54: Flow electrochemical oxidative cyclisation of 2.48 using a chiral supporting electrolyte.
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2.14 Attempted trapping of cyclised carbocation intermediates as

alkylsulfonium ions

Electrochemical oxidations often involve the formation of a carbocation under mild conditions.
Subsequently, the carbocation undergoes typical chemical reactions such as attack by a
nucleophile present in the reaction mixture, which in many cases is the solvent. In 2011, Yoshida
and co-workers published electrochemical-chemical oxidation processes with trapping of

carbocation intermediates as alkoxysulfonium ions,?%’

where they managed to generate,
accumulate and even characterize this cation intermediate. The alkoxysulfonium ion derived from
the reaction between DMSO and the oxidised substrate was ultimately reacted with an amine

base to give a carbonyl product following a Swern-type process (Scheme 2.55).

)H<H -e H H " _H* H
R™ R)ﬁf } R).\,F e,

I
H 9@
)\H DMSO O™ EgN 0
R® )\f —_—
H y
R)\;

Scheme 2.55: Yoshida’s integrated electrochemical-chemical oxidation mediated by alkoxysulfonium ions.

Their work started using easily oxidisable substrates such as diarylmethane 2.158; the reaction
was performed in a divided cell, applying a constant current of 8.0 mA until 2.5 F of electricity
were consumed, at —78°C, in CD,Cl, and using 5 equivalents of DMSO (Scheme 2.56a). They were
able to characterise the alkoxysulfonium intermediate 2.159 by *HNMR analysis at —=78°C. The
alkoxysulfonium intermediate 2.159 was then reacted with EtsN to give the corresponding ketone
2.160 in 91% yield. With this promising result in hand they expanded the substrate scope applying
this method to aryl-substituted alkenes like 2.161 (Scheme 2.56b) and also to alkenes bearing a
nucleophile group in order to enable cyclisation (Scheme 2.56c). A key advantage of Yoshida’s
approach is that the intermediate sulfonium ions are less prone to oxidation than methyl ethers,

and thus, electrochemical degradation of the product was observed.
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H-type divided cell \
Pt cathode; C felt anode

YN
3) 2.5 F; ~78°C; BugNBF, o
DMSO (5 equiv); CD,Cl, Et3N O O
F F F F
2.158 2.159 2.160 (91%)

H-type divided cell
Pt cathode; C felt anode

b) Cl 2.1F,; 0°C; BuyNBF, o/ O Cl
DMSO-dg/CH,Cl, = 1/2 EtsN
LT ket 3
O O e O
cl S
/

2.161 2162 2.163 (83%)

H-type divided cell
c) Pt cathode; C felt anode @
3.0 F; 0°C; BuyNBF, o~ S<

A
©/\/\/\NUH DMSO/CH,Cl, = 112 _ BN ©)g§

2.164: Nu = NHTs (85%)
2.165: Nu = OH (52%)

Scheme 2.56: Examples of Yoshida’s integrated electrochemical-chemical oxidation mediated by

alkoxysulfonium ions.

As the extension of the oxidative cyclisation to produce ketones offered interesting possibilities,
the flow electrolysis method was investigated in presence of DMSO. In contrast to Yoshida’s
electrolysis though, our reaction would have been run in an undivided cell, open air, using a
stainless steel cathode and a C/PVDF anode, Et4NBF; as supporting electrolyte, a flow of 0.25
mL/min and applying the stoichiometric amount of current (80 mA, 2.0 F). Following Yoshida’s
conditions, the reaction was carried out at 0°C in a 3/2 mixture of CH,Cl,/DMSO as solvent and
triflic acid to provide a counter electrode reaction (evolution of H»). As previously stated, Yoshida
ran the reaction at low temperature to slow decomposition of the intermediate alkoxysulfonium
ion, and then EtsN was added to the reaction solution to complete transformation to the ketone
2.165. For the flow set up, the outlet of the electrolysis cell allowed the reaction mixture to flow

directly into a solution of EtsN in CH,Cl; (Scheme 2.57).

S.S. cathode; C/PVDF anode _ _
80 mA, Et,NBF, (0.25 equiv) |
0°C, 0.25 mL/min; triflic acid )

Et;N ,
N CH,Cl,/DMSO = 3/2 3 2.165
OH CH,Cl,
o—© Sy
0 OH
2.65 2.165a
- N 0

2.129

Scheme 2.57: Attempt to combine flow elctrochemical oxidative cyclisation with Yoshida’s cation trapping

approach for the synthesis of 2.165.
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For the first attempt (entry 1, Table 2.5), we used unpurified bench solvents to run the reaction
and analysis of the crude mixture indicated the main product to be 2.129 with a significant
amount of unreacted starting material present. It was encouraging to see the desired keto THF
2.165 as a minor product. This indicated that water present in the solvents or reactants could be
competing with DMSO, although successful formation of the sulfonium intermediate followed
hydrolysis after electrolysis could not be excluded. The proton source, required for the counter
electrode reaction, was changed from triflic acid to MeOH and t-BuOH (entry 2 and 3); these
attempts mainly gave unreacted starting material back, and also some compound hydroxy THF
2.129. The recovery of starting material using MeOH and t-BuOH led to the use of a stronger acid
TFA, to try to facilitate the counter electrode reaction; using TFA, almost full conversion was
achieved but again in favour of product 2.129, and in this case none of the desired ketone 2.165
was observed in the crude mixture. As previously stated, Yoshida and co-workers ran their
experiments under an Argon atmosphere and using dry solvents so we switched from bench
solvents to dry ones (entry 5). Unfortunately, the major product was still the hydroxyketone 2.129
although the relative amount of the desired ketone 2.165 was increased with an isolated yield of
11%. Due to the instability of the alkoxysulfonium ion intermediate, it was believed that the issue
could be arising before the flow entered the EtsN solution. Therefore, EtsN was added directly in
the reaction solution at the inlet of the reactor (entry 7); unfortunately just starting material was
recovered at the outlet. The amine would have formed a salt with the added acid, protecting it
from oxidation, but the amine should have been regenerated by the counter electrode reaction.
Using other acids that are weaker than triflic acid (e.g. MsOH) did not lead to any improvements

in the reaction, resulting in messier crude mixtures.
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Table 2. 5: Investigation of Yoshida oxidation in flow?.

o)
S.S. cathode; C/PVDF anode
80 mA, Et;NBF, (0.25 equiv) L 5
0°C, 0.25 mL/min; triflic acid /S‘o EtsN 2165
Q/WOH CH2C|2/DMSO = 3/2 ©/‘\® CH20|2
(>
o) OH
2.65 2.165a
o)
2.129
entry | Counter reagent Flow solvent Ratio(%)
(mL/min) 2.65/2.165/2.129°
1 CFsSOsH 0.25 DMSO/CH,Cl, = 2/3 27/8/65
2 t-BuOH 0.25 DMSO/CH,Cl, = 2/3 71/0/29
3 MeOH 0.25 DMSO/CH,Cl, = 2/3 82/0/18
4 TFA 0.25 DMSO/CH,Cl, = 2/3 18/0/82
5 CFsSOs3H 0.25 Dry DMSO/CHCl, = 2/3 18/16/66
6 Dry MeOH 0.25 Dry DMSO/CHxCl, = 2/3 77/0/23
7° CF3SOsH 0.25 Dry DMSO/CH,Cl, = 2/3 Sm 100%
8 CH3SOsH 0.25 Dry DMSO/CHCl, = 2/3 28/7/65
9 CH3SOsH 0.5 Dry DMSO/CHCl, = 2/3 30/6/64

3Reaction run using Stainless Steel cathode, C/PVDF anode, EtsNBF4 (0.25 equiv) as electrolyte, stoichiometric amount of current (80
mA, 2.0 F/mol), 0°C. ® Et;N added directly in the inlet solution. ¢ Ratio between compound’s proton signals in crude 'H-NMR.

Unfortunately, we were not able to explore this interesting carbocation trapping / chemical

oxidation approach further. The best result obtained was the formation of the keto THF 2.165 in

11% isolated yield (alcohol 2.129 obtained with a 44% isolated yield) (Scheme 2.59), which was

obtained by running the reaction at 0°C, at a flow rate of 0.25 mL/min, using stainless steel

cathode, C/PVDF anode, and Et;NBF,; as supporting electrolyte, the stoichiometric amount of

current (80 mA), a 3/2 mixture DMSO/CH,Cl, as solvent and triflic acid for the counter reaction

(entry 5). It is possible that with further optimisation and more rigorously anhydrous conditions a

higher yield for the ketone product 2.165 could be achieved, and this could be a topic for future

investigation.

83



2.15 Conclusions and future work

In summary, we have developed a flow method for the synthesis of substituted cyclic ethers and
lactones through oxidative cyclisation of styrene-derivatives. The cyclisation is performed in an
Ammonite flow electrochemical cell without any oxidant or reducing agent apart from the
application of electric current; the reaction proceeds under ambient conditions, in absence of
added base to give lactones and THF products, including even aryl groups bearing electron
deficient substituents, in moderate to good vyields. Initial investigation indicated that the flow
method showed higher efficiency compared to a batch process, and scale-up to ~1 g was proven

to be straightforward without affecting the productivity or reduction in yield.

S.S. cathode
C/PVDF anode
80 mA; MeOH (0.1 M)
((CH3)3Si)2NNa Et,NBF, (0.25 equiv)
0 THF 0.25 mL/min; rt

|
—OAQ
0 Cto-78°Ctort
Ho)K/\/PPhs* w on @—@—» o~

2.77 Q) (E/Z ~ 70/30 to greater than 95/5)

80/20 ~ erythro/threo

S.S. cathode (yields from 2;,% to 78%)
C/PVDF anode

_ 80 mA; MeOH (0.1 M)

o LiAIH, Et4NBF,4 (0.25 equiv)

|
THF R
0.25 mL/min; rt O/\O
WOH 0°C to rt O/\,H\/\OH
R~
i O*O
|
R

(E/Z ~ 70/30 to greater than 95/5)

80/20 ~ erythroithreo
(yields from 30% to 75%)

Scheme 2.58: General scheme of the flow electrochemical oxidative cyclisation of alcohol and carboxylic

acids.

Adaptation of the flow oxidative cyclisation to the formation of keto THFs 2.165 following a
strategy introduced by Yoshida’s was also explored. Although the desired ketone 2.165 was
obtained, the yield was low, and the main product was that from hydrolysis (i.e. hydroxy THF
2.129). An interesting hydride shift-spirocyclisation of 2.147 to give 2.152 was also discovered.
Future work could focus on developing these method for the synthesis of keto THFs and

spirocycles.
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a) S.S. cathode; C/PVDF anode _ _
80 mA, Et,NBF, (0.25 equiv) %
0°C, 0.25 mL/min; triflic acid o)

Et;N
CH,CI,/DMSOQ = 3/2 3

X
OH CH,Cl,
@ - —_—
Shae © !

2.65 2.165a
b) OH S.S. cathode
C/PVDF anode
A 80 mA; MeCN

OH  Et,NOpTs; 0.25 mL/min 0

o—@©@ !
2.147 (15%)

2.152

o)
2.165 (11%)

OH

o
2.129 (44%)

Scheme 2.59: a) Attempted trapping of cyclised carbocation intermediates as alkylsulfonium ions; b) Flow

electrolysis of 2.147 to give the spirocycle 2.152.
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Chapter 3 ELECTROCHEMICAL REDUCTION OF DOUBLE
BONDS

3.1 Common methods for hydrogenation of alkenes

The most commonly used method for the hydrogenation of alkenes is catalytic hydrogenation. It
is one of the most important reactions in organic chemistry, especially because of its many
different applications in industry, from pharmaceutical to the petrochemical materials.?%%2% |t
requires the use of hydrogen gas and a transition metal catalyst (Rh, Pd, Au, Ir, Ru, Ni); the
catalyst can be heterogeneous (e.g. a metal such as Pd supported on a solid material like carbon)
or a homogeneous soluble catalyst (e.g. Wilkinson’s catalyst). Heterogeneous catalysts are more
stable, easy to separate and to re-use and easier to handle; they have higher catalytic ability and
their use helps to reduce the process costs. Homogeneous catalysts are mostly used for
enantioselective transformations, provide better selectivity, have a higher turnover and require
milder conditions, but they are frequently more expensive and difficult to reuse.?®21° The use of
metal catalysts for hydrogenation started in 1910 with Sabatier using Ni oxide and currently there
are many methods based on different metals; the most widely used are Pd and Pt, like palladium

on carbon and Adam’s catalyst (PtO,).2*°

In 1966 Wilkinson and co-workers reported the synthesis of a
chlorotris(triphenylphosphine)rhodium(l) complex, known as Wilkinson’s catalyst, for the
homogeneous hydrogenation of unsaturated compounds.?*2 |t can be used for selective
hydrogenation, and displays useful chemoselectivities such as not affecting functional groups like
C=0, CN and aryl. Less substituted and exocyclic double bonds are preferentially hydrogenated

using Wilkinson’s catalyst (Scheme 3.1).

RhCI(PPhs)3
H H H2 H H Cl/,'Rh'\\PPhS
— Gl
= = jer—H PhsP”  “PPh,
R® R* R R4
3.01

Scheme 3.1: Hydrogenation catalysed by Wilkinson’s catalyst.

In 1979 Crabtree and co-workers developed an iridium based complex 3.02 for the homogeneous
catalytic hydrogenation of olefins. This catalyst proved to be more active than the Wilkinson
catalyst and it is also capable of catalysing hydrogenation of tri- and tetrasubstitued olefins

(Scheme 3.2).21>216
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OH
\ 3.01 (20 mol%)
(96%) +
o [ 7, PCys
3.03 AR PF.~
N _alr 6
3.04 =N\
’7‘ N
TBDMSO™ 1 OH 3,01 (2.5 mol%) Sio oH 3:2
(97%) )
OBz OBz
3.05 3.06

(OTBDMS = t-Butyldimethylsilyloxy)

Scheme 3.2: Examples of hydrogenation using Crabtree’s catalyst.

In 1980, Noyori and co-workers, reported the synthesis of a BINAP-Rh(I) complex and its use as
catalyst for the asymmetric hydrogenation of a-(acylamino)acrylic acids or esters to the
corresponding amino acid derivatives with high enantioselectivity.?*”2®® Later, in 1986, Noyori et
al. developed another BINAP catalyst, this time a Ru(ll) based catalyst which proved to work with
a wider range of olefins (Scheme 3.3).2'° Nowadays, most of the new methods of catalytic
hydrogenation are focused on performing the process asymmetrically by adding chiral ligands to

the metal.??®

(S)-BINAP-Rh!
MeO,C._ _NHCOMe H, MeO,C._ _NHCOMe
\[ (90% ee: 78%) Hi
Ph H” ~Ph
3.07 3.08

MeO O
NCOR
MeO |

OMe
H,; alcohol solvent

BINAP-Ru'(0,CCH3),

MeO

O NCOR

MeO
OMe

OMe

OMe

3.09: R = CHs (100%; >99% ee)
3.10: R = CgHs (100%; 96% ee)

Scheme 3.3: Asymmetric hydrogenation developed by Noyori an co-workers.

Despite the predominance of catalytic hydrogenation, there are other useful methods to reduce
C—C double bonds. Around 1960, it was discovered that diimide (HN=NH) could reduce double
bonds (Scheme 3.4).?2! Diimide promoted reduction does not need hydrogen gas or a catalyst,
and has the advantage that it can be run under mild conditions, and tolerates different functional

groups like esters, amines, halides. However, the need of an excess of diimide makes selective

87




reduction of a specific double bond difficult in presence of different alkenes; however
symmetrical and less sterically hindered ones are preferentially hydrogenated. Diimide reduction
can be exploited to reduce certain alkynes to alkenes, in particular alkyl-substitued alkynes
undergo reduction to cis-alkenes. 1-lodoalkynes instead, have a reduced reactivity so their

reduction will stop at the cis-alkene, as shown in Scheme 3.4.2%

H
H H, H /,H\\\ ‘\H g4
N N i N H
Ul | —> | ' — 1l
H H H “H” q H H ,/H
3.11 3.12 3.13 3.14
OH NH5NH,, H,0,

— CH3CO5H, 4 h, rt OH
_ 7a%) V
3.15 3.16

KO,CN=NCO,K

MeOH, C5H5N I
THPO | CH4COH, rt THPQ
CsHys (82%) CsHy4
3.17 3.18

Scheme 3.4: Diimide promoted hydrogenation of alkenes.

Another method to achieve formal hydrogenation of alkene double bonds is via hydroboration
followed by protonation (Scheme 3.5).222 This can be advantageous when the substrate is
incompatible with metal catalysts; for example, the presence of thiols may lead to deactivation of

Pd-catalysts.

BH RCOOH
S 2 S B A NG

Scheme 3.5: Formal hydrogenation of alkenes promoted via hydroboration.

3.2 Electrochemical methods for the hydrogenation of alkenes

In the recent past electrochemistry started to be considered as a valid, more sustainable and safer
method to perform hydrogenation/reduction of olefins mostly because it can avoid the use of
highly flammable hydrogen gas and of expensive transition-metal catalysts that are also finite
resources.’”® An early example from Kashimura and co-workers, reported in 2003,%2* is an

electrochemical version of the Birch reduction of aromatics (Scheme 3.6). The reaction was
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performed in an undivided cell, using magnesium electrodes, using LiClO; as supporting
electrolyte, THF as solvent and t-BuOH as proton donor, under constant current at room
temperature. No mechanistic insight was provided, although it may be expected to follow an
electron-transfer pathway similar to the classical Birch reduction.

Undivided cell: Mg(+) | Mg(-)

anydrous LiCIOy4 (3.3 equiv)
dry THF (0.15 M)

| o tBuOH (10 equiv) | | 3.22: X = OMe; Y = p-iPr (91%)
X~ X 7 F (constant current) X ¢ 323:X=OMe; Y = p-OMeO(SO%)
Y ultrasound cooling bath y 3:24:X=iPr;Y = p-iPr(80%)

rt

Scheme 3.6: Kashimura electrochemical hydrogenation.

In 2019, Baran et al.?*® repored a Birch-type electroreduction. This methodology requires a
sacrificial anode (Mg or Al), dimethylurea as proton source; it proved to be scalable and to be

compatible with a broad range of substrates (Scheme 3.7).

Undivided cell: Al(+) | Zn(-) \NJ\N/

LiBr, THF, 3.37, 3.38, 10 mA, =78 °C s H H
N or
R—- R—L | 3.37 (TPPA)  3.38 (DMU)
=
3.39: R = 1-Me,3-OMe (89%, )

=1
3.40: R = 1-Me,4-OTBS (72%, 74%)
= 1-COOH,3,5-Me (50%, 30%)

Scheme 3.7: Baran’s electroreduction inspired by Li-ion battery chemistry.

In 2006, Navarro et al.?*® reported the homogeneous electro-mediated reduction (HEMR) of
different unsaturated organic compounds, including cyclohexene, cyclohexanone, benzaldehyde,
and styrene (Scheme 3.8). The reaction was performed in DMF as solvent in an undivided cell
equipped with Ni® foam as cathode and a Ni or Fe sacrificial anode, under inert atmosphere, with
Nal as supporting electrolyte and a Nickel"-bipyridine complex 3.29 as mediator. The proposed
mechanism involves the oxidation of the sacrificial anode and the reduction of the mediator at
the cathode, reduction of the substrate by the reduced mediator and protonation of the reduced

substrate by the residual water.
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Undivided cell: Ni or Fe(+) | Ni(-)
Ni'bpy (20 mol%), Nal (2.7 equiv)

© 100 mA (constant current), N, atm @ N
(58%) |
/N\ ,Br
3.25 3.26 Ni
. . . = N/ \BI’
Undivided cell: Ni or Fe(+) | Ni(-) |
o  Ni'bpy (20 mol%), Nal (2.7 equiv) o \3 2
X 100 mA (constant current), N, atm )
(88%)
3.27 3.28

Scheme 3.8: Navarro homogeneous electro-mediated reduction.

In 2016 Tajima et al.??’ reported the electro-chemical reduction of activated olefins promoted by
silica—gel supported sulfonic acid (Si—SOsH). The reaction is performed in an undivided cell, in
MeCN, using Pt anode, glassy carbon (GC) cathode, BusNBF,; as supporting electrolyte and Si—
SOsH as promoter (Scheme 3.9). The role of the silica-gel supported sulfonic acid is to favour the

protonation step minimising the elimination and polymerisation side-reactions.

Undivided cell: Pt(+) | GC(-)
BuyNBF,4 (0.1 M), MeCN (10mL)
Si-SO3H as mediator, 10 mA/cm?

EWG -S EWG 3.30: EWG = COOEt (75%)
] stirring, rt ] 3.31: EWG = COOBuU (67%)
EWG EWG 3.32: EWG = COOMe (74%)

Scheme 3.9: Si—SOsH promoted electrochemical reduction of activated olefins.

In 2019 Xia and co-workers reported the electrochemical 1,4-reduction of a,B-unsaturated
ketones (Scheme 3.10).2%2 The electrolysis is performed at room temperature and open air, in an
undivided cell, using Pt electrodes and inexpensive and safe reagents. Ammonium chloride and
methanol by the proposed mechanism are considered the hydrogen donors, while oxidation of
DMSO is the proposed counter reaction. This methodology proved to be scalable and to be

compatible with ketones bearing different functional groups.

Undivided cell: Pt(+) | Pt(-)
NH,4CI (4 equiv)
o DMSO:MeOH=4:1 (0.05 M) o 3.33: Ar = Ph; R = Ph (85%)
rt, 10 mA/cm?, 6 h , open air 3.34: Ar=2-Cl; R = Ph (87%)
Ar/VJ\R Ar/\)J\R 3.35: Ar = 4-NHAc; R = Ph (84%)
3.36: Ar = Ph; R = Me (58%)

Scheme 3.10: Xia’s electrochemical 1,4-reduction of a,B-unsaturated ketones.

In 2019, Ge and Li*® reported the electrochemical hydrogenation of alkynes to Z-alkenes and
alkanes with good yields and chemo and stereoselectivity. The reaction is performed in an

undivided cell using a graphite anode and a platinum cathode in presence of PdCl, to catalyse the
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hydrogenation. Based on their proposed mechanism the solvent MeOH is the hydrogen source
that gets adsorbed on the palladium catalyst; then the hydrogen transfer happens between the
Pd and the alkyne to generate the desired alkene. According to their proposal, the supporting
electrolyte nBusNI is reduced at the cathode to tributylamine which is then oxidised at the anode
forming an amine radical cation that can also act as hydrogen source (Scheme 3.11).

Undivided cell: Pt(-) | CG(+)

PdCl, (0.5-2 mol%)

Me,NH (0.25-0.5 equiv)
nBugNI (1.0 equiv)

0.1 A (constant current) 3.42: R'= Ph; R'= Ph (78%)

RI—=——R" MeOH (8 mL) " /=\_ 3.43:R=Ph; R'= 4-Pyridyl (92%)

3.44: R'= H; R'= CH,(CH,)gCHs (62%)
Undivided cell: Pt(-) | CG(+)
PdCl, (0.5-2 mol%)
Me,NH (0.5-1.0 equiv)
R—=—R" nBuyNI (2.0 equiv)
or I= 0.3 A (constant current) 3.45: R'= Ph; R'= H (70%)
— MeCN (8 mL) R~ R" 3.46:R=Ph; R'= Me (83%)
R’ R" 3.47: R'= 2-Nap; R'= H (82%)

Scheme 3.11: Ge and Li’s electrochemical hydrogenation of alkynes.

Also in 2019, Li et al.?*° reported the electrochemical hydrogenation of alkynes and alkenes using
ammonia gas as hydrogen source. The reaction is carried out in an undivided cell, using graphite
felt electrodes, at room temperature, under ammonia atmosphere. This protocol is compatible
with different functional group (unconjugated alkenes, benzyl, Boc, Cbz, heterocycles, sulfide, silyl
group). Based on the proposed mechanism the substrate is reduced at the cathode before the
proton transfer with the ammonia (Scheme 3.12). With the requirement of so many additives and

electrolyte, and a Pd catalyst, the advantage of such a process over classical methods is unclear.

Undivided cell
Graphite felt electrodes
NHj3 atm, LiOCI (0.02 M)
MeCN (5 mL), rt
R' o 5V " 3.48: R'=4-Pyridyl; R"= COOEt (53%)
\—\ r->R 3.49: R'= Ph; R"= Ph (92%)

R
Scheme 3.12: Li’s electrochemical reduction using gaseous ammonia.

In 2019, Atobe’s group published their work on the hydrogenation of alkynes to Z-alkenes and to
alkanes using a flow reactor equipped with a proton-exchange membrane.?! In this process, the
electrode acts also as catalyst: at the Pt anode hydrogen is oxidised to protons which pass
through the membrane and get reduced to monoatomic hydrogen and deposit on the cathode

“catalyst” where the hydrogenation of the substrate takes place (Scheme 3.13).
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Divided cell (nafion membrane)
Pd/C(-) | Pt(+)
flow rate: 0.25 mL/min

Flow H, gas: 100 mL/min _
=" o O U

3.50 3.51 3.52

Scheme 3.13: Electrocatalytic hydrogenation of alkynes in a proton-exchange membrane (PEM) reactor.

In 2020 Li et al.** reported the electrochemical deuteration of a,B-unsaturated carbonyl
compounds. The reaction is performed in an undivided cell equipped with graphite felt
electrodes, D,0 is used as deuterium source, no metal catalyst or stoichiometric reductant is
needed; it is performed at room temperature and this method can be applied to a wide range of
o,B-unsaturated compounds with moderate to good yields. Based on their proposed mechanism
the substrate is reduced at the cathode and the oxidation of D0 to generate oxygen provides the

counter reaction (Scheme 3.14).

Undivided cell: GF(-) | GF(+)

R O nBuyNBF, (0.5 equiv), rt 2 o ) , .
H\/\L D,0 (20 equiv), DMF (0.04 M) D 3.53: R = Ph; R®= H; R= H; X= OEt (99%)
ROr X RMX 3.54: R'= Ph; R?= H; R3= Me; X= OH
R RD  (68%)
3.55: R'= Ph; R?= H; R3= H; X= NHPh
(75%)

Scheme 3.14: Electrochemical deuteration of a,B-unsaturated carbonyl compounds.

In 2020 Huang and co-workers reported this metal-free cathodic hydrogenation of unsaturated
carbon-carbon bonds.2* The reaction is performed open air, at room temperature, in an
undivided cell, using carbon electrodes and nBusNHSO, as supporting electrolyte (Scheme 3.15).
The solvents, DMSO and water, are the hydrogen source in this reaction as confirmed by
deuterium-labelling experiments.

Undivided cell: C(+) | C(-)
nBuysNHSO, (1.0 equiv)

o rt, 10 mA (constant current) o 3.56: R'= Ph; R?= H; X= OH (91%)
DMSO (0.1 M), 2.5 h, open air \)k 3.57: R'= 2-thiophene; R?= H; X= OH (34%)
R1\)\X R X' 3.58; R'= Ph; R%= H; X= NH, (90%)
R2 R? 3.59: R'= H; R2= H; X= NHPh (25%)

Undivided cell: C(+) | C(-)

nBuyNHSO, (1.0 equiv)
R rt, 10 mA (constant current) R? e e S b3l )
)\ DMSO (0.1 M), 2.5 h, open air ZJ\ 3.52:R = Ph; R"= H; R*= Ph (94%)
X R

3.60: R'= Ph; R?= H; R3= CN (95%)
RS R

Scheme 3.15: Metal-free cathodic hydrogenation of unsaturated carbon-carbon bonds.
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3.3 Aims and objectives

As previously discussed, the hydrogenation of unsaturated C—C bonds is one of the most
important reactions in organic chemistry, especially because of its many different applications in
industry. Most of the current methods require the use of transition metal catalysts and highly
flammable hydrogen gas. In the recent past, some efforts to make this type of reactions safer and

more sustainable has been made by the use of electrochemistry.

After a surprising result obtained during our studies on the flow electrochemical cyclisation
previously described in chapter 2 and after a review of the literature regarding electrochemical
reduction of double bonds we decided to focus our efforts on the development of the
electrochemical reduction of styrene double bonds using the Ammonite 8 flow reactor. Our aim
was to first optimise the electrolysis conditions, then attempt to expand the substrate scope and
we also felt that it would have been of interest to investigate whether the same substrates could

be oxidised or reduced, selectively, by simply changing the electrolysis conditions.

3.4 Discovery of electrochemical reduction of hydroxyalkene 2.48’s

double bond

While working on the oxidative cyclisation of hydroxyalkene 2.65, reported in Chapter 2, we
applied fluoride as nucleophile instead of methanol in an effort to make fluorinated products
(Scheme 3.16). To do so, the same electrolysis conditions were applied but using TBAF both as
supporting electrolyte and as source of fluoride anion and ethyl acetate, instead of methanol, as
solvent in order to have just one nucleophile in the reaction environment. After removal of
solvent, the crude mixture was analysed by HNMR and massspectrometry, but the desired
product 3.61 was not detected. By careful column chromatography a couple of fractions were
isolated, surprisingly resulting in identification of ester 3.62 and alcohol 3.63. Although the yields
of these unexpected products was low, there isolation clearly indicated the styrene alkene was
susceptible toward reduction/hydrogenation under the electrolysis conditions. Full conversion
was achieved; it should be noted that 80% of the mass balance was unaccounted for, so it is
probable that some oxidation was also taking place with some degradation too as shown by the a

complex TLC and crude *HNMR.
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o S.S. cathode S.S. cathode
)k C/PVDF anode C/PVDF anode
(¢}

TBAF (1 M in THF) TBAF (1 M in THF) F
80 mA; 0.25 mL/min 80 mA; 0.25 mL/min
3.62 (~10%) w@_@ X OH @M@+
o)
2.65

@WOH 3.61
3.63 (<10%)

Scheme 3.16: Attempted fluorinative oxidative cyclisation of 2.48, with observed alkene hydrogenation.

3.5 Optimisation of the electrolysis conditions

Our first focus was to develop the reductive method in order to increase the yield of the reduction
product(s), and allow selective transformation. Using the conditions described above (see Scheme
3.16) the desired alcohol 3.63 was obtained with a yield less than 10%, while ester 3.62 was
isolated with a yield of around 10%. For the optimisation we decided to use calibrated gas
chromatography as the analytical method, and to use E-stilbene 3.64 as substrate instead of
hydroxyalkene 2.65. This was to avoid any issues due to side reactions of the alcohol functional
groups and because both, 3.64 and its hydrogenated product bibenzene 3.52 are readily available

commercially and inexpensive.

As first attempt, we replicated the conditions previously described, using a 0.1 M solution of E-
stilbene in EtOAc, containing 1.2 equivalents of TBAF (Table 3.1). The electrolyte solution was
passed through the Ammonite 8 reactor, using a stainless steel cathode and a C/PVDF anode and
applying the stoichiometric theoretical current of 80 mA (Table 1 entry 1). With these conditions
the desired reduction product 3.52 was obtained with a 40% GC vyield but the overall mass
recovery was very low considering that only 7% of E-stilbene was unreacted. Switching solvent
from EtOAc to THF was carried out to identify whether the solvent actually played a role in the
electrolysis process, and also because the TBAF was already in THF solution (Table 1 entry 2). The
result was similar to the one in EtOAc, with 42% of bibenzyl 3.52 and low mass recovery. We then
investigated TBAI as a sacrificial supporting electrolyte that is readily oxidised (0.54 V vs SCE for
I»+2e~ =2I7). Because TBAI is insoluble in THF, a 9/1 mixture THF/MeCN was used. This attempt
gave just a 12% of bibenzyl but less degradation compared to the previous trials, with the major
part of E-stilbene (81%) left unreacted (Table 1 entry 3). On the basis of the “cleaner” reaction
profile, further work on the optimisation used TBAI as supporting electrolyte. Increasing the
current to 3 F and 4 F increased the GC yield for bibenzyl to 32% in both cases (Table 1 entries 4
and 6). Passing the solution twice through the reactor while applying the stoichiometric amount
of current both times gave 28% of bibenzyl with a 63% of starting material left (Table 1 entry 5).
Applying 5 F of current increased the yield for bibenzyl to 46% but with such an excess of current
there was still 36% of starting material left (Table 3.1 entry 7), indicating surprisingly high

selectivity when large excess of charge was applied.
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Table 3.1: Initial screening of different conditions for the electrochemical reduction of stilbene.

S.S. cathode
C/PVDF anode

0.25 mL/min O
rt

S0 J ot ®

3.5

3.64 2
entry | current (mA), | supporting electrolyte solvent RSM yield
[charge (F)] (1.2 equiv) 3.64(%)** |3.52(%)*"®
1 80 [2.0] TBAF EtOAc 7 40
2 80 [2.0] TBAF THF 6 42
3 80 [2.0] TBAI THF/MeCN (9/1)¢ 81 12
4 120 [3.0] TBAI THF/MeCN (9/1)¢ 57 32
5 80[2.0]° TBAI THF/MeCN (9/1)¢ 63 28
6 160 [4.0] TBAI THF/MeCN (9/1)¢ 54 32
7 200 [5.0] TBAI THF/MeCN (9/1)¢ 34 46

9 Reactions performed on a scale of 0.5 mmol (substrate conc. 0.1 M). ® Estimated using calibrated GC analysis. ¢ Performed over two
passes at 80 mA (outlet solution collected and passed again through the electrolysis cell). ¢ MeCN needed to dissolve the supporting
electrolyte which is insoluble in neat THF.

After these results, and before further increasing the current applied, different electrodes were
tested. Using carbon electrodes (Table 3.2 entry 1), poor conversion was realised compared to the
result using a ss cathode (Table 1 entry 3). A combination of Pt cathode and C graphite anode
gave a 38% of bibenzyl leaving a 54% of E-stilbene (Table 3.2 entry 2). The conversion was
improved using Ag as cathode and C graphite anode, giving 46% of bibenzyl and 39% of E-stilbene
(Table 3.2 entry 3) using a stoichiometric equivalent of charge. Retaining the combination of an Ag
cathode and C graphite anode, doubling the charge to 4 F, a full conversion was finally achieved
with an 88% GC vyield of bibenzyl (Table 3.2 entry 4). With the optimised combination of
electrodes (Ag cathode and C graphite anode) and current (160 mA, 4 F), alternative solvents
(MeCN and MeOH) were tested leading to poorer results (Table 3.2 entries 5 and 6).

Table 3. 2: Screening of cathodes and solvents.

C graphite anode®
TBAI (1.2 equiv)

0.25 mL/min ‘
! . ‘ @—@—»" ‘

3.64 3.52

95



entry | cathode | current (mA), solvent RSM Yield
[charge (F)] 3.64(%)*"® 3.52(%)**®
1 C/PVDF 80 [2.0] THF/MeCN (9/1)¢ 83 5
2 Pt 80 [2.0] THF/MeCN (9/1)¢ 54 38
3 Ag 80 [2.0] THF/MeCN (9/1)¢ 39 46
4 Ag 160 [4.0] THF/MeCN (9/1)° 0 88
5 Ag 160 [4.0] MeCN 50 40
6 Ag 160 [4.0] MeOH 73 21

9 Reactions performed on a scale of 0.5 mmol (substrate conc. 0.1 M). ? Estimated using a calibrated GC. ¢ MeCN needed to dissolve
the supporting electrolyte, which is insoluble in neat THF.? To opperate the Ammonite cell, one of the electrodes needs to have a

recess channel, and an Ag electrode with a recess was not available at the time of the work.

Once established that Ag cathode and C graphite anode were the preferred electrodes for this
process and that an excess of charge was needed (4 F), a series of different supporting
electrolytes were also tested (Table 3.3). Most of them were tetrabutylammonium salts; TBAF
was tested again with these new conditions giving full conversion and a 75% GC yield for the
product (Table 3.3 entry 2), but the best result was achieved using TBABr giving full conversion

and 93% GC yield (Table 3.3 entry 3). Supporting electrolytes that were not ammonium salts gave

degradation (Table 3.3 entry 1), or no reaction at all (Table 3.3 entries 7 and 8).
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Table 3. 3: Screening of electrolytes.

Ag cathode

C graphite anode?
160 mA (4.0 F)
THF/MeCN = 9/1

0.25 mL/min
o ot g . o g

3.64 3.52
entry | supporting electrolyte (1.2 equiv) | RSM 3.64(%)*" Yield 3.52(%)**

1 NaClO4 37 6.5

2 TBAF 0 74.5 (55% isolated)
3 TBABr 0 93

4 TBACI 0 89

5 TBACIO, 0 51

6 TBABF4 0 56

7 MesSI 99 0

8 Nal 100 0

9 Reactions performed on a scale of 0.5 mmol (substrate conc. 0.1 M). ? Estimated using a calibrated GC. © MeCN needed to dissolve
the electrolyte otherwise insoluble in neat THF. ¢ To opperate the Ammonite cell, one of the electrodes needs to have a recess
channel, and an Ag electrode with a recess was not available at the time of the work.

After screening conditions, the conditions for this electrolysis process were established: Ag
cathode, C graphite anode, 1.2 equivalents of TBABr as supporting electrolyte, THF/MeCN = 9/1 as
solvent, a flow rate of 0.25 mL/min and a current of 160 mA (4 F). However, for completion some
other variations from these conditions have been investigated (Table 4): with a lower amount of
applied charge (3 F) full conversion wasn’t achieved, with 17% of starting material remaining
(Table 3.4 entry 1). By increasing the concentration of the substrate from 0.1 M to 0.5 M full
conversion was still achieved with a 75% GC yield for bibenzyl. Although the yield was lower, it
was considered to still be acceptable, and promising for higher rates of production (Table 3.4
entry 2). The process was proved to work at a range of temperatures from 0 °C and 50 °C (Table
3.4 entries 3 and 4). In addition, increasing the flow to 0.5 mL/min still allowed a high conversion,
with just 5% of starting material unreacted and returning 75% of product (Table 3.4 entry 5). The
amount of electrolyte could be decreased to 0.8 equivalents with full conversion and a 80% GC

yield for bibenzyl (Table 3.4 entry 6).
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Table 3. 4: Investigation of flow rate, concentration and temperature.

Ag cathode
C graphite anode?

g THF/MeCN = 9/1 O
o, =
3.64 3.52

entry | substrate T(°C) | current (mA), supporting flow RSM Yield
conc. [charge (F)] electrolyte (mL/min) | 3.64(%)*" | 3.52(%)""®
0.1M rt 120 [3.0] TBABr (1.2 equiv) 0.25 17 63
0.5M rt 804 [4.0] TBABr (1.2 equiv) 0.25 0 75
0.1 M 0 160 [4.0] TBABr (1.2 equiv) 0.25 2 82
0.1M 50 160 [4.0] TBABr (1.2 equiv) 0.25 2 79
0.1M rt 320 [4.0] TBABr (1.2 equiv) 0.50 5 75
0.1M rt 160 [4.0] TBABr (0.8 equiv) 0.25 0 80

a Reactions performed on a scale of 0.5 mmol (substrate conc. 0.1 M). © Estimated using a calibrated GC.? To opperate the Ammonite
cell, one of the electrodes needs to have a recess channel, and an Ag electrode with a recess was not available at the time of the work.

In conclusion, the highest yielding conditions to perform the electrochemical reduction of stilbene
were identified as: Ag as cathode, C graphite as anode, with a flow of 0.25 mL/min, a 0.1 M
concentration of starting material in THF/MeCN = 9/1, 160 mA of current (4.0 F), room

temperature and 1.2 equivalents of TBABr as supporting electrolyte.

3.6 Gigantol

Gigantol is a substituted bibenzyl that is found in nature, together with other bibenzyl derivatives,
in particular is extracted from the stem of Dendrobium Orchidaceae species (figure 3.1). These
plants are commonly used in traditional Chinese medicine for the treatment of different health
conditions: gastritis, inflammations, cardiovascular diseases.??*2% Interest in these compounds
has grown over the years as a result of these bioactivities, and recent studies seem to confirm
their bioactivity not only for the treatment of the previously cited health conditions, but adding
anti-oxidant, anti-coagulating, anti-mutagenic and anti-cancer activity.?® In particular Gigantol

9

shows cytotoxic activity against lung cancer, overcoming its metastasis?®*® and against the

proliferation of liver cancer.?*
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OH

3.65 Gigantol

OMe

MeO O
HO

R®  3.66: R'=R*=OMe; R%=R3=0H
O 3.67: R'=OMe; R?=0OH; R®=R*=H
Dendrobium nobile R*

3.68: R'=R?=R*=0H; R3=H

3.70: R'=R?=R3=0Me; R*=H

R O R®  3.69: R'=OMe; R2=R%=R*=0OH
3.71: R'=R3=0OMe; R?>=OH; R*=H

Cymbidium goeringii Dendrobium draconis

Figure 3.1: examples of Orchidaceae species and the substituted bibenzyls extracted from their stems.

Several of these bibenzyl compounds can be extracted from the stems of the plant using EtOH
and the extract can then be columned or purified by HPLC in order to isolate the different
components.?®® In 1982, Crombie and Jamieson?*! described a synthetic approach for Canniprene
(Scheme 3.17), a member of the bibenzyl(dihydrostilbene)-spiran-dihydrophenantrene group of
metabolites of Cannabis sativa. This approach starts with a Wittig olefination between
phosphonium salt 3.72 and aldehyde 3.73 and subsequent protection of the phenol functionality
with a benzoyl group. Then, by hydrogenation over palladium on carbon, they simultaneously
hydrogenated the stilbene double bond and removed the benzyl group. Compound 3.76 was
obtained by etherification using 3-chloro-3-methylbutyne; the triple bond was selectively reduced
to double bond by hydrogenation over Lindlar catalyst and finally the desired product 3.78 was

obtained by Claisen rearrangement and deprotection of the benzoyl group.
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1) BuLi, THF

20°C, 20 h 10% Pd/C
MeQ ® 2) BzCl, pyridine OMe i EtOAc
PPh, =
o) r, 22 h MeO . rt, 16 h
> OBn
®B OMe O
HO r OBn
3.72 3.73 OBz .44
KI, KzCOs Lindlar cat.
O OMe 18-crown-6 OMe EtOAcC, rt
MeO acetone, 22 h atm press.
e O OH reflux MeO O 0 20 .
m& %
OBz A OBz
3.75 3.76
OMe  1)150°C,1.25h
‘ 2) 10% NaOH OMe
MeO EtOH (1 drop) MeO
0 85°C, 1h OH
%
OBz |

OH
3.78

Scheme 3.17: Crombie and Jamiesons’ synthesis of canniprene (3.78).

In 2015, Wei and co-workers reported syntheses of gigantol and other analogues (Scheme

3.18),%8 adapting and modifying the synthetic path previously described by Crombie. Analogues

3.79 and 3.80 were synthesised

starting from aldehyde 3.81 by NaBH, reduction to alcohol

followed by conversion to the phosphonate 3.82 by reaction with PBr; to form the corresponding

bromide and then with P(OEt)s; (Scheme 3.18a). Wittig olefination, alkene hydrogenation over

Palladium on carbon and demethylation using BBr; afforded 3.79. Similarly, compound 3.80 was

prepared starting from the same aldehyde, by mono-demethylation using sodium ethanethiolate

in DMF, followed again by Wittig olefination and palladium on carbon hydrogenation (Scheme

3.18a).

The synthesis of Gigantol also followed a similar overall process, based again on Wittig olefination

and subsequent hydrogenation of the double bond (Scheme 3.18b).
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OMe OH
1) Pd/C, Hy, 1t, 12 h
MeONa, aldehyde 2) BBr3, CH,Cl, O
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Q/\P‘OB _—enen O OMe ———  — » O
o
OMe OMe OH
3.82 3.83 3.79
1) NaBH,4, MeOH
2) PBr3, pyridine, 0°C
3) P(OEt)3, 120°C

1) MOMCI, i-ProNEt, 0°C to rt, 13 h

2) diethylnaphtalene-1-ylmethylphosphonate

MeO MeONa, 0°Ctort, 12 h
No  NaH,EtSH HO No  3)2MHCI, MeOH, 50°C HO O
DMF, reflux 4)PdIC, Hy, 1, 12 h O 0

OMe OMe

oM
3.81 3.84 e 3.80

b) 1) PBrs, pyridine, 0°C
BnBr, K,CO4 2) P(OEt);, 120°C
3) MeONa, aldehyde

R! RS
18-crown-6
MeO MeO o
:©/\0H reflux, 9 h :@/\OH 0°Ctort,12h MeO S O "
—_—
HO BnO O
3.85 3.86 BnO

2
R R RS 3.87: R'=H; R?=R*=OMe; R3=OH
PAIC, Hy, 1, 12 h O 3.88: R'=OH; R2=0Me; R3=R*=H
T, MeO . 3.89:R'=R%=H; R?=R%=0H
O R 3.90: R'=R3=H; R?>=R*=0Me
HO 3.91: R'=0OH; R%=R3%=H; R*=CI

3.65 (Gigantol): R'=R3=H; R?=0H; R*=OMe

RZ

Scheme 3.18: Synthetic approach to gigantol (3.65) and its analogues by Wei and co-workers.

In light of our promising results for the reduction of stilbene to bibenzyl, we decided to apply our
electrolysis approach for the hydrogenation of a gigantol precursor 3.96, replacing the use of a
metal catalyst and avoiding the need for hydrogen gas. For the synthesis of the stilbene precursor
3.96, the procedure reported by Wei and co-workers was followed, but modifying some steps due
to issues encountered during the synthesis (Scheme 3.19). First, selective mono-demethylation of
3,5-dimethoxybenzaldehyde (3.81) was performed using the procedure described by Castedo and
co-workers,?* giving phenol 3.84 in 87% yield. Then the phenolic group was protected using

MOMClI in 76% yield.?*®

For the other fragment, the hydroxyl group of vanillin (3.92) was first protected using MOMCI and
then the aldehyde functionality was reduced with NaBH,.2** The benzyl group was replaced by
MOM as a protecting group for both phenolic hydroxyl groups to avoid an additional deprotection
step. Benzyl alcohol 3.94 was transformed to phosphonate 3.95. The literature procedure, using
PBr; afforded the bromide,?3® although the reaction was very messy and the final compound was
prone to degradation. Instead, the corresponding benzyl iodide was prepared by Appel reaction

with PPhs, imidazole and iodine.?*® By the literature procedure, the next step was performed using
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triethyl phosphite as solvent, but with approach the purification of the crude mixture proved to
be difficult; by column chromatography was impossible to separate the product from the
phosphite. So the method was adapted performing the reaction in toluene under reflux using only
0.9 equivalents of triethyl phosphite.?** Phosphonate 3.95 was obtained with a low 30% yield due
to partial degradation of the starting material and also to the formation of MOM deprotected
phosphonate (=35%). The deprotected side product was resubjected to reaction with MOMCI and
used in the next step. Finally the Horner—-Emmons olefination between 3.93 and 3.95 was
performed,?® affording the substituted stilbene 3.96 in 40% yield. With compound 3.96 in hand,
the electrolysis step was performed under the optimised conditions. Thus, a solution of stilbene
3.96 in a 9/1 THF/MeCN mixture, with TBABr as supporting electrolyte, was passed through the
Ammonite 8 reactor using Ag cathode and C graphite anode, at a flow of 0.25 mL/min and
applying a charge of 4.0 F. Gratifyingly, the desired product 3.97 was obtained in 55% yield after
purification by column chromatography (Scheme 3.19)., representing a formal synthesis of the

natural product with introduction of an electrochemical hydrogenation step.
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Scheme 3.19: synthesis of MOM-protected gigantol 3.97 through our electrolysis method in the Ammonite

flow reactor.

To summarise, our developed electrolysis method was applied to the synthesis of a
pharmaceutical intermediate, achieving an acceptable 55% vyield for the hydrogenation of stilbene
derivative 3.96. Cathodic electrolysis was used in place of the classical hydrogenation over a Pd on
carbon catalyst, avoiding the use of hydrogen gas and a transition metal catalyst. The electrolysis
carried out on a 0.5 mmol scale required 30 min, relatively mild conditions, without the need for
hydrogen gas, which was replaced with electrons from electricity and protons from the reaction

solvent MeCN.
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3.7 Investigation of the substrate scope for the cathodic alkene

reduction

With the optimised conditions in hand, the substrate scope was investigated under the optimised
conditions described above. All the reported yields are for isolated pure compounds. As
previously described, E-stilbene (3.64) was reduced to bibenzyl (3.52) in 80% vyield, and the
gigantol intermediate 3.96 gave the hydrogenation product 3.97 in 55% yield. Different substrates
that were already available in our laboratory bearing a styrenic double bond were then tested;
cathodic reduction of tri-substituted alkenes trans—a—methylstylbene 3.98 and triphenylethylene
3.101 afforded 3.99 (81%), and 3.100 (77%), respectively. 1,1-Diphenylethylene also underwent
reduction using the electrochemical method to give 1,1-diphenylethane (3.102). Two further
simple styrene derivatives, 1-phenylcyclohexene and 1,2-dihydronaphthalene, were reduced to

afford 3.104 in 62% and 3.106 in 76%, respectively.
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3.99 (81%)
MeO
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MOMO 96 3.97 (55%)

3.101 3.100 ( 77%)
3.103 3.102 (55%)

3.105 3.104 (62%)

3.107 3.106 (76%)

Electrolysis conditions: Ag cathode; C graphite anode; 0.1 M substrate; 160 mA; 0.25 mL/min; TBAB (1.2
equiv); THF/MeCN = 9/1

Scheme 3.20: Substrate scope for electrochemical reduction.

In order to establish whether a styrene-type double bond is required for the cathodic reduction
process, we decided to investigate prenylated phenol ether 3.107, which was easily synthesised
by reaction of phenol 3.108 with 3,3-dimethylallylbromide (3.109).2%* In this case the electrolysis
just returned starting material was recovered, indicating that double bonds containing
conjugation are required for electrochemical reduction (Scheme 3.21). Indeed, initial single
electron-transfer in the case of phenol ether 3.107 would likely involve the aryl system, making

further electron-transfer to the alkene even more challenging to achieve.
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Ag cathode
C graphite anode

THF/MeCN = 9/1
KoCOg, acetone TBABr; 160 mA

oH reflux, open air 0.25 mL/min
16 h
B _ ©/ \/Y @—@—)&v ©/ \/Y

3.108 3.109 3.107 (88%) 3.110

Scheme 3.21: Synthesis of prenylated phenol 3.104 and attempted electrochemical reduction.

Substrate 3.111 containing a vinylogous carbamate functionality was also tested, as its reduction
would lead to amino-acid derivatives (Scheme 3.22). Synthesis of the enamine was achieved in
46% following the simple condensation procedure reported by Hebbache and co-workers.?*
Unfortunately, electrolysis of the enamine 3.111 did not afford any of the desired product 3.112,
and instead degradation was observed.

Ag cathode

C graphite anode
THF/MeCN = 9/1

. TBABr; 160 mA )\
O O éi'rzng‘r':ezil3h )\NH o 0.25 mL/min NH O
2vi2, 1L
PSP CLELIE ) Sl S T
3.113 3.111 (46%) 3.112

Scheme 3.22: Synthesis of 3.111 and attempted electrochemical reduction to give -amino ester 3.112.

In order to further investigate the substrate scope, we decided to test some of the same
substrates that underwent the oxidative cyclisation reported in chapter 2. This way, we could
demonstrate the possibility that by electrolysis, by simply changing the conditions, the same
substrate can give different products. For the same reason E-stilbene was subject to the oxidative
electrolysis conditions described in chapter 2. Surprisingly we did not obtain exclusively the
expected product 3.113, but acetal 3.114 was also obtained (Scheme 3.23). Formation of the
acetal can be accounted for by a semipinacol rearrangement. These two products were obtained
respectively in 41% and 33% isolated yield.
S.S. cathode

C/PVDF anode
MeOH; Et4NBF,

80 mA, 0.25 mL/min
Y 88—

3.64 3.113 (41%) 3114(33%

Scheme 3.23: Electrochemical oxidation of stilbene (3.64) in the Ammonite flow reactor using the

conditions previously described for oxidative cyclisation (chapter 2).
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After this interesting result, investigation of the carboxylic acids and hydroxyalkenes used in the
electrochemical oxidative cyclisation began under the reduction conditions (Scheme 3.24).
Pleasingly, alcohols 2.65 and 3.114 were reduced to the corresponding alkanes 3.63 and 3.115 in
isolated yields of 60% and 51%, respectively. However, subjecting alkenol 3.116, bearing a
fluorine in the para position, to the reductive conditions gave substantial degradation.
Fortunately, it was possible to isolate a small fraction containing three main components. These
three compounds were identified from the H-NMR and the mass spectra of the mixture as
starting material 3.116, the desired reduction product 3.117 and a compound 3.63 that had
undergone defluorination and double bond-reduction (combined yield <10%). In addition, alkenol
2.135 with a CFs group in the para position was electrolysed under the reductive procedure, with
none of the desired product observed. As observed for the fluorobenzene above, some

hydrodefluorination was also evident in this case although no pure products were isolated.

S.S. cathode
C/PVDF anode
MeOH; Et4NBF,
80 mA, 0.25 mL/min

©/\/\/\ - @/\/\/\

3.63 (60%)
C/PVDF anode
MeOH; Et4,NBF,
80 mA, 0.25 mL/min

3.114 S.S. cathode MGOQ/:;;:/O\

C/PVDF anode

MeOH; Et,NBF,
80 mA, 0.25 mL/min /©/\/\/\ /©/\/\/\OH
/©/\/\/\ 3.116 3.117
3.116 ©/\/\/\0H
S.S. cathode
C/PVDF anode 3.63

MeOH; Et4;NBF,
80 mA, 0.25 mL/min

Q/W o—0—x- @WoH
2.135 FsC 3.118

Scheme 3.24: attempts of electrochemical reduction of double bonds in the Ammonite flow reactor.

Furher electrolysis of some of the alkenoic acids under the reductive electrolysis conditions was
carried out, but the results were disappointing, with just degradation being observed. Protection
of the acid functionality as the corresponding methyl esters?*® had little effect and mainly
degradation was observed. However, some traces of the desired reduced products could be
observed for the ortho and para-methoxystryrenes, but only ester 3.124 was isolated in 10% yield

(Scheme 3.25).
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S.S. cathode
C/PVDF anode
MeOH; Et,NBF,
0 80 mA, 0.25 mL/min % 3.119: R = p-OMe

AN OH RN OH 3.120:R=0-OMe
RIC L 3.121:R=p-F
3.122: R = p-CF3

S.S. cathode

C/PVDF anode
H,SO, MeOH; Et4NBF,
MeOH o 80 mA, 0.25 mL/min 2

O
X OH rt X A
R{ L B oMo ¢ F)— T
F Z Pz

3.123: R = p-OMe —> traces

3.124: R = 0-OMe — 10% isolated yield
3.125: R = p-F — degradation

3.126: R = p-CF3 — degradation

Scheme 3.25: Attempted of electrochemical reduction of alkenoic acids and esters in the Ammonite flow

reactor.

Unfortunately, due to the disappointing results obtained the substrate scope appeared to be
more limited and the decision was made not to explore the reaction further. As just described,
the electrolysis method developed proved to work efficiently with styrene double bond without
the presence on the molecule of other group that could possibly undergo reduction, like carbonyl
group; instead the presence of a hydroxyl functionality seemed to not affect the reduction (see
product 3.63 and 3.115). Unactivated double bonds seemed to resist to this hydrogenation
conditions (see Scheme 3.21) and that could possibly mean that this approach can selectively
reduce certain double bonds in the presence of others on the same molecule. Substrates carrying
a fluorine atom on the aromatic ring apparently undergoes defluorination and this will be the

topic of the next section 3.9.

3.8 Mechanistic studies for the reduction of stilbene

In order to develop an understanding of the mechanism of the electrochemical reduction of
stilbene, selected experiments and CV studies were conducted. These are described in this

section.

Cyclic voltammetry experiments were carried out in a two compartment cell using a vitreous
carbon disc (diameter 3 mm) working electrode, a Pt wire counter electrode and an aqueous
saturated calomel electrode (SCE) reference electrode mounted in a Luggin capillary. An Autolab
PGStat204 potentiostat with Nova 1.9 software was used and responses were analysed using
Nova 1.9 software. All cyclovoltammetry was performed with a 5.0 mM concentration of

substrate, using 100 mM supporting electrolyte.

As shown in Figure 3.2, from the cyclic voltammogram of E-stilbene, three reduction peaks are

observed, two of them reversible. The first one at —1.15 V is related to oxygen reduction to its
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radical anion (this signal is known in literature),?*” probably the solution has not been degassed
for enough time. The other two peaks are due to the reduction of €-stilbene, and are consistent
with its cyclic voltammogram and reduction potentials reported in literature.?*® A reversible peak
at —2.29 V corresponds to the first reduction of stilbene to its radical anion, while the second
irreversible peak at —2.69 V is relative to the second reduction to the dianions that immediately

react with two protons to give the bibenzyl product. This last peak is not reversible.

IS

Current density (mA/cm?)

Potential vs SCE/V

Figure 3.2: Cyclic voltammogram of E-stilbene 3.65 potential scan rate 25 mV s™; THF/MeCN; scan range O
to-3.5V

In all electrochemical processes, there has to be a counter reaction; in this case, to balance the

reduction of the E-stilbene, a compound that readily undergoes oxidation is required in the

system. This compound is TBABr, which does not only serve as supporting electrolyte but also as

counter-reagent, giving a source of bromide ion to be oxidised at the anode (Figure 3.3).
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0,6
0,5
SBr'——=  Bry~+2e"
0,4

0,3

0,2

Current density (mA/cm?)

0,1

-0,1
POtential vs SCE/V

Figure 3.3: Cyclic voltammogram of TBABr potential scan rate 25 mV s™%; THF/MeCN; scan range 0 to 1.5 V.

The cyclovoltammetry for the oxidation of the bromide anion is already known and reported in
literature.?*® Br~ can be first oxidised to Brs™ that can then be oxidised to Br,. Both step are
reversible based on Bard and co-workers?*® but apparently, using a glassy carbon electrode, Brs”
oxidation looks less reversible on carbon and this apparent change in kinetics is believed to be
due to nonelectroactive adsorbed species interfering with the Br~/Brs™/Br; reaction. This seems to
be also the case as shown in Figure 3.3, where two peaks appear at 0.69 V and 1.16 V,

respectively. The other oxidative peak at 1.3 Vis due to some moisture in the solution.

After the cyclic voltammetry experiments,some deuterium labelling experiments were tried in
order to understand if the mechanism was based on a H atom or H* abstraction and identify the
source of that. At first, the reaction was run using deuterated THF considered a possible source of

H' but no deuterated bibenzyl was observed (Scheme 3.26).

Ag cathode
C graphite anode
THF-dg/MeCN = 9/1

TBABr; 160 mA, 0.25 mL/min H O
N o—©@©
® (]

3.65 3.52

Scheme 3.26: deuterium-labelling experiment using THF-ds.

On the basis of the initial experiment in deuterated solvent, the hydrogen source would have
been a proton donor rather than H atom abstraction, so despite the mechanistic insights reported
by Ge and Li in their work on electrochemical reduction of olefins®*® were not very clear, it
seemed plausible that the supporting electrolyte tetraalkylammonium ion may have acted as a

proton source. To try to substantiate this hypothesis, an attempt was made to synthesise a
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deuterium-labelled TBAB (tetrabutyammonium bromide) (3.119) starting from commercially

available deuterated butanol 3.120 (Scheme 3.27).

DD D D
X~ *NBuy-d — N — D3C oD
DD
3.120

Scheme 3.27: General approach to the synthesis of X *NBus-d.

Before using the more costly labelled starting material, the right reaction conditions were
investigated using unlabelled material (Scheme 3.28). Starting from 1-bromobutane (3.121),
reaction with a solution of ammonia in methanol was attempted to form tributylamine adapting a
procedure reported by Maekewa and co-workers.2°? After 1 h at room temperature, only starting
material was observed, so the reaction was heated under reflux. After 2 h under reflux formation
of some dibutylamine was observed, and after 16 h a mixture of dibutylamine, tributylamine and
also TBABr was obtained. Modification of the reaction conditions to avoid losing both the
ammonia and the bromo-butane involved lowering the temperature to 40°C, and addition of
K,COs to neutralise excess HBr gave improved results. The reaction solvent was changed from
MeOH to MeCN, as TBABr remained in solution whereas the inorganic salts were insoluble. Under
the modified conditions, with an excess (8 equiv) of alkyl bromide, a yield of 58% was achieved.
To avoid the issue of volatility of ammonia, a parallel reaction between 1-bromobutane and
dibutylamine was carried out, giving the tetraalkylammonium bromide in 86% yield. Ultimately,
even the presence of two deuterated chains would be expected to provide some deuteration in

the electrochemical process and useful data on the reaction mechanism.

NH3 (1 M MeOH) or

MeCN, K,CO;
S Sgp 40 °C, 3 days TBABr
3.121 (8.0 equiv) (58%; )

Scheme 3.28: alkylation of NHs and Bu2NH with bromobutane 3.121 to give TBABr.

Once the formation of the quaternary ammonium salt was optimised, the method for synthesis of
bromobutane starting from butanol 3.122 was investigated. First butanol was reacted with
PhsPBr; following a procedure reported in the literature,?*® but the desired alkyl bromide product
was produced in a very low yield (less than 20%). It is believed that the low yield obtained in our
hands was due to the quality of the PhsPBr;. An alternative procedure reported in the same

O reacting butanol with PBr3; also proved unsuccessful with no trace of the desired

paper,”
product. From the optimisation process we knew that TBAI also worked as supporting electrolyte,
so attention turned to the conditions reported by Wang and co-workers?** to make iodobutane as

a less volatile alkylating agent, again starting from butanol by reaction with triphenylphosphine,
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imidazole and iodine (Scheme 3.29). After just 40 minutes full conversion was achieved and the

crude product was of sufficient purity to be used directly in the reaction with dibutylamine, which

yielded the desired ammonium salt.

PhsPBrs, , pyridine

MeCN, reflux
X !
3.121
PBr3, 0 °Ctort
<~ "0H X gy
3.122 3.121
PPh3
imidazole, |
2 /\/\l
3.123

Scheme 3.29: Attempted preparations of n-butyl halides from n-butanol.

With the reaction conditions in hand we went on to apply them to the synthesis of the deuterated

butanol, and the desired ammonium salt 3.124 was obtained in 40% yield (Scheme 3.30).

PPh,
imidazole, I, BuoNH
DDDD CH,Cl, D PD P K,CO4 D DD D@D DDD
DsC OD 0Ctort _ D, | MeCN 40°C_ pc NWCDg
DD DD DD DD o
3.120 3.125 I

3.124 (40%)
Scheme 3.30: Synthesis of the deuterated supporting electrolyte 3.124

With the deuterium-enriched tetraalkylammonium electrolyte 3.124 in hand, the electrolysis
reaction was repeated (Scheme 3.31). However, no observable deuterium incorporation into the

bibenzyl product 3.52 was observed by *H-NMR and GC-MS.

Ag cathode

C graphite anode
THF/MeCN = 9/1
3.64 (TBABr-d18)

160 mA, 0.25 mL/min H ‘
x
(]
3.64

3.52

Scheme 3.31: Attempted deuterium-labelling experiment using deuterated supporting electrolyte 3.124

As, even with only partial deuteration of the supporting electrolyte, some deuterium
incorporation would be expected if that was the source of deuterium, at this point the most
reasonable sources of protons in the electrolysis medium would be any trace water present in the

solvents and the MeCN itself, which was added in order to dissolve the supporting electrolyte.
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Not considering the MeCN previously was an oversight, as it is the most acidic component of the
reaction mixture (pKa = 31.3), and an electrolysis carried out using MeCN-d; showed full
deuteration in the bibenzyl product 3.52-d; by *HNMR the singlet at 2.95 ppm for the four
aliphatic protons integrated only for two protons because of the successful deuteration (Scheme
3.32). In addition, another experiment conducted by adding a couple of drops of D,O gave also
gave a high level of deuteration of the reduced product; this time a 65% of deuterated product

3.52-d, was observed in the 'H-NMR compared to a 35% of non-deuterated bibenzyl 3.52.

Ag cathode
C graphite anode Ag cathc')de
THF/MeCN = 9/1 C graphite anode

TBABr; 160 mA THF/M_eCN-d3 =9/1
0.25 mL/min TBABr; 160 mA

D,0 (2 drops) D ‘ 0.25 mL/min ‘
N o—@— O N
(J 7

3.64 3.52-d, 3.64

Scheme 3.32: Deuterium-labelling experiments using D20 and MeCN-ds.

The labelling result was confirmed by GC-MS (Figure 3.4).
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80— @
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Figure 3.4: GC-MS spectrum (El) of deuterated bibenzyl 3.52-d2 showing high level of incorporation.

Ultimately, the source of the “hydrogen” in the electrolysis product was confirmed to originate
from acid protons, either in the CH3CN co-solvent or water present in bench solvent. This seems
to be consistent with an EEC type mechanism, as shown in the cyclic voltamogram in Figure 3.1,
where two sequential electron-transfers lead to the formation of dianion that is protonated by an

acidic component of the reaction medium (CHsCN co-solvent or water).
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3.9 Defluorination side-reaction

The hydrodefluorination observed when the fluoroaryl and trifluoromethyl compounds were
subjected to the cathodic electrolysis conditions was an unexpected result, and was investigated
further. Fluorine is the most electronegative element on the periodic table (x = 4) and its bond
with carbon is the strongest in organic chemistry (105 Kcal/mol).?*%?>2 Fluorinated fragments are
present in many molecules, from drugs to agrochemical compounds and polymers. The presence
of fluorine atoms in a molecule can indeed influence significantly its physical, chemical and
biological properties.?®1?>325 Qver the years, different approaches have been used for the
activation of the C—F bond and in particular for the selective activation of one of them in
trifluoromethyl derivatives. The most common methods require the use of Lewis acids, in
particular silicon, due to its affinity for the fluorine atom or metal catalysts. Some attempts of
using electrochemistry are reported in literature but the most recent examples exploit visible light

and photocatalysis.

In 1997, Thiebault and co-workers, reported the cyclic voltammetry studies of the reductive
cleavage of the C—F bond in fluoromethylarenes®® (Scheme 32). To study the effect of the

solvent and the temperature on the reduction process, the experiments were run:

e In liquid ammonia at —38 °C using KBr as supporting electrolyte, a gold working electrode,

a platinum counter electrode and an Ag*/Ag reference electrode.

e In DMF at 20 °C using nBusNBF, as supporting electrolyte, a carbon working electrode, a

platinum counter electrode and an aqueous SCE reference electrode.

The experiments, run on a series of different fluorinated arenes, demonstrated that the process,
unlike chlorinated and brominated compounds, does not go through a carbene intermediate but
instead involves a first electron-transfer, fluoride expulsion, a second reduction and a final
protonation (Scheme 3.33). The rate of defluorination increases from the trifluoro to the difluoro

to the monofluoro compound.

ArCF3; +e ArCF3*™ __» ArCF,*+F~

ArCF,* +e° <= ArCF;~ *H_ ArCHF,
ArCHF, + e~ === ArCHF,*” *H’. ArCHF®
ArCHF® +e~ <= ArCHF~ _HL ArCH,F
ArCH,F + e~ <= ArCH,F*~ +H% ArCH,®

ArCHy® +e= === ArCH, +H ArCH,4

Scheme 3.33: Electrochemical defluorination mechanism described by Thiebault.
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In 1999, Uneyama et al.>’ reported the synthesis of enol ethers via reductive hydrodefluorination
using a lead cathode and a carbon anode in MeCN, in presence of TMSCI, EtsN and nBusNBr as

supporting electrolyte (Scheme 3.34).

H-type divided cell

i OTMS
O ;%(F”C“) e 3.126: R= Ph (80%)
. CJ\R SOl BN R 3.127: R= 2-thiophene (74%)
3  Ets £ 3.128: R= CH,CO,Et (50%)

MeCN, nBuyNBr

H-type divided cell
Pb(-) | C(+ 0
o 2 O( F) l ( ) T™MS 3.129: R=Et (470/0)
FsC~ "OR TMSCIL ELN OR 3.130: R= tBu (58%)
-3 F F 3.131: R= nhexyl (62%)
MeCN, nBuyNBr

Scheme 3.34: Electrochemical hydrodefluorination by Uneyama.

In 2008, Senboku and co-workers®® reported the electrochemical carboxylation of

difluorotoluenes in presence of CO,, using a platinum cathode and magnesium anode (scheme

3.35).
Pt(-) | Mg(+)
30F
CO0,, 0°C R CO,H
©/CF3 DMF, Bu,NBF, .
3.132 3.133 (87%)

Scheme 3.35: Electrochemical carboxylation of difluorotoluenes by Senboku.

In 2011, Cao and Wu reported a Nickel catalysed hydrodefluorination of fluoroarenes and
substituted benzotrifluorides with lithium triethylborohydride as reducing agent.?*® The nickel
catalyst is reduced by the superhydride to Ni° that then undergoes oxidative addition to the
fluorinated substrate. Superhydride then attacks this intermediate replacing the fluorine and

finally reductive elimination affords the desired product (Scheme 3.36).
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NiCl,(PCys), 5 mol% NiCl; 40 mol%
H CF3 LiEt3BH, THF, reflux F\/,_\ CF3; LiEt3BH, THF, reflux H\/,_\ CH3

-

o Ot

3.134 3.135 (96%) E 3.132 3.138 (84%)
CH,OH E Fs
OO0
3.136 3.137 (94%) : 3.139 3.140 (90%)

Scheme 3.36: Nickel-catalysed hydrodefluorination of fluoroarenes and trifluorotoluenes with

superhydride.

In 2013, Oestreich and co-workers reported in their review a series of methods catalysed by Lewis
acids for the hydrodefluorination of C—F bonds.®®! Most of these examples use Silicon
compounds as Lewis acids, as the highly fluoridophilic silicon cation is able to cleave the C—F

bond forming a carbenium ion and a fluorosilane.

An example is the work of Ozerov and co-workers.?®® They reported a C—F activation method
based on the abstraction of a F~ by a strong Lewis acid tricoordinate silicon cation followed by

hydride transfer from the EtsSiH.

F
4 _
F CFs Et33! [B(CeFs)al CHs
Et3S|H, O-CGH4C|2, 25°C
F F F F
F F
3.141 3.142

Scheme 3.37: Ozerov’s defluorination by silicon Lewis acid derivatives.

Miiller and co-workers in 2006 also provided a method where the silycium cation serves both as
Lewis acid and hydride source. A key role is apparently played by the counter ion and its weak

coordinating nature.?!

cp. 3143 (cat) *
s i CH N
©/ Et3SiH, benzene ©/ 3 Me,Si”  'SiMe; [B(CeFs)al”
3.132 e
' 3.143

Scheme 3.38: Miiller’s defluorination by silicon Lewis acid derivatives.

116



Vol’'pin et al. showed another approach that instead of using a silicon cation as Lewis acid, a
combination of AICl; and Et3SiH can be used. Hypotheses for the mechanism involve AICl; leading
to a fluorine chlorine exchange and subsequent hydrogenolysis; AICl; activate the hydrosilane

with subsequent generation of the fluoro-silicon species that gives rise C—F bond cleavage.?®?

! AIC; "
F CFs Et,SiH, CH,Cl, F CHs
F F F F
3.121 F
3.142

Scheme 3.39: Vol’pin’s defluorination approach based on acombination of AlCls and EtsSiH.

In 2013 Oestreich et al. developed a method for hydrodefluorination where a Ruthenium complex
salt is used to activate the organosilane, abstracting a hydride and generating the silicon cation

that is able to defluorinate the molecule.?%?

(ArsP)(SAr)Ru* [BArF I~
Ph,MeSiH, NaOMe

CF3
Et,N EGN

3.144 3.145

Scheme 3.40: Oestreich’s hydrodefluorination via Ru complex.

In the review?! are reported also some example where instead of the silicon, elements of the

third group, like aluminium and boron, are used as Lewis acid.

An example to that extent, is the work by Nicolaou et al. where AlH; is used to hydrodefluorinate

a glycosyl fluoride. The role of AlH; is to serve both as hydride source and Lewis acid.?®*

OBn
AlH,, Et,0 ©OBn
O o
BnO _o0¢c . Bno%
BnO BnO
a4 F 3,147 OB H

Scheme 3.41: Nicolaou’s hydrodefluorination of a glycosil fluoride.

Alcarazo and co-workers reported instead in 2010 a method where a combination of

hexaphenylcarbodiphosphorane and B(CsFs)s is used to activate the carbon-fluorine bond.?%
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B(CgFs5)3
['‘BusPH][HB(CgFs)3]
CD,Cl,

F S H

3.148 3.149

Scheme 3.42: Alcarazo’s method for the activation of C—F bonds.

In 2016, Lalic and co-workers®*

reported the metal-catalysed activation of C—F bond to
selectively hydrodefluorinate ArCF; to ArCHF, (Scheme 3.43). Their method requires a
combination of Palladium acetate and copper fluoride to activate the C—F bond, Phs;SiH to
stabilise the intermediate and tBuOH as source of proton.

PhsSiH, Pd(OAc),, CuF,

2-pyridone, KOSiMej

DMF, 45 °C, then t-BuOH, 60 °C
ArCF3 ArCF,H

l CFyH CF,H >(©/CF2H0
® C T
MeO Me,N v

3.150 (86%) 3.151 (97%) 3.152 (75%)

Scheme 3.43: Lalic’s catalytic activation of a single C—F bond in trifluoromethyl arenes.

In 2017, Kdnig et al.?® described their visible light- catalytic method for the activation of C—F
bond in trifluoromethylarene and the selective cleavage of just one fluorine. This method requires
a combination of TMP and HBpin as Lewis acid to activate the C—F bond and an Ir photocatalyst;
once generated the Ar—CF; radical, it can be trapped by methacrylamide that can also act as

proton source (Scheme 3.44).

fac-Ir(ppy)z, TMP
HBpin, DCE, 20 °C

©\ f | X N,, 455 nm
NS0 2

F.C
| ’ R

3.153: R = 0-CN (72%)
3.154: R = 0-CN, p—Me
(57%)

R 3.155: R =p—CN, m-F (53%)

Scheme 3.44: Konig’s selective single C—F bond cleavage in trifuoromethylarenes via visible-light catalysis

and Lewis acid activation.

Another example of defluoroalkylation and hydrodefluorination of trifluoromethylarenes by
photocatalysis was reported by Jui et al. (Scheme 3.45).23 Their method does not need any

metals but a combination of Miyake’s phenoxazine and thiophenol as catalysts, formate salts and
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visible light. They exploit the formation of a difluorobenzylic radical to access a different set of

ArCF;R and ArCF;H substrates.

3.156, DMSO

0 50°C
L blue LEDs |,
FiC . H SoCs —
R
FF
3.157: R = 0-NHAc (75%)
3.158: R = 2-NH2-5-CN (65%)
3.159: R m—OCH,CH,OH (53%) O N O
o

3.156, thiophenol O
X o R F Ph
(0]

oF DMSO, 100°C 3.156 Ph
@/ 3 blue LEDS X

3.160: X = CH,0AC (64%)
3.161: X = NMeAc (95%)
3.162: X = OCH,CH,OH (66%)

Scheme 3.45: Photo-redox catalysed defluroalkylation of trifluoromethylarenes with unactivated alkenes.

As previously described, while working on the substrate scope, we observed the
hyrodefluorination of compounds 3.115 and 2.117. The reaction gave a lot of degradation so a
clean fraction of the products could not be isolated for full characterisation. None the less, these
results were considered interesting in terms of a future possible work on electrochemical
hydrodefluorination. For this reason, we decided to test these conditions on benzotrifluoride
3.132. The electrolysis reaction gave full conversion of the starting material and a voltage of 4.41
V was registered. The crude was analysed by GC—MS and two peaks were observed with m/z
values consistent with the hydrodefluorination products 3.163 and 3.164. The crude mixture was
purified by distillation but because of the small scale of the reaction and the close boiling points
of the two, it was not possible to isolate the two compounds, but a fraction corresponding to the
mixture of the two was isolated. For both 3.163 and 3.164 the characteristic peaks relative to the
aliphatic protons, with a ratio 1:2=3.164:3.163, and the fluorine peaks matched the data reported
in literature: in the *H-NMR a triplet at 6.67 ppm with a J value of 56 Hz for 3.163 and a doublet at
5.40 ppm with a J value of 48 Hz for 3.164; in F-NMR a doublet at —110 ppm with a J value of 56
Hz for 3.163 and a triplet at —207 ppm with a J value of 48 Hz for 3.164.257:2%8

S.S. cathode
C/PVDF anode
MeOH; Et;NBF,

F
80 mA, 0.25 mL/min
\/: _CF3 @ F [ j F

3.132 3.163 3.164

Scheme 3.46: Electrochemical hydrodefluorination of benzotrifluoride using the Ammonite flow reactor.
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Unfortunately, insufficient time was available to investigate this interesting preliminary result
further, but considering the literature on this subject, especially regarding electrochemistry, this

topic could be interesting for future development.

3.10 Conclusions and future work

In summary, we have developed a method for the selective reduction of styrene-double bonds.
The reduction is performed in an Ammonite flow electrochemical cell without any oxidant or
reducing agent apart from electric current; the reaction proceeds under ambient conditions, in
absence of added metal catalyst and especially without the need of H, gas. We applied this
method to the synthesis of an intermediate of Gigantol, a natural compound use to treat several
health conditions. Cyclic voltammetry experiments and some deuterium-labbeling experiments
have been run in order to have a better understanding of the process. Unfortunately this method

couldn’t be applied to molecules bearing a carbonyl group so further studies should be done.

Ag cathode

C graphite anode
160 mA; 0.25 mL/min
TBAB (1.2 equiv)
THF/MeCN = 9/1

(yields from 55% to 81%)
Scheme 3.47: General scheme of our flow electrolysis method for the reduction of styrene double bonds.

While working on the substrate scope a defluorination side-reaction was discovered and
considering the literature on this subject, especially electrochemistry related, this reaction should
be investigated and developed in the future, especially because of its possible application in the

synthesis of fluorinated pharmaceutical intermediates.

S.S. cathode
C/PVDF anode
MeOH; Et;NBF,

F
80 mA, 0.25 mL/min
: CF3 @ F ©/\F

3.132 3.163 3.164

Scheme 3.48: Defluorination side reaction scheme.
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Chapter4 EXPERIMENTAL

4.1 General experimental

Chemicals were purchased from Sigma—Aldrich, Fisher Scientific, Alfa Aesar and Fluorchem. All
air/moisture sensitive reactions were carried out under an inert atmosphere, in oven—dried or

flame—dried glassware.

Tetraethylammonium tetrafluoroborate (Alfa Aesar, 99%) was recrystallised from hot methanol

and dried at 60 2C under reduced pressure (~10 mbar) for 24 h.

CH,Cl; (from CaH;) was distilled before use, and where appropriate, other reagents and solvents

were purified using standard techniques.

TLC was performed on aluminium plates precoated with silica gel 60 with an F;s4 indicator;

visualised under UV light (254 nm) and/or by staining with potassium permanganate.

Flash column chromatography was performed using high purity silica gel, pore size 60 A, 230-400

mesh particle size, purchased from Merck.

'H NMR and ¥C NMR spectra were recorded in CDCl; (purchased from Cambridge Isotope
Laboratories) at 298 K using Bruker DPX400 (400 and 101 MHz respectively) spectrometers.
Chemical shifts are reported on the & scale in ppm and were referenced to residual solvent (CDCls:
7.27 ppm for H-NMR spectra and 77.0 ppm for 3C-NMR spectra). All spectra were reprocessed
using ACD/Labs software version 2015 or ACD/Spectrus. Coupling constants (J) were recorded in
Hz and matched where possible. The following abbreviations for the multiplicity of the peaks are s

(singlet), d (doublet), t (triplet), q (quartet), quin (quintet), br (broad), and m (multiplet).

Samples were analysed using a Waters (Manchester, UK) Acquity TQD mass tandem quadrupole
mass spectrometer. Samples were introduced to the mass spectrometer via an Acquity H-Class
quaternary solvent manager (with TUV detector at 254 nm, sample and column manager).
Ultrahigh performance liquid chromatography was undertaken using Waters BEH C18* column
(50 mm x 2.1 mm 1.7 um). Samples were analysed using a Thermo (Hemel Hempstead, UK) Trace
GC-MS single quadrupole mass spectrometer. Low resolution positive ion electron ionisation (or
chemical ionisation using ammonia as a reagent gas) mass spectra were recorded over a mass

range of m/z 40-500 at 70 eV.

Gas chromatography was performed using a Shimadzu GC 2014 equipped with an autosampler,
FID detector and Agilent technologies HP5 column (Phenomenex ZB5-MS 30 m x 0.25 mm 0.25

pum thickness non-polar column). The results were processed using GC Solution Lite software.
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Fourier-transform infrared (FT-IR) spectra are reported in wavenumbers (cm™) and were recorded

using a diamond ATR accessory, as solids or neat liquids.

Syntheses were carried out in an Ammonite 8 flow cell (Cambridge Reactor Design) with C/PVDF
(carbon/ polyvinylidene fluoride composite) anode, 316L stainless steel cathode and recess
carbon graphite anode and silver cathode. Full details of the Ammonite 8 have been published
elsewhere?®®, and the reactor is available commercially from Cambridge Reactor Design Ltd.
(www.cambridgereactordesign.com). The cell current was controlled with a Rapid Electronics
switching mode power supply (85-1903). A peristaltic pump (Ismatec® REGLO Digital Ms-2/6) was
used to flow the solutions through the electrochemical cell. This cell has a spiral electrolyte

channel, 1 min length and 2 mm in width and the interelectrode gap is 0.5 mm.

4.2 Ammonite 8 reactor set-up

To set-up the Ammonite 8 reactor we followed the guide lines reported in the AMMONITE SPIRAL
ELECTROCHEMICAL CELLS-User Guide by Cambridge Reactor Design.®°

The Ammonite 8 reactor is an undivided cell developed by Prof. Brown Group at the University of
Southampton and manufactured by the company Cambridge Reactor Design. It is an undivided
cell made of: Perspex top plate with bolts; a copper plate electrical contact; a Carbon/PVDF
(polyvinylidene fluoride) working electrode; a polymer gasket (FFKM); a stainless steel counter

electrode with a recessed channel and an aluminium base plate (insulating spacer not shown).

a) Central bolt;

b) Perspex top plate;

c) Cu backing plate;

d) Carbon/polymer plate;

e) Stainless steel electrode,
with recess for
perfluoroelastomer gasket

f) Aluminium base plate

Ammonite cell assembled:

Aluminium base plate with
perfluoroelastomer gasket:

Figure 4. 1: Images of the Ammonite 8 electrochemical flow reactor.

Before each experiment both the working and the counter electrodes need to be cleaned and
polished; to remove any organic contaminant from previous reactions they are normally washed
with MeOH, then polished with some cotton wool, in circular motion, to remove any unwanted

residues. In particular the C/PVDF is polished using a polishing cloth stacked on a flat support and
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some silica (99.8%, pore size 60 A, 230-400 mesh particle size, purchased from Merck): the
C/PVDF is first wet with some MeOH; with a spatula some silica is added on the surface of the
polishing cloth; the surface of the electrode is polished with the polishing cloth in circular motion
in order to remove the top layer of the electrode and finally the electrode is rinsed with MeOH to

remove the residue of carbon and silica and let it dry. (Figure 4.2)

Figure 4. 2: how to polish the C/PVDF electrode.

Once the electrodes have been polished, to assemble the reactor, the stainless steel is put on top
of the base plate; the polymer gasket is put in position into the recessed groove being careful not
to block the inlet and outlet holes; the C/PVDF electrode is put on top of the gasket and then are
put the copper contact plate and the Perspex plate respectively. Everything is finally tighten with
the screws using an allen key. It is important to follow the right order to avoid to break the
Perspex top plate: first is put in position the central screw avoiding to tighten too much; the
external screws are slightly tighten proceeding by couples of opposite screws; once everything is

in position, following the same order, all the screws are tightened to seal the system. (Figure 4.3)

Figure 4. 3: how to assemble the cell.
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The Ammonite reactor is connected to the pump and the reaction solvent is pumped through it in
order to check the presence of any leakages and to ensure that the pump is performing the
correct flow rate. Once done that the Ammonite cell is connected to the power supply via
crocodile clips (red = anode, black = cathode) and at this point everything is ready to run the
experiment; just turn on the power supply and start pumping the reaction solution through the
cell. On completion of the reaction, remember to dismantle the reactor and clean all the
components: if everything is left connected, due to the organic residues, some parts could get

stuck together with consequent risk of breaking them while trying to separate them.

4.3 Gas chromatography

4.3.1 General procedure

Gas chromatography was performed using a Shimadzu GC 2014 equipped with an autosampler,
FID detector and Agilent technologies HP5 column (Phenomenex ZB5-MS 30 m x 0.25 mm 0.25

pum thickness non-polar column). The results were processed using GC Solution Lite software.

For the development of the GC methods, once found the right elution conditions, standard
solutions at different known concentration have been prepared and injected in the GC. The
calibration curves were built integrating the area under the peak of each solution; once done that,

the straight-line plot generated was used to calculate the concentration of unknown solutions.

4.3.2 Expermental procedure for GC yield calculation

5 mL of a 0.1 M solution of the appropriate substrate and supporting electrolyte in the
appropriate solvent were pumped through the reactor using the specified conditions and
collected in a 10 mL volumetric flask, which was made up to 10 mL by addition of the appropriate
solvent (theoretical dilution, Cmax = 0.05 M). The amount of product was estimated injecting the

outlet solution in the GC with the calibration method previously developed.

4.3.3 GC method for oxidative cyclisation

For the analysis of both the lactone and the tetrahydrofuran, separation was carried out using He
as a carrier gas at 1.2 mL/ min. The injector temperature was set at 240 °C and 1 pL of sample was
injected in splitless mode. The oven temperature was initially held at 70 °C and for the lactone
then programmed to increase at 20 °C min™! to 250 °C, where was held for 2 min and for the
tetrahydrofuran programmed to increase at 10 °C min™ to 200°C where was held for 2 min.

(Figure 4.4)

124



Intensity
Intensity

600000-] £
] o E 250000
500000 ]
0/
200000
400000-] ~o o
o} o
] 150000-]
300000] ‘ ]
100000-]
200000 ‘
100000 | 50000 ‘
|1 \ L |
o] I S | — ol S - I _ S
T T T T T T T T T T T T T T T T T T T T
1 4 5 6 8 9 10 1 45 6 s 9 10 1 12 13 14

Figure 4.4: GC chromatograms of lactone (ret. t. = 8.628 min) and THF (ret. t. = 8.776 min). Conditions:
Agilent technologies HP5 column (Phenomenex ZB5-MS 30 m x 0.25 mm 0.25 pm thickness
non-polar column); He as carrier gas at 1.2 mL min~%; injector T 240 °C; 1 pL of sample
injected in splitless mode; oven T increased at 20 °C min~! from 70 °C to 250 °C, hold for 2 min

for 2.116 and oven T increased at 10 °C min~* from 70 °C to 200 °C, hold for 2 min for 2.85.

434 GC method for the elctrochemical reduction of alkenes

For the analysis of both (E)-stilbene (starting material) and bibenzene (product), separation was
carried out using He as a carrier gas at 1.2 mL/ min. The injector temperature was set at 280 °C
and 1 pL of sample was injected in split mode. The oven temperature was initially held at 70 °C
and programmed to increase at 35 °C min™ to 200 °C, where was held for 3 min and then

increased at 35 °C min to 250°C where was held for 2 min. (Figure 4.5).
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Figure 4.5: GC chromatograms of (E)-stilbene (ret. t. = 5.388 min) and bibenzyl (ret. t. = 4.367 min).
Conditions: Agilent technologies HP5 column (Phenomenex ZB5-MS 30 m x 0.25 mm 0.25 um
thickness non-polar column); He as carrier gas at 1.2 mL min™%; injector T 280 °C; 1 pL of
sample injected in split mode; oven T increased at 35 °C min~! from 70 °C to 20 °C, hold for 3

min and then increased at 35 °C min™ to 250 °C, hold for 2 min
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4.4 Experimental procedures and characterisation data

44.1 Batch electrolysis set-up

S.S. cathode

C/PVDF anode

7.2 mA

MeOH (0.1 M) \O
Et4NBF, (0.25 equiv)

223 min.

XX OH r.t.
@]

e Surface Area: The surface area of the batch electrode used was 1.8 cm?

e Current Density: The cell averaged current density used was the same as for the reaction

in the Ammonite 8: (80 mA)/(20 cm?) = 4 mA/cm?
e Current Applied: (4 mA/cm?) x (1.8 cm?) = 7.2 mA

The theoretical electrolysis time (tweo) for the electrochemical oxidative cyclisation of alkenol 1 in
the batch electrochemical process was calculated using the following equation, based on a

2-electrons process:

n XmxF

Tttheo= ;

e n: number of electrons involved in the process (2)
e m: moles of substrate (0.5 x 107 mol)
e F: Faraday’s constant (96485 s A mol™)
e |:current applied (7.2 x 103 A)
The theoretical electrolysis time is 223 min.

(E)-5-Phenyl-4-penten-1-ol (0.080 g, 0.500 mmol, 1.00 equiv), Et4NBF,; (0.027 g, 0.125 mmol, 0.250
equiv) were dissolved in MeOH (5 mL) in a 5 mL vial. A C/PVDF anode and a stainless steel cathode
were submerged in the solution. The mixture was stirred at rt for 223 minutes while applying a
current of 7.2 mA. When electrolysis was complete, the reaction mixture was diluted in a 10 mL
volumetric flask and an aliquot of this solution was analysed by GC. Full consumption of starting

material was achieved and the desired product was obtained with a GC yield of 49%.
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4.4.2 5-Phenyl-pent-4-yn-1-ol

: C11H120
Mol Wt: 160.22 g/mol

5-Phenyl-4-pentyn-1-ol was prepared following the procedure of Lu et al.®

lodobenzene (9.70 g, 47.6 mmol, 2.00 equiv) and 4-Pentyn-1-ol (2.00 g, 23.8 mmol, 1.00 equiv)
were dissolved in a mixture of THF (10 mL) and EtsN (66 mL). Pd(PPhs)4 (0.300 g, 0.240 mmol, 1.00
mol %) and Cul (0.100 g, 0.480 mmol, 2.00 mol %) were added in one portion and the mixture was
stirred at rt for 2 h. The yellow suspension was filtered and the solvent removed under reduced
pressure. The resulting brown oil was purified by column chromatography (SiO», toluene/EtOAc =

8/2) to give the title alkyne as a red oil (3.50 g, 21.9 mmol, 92%).
168

Physical and spectroscopic data are consistent with reported literature values.

1H-NMR: (400 MHz, CDCl3) 6 ppm = 7.38-7.41 (m, 2H, Hag), 7.26-7.30 (m, 3H, Ha.s), 3.83 (t, J= 5.5
Hz, 2H, Hu1), 2.55 (t, J = 6.9 Hz, 2H, He), 1.87 (tt, J = 6.9, 5.5 Hz, 2H, Ho)

13C-NMR: (101 MHz, CDC|3) 6 ppm = 131.5 (Cz,s), 128.2 (C3,5 or4), 127.7(C3,5 or4), 123.7 (C1), 89.3 (C7),
81.1 (Cs), 61.8 (C11), 31.4 (Ca0), 16.0 (Cs)

LRMS: (ESI*) 161.1 [M+H]*
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443 (E)-5-Phenyl-pent-4-en-1-ol

: C41H440
Mol Wt: 162.23 g/mol

(E)-5-Phenyl pent-4-en-1-ol was prepared following the procedure of Seiders et al.?’”°

A solution of 5-Phenyl-4-pentyn-1-ol (1.80 g, 11.2 mmol, 1.00 equiv) in anhydrous THF (45 mL)
was added dropwise at 0 °C to a solution of LiAlH4 (45.0 mL of 1.00 M in THF, 45.0 mmol). The
resulting solution was stirred under reflux for 15 h. After cooling to rt, the mixture was
transferred by cannula into an ice-cooled saturated solution of Rochelle’s salt (150 mL). EtOAc
(100 mL) was added and the solution was stirred for 3 h, during which time it warmed to rt. The
phases were separated and the aqueous phase was extracted with EtOAc (2 x 80 mL). The
combined organic phases were washed with water (80 mL), brine (80 mL), then dried (MgS0,)
filtered and the solvent removed under reduced pressure. The resulting yellow oil was purified by
column chromatography (SiO,, toluene/EtOAc = 8/2) to give the title (E)-hydroxyalkene as a
colourless oil (1.60 g, 9.80 mmol, 88%).

270

Physical and spectroscopic data are consistent with reported literature values.

1H-NMR: (400 MHz, CDCls) & ppm = 7.20-7.38 (m, 5H, Har), 6.45 (d, J = 15.8 Hz, 1H, H5), 6.25 (dt, J =
15.8, 6.9 Hz, 1H, Hs), 3.74 (t, J = 7.2 Hz, 2H, H11), 2.36 (m, 2H, He), 1.78 (M, 2H, H1o)

13C-NMR: (101 MHz, CDCls) & ppm = 137.3 (C1), 130.1 (C;), 129.7 (Cs), 128.2 (Carn), 126.6 (Cz/s),
125.6 (Cas), 62.1 (C11), 31.9 (C1o), 29.0 (Co)

LRMS: (ESI*) 163.1 [M+H]*
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44.4 2-(Methoxy(phenyl)methyl)tetrahydrofuran

1

erythro:threo ~ 83:17 ("H-NMR)
C12H1602
Mol Wt: 192.26 g/mol

A solution of (E)-5-Phenyl-4-penten-1-ol (0.400 g, 2.50 mmol, 1.00 equiv), EtsNBF, (0.270 g, 1.20
mmol, 0.500 equiv) in MeOH (25 mL) was passed through the Ammonite 8 reactor (ss cathode,
C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V = 2.9 V). The
effluent was collected and the solvent evaporated under reduced pressure. The electrolyte was
recovered by precipitation from EtOAc and recovered by filtration. Solvent was removed under
reduced pressure. The resulting clear oil was purified by column chromatography (SiO,,
toluene/EtOAc = 8/2) to give the title product as a clear oil (0.360 g, 1.87 mmol, 75%), as a 83:17
mixture of erythro and threo diasteroisomers, respectively. By careful column chromatography,

samples of each diastereoisomer were obtained for characterisation.
NMR data for erythro diastereoisomer (major; more polar)

1H-NMR: (400 MHz, CDCl3) & ppm = 7.29-7.40 (m, 5H, Har), 4.02-4.09 (m, 2H, Hy, Hs), 3.79-3.93 (m,
2H, H11), 3.26 (s, 3H, Hiz), 1.78-1.82 (m, 2H, Hio), 1.44-1.60 (m, 2H, Hs)

B3C-NMR: (101 MHz, CDCls) 138.9 (C1), 128.3(Carn), 128.0 (Car), 127.6 (Carn), 86.8 (C7), 82.3 (Ca),
68.6 (C11), 56.8 (C12), 28.3 (Cs), 25.5 (C1o)

NMR data for threo diastereoisomer (minor; less polar)

H-NMR: (400 MHz, CDCls) & ppm = 7.39-7.28 (m, 5H, Har), 4.19 (d, J = 4.9 Hz, 1H, Hy), 4.03 (m, 1H,
Hs), 3.85 (m, 1H, H11), 3.73 (m, 1H, H11), 3.29 (S, 3H, H1z), 1.75-1.95 (m, 4H, Ho, H1o)

13C-NMR: (101 MHz, CDCls) 139.3(C4), 128.3(Carn), 127.7 (Carn), 127.4 (Car), 85.6 (C7), 82.4 (Cs),
68.6 (C11), 57.2 (C12), 26.9 (Cs), 25.7 (Ci0)

Data collected on the mixture of diastereoisomers
LRMS: (ESI*) 193.3 [M+H]*
LRMS: (EI) m/z 192 (1%, [M]*), 121 (100%, [CsHs0] *), 71 (35%, [C4H;0]**)

HRMS: (El) m/z for [C12H160,] ** calcd: 192.11448 found: 192.11443
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FT-IR: Vinax (neat) 2923, 1084, 1067 cm™
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445 Phenyl(tetrahydrofuran-2-yl)methanol

erythro:threo ~ 87:13 ("H-NMR)
C11H440;
Mol Wt: 178,01 g/mol
A solution of (E)-5-Phenyl-4-penten-1-ol (0.240 g, 1.50 mmol, 1.00 equiv), EtsNBF, (0.080 g, 0.370
mmol, 0.250 equiv) in MeCN/H,0 = 1/1 (15 mL) was passed through the Ammonite 8 reactor (ss
cathode, C/PVDF anode) at a flow rate of 0.25 mL min~! and a current of 80 mA (steady state V=
2.9 V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by filtration after precipitation from EtOAc. The solution was
concentrated under reduced pressure, and the resulting colourless oil was purified by column
chromatography (SiO,, toluene/EtOAc = 1/1) to give the desired product as a colourless oil (0.120
g, 0.670 mmol, 45%), as an 87:13 mixture of erythro and threo diasteroisomers, respectively. By
careful column chromatography, samples of each diastereoisomer were obtained for
characterisation. Obtained also N-(Phenyl(tetrahydrofuran-2-yl)methyl)acetamide with a ratio of

6/4 by H-NMR for the desired product Phenyl-(tetrahydrofuran-2-yl)methanol.

Physical and spectroscopic data are consistent with reported literature values.'*

NMR data for erythro diastereoisomer (major; more polar)

1H-NMR: (400 MHz, CDCls) & ppm = 7.28-7.42 (m, S5H, Har), 4.45 (dd, J = 7.5, 2.5 Hz, 1H, Hs), 4.02
(g, J = 7.5 Hz, 1H, Ha), 3.84-3.97 (m, 2H, Ha), 2.97 (d, J = 2.5 Hz, 1H, OH), 1.82-2.00 (m, 2H, Ha),
1.59-1.78 (m, 2H, Hs)

13C-NMR: (101 MHz, CDC|3) 6 ppm = 140.6 (Cs), 128.4 (C8,1o), 127.9 (Cg), 126.9 (C7,11), 83.4 (C4), 77.3
(Cs), 68.4 (C1), 27.9 (C3), 26.0 (Ca)

NMR data for threo diastereoisomer (minor; less polar)

1H-NMR: (400 MHz, CDCls) § ppm = 7.28-7.42 (m, 5H, Har); 4.95 (m, 1H, Hs); 4.10 (m, 1H, Ha); 3.84-
3.97 (m, 2H, Hy); 2.48 (d, J = 2.3 Hz, 1H, OH); 1.82-2.00 (m, 2H, Ha); 1.59-1.78 (m, 2H, Hs)

13C-NMR: (101 MHz, CDCls) 6 ppm = 140.5 (Cs), 128.2 (Cs,10), 127.4 (Cs), 126.0 (C7,11), 83.1 (Ca), 74.0
(Cs), 69.0 (C1), 26.0 (Cs), 24.7 (C2)

Data collected on the mixture of diastereoisomers

LRMS: (ESI*) 201.3 [M+Na]*, 179.3 [M+H]*
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4.4.6 N-(Phenyl(tetrahydrofuran-2-yl)methyl)acetamide

1

erythro:threo ~ 80:20 ("H-NMR)
C43H17NO>
Mol Wt: 219.1 g/mol

A solution of (E)-5-Phenyl-4-penten-1-ol (0.400 g, 2.50 mmol, 1.00 equiv), EtsNBF, (0.080 g, 0.370
mmol, 0.250 equiv) in a 9/1 mixture MeCN/H,0 (15.0 mL) was passed through the Ammonite 8
reactor (ss cathode, C/PVDF anode) at a flow rate of 0.25 mL min~* and a current of 80 mA (steady
state V = 3.4 V). The effluent was collected and the solvent evaporated under reduced pressure.
The electrolyte was recovered by filtration after precipitation from EtOAc. The solvent removed
under reduced pressure and the resulting clear oil was purified by column chromatography (SiO-,
toluene/EtOAc = 1/1 to 100% EtOAc) to give the title product as a colourless oil (0.120 g, 0.550
mmol, 36%), as an 80:20 mixture of erythro and threo diasteroisomers, respectively. By careful
column chromatography, samples of each diastereoisomer were obtained for characterisation.
Obtained also Phenyl-(tetrahydrofuran-2-yl)methanol with a ratio of 8/2 by H-NMR for the

desired product N-(Phenyl(tetrahydrofuran-2-yl)methyl)acetamide.
NMR data for erythro diastereoisomer (major; more polar)

'H-NMR: (400 MHz, CDCl) 6 ppm = 7.35-7.24 (m, 5H, Ha:), 6.24 (bd, J = 8.5 Hz, 1H, NH), 5.05 (dd, J
= 3.8, 8.5 Hz, 1H, Hy), 4.14 (m, 1H, Hs), 3.94 (m, 1H, Hu1), 3.79 (m, 1H, H11), 2.04 (s, 3H, Hi3), 1.87-
1.98 (m, 2H, Hao), 1.68-1.77 (m, 2H, Ho)

13C-NMR: (101 MHz, CDCl3) 6 ppm = 169.7 (C12), 141.1 (Cy), 128.5 (Carn), 127.4 (Carn), 127.0 (Carm),
81.3 (Cs), 68.8 (C11), 55.4 (C7), 29.1 (Cs), 25.7 (C10), 23.4 (Ca3)

NMR data for threo diastereoisomer (minor; less polar)

'H-NMR: (400 MHz, CDCls) § ppm = 7.24-7.35 (m, 5H, Har), 6.38 (bd, J = 8.5 Hz, 1H, NH), 4.98 (dd, J
= 3.8, 8.5 Hz, 1H, Hy), 4.26 (m, 1H, Hs), 3.68-3.72 (m, 2H, Hi1), 1.99 (s, 3H, His3), 1.87-1.98 (m, 2H,
Hio), 1.42-1.56 (m, 2H, Ho)

BBC.NMR: (101 MHz, CDCl3) & ppm = 169.2 (C12), 138.7 (C1), 128.4 (Car), 128.3 (Carm), 127.6 (Carn),
80.9 (Cs), 68.7 (C1), 56.3 (C), 28.1 (Co), 25.6 (C1o), 23.4 (C13)
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Data collected on the mixture of diastereoisomers
LRMS: (ESI*) 242.3 [M+Na]*
HRMS: (ESI*) m/z for [C13H17NO2Na]* [M+Na]* calcd: 242.1152 found: 242.1151

FT-IR: vimax (neat) 3296, 1648, 1540, 1063, 724 cm™
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4.4.7 (E)-5-Phenylpent-4-enoic acid

C41H120;
Mol Wt: 176.2 g/mol

(E)-5-phenylpent-4-enoic acid was prepared following the procedure of Perkins et al.'””

To a suspension of (3-Carboxypropyl)triphenylphosphonium bromide (4.45 g, 10.4 mmol, 1.10
equiv) in THF (50 mL) was added a 2 M solution of Sodium bis(Trimethylsilyl)amide in THF (10.4
mL, 20.7 mmol, 2.20 equiv) at 0 °C. The solution was stirred for 30 minutes and then cooled down
to -78 °C. Benzaldehyde (1.00 g, 9.42 mmol, 1.00 equiv) was added dropwise and then the
reaction mixture was allowed to warm up to rt over-night. Water (20 mL) and Et,O (20 mL) were
added. Phases were separated and the organic phase was discharted; the aqueous phase was
acidified to pH = 1 with a 2 M HCl solution and then extracted with EtOAc (3 x 20 mL). The
combined organic phases were dried (MgSQ,), filtered and solvent removed under reduced
pressure. The resulting pale oil was purified by column chromatography (SiO», Toluene/EtOAc =

6/4 to 1/1) to give the title carboxylic acid as a white solid (1.00 g, 5.67 mmol, 60%).
Physical and spectroscopic data are consistent with reported literature values.'”’

1H-NMR: (400 MHz, CDCls) & ppm = 7.17-7.37 (m, 5H, Har), 6.39 (d, J = 15.9 Hz, 1H, Hs), 6.15 (m,
1H, Ha), 2.40-2.52 (m, 4H, Hs, Ha)

BBC.NMR: (101 MHz, CDCls) & ppm = 177.5 (C1), 137.3 (Cs), 131.2 (Cs), 128.5 (Cam), 128 (Ca),
127.2(Carn), 126.1 (Carm), 33.5 (C2), 27.9 (Cs)

LRMS: (ESI*) 177.3 [M+H]*
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4.4.8 5-(Methoxy(phenyl)methyl)dihydrofuran-2-3H-one

14

erythro:threo ~75:20 ("H-NMR)
Mol Vf/:t1:22|—101égsg/mol
A solution of (E)-5-Phenylpent-4-enoic acid (0.270 g, 1.50 mmol, 1.00 equiv), EtsNBF; (0.160 g,
0.750 mmol, 0.500 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor (ss
cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 96 mA (steady state V= 3.1
V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 9/1 to 8/2) to give the desired product as a clear oil
(0.190 g, 0.920 mmol, 61%) as a 75:25 mixture of erythro and threo diasteroisomers, respectively.
By careful column chromatography, samples of each diastereoisomer were obtained for

characterisation.
Physical and spectroscopic data are consistent with reported literature values.'”’
Data for erythro diastereoisomer (major; more polar)

1H-NMR: (400 MHz, CDCls) & ppm = 7.31-7.41 (m, 5H, Har), 4.69 (td, J = 7.0, 5.6 Hz, 1H, H,), 4.25 (d,
J=5.6Hz, 1H, H1), 3.31 (s, 3H, Hs), 2.22-2.41 (m, 2H, Ha), 2.02 (td, J = 7.0, 8.8 Hz, 2H, Hs)

1BC-NMR: (101 MHz, CDC|3) 6 ppm = 177.0 (Cs), 136.4 (Cm), 128.7 (CArH), 128.6 (cArH), 127.6 (cArH),
85.0 (C41), 81.9 (C3), 57.1 (Cs), 28.1 (Ca), 24.0 (C3)

LRMS: (ESI*) 207.1 [M+H]*
Data for threo diastereoisomer (minor; less polar)

'H-NMR: (400 MHz, CDCl3) § ppm = 7.31-7.38 (m, 5H, Ha/), 4.58 (td, J = 5.4, 3.4 Hz, 1H, H,), 4.48 (d,
J=34 HZ, 1H, H].)I 3.34 (S, 3H, H9)1 2.56 (m, lH, H4)/ 2.40 (m, 1H, H4)/ 2.30 (m, 1H, H3)I 2.02 (m,
1H, Hs)

13C-NMR: (101 MHz, CDCl3) & ppm = 177.6 (Cs), 136.7 (Cio), 128.7 (Carmm), 128.3 (Carn), 126.9(Carn),
84.1(Cy), 82.7(C3), 57.7 (Co), 28.3 (Ca), 21.4(C3)

LRMS: (ESI*) 207.1 [M+H]*
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4.4.9 Dihydro-5-(hydroxyl(phenyl)methyl)furan-2(3H)-one

erythro:threo ~ 78:22 ('H-NMR)
C11H1203
Mol Wt: 192.1 g/mol
A solution of (E)-5-Phenylpent-4-enoic acid (0.260 g, 1.50 mmol, 1.00 equiv), EtsNBF, (0.080 g,
0.370 mmol, 0.250 equiv) in MeCN/H,O = 1/1 (15 mL) was passed through the Ammonite 8
reactor (ss cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady
state V= 2.6 V). The effluent was collected and the solvent evaporated under reduced pressure.
The electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 6/4 to 1/1) to give the desired product as a colourless oil
(0.100 g, 0.520 mmol, 35%) as a 78:22 mixture of erythro and threo diasteroisomers, respectively.
By careful column chromatography, samples of each diastereoisomer were obtained for

characterisation.
Physical and spectroscopic data are consistent with reported literature values.?’
NMR data for erythro diastereoisomer (major; more polar)

1H-NMR: (400 MHz, CDCls) § ppm = 7.29-7.42 (m, 5H, Har), 5.11 (s, 1H, Hs), 4.70 (m, 1H, Ha), 2.89
(s, 1H, OH), 2.57 (m, 1H, Ha), 2.44 (m, 1H, Ha), 2.30 (m, 1H, Hs), 1.93 (m, 1H, Hs)

13C-NMR: (101 MHz, CDCls) & ppm = 177.9 (C1), 138.5 (Ce), 128.6 (Camn), 128.1 (Car), 126.0 (Carn),
83.4 (C4), 73.4 (Cs), 28.6 (C2), 20.64 (C3)

NMR data for threo diastereoisomer (minor; less polar)

1H-NMR: (400 MHz, CDCls)  ppm = 7.31-7.47 (m, 5H, Has), 4.72 (dd, J = 2.6, 6.5 Hz, 1H, Hs), 4.65
(td, J=6.5,7.2 Hz, 1H, Ha), 2.75 (d, J = 2.6 Hz, 1H, OH), 2.41-2.50 (m, 2H, H2), 1.99-2.10 (m, 2H, Hs)

13C-NMR: (101 MHz, CDCls) 6 ppm = 176.9 (C4), 138.4 (Cs), 128.73 (Carn), 128.70 (Carn), 126.9 (Carn),
83.4 (C4), 76.4 (Cs), 28.4 (Cy), 23.9 (G3)

Data collected on the mixture of diastereoisomers

LRMS: (ESI*) 193.2 [M+H]*
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4.4.10 (E)-5-(4-Methoxyphenyl)pent-4-enoic acid

C12H1403
Mol Wt: 206.2 g/mol

(E)-5-(4-Methoxyphenyl)pent-4-enoic acid was prepared following the procedure of Perkins et

al 177

To a suspension of (3-Carboxypropyl)triphenylphosphonium bromide (5.70 g, 13.2 mmol, 1.20
equiv) in THF (60 mL) was added a 2 M solution of Sodium bis(Trimethylsilyl)Jamide in THF (13.2
mL, 26.4 mmol, 2.40 equiv) at 0 °C. The solution was stirred for 30 minutes and then cooled down
to -78 °C. p-Anisaldehyde (1.50 g, 11.0 mmol, 1.00 equiv) was added dropwise and then the
reaction mixture was allowed to warm up to rt over-night. Water (20 mL) and Et,O (20 mL) were
added. Phases were separated and the organic phase was discharted; the aqueous phase was
acidified to pH = 1 with a 2 M HCI solution and then extracted with EtOAc (3 x 20 mL). The
combined organic phases were dried (MgS0.), filtered and solvent removed under reduced
pressure. The resulting brown solid was purified by recrystallization in dichloromethane at 0°C to

give the title carboxylic acid as a white solid (1.80 g, 8.73 mmol, 79%).
Physical and spectroscopic data are consistent with reported literature values.'”’

1H-NMR: (400 MHz, CDCl3) & ppm = 7.29 (m, 2H, Hz,11), 6.85 (m, 2H, Hs10), 6.40 (d, J = 16.0 Hz, 1H,
Hs), 6.08 (m, 1H, Ha), 3.82 (s, 3H, H12), 2.50-2.57 (m, 4H, Ha3)

BBC.NMR: (101 MHz, CDCls) § ppm = 178.0 (C1), 158.9 (Cs), 130.6 (Cs), 130.1 (Cs), 127.2 (C7, 11),
125.8 (Ca), 113.9 (Cs, 10), 55.3 (C12), 33.7 (C3), 27.9 (Ca)

LRMS: (ESI*) 207.3 [M+H]*

Mp: 144°-147°C
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4.4.11 5-(Methoxy(4-methoxyphenyl)methyl)dihydrofuran-2-3H-one

Pl
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erythro:threo ~ 80:20 ('H-NMR)
Mol V5t1:32|_|31g,?4g/mol

A solution of (E)-5-(4-Methoxyphenyl)pent-4-enoic acid (0.300 g, 1.50 mmol, 1.00 equiv), Et4NBF,
(0.160 g, 0.750 mmol, 0.500 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor
(ss cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V=
2.9 V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 9/1 to 8/2) to give the desired product as a white solid
(0.280 g, 1.17 mmol, 78%) as a 80:20 mixture of erythro and threo diasteroisomers, respectively.

Physical and spectroscopic data are consistent with reported literature values.’””

Data for erythro diastereoisomer (major; more polar)

1H-NMR: (400 MHz, CDCls) 6 ppm = 7.22-7.27 (m, 2H, Hs, 12), 6.90-6.95 (m, 2H, Hs, 11), 4.66 (td, J =
6.9, 5.8 Hz, 1H, H,), 4,20 (d, J = 5.8 Hz, 1H, Hy), 3.83 (s, 3H, Hus), 3.29 (s, 3H, He), 2.22-2.43 (m, 2H,
Ha), 1.98-2.02 (m, 2H, Hs)

1BC-NMR: (101 MHz, CDC|3) 6 ppm =177.1 (Cs), 159.9 (Cm), 128.8 (Cs, 12), 128.2 (C7), 1141 (Cg, 11),
84.6 (Hy), 82.0 (C2), 56.9 (Cs), 55.3 (Cus), 28.2 (Ca), 24.0 (C3)

LRMS: (ESI*) 237.3 [M+H]*
Data for threo diastereoisomer (minor; less polar)

1H-NMR: (400 MHz, CDCl3) 6 ppm = 7.22-7.27 (m, 2H, Hs, 12), 6.90-6.95 (m, 2H, He, 11), 4.58 (td, J =
5.3, 3.4 Hz, 1H, Hy), 4.41 (d, J = 3.4 Hz, 1H, Hy), 3.83 (s, 3H, Hus), 3.31 (s, 3H, He), 2.53 (m, 1H, Ha),
2.22-2.43 (m, 2H, Ha, Hs), 2.06 (m, 1H, Hs)

B3C-NMR: (101 MHz, CDCl3) § ppm = 177.1 (Cs), 159.9 (C10), 128.27 (Cs, 12), 128.2 (C7), 114.1 (Cs, 11),
83.7 (H1), 82.7 (C3), 57.4 (Cs), 55.3 (C13), 28.3 (C4), 21.6 (C3)

LRMS: (ESI*) 237.2 [M+H]*
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Data collected on the mixture of diastereoisomers

Mp: 75°-79°C
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4.4.12 (E)-5-(4-Methoxyphenyl)pent-4-en-1-ol

C12H1602
Mol Wt: 192.3 g/mol

(E)-5-(4-Methoxyphenyl)pent-4-en-1-ol was prepared following the procedure of Farndon et al.1’®

To a solution of (E)-5-(4-Methoxyphenyl)pent-4-enoic acid (0.300 g, 1.45 mmol, 1.00 equiv), in
anhydrous THF (10 mL), at 0°C, was added dropwise a 1M solution of LiAlH, in THF (2.90 mL, 2.90
mmol, 2.00 equiv). The suspension was stirred for 1 h at rt. Then it was cooled down to 0°C and
water (0.400 mL) and a 10% aqueous solution of NaOH (0.300 mL) were slowly added. The
mixture was filtered through celite and washed with dichloromethane. Phases were separated
and the aqueous phase was extracted with dichloromethane (2 x 5 mL). The combined organic
phases were dried (MgSQ.,), filtered and solvent removed under reduced pressure. The desired

product was obtained as a white solid without further purification (0.290 g, 1.45 mmol, 100%).
178

Physical and spectroscopic data are consistent with reported literature values.

1H-NMR: (400 MHz, CDCls) § ppm = 7.32-7.27 (m, 2H, Hz,11), 6.88-6.83 (m, 2H, Hs, 10), 6.38 (d, J =
16.0 Hz, 1H, Hs), 6.1 (dt, J = 16.0, 7.4 Hz, 1H, Ha), 3.81 (s, 3H, Ha2), 3.72 (t, J = 6.2 Hz, 2H, Hy), 2.30
(m, 2H, Hs), 1.75 (q, J = 6.6 Hz, 2H, H,)

B3C-NMR: (101 MHz, CDCls) & ppm = 158.7(Cs), 130.4 (Cs), 129.7 (Cs), 127.9 (Ca), 127.0 (C7, 11),
113.9 (Cs, 10), 62.5 (C4), 55.3 (C12), 32.4 (C2), 29.3 (C3)

LRMS: (ESI*) 193.3 [M+H]*

Mp: 74°-79°C
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4.4.13 2-(Methoxy(4-methoxyphenyl)methyl)tetrahydrofuran
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erythro:threo ~ 80:20 ('H-NMR)
C13H1803
Mol Wt: 222.3 g/mol
A solution of (E)-5-(4-Methoxyphenyl)pent-4-en-1-ol (0.190 g, 1.00 mmol, 1.00 equiv), EtsNBF,
(0.110 g, 0.500 mmol, 0.500 equiv) in MeOH (10 mL) was passed through the Ammonite 8 reactor
(ss cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V =
2.6 V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 9/1 to 8/2) to give the desired product as a colourless oil
(0.110 g, 0.490 mmol, 50%) as a 80:20 mixture of erythro and threo diasteroisomers, respectively.
By careful column chromatography, samples of each diastereoisomer were obtained for

characterisation.
Data for erythro diastereoisomer (major; more polar)

1H-NMR: (400 MHz, CDCls) & ppm = 7.23-7.26 (m, 2H, Hs, 12), 6.88-6.93 (m, 2H, Hy 11), 3.98-4.06 (m,
2H, H,, Hz), 3.90 (m, 1H, Hs), 3.78-3.85 (m, 4H, Hs, H13), 3.23 (S, 3H, He), 1.73-1.83 (m, 2H, H4),
1.41-1.58 (m, 2H, Hs)

13C-NMR: (101 MHz, CDCl3) 6 ppm = 159.4 (Cy3), 131.0 (C10), 128.8 (Cuy, 15), 113.8 (C12, 14), 86.3 (C2),
82.4 (C1), 68.6 (Cs), 56.6 (Co), 55.2 (C16), 28.4 (C3), 25.6(Ca)

LRMS: (ESI*) 245.3 [M+Na]*
Data for threo diastereoisomer (minor; less polar)

1H-NMR: (400 MHz, CDCls)  ppm = 7.23-7.29 (m, 2H, Hs, 12), 6.87-6.93 (m, 2H, He, 11), 4.10 (d, J =
5.4 Hz, 1H, Hi), 3.99 (m, 1H, H,), 3.79-3.87 (m, 4H, Hus s), 3.71 (m, 1H, Hs), 3.25 (s, 1H, He), 1.76-
1.95 (m, 4H, Hs, 4)

13C-NMR: (101 MHz, CDCl3) 6 ppm = 159.1 (Ci3), 131.3 (Cio0), 128.6 (Cu1,15), 113.7 (Ci2, 14), 85.2 (C2),
82.3 (C4), 68.6 (Cs), 56.9 (Co), 55.2 (C16), 27.2 (C3), 25.7 (Ca)

LRMS: (ESI*) 245.3 [M+Na]*
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Data collected on the mixture of diastereoisomers
HRMS: (ESI*) m/z for [Ci3H1803Na]* [M+Na]* calcd: 245.1154 found: 245.1148

FT-IR: Vimax (neat) 2850, 1095, 1065 cm™
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4.4.14 (E)-5-(2-Methoxyphenyl)pent-4-enoic acid

C12H1403
Mol Wt: 206.2 g/mol

(E)-5-(2-Methoxyphenyl)pent-4-enoic acid was prepared following the procedure of Perkins et

al 177

To a suspension of (3-Carboxypropyl)triphenylphosphonium bromide (4.00 g, 9.32 mmol, 1.10
equiv) in THF (50 mL) was added a 2 M solution of Sodium bis(Trimethylsilyl)amide in THF (9.30
mL, 18.6 mmol, 2.20 equiv) at 0 °C. The solution was stirred for 30 minutes and then cooled down
to -78 °C. o-Anisaldehyde (1.15 g, 8.47 mmol, 1.00 equiv) was added dropwise and then the
reaction mixture was allowed to warm up to rt over-night. Water (20 mL) and Et,O (20 mL) were
added. Phases were separated and the organic phase was discharted; the aqueous phase was
acidified to pH = 1 with a 2 M HCI solution and then extracted with EtOAc (3 x 20 mL). The
combined organic phases were dried (MgS0.), filtered and solvent removed under reduced
pressure. The resulting brown solid was purified by recrystallization in dichloromethane at 0°C to

give the title carboxylic acid as a white solid (0.580 g, 2.81 mmol, 33%).
Physical and spectroscopic data are consistent with reported literature values.'”’

H-NMR: (400 MHz, CDCl3) & ppm = 7.41 (dd, J = 1.7, 7.7 Hz, 1H, Hu1), 7.21 (td, J = 1.7, 7.7 Hz, 1H,
Ho), 6.92 (td, J = 1.7, 7.7 Hz, 1H, Huo), 6.86 (dd, J = 1.7, 7.7 Hz, 1H, Hs), 6.77 (d, J = 15.8 Hz, 1H, Hs),
6.22 (m, 1H, H4), 3.85 (S, 3H, H1z), 2.54-2.62 (m, 4H, Hz, 3)

3C-NMR: (101 MHz, CDCls)  ppm = 179.1 (C1), 156.7 (C7), 128.7 (Ca), 128.3 (Cs), 126.6 (C11), 126.3
(Cs), 125.8 (Cs), 120.6 (C10), 110.8 (Cs), 55.4 (C12), 33.8 (Cs), 28.4 (Ca)

LRMS: (ESI*) 207.3 [M+H]*

Mp: 88°-91° C
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4.4.15 5-(Methoxy(2-methoxyphenyl)methyl)dihydrofuran-2(3H)-one

erythro:threo ~ 80:20 ("H-NMR)
C13H1604
Mol Wt: 236.1 g/mol

A solution of (E)-5-(2-Methoxyphenyl)pent-4-enoic acid (0.310 g, 1.50 mmol, 1.00 equiv), Et4NBF,
(0.080 g, 0.370 mmol, 0.250 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor
(ss cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state
V= 3.0 V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 8/2) to give the desired product as a colourless oil (0.260
g, 1.10 mmol, 73%) as a 80:20 mixture of erythro and threo diasteroisomers, respectively. By
careful column chromatography, samples of each diasterecisomer were obtained for

characterisation.
Physical and spectroscopic data are consistent with reported literature values.'”’
NMR data for erythro diastereoisomer (major; more polar)

1H-NMR: (400 MHz, CDCl3) & ppm = 7.32 (dd, J = 1.6, 7.3 Hz, 1H, Hy3), 7.22 (ddd, J = 1.6, 7.6, 8.2 Hz,
1H, Hu1), 6.94 (ddd, J = 1.0, 7.3, 7.6 Hz, 1H, H1), 6.83 (dd, J = 1.0, 8.2 Hz, 1H, Hio), 4.66 (d, J = 5.4
Hz, 1H, Hs), 4.60 (m, 1H, Ha), 3.77 (s, 3H, Hs), 3.21 (s, 3H, He), 2.50 (m, 1H, H,), 2.35 (m, 1H, H,),
1.95-2.10 (m, 2H, Hs)

13C-NMR: (101 MHz, CDCls) 6 ppm = 177.5 (C4), 157.2 (C7), 129.2 (C11), 128.0 (Cy3), 125.0 (Cs), 121.0
(C12), 110.4 (Ci0), 82.2 (C4), 78.7 (Cs), 57.3 (Ce), 55.4 (Cq), 28.5 (C2), 24.1 (C3)

NMR data for threo diastereoisomer (minor; less polar)

1H-NMR: (400 MHz, CDCls) 6 ppm = 7.41 (dd, J = 1.5, 7.5 Hz, 1H, Hys), 7.33 (ddd, J = 1.5, 7.3, 8.7 Hz,
1H, Hu1), 7.03 (ddd, J = 0.7, 7.3, 7.5 Hz, 1H, H12), 6.91 (dd, J = 0.7, 8.7 Hz, 1H, Hio), 4.96 (d, J = 2.4
Hz, 1H, Hs), 4.73 (m, 1H, Ha), 3.87 (s, 3H, Hs), 3.35 (s, 3H, He), 2.66 (m, 1H, Hy), 2.39 (m, 1H, H,),
2.26 (m, 1H, Hs), 1.91 (m, 1H, Hs)

BC.NMR: (101 MHz, CDCls) & ppm = 178.2 (C4), 156.8 (C7), 129.0 (C11), 126.9 (C13), 124.6 (Cs), 120.7
(C12), 110.3 (C10), 80.8 (Ca), 78.6 (Cs), 57.9 (Cs), 55.2 (Cs), 28.6 (Ca), 20.8 (Cs)
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Data collected on the mixture of diastereoisomers

LRMS: (ESI*) 237.2[M+H]*
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4.4.16 (E,Z)-5-(2-Methoxyphenyl)pent-4-en-1-ol

12
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C12H1602
Mol Wt: 192.1 g/mol

(E,Z2)-5-(2-Methoxyphenyl) pent-4-en-1-ol was prepared following the procedure of Farndon et

Cl/ 178

To a solution of (E,2)-5-(2-Methoxyphenyl)pent-4-enoic acid (0.600 g, 2.90 mmol, 1.00 equiv), in
anhydrous THF (15 mL), at O °C, was added dropwise a 1M solution of LiAlH4 in THF (5.80 mL, 5.80
mmol, 2.00 equiv). The suspension was stirred for 1 h at rt. Then it was cooled down to 0 °C and
water (0.800 mL) and a 10% aqueous solution of NaOH (0.600 mL) were slowly added. The
mixture was filtered through celite and washed with dichloromethane. Phases were separated
and the aqueous phase was extracted with dichloromethane (2 x 5 mL). The combined organic
phases were dried (MgSQ.,), filtered and solvent removed under reduced pressure. The desired
product was obtained as a colourless oil without further purification (0.450 g, 2.30 mmol, 82%,
70/30 E/Z).

Physical and spectroscopic data are consistent with reported literature values.!’®

NMR data for E isomer

1H-NMR: (400 MHz, CDCls) & ppm = 7.42 (dd, J = 1.6, 8.4 Hz, 1H, He), 7.21 (m, 1H, Hu), 6.84-6.98
(m, 2H, Hs, 10), 6.76 (d, J = 16.0 Hz, 1H, Hs), 6.23 (dt, J = 7.0, 16.0 Hz, 1H, Ha), 3.85 (s, 3H, H12), 3.72
(t, J = 6.5 Hz, 2H, H1), 2.35 (m, 2H, Hs), 1.75 (m, 2H, H,)

B3C.NMR: (101 MHz, CDCl3) & ppm = 156.3 (Cs), 130.8 (Ca), 127.9 (C11), 126.7 (C5), 126.4 (Cs), 125.0
(Cs), 120.6 (Cs), 110.8 (C10), 62.5 (C1), 55.4 (C12), 32.3 (C2), 29.8 (C3)

NMR data for Zisomer

1H-NMR: (400 MHz, CDCl3) 6 ppm = 7.16-7.26 (m, 2H, He11), 6.84-6.98 (m, 2H, Hs, 10), 6.56 (d, J =
11.5 Hz, 1H, Hs), 5.74 (dt, J = 7.3, 11.5 Hz, 1H, Ha), 3.84 (s, 3H, H12), 3.66 (t, J = 6.3 Hz, 2H, Hy), 2.30-
2.40 (m, 2H, Hs), 1.68-1.82 (m, 2H, H,)

13C-NMR: (101 MHz, CDCl3) & ppm = 156.9 (Cs), 132.1 (Ca), 130.0 (Co), 128.2 (C11), 126.3 (C7), 124.9
(Cs), 120.1 (Cs), 110.4 (C10), 62.5 (C1), 55.4 (C12), 32.7 (C2), 25.0 (C3)
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Data collected on the mixture

LRMS: (ESI*) 193.2 [M+H]*
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4.4.17 2-(Methoxy(2-methoxyphenyl)methyl)tetrahydrofuran

erythro:threo ~ 80:20 ("H-NMR)

C43H1g03
Mol Wt: 222.1 g/mol
A solution of (E,Z)-5-(2-Methoxyphenyl)pent-4-en-1-ol (0.280 g, 1.50 mmol, 1.00 equiv), Et4NBF,
(0.080 g, 0.370 mmol, 0.250 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor
(ss cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V =
3.0 V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 8/2) to give the desired product as a colourless oil (0.140
g, 0.630 mmol, 42%) as a 80:20 mixture of erythro and threo diasteroisomers, respectively. By
careful column chromatography, samples of each diastereoisomer were obtained for

characterisation.
NMR data for erythro diastereoisomer (major; more polar)

H-NMR: (400 MHz, CDCls) & ppm = 7.39 (dd, J = 1.7, 7.8 Hz, 1H, Hui), 7.27 (td, J = 1.7, 8.7 Hz, 1H,
Hs), 6.99 (td, J = 0.8, 7.8 Hz, 1H, Hio), 6.89 (dd, J = 0.8, 8.7 Hz, 1H, Hs), 4.65 (d, J = 7.3 Hz, 1H, Hs),
4.04 (td, J = 7.3 Hz, 1H, Ha), 3.96 (m, 1H, Hy), 3.78-3.88 (m, 4H, Hy, H1a), 3.24 (s, 3H, His), 1.73-1.96
(M, 2H, Hy), 1.51-168 (m, 2H, Hs)

13C-NMR: (101 MHz, CDCl3) & ppm = 157.5 (Cs), 128.7 (Co), 127.9 (C11), 127.5 (C5), 120.8 (C10), 110.4
(Cs), 82.6 (C4), 79.0 (Cs), 68.5 (€C4), 56.7 (Ca3), 55.4 (C12), 27.6 (C3), 25.6 (C2)

NMR data for threo diastereoisomer (minor; less polar)

'H-NMR: (400 MHz, CDCl3) & ppm = 7.40 (dd, J = 1.8, 7.6 Hz, 1H, Hu), 7.26 (td, J = 1.8, 8.0 Hz, 1H,
Ho), 6.98 (td, J = 0.8, 7.6 Hz, 1H, Hio), 6.88 (dd, J = 0.8, 8.0 Hz, 1H, Hs), 4.84 (d, J = 3.7 Hz, 1H, Hs),
4.10 (td, J = 3.7, 7.9 Hz, 1H, Ha), 3.89 (m, 1H, Hi), 3.83 (s, 3H, H12), 3.76 (m, 1H, Hi), 3.31 (s, 3H,
His), 1.83-1.99 (m, 2H, Hs, H2), 1.77 (m, 1H, H,), 1.67 (m, 1H, Hs)

13C-NMR: (101 MHz, CDCls) & ppm = 157.3 (Cy), 128.3 (Cs), 127.4 (C), 127.3 (C11), 120.6 (C1o), 110.2
(Cs), 81.0 (Ca), 78.6 (Cs), 68.7 (C1), 57.4 (C13), 55.3 (C12), 25.9 (C2), 25.5 (C3)
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Data collected on the mixture of diastereoisomers
LRMS: (ESI*) 245.2 [M+Na]*
HRMS: (ESI*) m/z for [C13H1303Na]* [M+Na]* calcd: 245.1148 found: 245.1150

FT-IR: vimax (neat) 2934, 1104, 1065, 753 cm™

149



4.4.18 (E)-5-(4-Fluorophenyl)pent-4-enoic acid

C11H11FO2
Mol Wt: 194.2 g/mol

(E)-5-(4-Fluorophenyl)pent-4-enoic acid was prepared adapting the procedure of Perkins et al.t”’

To a suspension of (3-Carboxypropyl)triphenylphosphonium bromide (3.80 g, 8.86 mmol, 1.10
equiv) in THF (50 mL) was added a 2 M solution of Sodium bis(Trimethylsilyl)amide in THF (8.90
mL, 17.7 mmol, 2.20 equiv) at 0 °C. The solution was stirred for 30 minutes and then cooled down
to -78 °C. 4-Fluorobenzaldehyde (1.00 g, 8.06 mmol, 1.00 equiv) was added dropwise and then
the reaction mixture was allowed to warm up to rt over-night. Water (20 mL) and Et,O (20 mL)
were added. Phases were separated and the organic phase was discharted; the aqueous phase
was acidified to pH = 1 with a 2 M HCI solution and then extracted with EtOAc (3 x 20 mL). The
combined organic phases were dried (MgSQ,), filtered and solvent removed under reduced
pressure. The resulting brown solid was purified by recrystallization in dichloromethane at 0°C to

give the title carboxylic acid as a white solid (0.600 g, 3.09 mmol, 38%).
178

Physical and spectroscopic data are consistent with reported literature values.

'H-NMR: (400 MHz, CDC|3) 6 ppm = 7.28-7.33 (m, 2H, H7, 11), 6.96-7.03 (m, 2H, Hs, 10), 6.41 (d, J=
15.9 Hz, 1H, Hs), 6.15 (m, 1H, Ha), 2.50-2.60 (m, 4H, Ha, 3)

13C-NMR: (101 MHz, CDCl3) § ppm = 177.9 (C4), 162.1 (d, J = 245.7 Hz, Cs), 133.4 (d, J = 2.9 Hz, C),
130.1 (Cs), 127.7 (Ca), 127.5 (C7,11, J = 8.1 Hz), 115.3 (d, J = 22.0 Hz, Cg, 10), 33.5 (C2), 27.8 (C3)

LRMS: (ESI*) 195.2 [M+H]*

Mp: 90°-95° C
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4.4.19 5-((4-Fluorophenyl)(methoxy)methyl)dihydrofuran-2(3H)-one

~
o
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erythro:threo ~ 80:20 ("H-NMR)
Cy2H13FO3

Mol Wt: 224.1 g/mol
A solution of (E)-5-(4-Fluorophenyl)pent-4-enoic acid (0.290 g, 1.50 mmol, 1.00 equiv), Et4NBF,
(0.080 g, 0.370 mmol, 0.250 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor
(ss cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V=
3.0 V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 9/1 to 8/2) to give the desired product as a white solid
(0.220 g, 0.980 mmol, 65%) as a 80:20 mixture of erythro and threo diasteroisomers, respectively.
By careful column chromatography, samples of each diastereoisomer were obtained for

characterisation.
NMR data for erythro diastereoisomer (major; more polar)

1H-NMR: (400 MHz, CDCls) & ppm = 7.29-7.35 (m, 2H, Hs, Ha2), 7.05-7.14 (m, 2H, Hs, H11), 4.65 (m,
1H, Ha), 4.24 (d, J = 5.3 Hz, 1H, Hs), 3.30 (s, 3H, He), 2.26-2.44 (m, 2H, Ha), 1.96-2.11 (m, 2H, Hs)

13C-NMR: (101 MHz, CDCl3) § ppm = 176.9 (C1), 164.4 (d, J = 246.5 Hz, Co), 132.1 (d, J = 2.9 Hz, Cy),
129.2 (d, J = 8.1 Hz, Cs,12), 115.7 (d, J = 21.3 Hz, Co,11), 84.2 (Cs), 81.7 (C4), 57.2 (Cs), 28.1 (C2), 23.9
(Gs)

NMR data for threo diastereoisomer (minor; less polar)

'H-NMR: (400 MHz, CDCl3) § ppm = 7.29-7.35 (m, 2H, Hs, H12), 7.05-7.14 (m, 2H, Ho, H11), 4.56 (m,
1H, Ha), 4.43 (d, J = 3.3 Hz, 1H, Hs), 3.32 (s, 3H, He), 2.55 (m, 1H, H),2.41 (m, 1H Hy), 2.25 (m, 1H,
Hs), 2.06 (m, 1H, Hs)

13C-NMR: (101 MHz, CDCl5) & ppm = 177.3 (C4), 163.6 (d, J = 246.5 Hz, C1o), 132.4 (d, J = 2.9 Hz, C;),
128.5 (d, J = 8.1 Hz, Cg,12), 115.7 (d, J = 21.3 Hz, Cs, 11), 83.6 (Cs), 82.4 (Ca), 57.6 (Cs), 28.3 (C2), 21.6
(Gs)

Data collected on the mixture of diastereoisomers
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LRMS: (ESI*) 225.2 [M+H]*
HRMS: (ESI*) m/z for [C1oH13FOsNa]* [M+Na]* calcd: 247.0738 found: 247.0736

FT-IR: Vimax (neat) 2938, 1769, 1154, 1109 cm™
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4.4.20 (E)-5-(4-Fluorophenyl)pent-4-en-1-ol

C11H130
Mol Wt: 180.1 g/mol

(E)-5-(4-Fluorophenyl)pent-4-en-1-ol was prepared adapting the procedure of Farndon et al.1”®

To a solution of (E)-5-(4-Fluorophenyl)pent-4-enoic acid (0.500 g, 2.60 mmol, 1.00 equiv), in
anhydrous THF (10 mL), at 0 °C, was added dropwise a 1M solution of LiAlH4 in THF (5.20 mL, 5.20
mmol, 2.00 equiv). The suspension was stirred for 1 h at rt. Then it was cooled down to 0 °C and
water (0.800 mL) and a 10% aqueous solution of NaOH (0.600 mL) were slowly added. The
mixture was filtered through celite and washed with dichloromethane. Phases were separated
and the aqueous phase was extracted with dichloromethane (2 x 5 mL). The combined organic
phases were dried (MgS0.), filtered and solvent removed under reduced pressure. The resulting
oil was purified by column chromatography (SiO,, toluene/EtOAc = 6/4) to give the desired

product as a colourless oil (0.400 g, 2.20 mmol, 85%).
Physical and spectroscopic data are consistent with reported literature values.'’

1H-NMR: (400 MHz, CDCls) & ppm = 7.28-7.34 (m, 2H, Hy, 11), 6.95-7.02 (m, 2H, Hs, 10), 6.40 (d, J =
16.1 Hz, 1H, Hs), 6.15 (dt, J = 6.8, 16,1 Hz, 1H, Ha), 3.72 (t, J = 6.8 Hz, 2H, H1), 2.30 (dt, J = 6.8, 7.2
Hz, 2H, Hs), 1.76 (quin, J = 6.8, 7.2 Hz, 2H, H,)

3C-NMR: (101 MHz, CDCls) & ppm = 161.9 (d, J = 246.5 Hz, Cs), 133.8 (d, J = 3.7 Hz, Cs), 129.8 (Ca),
129.2 (Cs), 127.4-127.3 (d, J = 8.1 Hz, C7,11), 115.4-115.2 (d, J = 22.7 Hz, Cs, 10), 62.4 (C), 32.2 (Ca),
29.3 (C3)

LRMS: 181.3 [M+H]*
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4.4.21 2-((4-Fluorophenyl)(methoxy)methyl)tetrahydrofuran

erythro:threo ~ 80:20 ("H-NMR)
C12H45FO,

Mol Wt: 210.1 g/mol
A solution of (E)-5-(4-Fluorophenyl)pent-4-en-1-ol (0.2700 g, 1.50 mmol, 1.00 equiv), EtsNBF,
(0.080 g, 0.370 mmol, 0.250 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor
(ss cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V =
3.4 V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 9/1) to give the desired product as a colourless oil (0.180
g, 0.870 mmol, 58%) as a 80:20 mixture of erythro and threo diasteroisomers, respectively. By
careful column chromatography, samples of each diasterecisomer were obtained for

characterisation.
NMR data for erythro diastereoisomer (major; more polar)

1H-NMR: (400 MHz, CDCl3) & ppm = 7.28-7.34 (m, 2H, H, 11), 7.02-7.09 (m, 2H, Hs, 10), 4.08 (d, J =
7.2 Hz, 1H, Hs), 4.03 (dt, J = 7.2, 7.5 Hz, 1H, Ha), 3.77-3.92 (m, 2H, H1), 3.25 (s, 3H, H1z), 1.73-1.81
(m, 2H, Hy), 1.43-1.59 (m, 2H, Hs)

BBC.NMR: (101 MHz, CDCls) & ppm = 162.5 (d, J = 246.5 Hz, Cs), 134.6 (d, J = 3.7 Hz, Cs), 129.2-
129.1 (d, J = 8.8 Hz, C7, 11), 115.4-115.2 (d, J = 21.3 Hz, Cs, 10), 85.9 (Cs), 82.1 (Ca), 68.6 (C1), 56.8
(C12), 28.2 (C3), 25.5 (Ca)

NMR data for threo diastereoisomer (minor; less polar)

1H-NMR: (400 MHz, CDCls) & ppm = 7.28-7.34 (m, 2H, Hy, 11), 7.02-7.09 (m, 2H, Hs, 10), 4.13 (d, J =
6.2 Hz, 1H, Hs), 4.00 (m, 1H, Ha), 3.84 (m, 1H, Hy), 3.74 (m, 1H, H), 3.27 (s, 3H, H12), 1.80-1.95 (m,
4H, Ha,3)

13C-NMR: (101 MHz, CDCl3) & ppm = 162.4 (d, J = 245.0 Hz, Cs), 135.0 (d, J = 2.9 Hz, C¢), 129.1 (J =
8.1 Hz, Cy,11), 115.1 (d, J = 21.3 Hz, Cs,10), 85.1 (Cs), 82.1 (Ca), 68.6 (C1), 57.1 (C12), 27.3 (C20r3), 25.7
(CZOI' 3)
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Data collected on the mixture of diastereoisomers
LRMS: (ESI*) 233.2 [M+Na]*
HRMS: (ESI*) m/z for [C12H1sFO>Na]* [M+Na]* calcd: 233.0945 found: 233.0949

FT-IR: vimax (neat) 2870, 1507, 1067 cm™
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4.4.22 (E,Z)-5-(4-Trifluoromethylphenyl)pent-4-enoic acid

(0]
7 5
12 2 11
FSC 10
Cy2H11F30,

Mol Wt: 244.1 g/mol

(E,Z2)-5-(4-Trifluoromethylphenyl)pent-4-enoic acid was prepared adapting the procedure of

Perkins et al.t”’

To a suspension of (3-Carboxypropyl)triphenylphosphonium bromide (4.40 g, 10.2 mmol, 1.10
equiv) in THF (50 mL) was added a 1 M solution of Lithium bis(Trimethylsilyl)amide in
THF/ethylbenzene (20.5 mL, 20.5 mmol, 2.20 equiv) at 0 °C. The solution was stirred for 30
minutes and then cooled down to -78 °C. 4-(Trifluoromethyl)benzaldehyde (1.60 g, 9.31 mmol,
1.00 equiv) was added dropwise and then the reaction mixture was allowed to warm up to rt
over-night. Water (20 mL) and Et,0 (20 mL) were added. Phases were separated and the organic
phase was discharted; the aqueous phase was acidified to pH = 1 with a 2 M HCl solution and then
extracted with EtOAc (3 x 20 mL). The combined organic phases were dried (MgSQ.), filtered and
solvent removed under reduced pressure. The resulting brown solid was purified by column
chromatography (SiO,, Toluene/EtOAc = 6/4 to 1/1) to give the title carboxylic acid as a white
solid (0.600 g, 2.46 mmol, 26%, 70/30 E/Z).

Physical and spectroscopic data are consistent with reported literature values.?’> 273

NMR data for E isomer

'H-NMR: (400 MHz, CDCl3) § ppm = 11.04 (bs, 1H, OH), 7.55 (d, J = 8.5 Hz, 2H, Hs, H1o), 7.44 (d, J=
8.5 Hz, 2H, H7, Hu1), 6.48 (d, J =15, 5 Hz, 1H, Hs), 6.33 (m, 1H, Ha), 2.55-2.61 (m, 4H, Hs, H2)

B3C-NMR: (101 MHz, CDCls) & ppm = 178.2 (Ci), 140.7 (Ce), 130.8(Ca), 130.1(Cs), 126.2(Cs, 10),
125.5(q, J=3.8 Hz, C7, 11), 125.3 (q, J=271.5Hz, C1z), 33.0 (Cz), 27.5 (C3)

NMR data for Zisomer

1H-NMR: (400 MHz, CDCl3) § ppm = 11.04 (bs, 1H, OH), 7.60 (d, J = 8.0 Hz, 2H, Hs, H1o), 7.37 (d, J=
8.0 Hz, 2H, Hy, Hu1), 6.48 (d, J = 11.5 Hz, 1H, Hs), 5.76 (m, 1H, Ha), 2.63-2.70 (m, 2H, Hs), 2.48-2.53
(m, 2H, Hz)

3C-NMR: (101 MHz, CDCl3) § ppm = 178.2 (C1), 140.4 (Cs), 131.9(C4), 129.3(Cs), 128.9(C7,11), 125.2
(q,J=271.5 Hz, C12), 125.2(q, J = 3.8 Hz, C7,11), 33.4 (C2), 23.4 (C3)
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Data collected on the mixture

LRMS: (ESI*) 245.1 [M+H]*
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4.4.23 5-(methoxy(4-(Trifluoromethyl)phenyl)methyl)dihydrofuran-2(3H)-one

erythro:threo ~ 80:20 ("H-NMR)
Mol Wi 274 1 g/mol
A solution of (E,2)-5-(4-trifluoromethylphenyl)pent-4-enoic acid (0.370 g, 1.50 mmol, 1.00 equiv),
EtsNBF, (0.080 g, 0.370 mmol, 0.250 equiv) in MeOH (15 mL) was passed through the Ammonite 8
reactor (ss cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady
state V = 3.1 V). The effluent was collected and the solvent evaporated under reduced pressure.
The electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 9/1 to 6/4) to give the desired product as a white solid
(0.210 g, 0.770 mmol, 51%) as a 80:20 mixture of erythro and threo diasteroisomers, respectively.
By careful column chromatography, samples of each diastereoisomer were obtained for

characterisation.
NMR data for erythro diastereoisomer (major; more polar)

1H-NMR: (400 MHz, CDCls) & ppm = 7.58 (d, J = 8.2 Hz, 2H, He, H11), 7.40 (d, J = 8.2 Hz, 2H, Hs, H12),
4.59 (ddd, J = 7.3, 6.5, 4.7 Hz, 1H, Ha), 4.26 (d, J = 4.7 Hz, 1H, Hs), 3.25 (s, 3H, He), 2.25-2.35 (m, 2H,
H,), 2.00-2.06 (m, 2H, H3)

13C-NMR: (101 MHz, CDCls) § ppm = 176.9 (Cs), 140.9 (C5), 130.9 (q, J = 32.9 Hz, Cs0), 127.9 (Co, 11),
125.6 (q, J = 3.6 Hz, Cs,12), 122.9 (q, J = 272.0 Hz, Ci3), 84.3 (Cs), 81.5 (C4), 57.5 (Cs), 28.1 (C2), 23.9
(Gs)

NMR data for threo diastereoisomer (minor; less polar)

1H-NMR: (400 MHz, CDCls) 6 ppm = 7.66 (d, J = 8.1 Hz, 2H, Hs, H11), 7.47 (d, J = 8.1 Hz, 2H, Hs, H12),
4.57 (ddd, J = 7.5, 5.5, 4.1 Hz, 1H, Ha), 4.53 (d, J = 4.1 Hz, 1H, Hs), 3.36 (s, 3H, He), 2.60 (m, 1H, H2),
2.44 (m, 1H, Ha), 2.24 (m, 1H, Hs), 2.06 (m, 1H, Hs)

3C-NMR: (101 MHz, CDCl3) 6 ppm = 177.2 (C4), 141.1 (C5), 130.3 (q, J = 32.7 Hz, Cao), 127.3 (Cs, 11),
125.7 (q,J = 3.8 Hz, Cs,12), 83.7 (Cs), 82.2 (Ca), 57.9 (Cs), 28.2 (C3), 21.6 (Cs)
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Data collected on the mixture of diastereoisomers
LRMS: (ESI*) 275.2 [M+H]*
HRMS: (ESI*) m/z for [C13H13F303Na]* [M+Na]* calcd: 297.0709 found: 297.0708

FT-IR: Vimax (neat) 1773, 1322, 1063 cm™
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4.4.24 (E,Z)-5-(4-Trifluoromethyl)pent-4-en-1-ol

7
12 2 1
F3C 10

C12H13F30
Mol Wt: 230.1 g/mol

(E,2)-5-(4-Trifluoromethyl)pent-4-en-1-ol was prepared adapting the procedure of Farndon et

al 178

To a solution of (E, Z)-5-(4-trifluoromethylphenyl)pent-4-enoic acid (0.500 g, 2.05 mmol, 1.00
equiv), in anhydrous THF (10 mL), at 0 °C, was added dropwise a 1M solution of LiAlH4 in THF (4.10
mL, 4.10 mmol, 2.00 equiv). The suspension was stirred for 1 h at rt. Then it was cooled down to 0
°C and water (0.80 mL) and a 10% aqueous solution of NaOH (0.60 mL) were slowly added. The
mixture was filtered through celite and washed with dichloromethane. Phases were separated
and the aqueous phase was extracted with dichloromethane (2 x 5 mL). The combined organic
phases were dried (MgS0,), filtered and solvent removed under reduced pressure. The resulting
oil was purified by column chromatography (SiO,, toluene/EtOAc = 6/4) to give the desired
product as a colourless oil (0.400 g, 1.74 mmol, 85%, 70/30 E/Z2).

Physical and spectroscopic data are consistent with reported literature values.'*
NMR data for E isomer

1H-NMR: (400 MHz, CDCls) & ppm = 7.54 (d, J = 8.5 Hz, 2H, Hs, 10), 7.44 (d, J = 8.5 Hz, 2H, Hy, 11),
6.44 (d, J = 16.6 Hz, 1H, Hs), 6.35 (m, 1H, Ha), 3.73 (t, J = 6.6 Hz, 2H, Hy), 2.35 (q, J = 6.6 Hz, 2H, Ha),
1.76 (m, 2H, Ha)

13C-NMR: (101 MHz, CDCl3) & ppm = 141.0 (Cs), 134.2 (Ca), 128.97 (q, J = 39.0 Hz, Cs), 128.9 (C7, 11),
126.1 (Cs), 125.1 (q, J = 3.7 Hz, Cs,10), 123.1 (q, J = 272.0 Hz, C12), 62.3 (C1), 32.6 (Cs), 24.9 (C2)

NMR data for Zisomer

'H-NMR: (400 MHz, CDCls) § ppm = 7.60 (d, J = 8.5 Hz, 2H, Hs, 10), 7.35 (d, J = 8.5 Hz, 2H, Hy, 11),
6.46 (d, J=11.6 Hz, 1H, Hs), 5.80 (dt, J = 7.5, 11.6 Hz, 1H, Ha), 3.68 (t, /= 6.6 Hz, 2H, H1), 2.43 (q, J =
6.6 Hz, 2H, Hs), 1.76 (m, 2H, H,)

BC.NMR: (101 MHz, CDCls) & ppm = 141.1 (Cs), 132.9 (Ca), 129.2 (Cs, 12), 128.7 (q, J = 31.9 Hz, Ca),
128.3 (Cs), 125.5 (q, J = 3.7 Hz, Cs,10), 123.2 (g, J = 272.0 Hz, C12), 62.3 (C4), 32.0 (C3), 29.3 (C2)

Data collected on the mixture

LRMS: (ESI*) 231.2 [M+H]*
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4.4.25 2-(Methoxy(4-trifluoromethyl)phenyl)methyl)tetrahydrofuran

12 12
\Q ~
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erythro:threo ~ 80:20 ('H-NMR)
C13H45F307
Mol Wt: 260.1 g/mol
A solution of (E,Z)-5-(4-Trifluoromethyl)pent-4-en-1-ol (0.340 g, 1.50 mmol, 1.00 equiv), Et4NBF,
(0.080 g, 0.370 mmol, 0.250 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor
(ss cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V=
3.6 V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO», toluene/EtOAc = 8/2) to give the desired product as a colourless oil (0.230
g, 0.880 mmol, 59%) as a 80:20 mixture of erythro and threo diasteroisomers, respectively. By
careful column chromatography, samples of each diastereoisomer were obtained for

characterisation.
NMR data for erythro diastereoisomer (major; more polar)

'H-NMR: (400 MHz, CDCls) 6 ppm = 7.62 (d, J = 8.2 Hz, 2H, Hg,10), 7.48 (d, J = 8.2 Hz, 2H, Hy, Hu),
4.20 (d, J = 5.5 Hz, 1H, Hs), 4.01 (m, 1H, Ha), 3.84 (m, 1H, Hy), 3.74 (m, 1H, Hi), 3.29 (s, 3H, Hu),
1.80-1.95 (m, 4H, Ha, Hs)

13C.NMR: (101 MHz, CDCls) § ppm = 143.7 (Cs), 130.0 (q, J = 32.0 Hz, Co), 127.8 (C7,11), 125.2 (g, J =
3.8 Hz, Cs, 10), 123.1 (q, J =272.5 Hz, C13), 85.3 (Cs), 82.0 (C4), 68.7 (C1), 57.4 (C1z), 27.3 (C3), 25.7
(C2)

NMR data for threo diastereoisomer (minor; less polar)

1H-NMR: (400 MHz, CDCls) & ppm = 7.64 (d, J = 8.0 Hz, 2H, Hs, 10), 7.47 (d, J = 8.0 Hz, 2H, Hy, 11),
4.18 (d, J = 6.6 Hz, 1H, Hs), 4.05 (m, 1H, Ha), 3.77-3.89 (m, 2H, H1), 3.28 (s, 3H, H), 1.71-1.83 (m,
2H, Ha), 1.49-1.65 (m, 2H, Hs)

13C-NMR: (101 MHz, CDCl3) § ppm = 143.1 (Ce), 130.2 (q, J = 34.6 Hz, Cs), 127.9 (C,11), 125.3 (q, J =
3.6 Hz, Cs,10), 123.0 (g, J = 274.6 Hz, Cy3), 85.9 (Cs), 81.9 (C4), 68.7 (C1), 57.2 (C12), 28.0 (Cs), 25.6
(Ca2)

Data collected on the mixture of diastereoisomers
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LRMS: (ESI*) 229.3 [M-OMe]*
HRMS: (ESI*) m/z for [Ci3H1sF30,Nal* [M+Na]* calcd: 283.0916 found: 283.0921

FT-IR: Vinax (neat) 2938, 1322, 1064 cm™
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4.4.26 (E,Z)-5-Phenylhex-4-enoic acid

6 (0]
8 5
9 U 3\2)11\OH
4
10 12
11
C12H140,

Mol Wt: 190.1 g/mol

(E,Z)-5-Phenylhex-4-enoic acid was prepared adapting the procedure of Perkins et al.'”’

To a suspension of (3-Carboxypropyl)triphenylphosphonium bromide (4.30 g, 9.99 mmol, 1.20
equiv) in THF (50 mL) was added a 2 M solution of Sodium bis(Trimethylsilyl)amide in THF (10.0
mL, 19.9 mmol, 2.40 equiv) at 0 °C. The solution was stirred for 30 minutes and then cooled down
to -78 °C. Acetophenone (1.00 g, 8.30 mmol, 1.00 equiv) was added dropwise and then the
reaction mixture was allowed to warm up to rt over-night. Water (20 mL) and Et,O (20 mL) were
added. Phases were separated and the organic phase was discharted; the aqueous phase was
acidified to pH = 1 with a 2 M HCI solution and then extracted with EtOAc (3 x 20 mL). The
combined organic phases were dried (MgS0.), filtered and solvent removed under reduced
pressure. The resulting brown oil was purified by column chromatography (SiO,, toluene/EtOAc =

8/2) to give the desired product as a yellow oil (1.10 g, 5.81 mmol, 70%, 73/27 = E/Z).
Physical and spectroscopic data are consistent with reported literature.?”*
NMR data for E isomer

1H-NMR: (400 MHz, CDCls) § ppm = 7.40-7.15 (m, 5H, Har), 5.76 (m, 1H, Ha), 2.48-2.60 (m, 4H, Ha,
3), 2.06-2.09 (m, 3H, He)

13C-NMR: (101 MHz, CDCl3) & ppm = 179.1 (Cy), 143.5 (Cs), 136.6 (C7), 128.2 (Cam), 126.8 (Carm),
125.7 (Carn), 125.6 (Ca), 33.9 (C20r3), 23.9 (C20r3), 15.9 (Cs)

NMR data for Zisomer

1H-NMR: (400 MHz, CDCls) & ppm = 7.40-7.15 (m, 5H, Har), 5.46 (m, 1H, Ha), 2.30-2.40 (m, 4H, Ha,
3), 2.03-2.05 (m, 3H, He)

13C-NMR: (101 MHz, CDCls) & ppm = 179.1 (Cy), 141.6 (Cs), 138.3 (Cy), 127.8 (Cam), 126.7 (Cam),
124.8 (C4), 34.3 (C20r3), 25.6 (Ce), 24.3 (Cz0r3)

Data collected on the mixture

LRMS: (ESI*) 191.3 [M+H]*
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4.4.27 5-(1-Methoxy-1-phenylethyl)dihydrofuran-2(3H)-one

erythro:threo ~ 80:20 ("H-NMR)
C13H1603
Mol Wt: 220.1 g/mol

A solution of (E,Z)-5-Phenylhex-4-enoic acid (0.280 g, 1.50 mmol, 1.00 equiv), Et4NBF, (0.080 g,
0.370 mmol, 0.250 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor (ss
cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V = 2.9
V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 9/1 to 8/2) to give the desired product as a white solid

(0.200 g, 0.910 mmol, 60%) as a 80:20 mixture of erythro and threo diasteroisomers, respectively.
NMR data for erythro diastereoisomer (major)

1H-NMR: (400 MHz, CDCl3) & ppm = 7.31-7.40 (m, 5H, Har), 4.53 (dd, J = 7.8, 5.6 Hz, 1H, Ha), 3.22
(s, 3H, He), 2.21 (m, 1H, Ha), 1.94-2.14 (m, 2H, Hs), 1.81 (m, 1H, H2), 1.67 (s, 3H, Hy)

13C-NMR: (101 MHz, CDCls) 6 ppm = 177.3 (C4), 139.0 (Cs), 128.4, (Carn), 127.9 (Camm), 127.3 (Carn),
85.3 (Ca), 79.9 (Cs), 50.7 (Ce), 27.8 (C2), 22.4 (C3), 19.1 (Cy)

NMR data for threo diastereoisomer (minor)

'H-NMR: (400 MHz, CDCls) § ppm = 7.31-7.40 (m, 5H, Ha), 4.46 (dd, J = 8.2, 5.4 HZ, 1H, Ha), 3.22
(s, 3H, He), 2.48 (m, 1H, Hz), 2.33 (m, 1H, H3), 2.21 (m, 1H, Hs), 1.90 (m, 1H, Hs), 1.69 (s, 3H, H;)

1BC-NMR: (101 MHz, CDC|3) 6 ppm = 177.8 (C1), 140.5 (Cs), 128.5 (CArH), 127.7 (CArH), 126.8 (cArH),
86.4 (Cs), 80.2 (Cs), 50.9 (Cs), 28.4 (Cz), 21.8 (C3), 19.6 (C7)

Data collected on the mixture of diastereoisomers
LRMS: (ESI*) 221.3 [M+H]*
HRMS: (ESI*) m/z for [C13H1603Na]* [M+Na]* calcd: 243.0992 found: 243.0990

FT-IR: Vimex (neat) 2982, 1759, 1119, 697 cm™
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4.4.28 (E,Z)-5-Phenylhex-4-en-1-ol

Mol Wt: 176.1 g/mol

(E,2)-5-Phenylhex-4-en-1-ol was prepared adapting the procedure of Farndon et al.}’®

To a solution of (E,Z)-5-Phenylhex-4-enoic acid (0.550 g, 2.90 mmol, 1.00 equiv), in anhydrous THF
(10 mL), at 0 °C, was added dropwise a 1M solution of LiAlH4 in THF (5.80 mL, 5.80 mmol, 2.00
equiv). The suspension was stirred for 1 h at rt. Then it was cooled down to 0 °C and water (0.800
mL) and a 10% aqueous solution of NaOH (0.600 mL) were slowly added. The mixture was filtered
through celite and washed with dichloromethane. Phases were separated and the aqueous phase
was extracted with dichloromethane (2 x 5 mL). The combined organic phases were dried
(MgSQ,), filtered and solvent removed under reduced pressure. The desired product was

obtained as a colourless oil without further purification (0.480 g, 2.70 mmol, 94%, 70/30 E/Z).
NMR data for E isomer

1H-NMR: (400 MHz, CDCls) § ppm = 7.17-7.42 (m, 5H, Har), 5.80 (td, J = 1.5, 6.7 Hz, 1H, Ha), 3.72 (t,
J=6.4 Hz, 2H, Hy), 2.30 (td, J = 7.2 Hz, 2H, Hs), 2.06 (s, 3H, H12), 1.75 (m, 2H, H,)

13C-NMR: (101 MHz, CDCl3) § ppm = 143.8 (C12), 135.4 (Ce), 128.2 (Carn), 127.6 (Ca), 126.6 (Car),
125.6 (Carn), 62.6 (C1), 32.6 (C3), 25.0 (C3), 15.8 (C12)

NMR data for Zisomer

1H-NMR: (400 MHz, CDCls) 6 ppm = 7.17-7.42 (m, 5H, Har), 5.48 (td, (td, J = 1.5, 7.8 Hz, 1H, Ha),
3.59 (t, J = 6.8 Hz, 2H, Hy), 2.02-2.10 (m, 5H, Hs, H12), 1.62 (m, 2H, Ha)

1BC-NMR: (101 MHz, CDC|3) 6 ppm = 141.9 (C1z), 137.0 (Cs), 128.1 (CArH), 127.9 (cArH), 126.7 (C4),
126.5 (Carn), 62.5 (C1), 25.6 (Cs), 25.3 (C12)

Data collected on the mixture
LRMS: (ESI*) 177.3 [M+H]*
HRMS: (ESI*) m/z for [C12H160Na]* [M+Na]* caled: 199.1093 found: 199.1098

FT-IR: Vinax (neat) 3327, 1053, 695 cm™

165



4.4.29 2-(1-Methoxy-1-phenylethyl)tetrahydrofuran

10

erythro:threo ~ 80:20 ("H-NMR)
C13H1802
Mol Wt: 206.1 g/mol

A solution of (E,Z)-5-Phenylhex-4-en-1-ol (0.260 g, 1.50 mmol, 1.00 equiv), Et4NBF4 (0.080 g, 0.370
mmol, 0.250 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor (ss cathode,
C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V = 3.1 V). The
effluent was collected and the solvent evaporated under reduced pressure. The electrolyte was
recovered by precipitation in EtOAc and filtered away. The solution was concentrated under
reduced pressure. The resulting clear oil was purified by column chromatography (SiO,,
toluene/EtOAc = 9/1) to give the desired product as a colourless oil (0.190 g, 0.920 mmol, 61%) as

a 80:20 mixture of erythro and threo diasteroisomers, respectively.
NMR data for erythro diastereoisomer (major)

H-NMR: (400 MHz, CDCls) & ppm = 7.25-7.44 (m, 5H, Har), 4.02 (t, J = 7.3 Hz, 1H, Ha), 3.68-3.75
(m, 2H, Hy), 3.15 (s, 3H, Hus), 1.46-1.88 (m, 7H, Hiz, Ha, Hs)

13C-.NMR: (101 MHz, CDCls) & ppm = 141.9 (Cs), 128.0 (Carn), 127.2 (Carn), 127.1 (Car), 85.9 (Ca),
81.2 (Cs), 68.9 (C1), 50.6 (C13), 27.1 (Csor2), 25.7 (Cor2), 17.6 (C12)

NMR data for threo diastereoisomer (minor)

1H-NMR: (400 MHz, CDCls) 6 ppm = 7.25-7.44 (m, 5H, Har), 3.96 (t, J = 6.7 Hz, 1H, Ha), 3.68-3.75
(m, ZH, H1), 3.16 (S, 3H, H13), 1.46-1.88 (m, 7H, Hiz, Hy, H3)

13C-NMR: (101 MHz, CDCls) 6 ppm = 142.6 (Cs), 127.9 (Cam), 127.3 (Carn), 127.0 (Carm), 86.2 (Ca),
80.6 (Cs), 68.8 (C1), 50.6 (Ci3), 26.4 (C3or2), 25.9 (C30r2), 19.0 (C12)

Data collected on the mixture of diastereoisomers
LRMS: (ESI*) 229.2 [M+Na]*
HRMS: (ESI*) m/z for [C13H180,Na]* [M+Na]* calcd: 229.1199 found: 229.1201

FT-IR: Vinex (neat) 2977, 1071, 701 cm™

166



4.4.30 (E,Z)-5-(Pyridin-3-yl)pent-4-enoic acid

O
7
o NN 3\)21J\OH

|
9 10
N

C10H11NO2
Mol Wt: 177.1 g/mol

(E,2)-5-(Pyridin-3-yl)pent-4-enoic acid was prepared adapting the procedure of Perkins et al.t’”’

To a suspension of (3-Carboxypropyl)triphenylphosphonium bromide (6.60 g, 15.4 mmol, 1.10
equiv) in THF (20 mL) was added a 1 M solution of Lithium bis(Trimethylsilyl)amide in
THF/ethylbenzene (30.8 mL, 30.8 mmol, 2.20 equiv) at 0 °C. The solution was stirred for 30
minutes and then cooled down to -78 °C. 3-Pyridine carboxyaldehyde (1.50 g, 14.0 mmol, 1.00
equiv) was added dropwise and then the reaction mixture was allowed to warm up to rt over-
night. Water (20 mL) and Et,0 (20 mL) were added. Phases were separated and the organic phase
was discharted; the aqueous phase was acidified to pH = 7 with a 2 M HCI solution and then
extracted with EtOAc (3 x 20 mL). The combined organic phases were dried (MgSQ.), filtered and
solvent removed under reduced pressure. The resulting brown solid was purified by column
chromatography (SiO,, DCM/MeOH = 95/5 to 90/10) to give the title carboxylic acid as a white
solid (0.800 g, 4.50 mmol, 32%, 70/30 E/Z).

NMR data for E isomer

H-NMR: (400 MHz, CDCl5) § ppm = 11.13 (bs, 1H, OH), 8.59 (s, 1H, Hio), 8.43 (d, J = 4.4 Hz, 1H,
Hs), 7.70 (d, J = 7.9 Hz, 1H, Hy), 7.28 (dd, J = 4.4, 7.9 Hz, 1H, Hs), 6.29-6.48 (m, 2H, Ha, Hs), 2.43-
2.70 (m, 4H, H,, H3)

13C-NMR: (101 MHz, CDCl3) § ppm = 176.5 (C1), 146.6 (Co), 146.5 (C10), 133.8 (Ce), 133.7 (Cy), 132,1
(Ca), 126.9 (Cs), 123.8 (Cs), 28.3 (C3), 24,1 (C2)

NMR data for Zisomer

'H-NMR: (400 MHz, CDCl5) 6 ppm = 11.13 (bs, 1H, OH), 8.59 (s, 1H, Hio), 8.47 (d, J = 4.2 Hz, 1H,
He), 7.67 (d, J = 7.8 Hz, 1H, Hy), 7.35 (dd, J = 4.2, 7.8 Hz, 1H, Hs), 6.38 (m, 1H, Hs), 5.87 (dt, J = 7.2,
11.7 Hz, Ha), 2.43-2.70 (m, 4H, Ha, Hs)

13C-NMR: (101 MHz, CDCl3) § ppm = 176.4 (C1), 148.4 (Ca0), 146.3 (Co), 136.9 (Cy), 133.6 (Cs), 133.5
(Ca), 125.9 (Cs), 123.6 (Cs), 34.2 (C3), 33.7 (C2)
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Data collected on the mixture
LRMS: (ESI*) 178.2 [M+H]*
HRMS: (ESI*) m/z for [C10H12NO>]* [M+H]* calcd: 178.0863 found: 178.0864

FT-IR: vimax (neat) 2440, 1703, 1049, 733 cm™
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4.4.31 5-(Methoxy(pyridine-3-yl)methyl)dihydrofuran-2(3H)-one

erythro:threo ~ 80:20 ("H-NMR)
C11H13NO3
Mol Wt: 207.1 g/mol

A solution of (E,Z)-5-(Pyridin-3-yl)pent-4-enoic acid (0.260 g, 1.50 mmol, 1.00 equiv), EtsNBF,4
(0.080 g, 0.370 mmol, 0.250 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor
(ss cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V =
3.5 V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, DCM to DCM/MeOQOH = 95/5) to give the desired product as a colourless oil

(0.070 g, 0.340 mmol, 22%) as a 85:15 mixture of erythro and threo diasteroisomers, respectively.
NMR data for erythro diastereoisomer (major)

1H-NMR: (400 MHz, CDCls) & ppm = 8.54-8.65 (m, 2H, He, 10), 7.73 (dt, J = 1.8, 7.9 Hz, 1H, Hy), 7.35
(m, 1H, Hs), 4.67 (m, 1H, Ha), 4.30 (d, J = 4.5 Hz, 1H, Hs), 3.33 (s, 3H, Hy1), 2.40-2.48 (m, 2H, Hs),
2.07-2.18 (m, 2H, H,)

13C-NMR: (101 MHz, CDCls) § ppm = 176.8 (C1), 150.1 (Cs), 149.0 (C10), 135.4 (Cy), 132.4 (Cs), 123.7
(Cs), 82.8 (Cs), 81.5(Ca), 57.5 (C11), 28.2 (Cs), 24.0 (C2)

NMR data for threo diastereoisomer (minor)

'H-NMR: (400 MHz, CDCl3) 6 ppm = 8.54-8.65 (m, 2H, Hg, 10), 7.69 (dt, J = 2.0, 7.9 Hz, 1H, H;), 7.35
(m, 1H, Hs), 4.60 (m, 1H, Ha), 4.48 (d, J = 3.8 Hz, 1H, Hs), 3.36 (s, 3H, Hui1), 2.40-2.61 (m, 2H, Hs),
2.07-2.33 (m, 2H, H,)

13C-NMR: (101 MHz, CDCl3) § ppm = 177.0 (C1), 149.9 (Cq), 148.7 (C10), 134.7 (Cy), 132.3 (C¢), 123.6
(Cs), 82.3 (Cs), 82.1 (Ca), 57.9 (Ca1), 28.1 (C3), 21.8 (C2)
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Data collected on the mixture of diastereoisomers
LRMS: (ESI*) 208.2 [M+H]*
HRMS: (ESI*) m/z for [C11H14NOs]* [M+H]* calcd: 208.0968 found: 208.0973

FT-IR: Vimax (neat) 1769, 1174, 715 cm™
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4.4.32 (E,Z)-5-(Pyridine-3-yl)pent-4-en-1-ol

7
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<10
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8
ol
C10H13NO
Mol Wt: 163.1 g/mol

(E,2)-5-(Pyridine-3-yl)pent-4-en-1-ol was prepared adapting the procedure of Farndon et al.'’®

To a solution of (E,Z)-5-(Pyridin-3-yl)pent-4-enoic acid (0.800 g, 4.50 mmol, 1.00 equiv), in
anhydrous THF (10 mL), at 0 °C, was added dropwise a 1M solution of LiAlH4 in THF (9.00 mL, 9.00
mmol, 2.00 equiv). The suspension was stirred for 1 h at rt. Then it was cooled down to 0 °C and
water (1.60 mL) and a 10% aqueous solution of NaOH (1.20 mL) were slowly added. The mixture
was filtered through celite and washed with dichloromethane. Phases were separated and the
aqueous phase was extracted with dichloromethane (2 x 10 mL). The combined organic phases
were dried (MgS0Q,), filtered and solvent removed under reduced pressure. The desired product

was obtained as a colourless oil without further purification (0.690 g, 4.20 mmol, 94%, 70/30 E/Z).
NMR data for E isomer

H-NMR: (400 MHz, CDCls) & ppm = 8.53 (m, 1H, Ho), 8.41 (m, 1H, He), 7.60 (dt, J = 1.5, 8.1 Hz, 1H,
H5), 7.23 (m, 1H, Hs), 6.39 (m, 1H, Hs), 6.30 (m, 1H, Ha), 5.82 (dt, J = 7.2, 12.0Hz, 1H, Ha), 3.64 (m,
2H, Hy), 2.40 (m, 2H, Hs), 2.25 (bs, 1H, OH), 1.74 (m, 2H, Ha)

13C-NMR: (101 MHz, CDCls)  ppm = 150.0 (C1o), 147.6 (Cs), 135.7 (Cs), 134.6 (Ca), 133.1 (Cs), 125.8
(Cs), 123.1 (Cs), 62.2 (C1), 32.7 (C2), 25.0 (C)

NMR data for Zisomer

1H-NMR: (400 MHz, CDCls) & ppm = 8.53 (m, 1H, Hio), 8.41 (m, 1H, Hs), 7.65 (dt, J = 1.8, 8.1 Hz, 1H,
Hy), 7.23 (m, 1H, Hs), 6.39 (m, 1H, Hs), 6.30 (M, 1H, Ha), 3.69 (M, 2H, Hy), 2.39 (m, 2H, Hs), 2.25 (bs,
1H, OH), 1.74 (m, 2H, H,)

13C-NMR: (101 MHz, CDCl3) § ppm = 148.0 (Ci0), 147.9 (Co), 133.2 (Cs), 132.7 (C4), 132.5 (C;), 126.8
(Cs), 123.4 (Cg), 62.2 (C1), 32.0 (C2), 29.4 (C3)

Data collected on the mixture
LRMS: (ESI*) 164.2 [M+H]*
HRMS: (ESI*) m/z for [C1o0H14NO]* [M+H]* calcd: 164.1070 found: 164.1068

FT-IR: vimax (neat) 3285, 2932, 1057, 705 cm™
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4.4.33 3-(Methoxy(tetrahydrofuran-2-yl)methyl)pyridine

C11H15NO;
Mol Wt: 193.1 g/mol

A solution of (E,Z)-5-(Pyridine-3-yl)pent-4-en-1-ol (0.240 g, 1.50 mmol, 1.00 equiv), Et4NBF, (0.080
g, 0.370 mmol, 0.250 equiv) in MeOH (15 mL) was passed through the Ammonite 8 reactor (ss
cathode, C/PVDF anode) with a flow of 0.25 mL/min and a current of 80 mA (steady state V = 3.7
V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by precipitation in EtOAc and filtered away. The solution was
concentrated under reduced pressure. The resulting clear oil was purified by column
chromatography (SiO,, toluene/EtOAc = 4/6) to give the desired product as a colourless oil (0.090
g, 0.470 mmol, 30%).

NMR data for erythro diastereoisomer (major)

1H-NMR: (400 MHz, CDCl3) & ppm = 8.53-8.59 (m, 2H, He, Hao), 7.69 (m, 1H, Hy), 7.30 (m, 1H, Hs),
4.15 (m, 1H, Hs), 4.05 (m, 1H, Ha), 3.69-3.89 (M, 2H, H1), 3.28 (s, 3H, Hu1), 1.64-1.95 (m, 4H, Ha, Hs)

13C-NMR: (101 MHz, CDCl3) 6 ppm = 149.4 (Cs), 149.2 (C10), 135.1 (C5), 134.7 (Cs), 123.4 (Cs), 83.7
(Cs), 81.8 (Ca), 68.7 (C1), 57.4 (C11), 27.4 (C3), 25.6 (C2)

NMR data for threo diastereoisomer (minor)

'H-NMR: (400 MHz, CDCls) § ppm = 8.53-8.59 (m, 2H, Hs, Hio), 7.69 (m, 1H, Hy), 7.30 (m, 1H, Hs),
4.15 (m, 1H, Hs), 4.05 (m, 1H, Ha), 3.69-3.89 (m, 2H, Ha), 3.28 (s, 3H, H11), 1.64-1.95 (m, 4H, H,, Hs)

13C-NMR: (101 MHz, CDCls) & ppm = 149.5 (Cs), 149.3 (C10), 135.0 (C7), 134.4 (Cs), 123.5 (Cs), 84.2
(Cs), 81.7 (Ca), 68.7 (C1), 57.2 (C11), 28.0 (C3), 25.5 (Ca)

Data collected on the mixture of diastereoisomers
LRMS: (ESI*) 194.3 [M+H]*
HRMS: (ESI*) m/z for [C11H1sNO>]* [M+H]* calcd: 194.1176 found: 194.1177

FT-IR: Vimex (neat) 2978, 1091, 1070, 717 cm™
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4.4.34 (E)-2-Methyl-7-phenylhept-6-en-3-ol

C14H200
Mol Wt: 204.3 g/mol
(E)-2-Methyl-7-phenylhept-6-en-3-ol was prepared adapting the procedure of Luo et al > and

Scamp et al.?’®

To a solution of (E)-5-phenylpent-4-en-1-ol (1.00 g, 6.20 mmol, 1.00 equiv) in dry CH,Cl; (15 mL),
DM-periodinane (3.90 g, 9.30 mmol, 1.50 equiv) was added in one portion. The reaction mixture
was stirred at rt for 1 h. A solution of Na,C,0s sat. sol./NaHCOs sat. sol. = 1/1 was added to the
reaction mixture and the system was left stirring till two distinct phases were visible. Phases were
separated and the organic phase was dried (MgSQ,), filtered and the solvent evaporated under
reduced pressure. The crude aldehyde was directly used in the second step. At -78 °C, to a stirred
solution of the crude aldehyde in dry Et,O (40 mL), a 2 M solution of isopropyl magnesium
chloride in THF (4.00 mL, 8.11 mmol, 2.60 equiv) was added dropwise. Reaction mixture was
stirred for 30 minutes at -78 °C and left warming up to rt over-night. The reaction mixture was
cooled down at 0 °C and a 2 M aqueous solution of HCI (40 mL) was added. Phases were
separated and the aqueous one was extracted with CH,Cl; (2 x 30 mL). The combined organic
phases were dried (MgSQ,), filtered and the solvent evaporated under reduced pressure. The
resulting clear oil was purified by column chromatography (SiO2, 100% toluene to toluene/EtOAc

=9/1) giving the desired product as clear oil (0.400 g, 1.90 mmol, 61%).

'H-NMR: (400 MHz, CDCl3) § ppm = 7.24-7.43 (m, 5H, Har), 6.44 (d, J = 15.7 Hz, 1H, Hs), 6.27 (dt, J =
15.7, 6.9 Hz, 1H, H), 3.44 (m, 1H, Hi), 2.38 (m, 2H, He), 1.50-1.77 (m, 3H, Ha, Hs), 0.97 (d, J = 2.6
Hz, 3H, Hs), 0.95 (d, J = 2.6 Hz, 3H, Ha)

BBC.NMR: (101 MHz, CDCls) & ppm = 137.7 (Cs), 130.6 (C7), 130.2 (Cs), 128.5 (Carn), 126.9 (Carn),
125.9 (Carn), 76.2 (C1), 33.7 (C2), 33.6 (Cs), 29.7 (Cs), 18.8 (Ca), 17.2 (Cs)

LRMS: (ESI*) 205.3 [M+H]*
HRMS: (ESI*) m/z for [C14H210]* [M+H]* calcd: 205.1587 found: 205.1590

FT-IR: Vimox (neat) 3378, 2956, 962, 691 cm™!
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4.4.35 2-Isopropyl-5-(methoxy(phenyl)methyl)tetrahydrofuran

C15H220;
Mol Wt: 234.3 g/mol

A solution of (E)-2-Methyl-7-phenylept-6-en-3-ol (0.120 g, 0.490 mmol, 1.00 equiv), Et4sNBF,4
(0.050 g, 0.250 mmol, 0.500 equiv) in MeOH (5 mL) was passed through the Ammonite 8 reactor
(ss cathode, C/PVDF anode) at a flow rate of 0.25 mL min~* and a current of 80 mA (steady state V
= 3.1 V). The effluent was collected and the solvent evaporated under reduced pressure. The
electrolyte was recovered by filtration after precipitation from EtOAc. The solvent removed under
reduced pressure and the resulting clear oil was purified by column chromatography (SiO.,
toluene/EtOAc = 9/1) to give the title product as a colourless oil (0.070 g, 0.290 mmol, 60%), as a

mixture of diasteroisomers.
Characterisation data are reported for the mixture of stereoisomers.

1H-NMR: (400 MHz, CDCl3) 6 ppm = 7.20-7.29 (m, 5H, Har), 3.95-4.12 (m, 2H, Hy, H2), 3.55 (m, 1H,
Hs), 3.18 (s, 1H, He), 1.61-1.74 (m, 2H, Hs, He) 1.37-1.47 (m, 3H, Hs, Ha), 0.89 (d, J = 6.7 Hz, 3H, H5),
0.77 (d, J = 6.7 Hz, 3H, Hs)

13C.-NMR: (101 MHz, CDC|3) 6 ppm = 139.0 (C1o), 128.3 (CArH), 128.2 (CA.-H), 127.7 (CArH), 87.5 (C1),
85.2 (Cs), 82.0 (C2), 56.9 (Cs), 32,8 (Cg), 29.0 (Ca), 28.5 (Cs), 19.5 (Cs), 17.8 (C7)

LRMS: (El) m/z (0.5%, [CisH220,]*) 234.3, (80%, [CsHsO]°) 121.1, (80%, [C;H1:0]™*) 113.1
HRMS: (El) m/z for [C1sH2,0,] ** calcd: 234.16143 found: 234.16073

FT-IR: Vinax (neat) 2960, 1026, 701 cm™

174



4.4.36 Ethyl camphorsulfonate

C12H2004S
Mol Wt: 260.3 g/mol

Ethyl camphorsulfonate was prepared following the procedure of Mekala et al.2%

A solution of 15-(+)-Camphorsulfonic acid (2.00 g, 8.60 mmol, 1.00 equiv) in Triethyl phosphite
(2.00 mL, 9.90 mmol, 1.20 equiv) was heated at 50 °C for 2 h. Reaction mixture was directly
purified by column chromatography (SiO,, toluene/EtOAc = 7/3) to give the title Ethyl

camphorsulfonate as a clear oil ( 1.50 g, 5.80 mmol, 65%).

Physical and spectroscopic data are consistent with reported literature.?%

1H-NMR: (400 MHz, CDCl3) & ppm = 4.31-4.38 (m, 2H, Hu1), 3.62 (d, J = 15.1 Hz, 1H, Hao), 3.00 (d, J
= 15.1 Hz, 1H, Hio), 2.50 (m, 1H, Hy), 2.40 (m, 1H, Hy), 2.13 (t, J = 4.5 Hz, 1H, Hs), 2.06 (m, 1H, Hs),
1.96 (d, J = 18.6 Hz, 1H, Hy), 1.67 (m, 1H, Hy), 1.38-1.49 (m, 4H, Hs, H12), 1.12 (s, 3H, Hs), 0.98 (s,
3H, He)

13C.NMR: (101 MHz, CDCls) & ppm = 214.6 (C4), 66.9 (C11), 57.9 (Ca), 47.9 (Co), 46.6 (C10), 42.7 (Ca),
42.5 (C,), 26.8 (Cs), 24.8 (C5), 19.8 (Cs), 19.7 (Cs), 15.1 (C12)

LRMS: (ESI*) 261.2 [M+H]*
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4.4.37 Tetraethylammonium camphorsulfonate

Mol Wt: 361.5 g/mol

Tetraethyl ammonium camphorsulfonate was prepared following the procedure of Maekawa et

al 202

To a solution of Ethyl camphorsulfonate (0.500 g, 1.90 mmol, 1.00 equiv) in dry EtOH (2.00 mL),
EtsN (0.300 mL, 2.20 mmol, 1.10 equiv) was added dropwise. The mixture was heated under
reflux for 3 h. EtOH and EtsN were evaporated under reduced pressure. The resulting gel was

recrystallized in EtOAc to give the title product as a white solid (0.400 g, 1.10 mmol, 58%).
Physical and spectroscopic data are consistent with reported literature.?*?

1H-NMR: (400 MHz, CDCl3) 6 ppm = 3.39 (q, J = 7.1 Hz, 8H, Hu1), 3.22 (d, J = 15.0 Hz, 1H, Hyo), 2.70-
2.81 (m, 2H, Hio, Hy), 2.27 (m, 1H, Ha), 1.93-2.03 (m, 2H, Hs, Hs), 1.84 (d, J = 18.2 Hz, 1H, H,), 1.67
(m, 1H, Hy), 1.30-1.40 (m, 13H, Haz, Hs), 1.10 (s, 3H, He), 0.81 (s, 3H, Hs)

1BC-NMR: (101 MHz, CDC|3) 6 ppm = 217.2 (C1), 58.5 (Cq), 52.5 (C11), 47.8 (Cg), 46.8 (C1o), 43.0 (Cz),
42.5 (Cs), 27.0 (Cs), 24.4 (Cy), 20.0 (Cs), 19.8 (Cs), 7.6 (C12)

LRMS: (ES|+) 233.2 [C10H1604STr

Mp: 62-67 °C
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4.4.38 4-Hydroxy-N-morpholino butanamide

CgH15NO3
Mol Wt: 173.2 g/mol

4-Hydroxy-N-morpholino butanamide was prepared following the procedure of Peng et al.'®°

A solution of y-Butirrolactone (3.10 g, 34.8 mmol, 1.00 equiv), Morpholine (3.34 mL, 38.3 mmol,
1.10 equiv) and Trimethylamine (19.4 mL, 139.4 mmol, 4.00 equiv) was stirred under reflux over-
night. The solvent was removed under reduced pressure and the resulting clear oil purified by
column chromatography (SiO,, CH,Cl,/MeOH = 95/5 to 9/1) to give the title amide as a brown oil
(4.10 g, 23.7 mmol, 68%).

180

Physical and spectroscopic data are consistent with reported literature.

1H-NMR: (400 MHz, CDCls) § ppm = 3.60-3.78 (m, 8H, Hs.s), 3.45-3.55 (m, 2H, H,), 2.45-2.55 (m,
2H, Hs), 1.88-1.96 (m, 2H, H,)

13C-NMR: (101 MHz, CDCl3) 6 ppm = 171.8 (Ca), 66.9 (Cs.s), 66.6 (Cs.s), 62.4 (Cs.s), 46.0 (C1), 42.0 (Cs.
8), 30.4 (C3), 27.5 (C2)

LRMS: (ESI*) 174.2 [M+H]*
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4.4.39 4-(Tetrahydropyranyl)-oxy-N-morpholino butanamide

C13H23NO4
Mol Wt:257.3 g/mol
4-(Tetrahydropyranyl)-oxy-N-morpholino butanamide was prepared adapting the procedure of

Pesti et al.X8

To a solution of 4-Hydroxy-N-morpholino butanamide (1.88 g, 10.9 mmol, 1.00 equiv), 3,4-
Dihydro-2H-pyran (1.20 mL, 13.0 mmol, 1.20 equiv) in CH,Cl, (20.0 mL), p-Toluensulfonic acid
(0.080 g, 0.440 mmol, 0.040 equiv) was added in one portion and the yellow solution was stirred
at rt for 3 h. Then a satured solution of NaHCOs (10.0 mL) was added; phases were separated and
the aqueous phase was extracted with CH,Cl; (3 x 10 mL). The combined organic phases were
dried (MgS0.,), filtered and the solvent evaporated under reduced pressure. The red oil was
purified by column chromatography (SiO,, toluene/EtOAc=7/3 to 100% EtOAc) to give the title
product as a yellow oil (2.20 g, 8.50 mmol, 79%).

1H-NMR: (400 MHz, CDCls) § ppm = 4.55 (t, J = 3.4 Hz, 1H, H), 3.77-3.90 (m, 2H, Haa, Hioa), 3.60-
3.71 (m, 6H, Hi1.14), 3.45-3.55 (m, 4H, Hab, Hiob, H11.14), 2.45 (dt, J = 9.8, 7.2 Hz, 2H, Ha), 1.92-2.01
(m, 2H, Hs), 1.70-1.90 (m, 2H, Hg), 1.50-1.65 (m, 4H, Hs, Hy)

13C-NMR: (101 MHz, CDC|3) 6 ppm = 171.4 (Cs), 99.1 (Cs), 66.9 (C11.14), 66.7 (C1o), 62.7 (Cz), 45.9 (C11
or1a), 41.9 (C110r 1), 30.8 (Cy), 29.7 (Ca), 25.4 (Cs, Cs), 19.9 (Cs)

LRMS: (ESI*) 280.3 [M+Na]*
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4.4.40 1-Phenyl-4-(tetrahydropyranyl)oxy butanone

C15H2003
Mol Wt:248.3 g/mol

1-Phenyl-4-(tetrahydropyranyl)oxy butanone was prepared adapting the procedure of Pesti et

G/ 181

To a solution of 4-(Tetrahydropyranyl)oxy-N-morpholino butanamide (1.01 g, 3.90 mmol, 1.00
equiv) in dry THF (10 mL), a 1 M solution of PhMgBr (5.10 mL, 5.10 mmol, 1.30 equiv) was added
dropwise. The mixture was stirred at rt over-night. The grey solution was cooled down to 0 °C and
a solution of water (10 mL) and AcOH (3 mL) was added dropwise. Phases were separated, the
aqueous phase was extracted with EtOAc (3 x 10 mL) and the combined organic phases were
dried (MgSQ,), filtered and the solvent evaporated under reduced pressure. The resulting oil was
purified by column chromatography (SiO,, toluene/EtOAc=8/2) to give the title product as a clear
oil (0.500 g, 2.00 mmol, 52%).

H-NMR: (400 MHz, CDCl3) § ppm = 7.95-8.03 (m, 2H, Hi11s), 7.59 (m, 1H, His), 7.40-7.50 (m, 2H,
Hiz,14), 4.60 (m, 1H, Hs), 3.80-3.92 (m, 2H, Haa, Hsa), 3.47-3.57 (m, 2H, Has, Hsp), 3.12 (dt, J = 7.4,
10.5 Hz, 2H, Ha), 2.03-2.12 (m, 2H, Hs), 1.70-1.90 (m, 2H, H), 1.49-1.65 (m, 4H, He, Hs)

BC-NMR: (101 MHZ, CDC|3) 1) ppm = 200.0 (C1), 1371 (C1o), 132.9 (C13), 128.5 (C11,15), 128.1 (C1z,14),
98.9 (Cs), 66.7 (Cs), 62.5 (Ca), 35.3 (Cs), 30.7 (C2), 25.5 (Cs), 24.4 (Cs), 19.7 (C7)

LRMS: (ESI*) 249.3 [M+H]*
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4.4.41 4-Pheny-1-(tetrahydropyranyl)oxy-pent-4-ene

C16H2202
Mol Wt:246.3 g/mol

4-Phenyl-1-(tetrahydropyranyl)oxy-pent-4-ene was prepared adapting the procedure of Sha et

al 182

To a suspension of PhsPMeBr (0.730 g, 2.03 mmol, 1.00 equiv), in dry THF (4.00 mL), at 0 °C,
KOtBu (0.300 g, 2.60 mmol, 1.30 equiv) was added portion-wise. The suspension was left stirring
for 30 minutes and then 1-Phenyl-4-(tetrahydropyranyl)oxy butanone (0.500 g, 2.01 mmol, 1.00
equiv) previously dissolved in dry THF (1.00 mL) was added. The mixture was stirred over-night at
rt. Water (5.00 mL) was added to reaction mixture, phases were separated and the aqueous
phase was extracted with EtOAc (3 x 5 mL). The combined organic phases were dried (MgSQ0a4),
filtered and the solvent evaporated under reduced pressure. The resulting brown oil was
dissolved in hexane (10 mL) to afford the precipitation of the phosphine oxide and left stirring for
1 h at 0 °C. The solid was filtered away and solvent was evaporated under reduced pressure. The
resulting clear oil was purified by column chromatography (SiO,, hexane/EtOAc = 9/1) to give the

title product as a clear oil (0.150 g, 0.600 mmol, 30%).

H-NMR: (400 MHz, CDCls) & ppm = 7.42-7.46 (m, 2H, Hiz,16), 7.32-7.37 (M, 2H, Has,15), 7.29 (m,
1H, Haa), 5.32 (d,J = 1.4 Hz, 1H, H1a), 5.11 (m, 1H, Hu), 4.57 (m, 1H, He), 3.90 (m, 1H, Hao), 3.80 (dt,
J=6.5,9.5 Hz, Hs), 3.51 (m, 1H, Hao), 3.44 (dt, 1H, J = 6.5, 9.5 Hz, Hs), 2.55-2.70 (m, 2H, Hs), 1.70-
1.90 (m, 4H, Ha, Hy, Hs), 1.50-1.65 (m, 4H, Hy, Hs, Ho)

BC-NMR: (101 MHZ, CDC|3) 1) ppm = 148.0 (C11), 141.2 (Cz), 128.3 (C1z,15), 127.3 (C14), 126.1 (C13,15),
112.4 (Cy), 98.8 (Cs), 66.9 (Cs), 62.2 (C10), 31.9 (Cs), 30.8 (Cy), 28.4 (Ca), 25.5 (Cs), 19.6 (Cs)

LRMS: (ESI*) 247.3 [M+H]*
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4.4.42 4-Phenylpent-4-en-1-ol

C11H140
Mol Wt:162.2 g/mol

4-Phenylpent-4-en-1-ol was prepared adapting the procedure of Pesti et al.18!

4-Phenyl-1-(tetrahydropyranyl)oxy-pent-4-ene (0.150 g, 0.610 mmol, 1.0 equiv.), was dissolved in
MeOH (0.500 mL); then H,0 (0.080 mL) and p-Toluensulfonic acid (0.010 g, 0.061 mmol, 0.1
equiv.) were added. The mixture was left stirring at 50 °C for 3 h. Solvent was then evaporated
under reduced pressure. The resulting oil was dissolved in toluene (5.00 mL) and washed with a
satured solution of NaHCO3 (3.00 mL). The organic phase was dried (MgSQ,), filtered and the
solvent removed under reduced pressure. The title product was obtained as a clear oil (0.090 g,

0.550 mmol, 91%) without further purification.
Physical and spectroscopic data are consistent with reported literature. 2’

1H-NMR: (400 MHz, CDCls) & ppm = 7.40-7.45 (m, 2H, Hz,11), 7.31-7.37 (m, 2H, Hs,10), 7.28 (m, 1H,
Hs), 5.31 (d, J = 1.4 Hz, 1H, H1a), 5.12 (m, 1H, Hu), 3.69 (t, J = 6.4 Hz, 2H, Hs), 2.59-2.66 (m, 2H, Hs),
1.70-1.80 (m, 2H, Ha)

13C-NMR: (101 MHz, CDCls) & ppm = 148.0 (Cs), 141.0 (C,), 129.0 (Cs,10), 128.4 (C7,11), 128.2 (Co),
112.6 (C1), 62.5 (Cs), 31.6 (C3), 31.2 (Ca)

LRMS: (ESI*) 162.2 [M+H]*
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4.4.43 Methyl-2-iodobenzoate

Mol Wt: 261.9 g/mol

Methyl-2-iodobenzoate was prepared following the procedure of Gianni et al.**®

To a solution of 2-lodo-benzoic acid (1.00 g, 4.03 mmol, 1.0 equiv) in MeOH (20.0 mL) was added
dropwise a concentrated (> 95%) solution of sulphuric acid (2.58 mL, 48.36 mmol, 12.0 equiv.) at
rt. The solution was stirred under reflux for 3 h. The reaction mixture was then allowed to cool
down to rt and the solvent removed under reduced pressure. The residue was diluted in EtOAc
(20 mL) and washed with a satured solution of NaHCO; (2 x 10 mL). The organic phase was dried
(MgSQ,), filtered and solvent removed under reduced pressure. The desired product was

obtained as colourless oil without further purification (1.0 g, 3.82 mmol, 95%).
199

Physical and spectroscopic data are consistent with reported literature.

1H-NMR: (400 MHz, CDCl3) & ppm = 8.03 (dd, J = 1.1, 7.8 Hz, 1H, H5), 7.80 (dd, J = 1.1, 7.8 Hz, 1H,
Ha), 7.42 (td, J = 1.1, 7.8 Hz, 1H, Hs), 7.18 (td, J = 1.1, 7.8 Hz, 1H, He), 3.95 (s, 3H, Ha)

13C-NMR: (101 MHz, CDCl5) & ppm = 167.0 (C,), 141.3 (C;), 135.1 (Cs), 132.6 (Cs), 130.9 (Ca), 127.9
(Cs), 94.1 (Cg), 52.5 (C1)

LRMS: (ESI*) 263.1 [M+H]*
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4.4.44 Methyl-2-(5-hydroxypent-1-yn-1-yl)benzoate

C13H1403
Mol Wt: 218.1 g/mol

Methyl-2-(5-hydroxypent-1-yn-1-yl)benzoate was prepared adapting the procedure of Syama et

G/ 200

To a solution of Methyl-2-iodobenzoate (3.00 g, 11.45 mmol, 1.0 equiv), 4-Pentyn-1-ol (1.00 g,
12.6 mmol, 1.1 equiv), EtsN (5.70 mL, 41.22 mmol, 3.6 equiv) in dry MeCN (30 mL), Pd(PPhs),Cl,
(0.16 g, 0.23 mmol, 2.00 mol %) and Cul (0.04 g, 0.23 mmol, 2.00 mol %) were added in one
portion. Reaction mixture was stirred at rt over-night. Solvent was evaporated and then the crude
was dissolved in Et;0 (20 mL), filtered and washed with water (20 mL). The organic phase was
dried (MgS0.,), filtered and solvent removed under reduced pressure. The resulting brown oil was
purified by column chromatography (SiO,, toluene/EtOAc = 7/3 to 6/4) to give the desired
product as a brown oil (1.50 g, 6.88 mmol, 60%).

1H-NMR: (400 MHz, CDCl3) § ppm = 7.92 (dd, J = 1.1, 8.3 Hz, 1H, Hy), 7.53 (dd, J = 1.1, 8.3 Hz, 1H,
Ha), 7.44 (td, J = 1.1, 8.3 Hz, 1H, Hs), 7.33 (td, J = 1.1, 8.3 Hz, 1H, He), 3.92 (s, 3H, H,), 3.85-3.91 (m,
2H, Hi3), 2.63 (t, J = 6.8 Hz, 2H, H11), 2.23 (m, 1H, OH), 1.84-1.94 (m, 2H, H1,)

13C-NMR: (101 MHz, CDCls) 6 ppm = 166.8 (C2), 134.2 (C4), 131.7 (Cs), 130.2 (C7), 127.3 (Ce), 124.4
(Caorsg), 95.1 (Ca), 79.9 (Ci0), 61.8 (C13), 52.2 (C4), 30.9 (C12), 16.6 (Ca1)

LRMS: (ESI*) 219.2 [M+H]*
HRMS: (ESI*) m/z for [C13H14NaO3]* [M+Na]* calcd: 241.0835 found: 241.0833

IR: Vimax (neat) 3414, 2949, 1713, 1248, 1082, 754 cm™
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4.4.45 (E)-5-(2-(Hydroxymethyl)phenyl)pent-4-en-1-ol

C12H41602
Mol Wt: 192.2 g/mol

(E)-5-(2-(Hydroxymethyl)phenyl)pent-4-en-1-ol was prepared adapting the procedure of Syama et

al 200

To a stirred 1 M solution of LiAlH4 (24 mL, 23.84 mmol, 4.0 equiv.) at 0° C, a solution of Methyl-2-
(5-hydroxypent-1-yn-1-yl) benzoate (1.30 g, 5.96 mmol, 1.0 equiv.) in THF (25 mL) was added
dropwise. Reaction mixture was stirred at 0° C for 30 minutes and then refluxed over-night. The
solution was then cooled down to 0° C and Na;SO, salt was slowly added; the emulsion was left
stirring for 2 h, filtered on celite and solvent removed under reduced pressure. The resulting
yellow oil was purified by column chromatography (SiO,, toluene/EtOAc = 7/3 to 4/6) to give the

desired product as a colourless oil (0.85 g, 4.42 mmol, 75%).
Physical and spectroscopic data are consistent with reported literature.?

1H-NMR: (400 MHz, CDCls) § ppm = 7.40 (dd, J = 1.5, 6.6 Hz, 1H, He), 7.26 (dd, J = 1.7, 7.9 Hz, 1H,
Hs), 7.14-7.23 (m, 2H, Ha,s), 6.68 (d, J = 15.8 Hz, 1H, Hs), 6.09 (dt, J = 6.9, 15.8 Hz, 1H, Hs), 4.67 (s,
2H, H1), 3.65 (t, J = 6.2 Hz, 2H, H1a), 2.24-2.33 (m, 2H, Hio), 1.35-1.75 (m, 2H, Hu1)

3C-NMR: (101 MHz, CDCls) & ppm = 137.1 (C), 136.7 (C2), 132.9 (Cs), 128.4 (Cs), 128.2 (Ca or 5),
127.2 (Cs), 127.1 (Caors), 126.2 (Ce), 63.6 (C1), 62.4 (C12), 32.1 (C11), 29.7 (C10)

LRMS: (ESI*) 193.2 [M+H]*
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4.4.46 2,3,4,5-Tetrahydrospiro(furan-2, 3’-isochroman)

9 8
10 U 0 3
1 2
8 4
12 5 O
1
C12H1402

Mol Wt: 190.2 g/mol

A solution of (E)-5-(2-(Hydroxymethyl)phenyl)pent-4-en-1-ol (0.290 g, 1.500 mmol, 1.00 equiv),
EtsNBF, (0.080 g, 0.250 mmol, 0.375 equiv) in MeCN (15 mL) was passed through the Ammonite 8
reactor (ss cathode, C/PVDF anode) at a flow rate of 0.25 mL min~ and a current of 80 mA (steady
state V = 4.3 V). The effluent was collected and the solvent evaporated under reduced pressure.
The electrolyte was recovered by filtration after precipitation from EtOAc. The solvent removed
under reduced pressure and the resulting clear oil was purified by column chromatography (SiO-,
CH,Cl, to CH,Cl,/MeOH = 95/5) to give the title product as a colourless oil (0.040 g, 0.210 mmol,
14%).

Physical and spectroscopic data are consistent with reported literature.?’®

1H-NMR: (400 MHz, CDCl3) § ppm = 7.14-7.19 (m, 2H, Hio,11), 7.10 (m, 1H, Hyz), 7.00-7.04 (m, 2H,
Hs), 4.93 (d, J = 15.0 Hz, 1H, Hs), 4.70 (d, J = 15.0 Hz, 1H, Hsg), 4.01 (t, J = 7.0 Hz, 2H, H1), 3.23 (d, J =
16.7 Hz, 1H, Hs), 2.83 (d, J = 16.7 Hz, 1H, Hs), 2.12-2.23 (m, 2H, H,,3), 1.87-2.04 (m, 2H, Ha,3)

13C-NMR: (101 MHz, CDCl3) 6 ppm = 133.6 (Csor7), 131.8 (Coor7), 128.8 (C12), 126.4 (C100r11), 126.0
(C100r11), 123.9 (Co), 105.1 (Ca), 67.9 (C1), 62.4 (Cs), 37.1 (Cz0r3), 36.0 (Cs), 23.7 (Caor3)

LRMS: (ESI*) 191.2 [M+H]*

185



4.4.47 Bibenzyl

C14H14
Mol Wt:182.2 g/mol

A solution of (E)-Stilbene (0.270 g, 1.50 mmol, 1.00 equiv), TBABr (0.580 g, 1.80 mmol, 1.20 equiv)
in THF (15 mL) (a couple of drops of MeCN were added to help electrolyte dissolution) was passed
through the Ammonite 8 reactor (Ag cathode, recess C graphite anode), with a flow of 0.25
mL/min and a current of 160 mA (steady state V = 4.3 V). The effluent was collected and the
solvent evaporated under reduced pressure. The crude brown oil was dissolved in CH,Cl; and
washed with water (3 x 10 mL). The organic phase was dried (MgSQ,), filtered and the solvent
removed under reduced pressure. The resulting brown solid was purified by column
chromatography (SiO,, hexane 100%) to give the title product as a white solid (0.220 g, 1.20
mmol, 80%).

Physical and spectroscopic data are consistent with reported literature.?”®
1H-NMR: (400 MHz, CDCls) & ppm = 7.20-7.35 (m, 10H, Har), 2.95 (s, 4H, H1)
3C.NMR: (101 MHz, CDCls) 8 ppm = 141.8 (C2), 128.5 (C37), 128.3 (Cas), 125.9 (Cs), 37.9 (C1)

LRMS: (El) m/z (40%, [C14H14] *) 182.4, (100%, [C;H]*) 90.9
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4.4.48 1,2-Diphenyl propane

CisH1e
Mol Wt:196.2 g/mol

A solution of (E)-a-Methylstilbene (0.290 g, 1.50 mmol, 1.00 equiv), TBABr (0.580 g, 1.80 mmol,
1.20 equiv) in THF (15 mL) (a couple of drops of MeCN were added to help electrolyte dissolution)
was passed through the Ammonite 8 reactor (Ag cathode, recess C graphite anode), with a flow of
0.25 mL/min and a current of 160 mA (steady state V = 5.1 V). The effluent was collected and the
solvent evaporated under reduced pressure. The crude brown oil was dissolved in CH,Cl; and
washed with water (3 x 10 mL). The organic phase was dried (MgSQ,), filtered and the solvent
removed under reduced pressure. The resulting brown solid was purified by column
chromatography (SiO,, hexane 100%) to give the title product as a white solid (0.240 g, 1.22

mmol, 81%).
Physical and spectroscopic data are consistent with reported literature.

'H-NMR: (400 MHz, CDCl3) 6 ppm = 7.16-7.32 (m, 8H, Har), 7.07-7.12 (m, 2H, Hii,15), 2.94-3.06 (m,
2H, Ha,9), 2.78 (dd, J = 7.9, 13.0 Hz, 1H, Hg), 1.26 (d, J = 6.7 Hz, 3H, Ha)

13C-NMR: (101 MHz, CDC|3) 6 ppm = 147.0 (C3), 140.8 (C1o), 129,2 (C11, 15), 128.3 (CArH), 128.1 (CArH),
127.0 (Ca,s), 126.0 (Carn), 125.8 (Cam), 45.0 (Cs), 41.9 (C2), 21.1 (Cy)

LRMS: (El) m/z (10%, [CisH16] *) 196.4, (100%, [CsHo]**) 105.1
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4.4.49 5-Phenyl pentan-1-ol

C11H160
Mol Wt:164.2 g/mol

A solution of (E)-5-Phenyl-4-penten-1-ol (0.243 g, 1.50 mmol, 1.00 equiv), TBABr (0.580 g, 1.80
mmol, 1.20 equiv) in THF (15 mL) (a couple of drops of MeCN were added to help electrolyte
dissolution) was passed through the Ammonite 8 reactor (Ag cathode, recess C graphite anode),
with a flow of 0.25 mL/min and a current of 160 mA (steady state V = 5.0 V). The effluent was
collected and the solvent evaporated under reduced pressure. The crude brown oil was dissolved
in CH,Cl; and washed with water (3 x 10 mL). The organic phase was dried (MgS0,), filtered and
the solvent removed under reduced pressure. The resulting brown solid was purified by column
chromatography (SiO», hexane/EtOAc = 7/3 to 6/4) to give the title product as a white solid (0.148
g, 0.900 mmol, 60%).

Physical and spectroscopic data are consistent with reported literature.?8!,282

'H-NMR: (400 MHz, CDCl3) 6 ppm = 7.17-7.31 (m, 5H, Ha), 3.65 (t, J = 6.6 Hz, 2H, H1), 2.64 (t, J =
7.6 Hz, 2H, Hs), 1.58-1.71 (m, 4H, Hy,4), 1.38-1.46 (m, 2H, Hs)

13C-NMR: (101 MHz, CDCls5) & ppm = 142.6 (Cs), 128.4 (C7,11), 128.3 (Cs, 10), 62.9 (C1), 35.9 (Cs), 32.6
(Ca), 31.2 (Ca), 25.4 (C3)

LRMS: (E|) m/z (5%, [C15H16] +) 164.2, (100%, [C7H7]'+) 90.9
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4.4.50 4-Hydroxy-6-methoxy benzaldehyde

N8

CgHgO3
Mol Wt:152.1 g/mol

4-Hydroxy-6-methoxy benzaldehyde was prepared following the procedure of Castedo et al.*

To a suspension of NaH(60% in mineral oil, 0.180 g, 4.50 mmol, 3.00 equiv) in DMF (10 mL) at 0 °C
under nitrogen atmosphere, ethanthiol (0.450 mL, 6.30 mmol, 4.20 equiv) was slowly added.
Once the evolution of H2 gas ceased, the solution was refluxed for 1 h to remove the excess of
Ethanethiol. Then 4,6-Dimethoxy benzaldehyde (0.250 g, 1.50 mmol, 1.00 equiv), previously
dissolved in DMF (5 mL) was added and the resulting solution refluxed for 1 h. Brine ( 40 mL), 26%
formaline ( 4 mL) and acetic acid (8 mL) were added and the resulting solution was extracted with
EtOAc (3 x 10 mL). The combined organic layers were washed with water several times to remove
DMF, dried (MgSQ.), filtered and the solvent removed under reduced pressure. The resulting
brown solid was purified by column chromatography (SiO, hexane/EtOAc = 8/2 to 7/3) to give the
title product as yellowish solid (0.200 g, 1.32 mmol, 87%).

1H-NMR: (400 MHz, CDCls) & ppm = 9.90 (s, 1H, Hy), 7.01 (dd, J = 1.2, 2.3 Hz, 1H, H5), 6.96 (dd, J =
1.2, 2.3 Hz, 1H, Hs), 6.68 (t, J = 2.3 Hz, 1H, Hs), 5.14 (bs, 1H, OH), 3.86 (s, 3H, Hs)

13C.NMR: (101 MHz, CDCls) & ppm = 191.8 (C4), 161.5 (C»), 157.2 (Cs), 138, 5 (Ca), 109.1 (C3), 108.1
(Cs), 107.1 (C7), 55.7 (Cs)

LRMS: (ESI*) 153.2 [M+H]*
HRMS: (ESI*) m/z for [CsH9O3]" [M+H]* calcd: 153.0546 found: 153.0544

FT-IR: vimax (neat) 3197, 1670, 1589, 1159, 716 cm™
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4.4.51 6-Methoxy-4-(methoxymethyl)benzaldehyde

N8

C1oH1204
Mol Wt:196.21 g/mol

6-Methoxy-4-(methoxymethyl) benzaldehyde was prepared following the procedure of Wang et

al 243

To a solution of 4-Hydroxy-6-methoxy benzaldehyde (0.400 g, 2.63 mmol, 1 equiv) in dry acetone
(10 mL), under nitrogen atmosphere, K;CO5 (1.98 g, 14.3 mmol, 5.45 equiv) and MOMCI (1.05 mL,
13.8 mmol, 5.25 equiv) were added at room temperature. The suspension was left stirring
overnight. The suspension was then filtered, the residue washed with EtOAc, and solvent
removed under reduced pressure. The resulting oil was purified by column chromatography (SiO,,

hexane/EtOAc = 8/2 to 7/3) to give the title product as a colourless oil (0.400 g, 2.04 mmol, 76%).

1H-NMR: (400 MHz, CDCls) & ppm = 9.92 (s, 1H, Hy), 7.16 (dd, J = 1.2, 2.3 Hz, 1H, Hs), 7.08 (dd, J =
1.2, 2.3 Hz, 1H, Hy), 6.86 (t, J = 2.3 Hz, 1H, Hs), 5.22 (s, 2H, Hs), 3.86 (s, 3H, Hs), 3.50 (s, 3H, Hio)

13C.NMR: (101 MHz, CDCls) & ppm = 191.8 (C1), 161.2 (Cs), 158.8 (Ca), 138.4 (C2), 110.4 (Cs), 109.3
(Cs), 107.1 (C5), 94.5 (Cs), 56.2 (Cs), 55.7 (Cao)

LRMS: (ESI*) 197.3 [M+H]*
HRMS: (ESI*) m/z for [CioH12NaO4]* [M+Na]* calcd: 219.0628 found: 219.0625

FT-IR: vimax (neat) 2956, 1701, 1150, 1025 cm™
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4.4.52 3-Methoxy-4-(methoxymethyl) benzaldehyde
2
g/o 3 1 I)O
7 4
AN 6

o O

C10H1204
Mol Wt:196.21 g/mol

3-Methoxy-4-(methoxymethyl) benzaldehyde was prepared following the procedure of Wang et

G/.243

To a solution of Vanillin (1.50 g, 9.86 mmol, 1 equiv) in dry acetone (20 mL), under nitrogen
atmosphere, K2CO5 (7.00 g, 53.7 mmol, 5.45 equiv) and MOMCI (4.00 mL, 51.8 mmol, 5.25 equiv)
were added at room temperature. The suspension was left stirring overnight. The suspension was
then filtered, the residue washed with EtOAc, and solvent removed under reduced pressure. The
resulting oil was purified by column chromatography (SiO,, hexane/EtOAc = 8/2 to 7/3) to give the

title product as a colourless oil (1.70 g, 8.66 mmol, 88%).
283

Physical and spectroscopic data are consistent with reported literature.

1H-NMR: (400 MHz, CDCls) & ppm = 9.88 (s, 1H, Hio), 7.42-7.45 (m, 2H, Ha,5), 7.27 (m, 1H, He), 5.33
(s, 2H, Hs), 3.96 (s, 3H, Ha), 3.53 (s, 3H, Hs)

3C-NMR: (101 MHz, CDCl5) 6 ppm = 191.0 (C10), 152.0 (Ca), 151.0 (Cs), 131.1 (C4), 126.4 (Cs), 114.7
(Cs), 109.5 (C3), 95.0 (C7), 56.5 (Cs), 56.0 (Cs)

LRMS: (ESI*) 197.3 [M+H]*
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4.4.53 3-Methoxy-4-(methoxymethyl) benzylalcohol

2
2O AN on

7 4
SN AN 6
80" O

C10H1204
Mol Wt:196.21 g/mol

3-Methoxy-4-(methoxymethyl) benzyl alcohol was prepared following the procedure of Wang et

G/. 243

To a solution of 3-Methoxy-4-(methoxymethoxy)benzaldehyde (1.70 g, 8.66 mmol, 1.00 equiv) in
dry MeOH (20 mL) under nitrogen atmosphere, NaBH, (0.180 g, 4.76 mmol, 0.550 equiv) was
added at room temperature and the mixture was left stirring for 30’. Reaction mixture was then
diluted in EtOAc and water was added. Phases were then separated and the aqueous phase
extracted with EtOAc (3 x 10 mL). The combined organic layers were dried (MgSQ,), filtered and
the solvent removed under reduced pressure. The title product was obtained as a colourless oil

without further purification (1.50 g, 7.57 mmol, 87%).

'H-NMR: (400 MHz, CDCls) & ppm = 7.13 (d, J = 8.1 Hz, 1H, Hs), 6.97 (d, J = 1.9 Hz, 1H, Ha), 6.88
(ddt, J=0.6, 1.9, 8.1 Hz, He), 5.24 (s, 2H, Hy), 4.63 (d, J = 5.8 Hz, Hio), 3.92 (s, 3H, Hs), 3.54 (s, 3H,
Hs)

13C-NMR: (101 MHz, CDCl5) 6 ppm = 149.9 (Cs), 146.0 (C4), 135.3 (C1), 119.4 (C7), 116.4 (Cs), 110.8
(Ca), 95.5 (C7), 65.3 (C10), 56.2 (Cs), 55.9 (Co)

LRMS: (ESI*) 221.2 [M+Na]*
HRMS: (ESI*) m/z for [C1oH12NaO4]* [M+Na]* calcd: 221.0784 found: 221.0783

FT-IR: vinax (neat) 3403, 2937, 1512, 1153, 993, 729 cm™
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4.4.54 Diethyl(3-methoxy-4-(methoxymethyl)benzyl) phosphonate

2
9/0 3 1 10P/OV12
~A 11
7 . TNe)
NN e O
8°0 (0] . K

C14H2306P
Mol Wt:318.31 g/mol

Diethyl(3-methoxy-4-(methoxymethoxy)benzyl) phosphonate was prepared adapting the

procedure of Wang et al.?*

To a solution of 3-Methoxy-4-(methoxymethoxy) benzyl alcohol (0.900 g, 4.50 mmol, 1.00 equiv)
in dry THF (10 mL), at 0 °C were added PPhs (1.20 g, 4.70 mmol, 1.05 equiv), imidazole (0.350 g,
5.22 mmol, 1.16 equiv) and iodine (1.19 g, 4.70 mmol, 1.05 equiv). The reaction mixture was left
stirring at 0 °C for 40’. Then it was diluted with Et,0 and washed with a satured solution of
Na,S;0s. Phases were separated and the organic layer was dried over Na,SO,, filtered and the
solvent removed under reduced pressure. Obtained 2.00 g of a yellowish solid directly used for

the next step.

A solution of the crude solid and P(OEt)s (1.00 mL, 5.85 mmol, 0.900 equiv) under nitrogen
atmosphere, in dry toluene (5 mL) was heated under reflux for 2 h. The solution was then cooled
down to room temperature and the solvent removed under reduced pressure. The resulting oil
was purified by column chromatography (SiO,, EtOAc 100%) to give the title product as a
colourless oil (0.600 g, 1.88 mmol, 30%).

'H-NMR: (400 MHz, CDCl3) § ppm = 7.08 (dd, J = 0.9, 8.5 Hz, 1H, Hs), 6.89 (t, J = 2.8 Hz, 1H, Ha),
6.80 (m, 1H, He), 5.21 (s, 2H, Hy), 3.99-4.08 (m, 4H, Hi1), 3.88 (s, 3H, Hs), 3.51 (s, 3H, Hs), 3.11 (d, J
=21.3 Hz, 2H, Hio), 1.27 (t, J = 7.2 Hz, 6H, H1,)

13C-NMR: (101 MHz, CDCls) 6 ppm = 149.6 (Cs), 145.5 (C4), 125.7 (€4, J = 9.5 Hz), 122.1 (Cs, / = 7.3
Hz), 116.5 (Cs), 113.3 (Cy), 95.6 (C7), 62.0 (C11), 56.1 (Cs), 55.9 (Co), 32.7 (C10, J = 139.4 Hz), 16.4
(C12)

LRMS: (ESI*) 319.3 [M+H]*
HRMS: (ESI*) m/z for [C14H23NaO6P]* [M+Na]* calcd: 341.1124 found: 341.1129

FT-IR: vimax (neat) 2980, 1513, 1241, 1025, 939 cm™
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4.4.55 (E)-3,3’-Dimethoxy-4,5’-di(methoxymethyl)-stilbene

C20H2406
Mol W1t:360.4 g/mol

(E)-3,3’-Dimethoxy-4,5’-di(methoxymethoxy)-stilbene was prepared following the procedure of

Wang et al.**

To a solution of Diethyl(3-methoxy-4-(methoxymethoxy)benzyl) phosphonate (0.400 g, 1.26
mmol, 1.00 equiv) in dry THF (10 mL), under nitrogen atmosphere and at 0 °C NaH (60% mineral
oil, 0.070 g, 1.64 mmol, 1.30 equiv) was added portion-wise. The suspension was stirred at 0 °C
for 10’ and at room temperature for 30’. Then a solution of 3-hydroxy-5-methoxy benzaldehyde
(0.250 g, 1.26 mmol, 1.00 equiv) in dry THF (2 mL) was added. After 4 h, the reaction mixture was
guenched with water and then extracted with EtOAc (3 x 10 mL). The combined organic layers
were dried (MgSQ,), filtered and the solvent removed under reduced pressure. The resulting oil
was purified by column chromatography (SiO,, hexane/EtOAc = 7/3) to give the title product as a
colourless oil (0.180 g, 0.500 mmol, 40%).

IH-NMR: (400 MHz, CDCl3) § ppm = 7.16 (d, J = 8.4 Hz, 1H, Hs), 7.02-7.08 (m, 3H, H265), 6.95 (d, J =
16.2 Hz, 1H, Hg), 6.82 (t, J = 1.6 Hz, 1H, Hg), 6.72 (t, J = 2.0 Hz, 1H, Hz), 6.53 (t, J = 2.2 Hz, 1H. Ha),
5.26 (s, 2H, Hio), 5.21 (s, 2H, His3), 3.95 (s, 3H, Hs), 3.84 (s, 3H, Hiz), 3.54 (s, 3H, Hu1), 3.52 (s, 3H,
Hua)

13C-NMR: (101 MHz, CDCl3) § ppm = 160.9 (Cs), 158.6 (Cs), 149.8 (C3), 146.4 (C4), 139.5 (C1), 131.8
(Cy), 128.9 (C5), 127.2 (Cs), 119.9 (C2), 116.3 (Cs), 109.4 (C¢), 106.5 (Ce), 105.6 (C»), 101.9 (Cs), 95.5
(C10), 94.5 (Ca3), 56.2 (C11), 56.0 (Ci4), 55.9 (Cs), 55.4 (C12)

LRMS: (ESI*) 361.3 [M+H]"*
HRMS: (ESI*) m/z for [Ca0H24NaOg]* [M+Na]* calcd: 383.1462 found: 383.1465

FT-IR: Vinax (neat) 2955, 1589, 1145, 1029, 727 cm™
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4.4.56 3,3’-Dimethoxy-4,5’-di(methoxymethoxy)-bibenzyl

C20H2606
Mol Wt:362.4 g/mol

A solution of (E)-3,3’-Dimethoxy-4,5’-di(methoxymethoxy)-stilbene (0.180 g, 0.500 mmol, 1.00
equiv), TBABr (0.190 g, 0.600 mmol, 1.20 equiv) in THF (5 mL) (a couple of drops of MeCN were
added to help electrolyte dissolution) was passed through the Ammonite 8 reactor (Ag cathode,
recess C graphite anode), with a flow of 0.25 mL/min and a current of 160 mA (steady state V =
5.8 V). The effluent was collected and the solvent evaporated under reduced pressure. The crude
brown oil was dissolved in CH,Cl, and washed with water (3 x 10 mL). The organic phase was dried
(MgS0.,), filtered and the solvent removed under reduced pressure. The resulting brown solid was
purified by column chromatography (SiO,, hexane/EtOAc = 8/2 to 7/3) to give the title product as
a colourless oil (0.100g, 0.275 mmol, 55 %).

H-NMR: (400 MHz, CDCls) § ppm = 7.08 (d, J = 8.0 Hz, 1H, Hs), 6.72-6.76 (m, 2H, Ha,6), 6.53-6.51
(m, 1H, He), 6.48 (t, J = 2.3 Hz, 1H, Hs), 6.42 (m, 1H, Hz), 5.21 (s, 2H, Ho), 5.15 (s, 2H, Has), 3.85 (s,
3H, Hg), 3.78 (S, 3H, H1z), 3.53 (S, 3H, H11), 3.49 (S, 3H, H14), 2.85-2.90 (m, 4H, H7,3)

13C-NMR: (101 MHz, CDCl5) & ppm = 160.7 (Cs), 158.4 (Cs), 149.6 (Cs), 144.7 (Ca), 144.2 (Cy), 136.2
(C1), 120.5 (C3), 116.6 (Cs), 112.3 (Ce), 108.7 (Cs), 107.9 (C), 100.1 (Cx), 95.7 (C10), 94.5 (C13), 56.1
(C11), 56.0 (C14), 55.8 (Co), 55.3 (C12), 38.3 (C7ors), 37.3 (Crors)

LRMS: (ESI*) 363.3 [M+H]*
HRMS: (ESI*) m/z for [CaoH26NaOg]* [M+Na]* calcd: 385.1622 found: 385.1628

FT-IR: Vimax (neat) 2937, 1593, 1145, 905 cm™
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4.4.57 1,2-Diphenyl-1,2-dimethoxyethane

C16H1802
Mol Wt: 242.3 g/mol

A solution of (E)-Stilbene (0.090 g, 0.500 mmol, 1.00 equiv), EtsNBF, (0.027 g, 0.125 mmol, 0.250
equiv) in MeOH (5 mL) was passed through the Ammonite 8 reactor (ss cathode, C/PVDF anode)
with a flow of 0.25 mL/min and a current of 80 mA (steady state V = 3.3 V). The effluent was
collected and the solvent evaporated under reduced pressure. The electrolyte was recovered by
precipitation in EtOAc and filtered away. The solution was concentrated under reduced pressure.
The resulting clear oil was purified by column chromatography (SiO,, hexane/EtOAc = 9/1 to 8/2)
to give the desired product as a colourless oil (0.050 g, 0.206 mmol, 41%).

Physical and spectroscopic data are consistent with reported literature?*,

'H-NMR: (400 MHz, CDCl3) § ppm = 7.16-7.19 (m, 6H, Hasg), 6.99-7.04 (m, 4H, Hs,7), 4.32 (s, 2H,
Hi), 3.28 (s, 6H, Hs)

13C-NMR: (101 MHz, CDCls) 6 ppm = 138.2 (C2), 127.9 (Carn), 127.6 (Car), 87.7 (C1), 57.2 (Cs)

LRMS: (EI) m/z (10%, [C1sH1s0]") 211.1, (25%, [C10H1302] **) 165.1, (100%, [CsHsO]**) 121.1
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4.4.58 2,2-Diphenylacetaldehyde dimethylacetal

C16H1802
Mol Wt: 242.3 g/mol

A solution of (E)-Stilbene (0.090 g, 0.500 mmol, 1.00 equiv), EtsNBF, (0.027 g, 0.125 mmol, 0.250
equiv) in MeOH (5 mL) was passed through the Ammonite 8 reactor (ss cathode, C/PVDF anode)
with a flow of 0.25 mL/min and a current of 80 mA (steady state V = 3.3 V). The effluent was
collected and the solvent evaporated under reduced pressure. The electrolyte was recovered by
precipitation in EtOAc and filtered away. The solution was concentrated under reduced pressure.
The resulting clear oil was purified by column chromatography (SiO,, hexane/EtOAc = 9/1 to 8/2)
to give the desired product as a colourless oil (0.040 g, 0.165 mmol, 33%).

Physical and spectroscopic data are consistent with reported literature?>,

1H-NMR: (400 MHz, CDCls) & ppm = 7.28-7.35 (m, 8H, Har), 7.19-7.24 (m, 2H, Has), 5.01 (d, J = 8.0
Hz, 1H, H1), 4.25 (d, J = 8.0 Hz, 1H, H,), 3.33 (s, 6H, Ho)

BC-NMR: (101 MHz, CDCls) & ppm = 141.1 (Cs), 128.7 (Carn), 128.4 (Carn), 126.5 (Car), 106.5 (Cy),
54.6 (C,), 54.0 (Cs)

LRMS: (El) m/z (50%, [C1sH150]*) 211.1, (60%, [C10H1302]**) 165.1, (100%, [C3H;0:]**) 75.0
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4.4.59 1,1,2-Triphenylethane

CaoH1g
Mol Wt: 258.3 g/mol

A solution of Triphenylethylene (0.130 g, 0.500 mmol, 1.00 equiv), TBABr (0.190 g, 0.600 mmol,
1.20 equiv) in THF (5 mL) (a couple of drops of MeCN were added to help electrolyte dissolution)
was passed through the Ammonite 8 reactor (Ag cathode, recess C graphite anode), with a flow of
0.25 mL/min and a current of 160 mA (steady state V = 4.3 V). The effluent was collected and the
solvent evaporated under reduced pressure. The crude brown oil was dissolved in CH,Cl; and
washed with water (3 x 10 mL). The organic phase was dried (MgS0,), filtered and the solvent
removed under reduced pressure. The resulting brown solid was purified by column
chromatography (SiO;, hexane 100% to hexane/EtOAc = 9/1) to give the title product as a
colourless oil (0.100 g, 0.387 mmol, 77%).

Physical and spectroscopic data are consistent with reported literature?®,

1H-NMR: (400 MHz, CDCls) & ppm = 7.03-7.39 (m, 15H, Har), 4.27 (t, J = 7.6 Hz, 1H, Hy), 3.41 (d, J =
7.6 Hz, 2H, Ha)

3C-.NMR: (101 MHz, CDCls) & ppm = 144.4 (Cas), 140.2 (Car), 129.0 (Car), 128.3 (Carn), 128.0 (Carni),
126.1 (Carn), 125.9 (Car), 53.1 (C1), 42.1 (C2)

LRMS: (E|) m/z (5%, [Conls] +) 258.2, (100%, [C13H11].+) 167.0, (15%, [C7H7]'+) 90.0
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4.4.60 1,1-Diphenylethane

CiqH1y

Mol Wt: 182.2 g/mol

A solution of 1,1-Diphenylethylene (0.090 g, 0.500 mmol, 1.00 equiv), TBABr (0.190 g, 0.600
mmol, 1.20 equiv) in THF (5 mL) (a couple of drops of MeCN were added to help electrolyte
dissolution) was passed through the Ammonite 8 reactor (Ag cathode, recess C graphite anode),
with a flow of 0.25 mL/min and a current of 160 mA (steady state V = 4.4 V). The effluent was
collected and the solvent evaporated under reduced pressure. The crude brown oil was dissolved
in CH,Cl; and washed with water (3 x 10 mL). The organic phase was dried (MgSQ,), filtered and
the solvent removed under reduced pressure. The resulting brown solid was purified by column
chromatography (SiO,, hexane 100% to hexane/EtOAc = 9/1) to give the title product as a
colourless oil (0.050 g, 0.274 mmol, 55%).

Physical and spectroscopic data are consistent with reported literature?’.

1H-NMR: (400 MHz, CDCls) § ppm = 7.16-7.37 (m, 10H, Har), 4.18 (q, J = 7.6 Hz, 1H, Hy), 1.67 (d, J =
7.6 Hz, 3H, Ha)

13C-NMR: (101 MHz, CDCl3) 6§ ppm = 146.4 (Cs), 128.4 (Carm), 127.6 (Camm), 126.0 (Carn), 44.8 (C4),
21.9 (C,)

LRMS: (E|) m/z (70%, [C14H14]+) 181.9, (100%, [C13H11]'+) 167.0, (25%, [CeHs]'+) 77.0

199



4.4.61 5-(4-Methoxyphenyl)pentan-1-ol

C12H150;
Mol Wt: 194.2 g/mol

A solution of (E)-5-(4-Methoxyphenyl)pent-4-en-1-ol (0.096 g, 0.500 mmol, 1.00 equiv), TBABr
(0.190 g, 0.600 mmol, 1.20 equiv) in THF (5 mL) (a couple of drops of MeCN were added to help
electrolyte dissolution) was passed through the Ammonite 8 reactor (Ag cathode, recess C
graphite anode), with a flow of 0.25 mL/min and a current of 160 mA (steady state V = 5.0 V). The
effluent was collected and the solvent evaporated under reduced pressure. The crude brown oil
was dissolved in CH,Cl, and washed with water (3 x 10 mL). The organic phase was dried (MgS0Q,),
filtered and the solvent removed under reduced pressure. The resulting brown solid was purified
by column chromatography (SiO,, hexane/EtOAc = 7/3 to 1/1) to give the title product as a
colourless oil (0.050 g, 0.257 mmol, 51%).

Physical and spectroscopic data are consistent with reported literature?®,

1H-NMR: (400 MHz, CDCls) & ppm = 7.10 (d, J = 8.8 Hz, 2H, H5), 6.83 (d, J = 8.8 Hz, 2H, Hs), 3.80 (s,
3H, Hio), 3.63 (t, J = 6.6 Hz, 2H, Hy), 2.58 (t, J = 7.8 Hz, 2H, Hs), 1.57-1.68 (m, 4H, Ha,4), 1.36-1.44
(m, ZH, H3)

13C-NMR: (101 MHz, CDCl3) & ppm = 157.6 (Co), 134.6 (Ce), 129.2 (C;), 113.7 (Cs), 62.8 (C1), 55.2
(Co), 34.9 (Cs), 32.6 (C3), 31.5 (C4), 25.3 (Cs)

LRMS: (ESI*) 195.2 [M+H]*
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4.4.62 1-Phenyl-1-cyclohexane

C12H16
Mol Wt: 160.2 g/mol

A solution of 1-Phenylcyclohexene (0.080 g, 0.500 mmol, 1.00 equiv), TBABr (0.190 g, 0.600 mmaol,
1.20 equiv) in THF (5 mL) (a couple of drops of MeCN were added to help electrolyte dissolution)
was passed through the Ammonite 8 reactor (Ag cathode, recess C graphite anode), with a flow of
0.25 mL/min and a current of 160 mA (steady state V = 5.0 V). The effluent was collected and the
solvent evaporated under reduced pressure. The crude brown oil was dissolved in CH,Cl; and
washed with water (3 x 10 mL). The organic phase was dried (MgS0,), filtered and the solvent
removed under reduced pressure. The resulting brown solid was purified by column
chromatography (SiO,, hexane 100%) to give the title product as a colourless oil (0.050 g, 0.312
mmol, 62%).

Physical and spectroscopic data are consistent with reported literature?92%,

1H-NMR: (400 MHz, CDCl3) & ppm = 7.29-7.33 (m, 2H, Har), 7.17-7.24 (m, 3H, Har), 2.51 (m, 1H, Hy),
1.82-1.94 (m, 4H, Ha,3), 1.77 (m, 1H, Ha), 1.37-1.50 (m, 4H, Ha,3), 1.29 (m, 1H, Ha)

BBC.NMR: (101 MHz, CDCls) & ppm = 148.1 (Cs), 128.3 (Car), 126.8 (Carm), 125.8 (Cam), 44.6 (C1),
34.5 (c20r3), 26.9 (c20r3), 26.2 (C4)

LRMS: (El) m/z (70%, [C12H16]") 160.0, (100%, [CgHs]**) 103.7
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4.4.63 1,2,3,4-Tetrahydronaphthalene

CioH12

Mol Wt: 132.2 g/mol

A solution of 2,3-Dihydronaphthalene (0.060 g, 0.500 mmol, 1.00 equiv), TBABr (0.190 g, 0.600
mmol, 1.20 equiv) in THF (5 mL) (a couple of drops of MeCN were added to help electrolyte
dissolution) was passed through the Ammonite 8 reactor (Ag cathode, recess C graphite anode),
with a flow of 0.25 mL/min and a current of 160 mA (steady state V = 4.3 V). The effluent was
collected and the solvent evaporated under reduced pressure. The crude brown oil was dissolved
in CH,Cl; and washed with water (3 x 10 mL). The organic phase was dried (MgS0,), filtered and
the solvent removed under reduced pressure. The resulting brown solid was purified by column
chromatography (SiO,, hexane 100%) to give the title product as a colourless oil (0.050 g, 0.378
mmol, 76%).

Physical and spectroscopic data are consistent with reported literature?%2%,

1H-NMR: (400 MHz, CDCls) & ppm = 7.07-7.12 (m, 4H, Ha,s), 2.75-2.85 (m, 4H, H,), 1.80-1.85 (m,
4H, Hs)

13C-.NMR: (101 MHz, CDCl3) & ppm = 137.1 (C1), 129.1 (Ca), 125.4 (Cs), 29.4 (Cz), 23.2 (C3)

LRMS: (El) m/z (15%, [CioH12] *) 132.2, (100%, [CsHs]**) 104.2
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4.4.64 Methyl(E,Z)-5-(9-(trifluoromethyl)phenyl)pent-4-enoate

C43H13F30,
Mol Wt: 258.2 g/mol

Methyl(E,Z)-5-(4-(trifluoromethyl)phenyl)pent-4-enoate was pr epared adapting the procedure of

Stemp et al?**.

To a solution of (E,Z)-5-(4-Trifluoromethylphenyl)pent-4-enoic acid (0.900 g, 3.68 mmol, 1.00
equiv) in MeOH (15 mL), H,S04 conc. (0.2 mL) is added dropwise. The solution is stirred open air at
room temperature for 1 h. Solvent is removed under reduced pressure; the crude is dissolved in
EtOAc and washed with NaHCOs sat. solution (3 x 10 mL). The organic phase was dried (MgS0.),
filtered and solvent removed under reduced pressure to give the titled product as a yellowish oil

without further purification (0.900 g, 3.48 mmol, 95%).
NMR data for E isomer

1H-NMR: (400 MHz, CDCls) & ppm = 7.54 (d, J = 7.6 Hz, 2H, Hs), 7.43 (d, J = 7.6 Hz, 2H, H5), 6.45 (d,
J=15.7 Hz, 1H, Hs), 6.33 (m, 1H, Ha), 3.71 (s, 3H, H11), 2.45-2.66 (m, 4H, Ha,3)

13C-NMR: (101 MHz, CDCl3) & ppm = 173.2 (C1), 140.8 (Cs), 131.2 (C4), 129.8 (Cs), 126.2 (C7), 125.4
(Cg) 51.7 (Ca1), 33.5 (C2), 28.2 (Ca)

NMR data for Zisomer

H-NMR: (400 MHz, CDCls) & ppm = 7.60 (d, J = 8.2 Hz, 2H, Hs), 7.38 (d, J = 8.2 Hz, 2H, H5), 6.51 (d,
J=8.1Hz, 1H, Hs), 5.74 (m, 1H, Ha), 3.68 (s, 3H, H11), 2.45-2.66 (m, 4H, Ha,3)

Data collected on the mixture
LRMS: (ESI*) 259.3 [M+H]*
HRMS: (ESI*) m/z for [C13H14F30,]" [M+H]* calcd: 259.0940 found: 259.0940

FT-IR: Vinox (neat) 1735, 1321, 1108, 1065 cm™
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4.4.65 Methyl(E,Z)-5-(7-(methoxy)phenyl)pent-4-enoate

C43H1603
Mol Wt: 220.2 g/mol

Methyl(E,Z)-5-(7-(methoxy)phenyl)pent-4-enoate was prepared adapting the procedure of Stemp

et al**®.

To a solution of (E,2)-5-(7-(methoxy)phenyl)pent-4-enoic acid (0.150 g, 0.727 mmol, 1.00 equiv) in
MeOH (5 mL), H,SO4 conc. (a couple of drops) is added. The solution is stirred open air at room
temperature for 1 h. Solvent is removed under reduced pressure; the crude is dissolved in EtOAc
and washed with NaHCOs sat. solution (3 x 10 mL). The organic phase was dried (MgS0,), filtered
and solvent removed under reduced pressure to give the titled product as a colourless oil without

further purification (0.160 g, 0.726 mmol, quantitative yield).
NMR data for E isomer

'H-NMR: (400 MHz, CDCls) & ppm = 7.41 (dd, J = 7.6, 1.7 Hz, 1H, Hu), 7.22 (m, 1H, Hy), 6.85-6.97
(m, 2H, Hs,10), 6.76 (d, J = 16.2 Hz, 1H, Hs), 6.24-6.17 (M, 1H, Ha), 3.85 (s, 3H, Hx2), 3.70 (s, 3H, Hu),
2.42-2.61 (m, 4H, Ha,3)

13C-NMR: (101 MHz, CDCls) § ppm = 173.5 (C4), 156.3 (C5), 129.9 (Ce), 129.0 (C4), 128.1 (Co), 126.5
(C11), 125.6 (Cs), 120.6 (C10), 110.7 (Cs), 55.4 (C12), 51.5 (Ca3), 33.9 (C2), 28.7 (Cs)

NMR data for Zisomer

'H-NMR: (400 MHz, CDCl3) § ppm = 7.18-7.25 (m, 2H, Ho,11), 6.85-6.97 (m, 2H, Hs,10), 6.56 (d, J =
11.8 Hz, 1H, Hs), 5.69 (m, 1H, Ha), 3.84 (s, 3H, H12), 3.67 (s, 3H, His), 2.42-2.61 (m, 4H, Hy,3)

13C-NMR: (101 MHz, CDCl5) 6 ppm = 173.5 (C1), 156.9 (C5), 130.2 (Ca), 129.9 (Cs), 128.3 (Co), 126.4
(€11), 125.7 (Cs), 120.1 (C10), 110.4 (Cs), 55.4 (C12), 51.5 (C13), 34.1 (C3), 24.1 (Ca)

Data collected on the mixture
LRMS: (ESI*) 221.2 [M+H]*
HRMS: (ESI*) m/z for [CaoH26NaOg]* [M+Na]* calcd: 243.0992 found: 243.0991

FT-IR: vimex (neat) 1733, 1488, 1240, 748 cm™
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4.4.66 Ethyl-3-N-(isopropylamino)-2-butenoate

NS
Yo
CoH47NO,

Mol Wt: 171.2 g/mol

Ethyl-3-N-(isopropylamino)-2-butenoate was prepared adapting the procedure of Renaud et al**.

To dry CHxCl, (40 mL), were successively added FeCl; (0.060 g, 0.380 mmol, 0.050 equiv), ethyl
acetoacetate (1.00 g, 7.68 mmol, 1.00 equiv), and i-PrNH, (0.970 mL, 11.5 mmol, 1.50 equiv). the
reaction mixture was stirred at room temperature, under nitrogen atmosphere for 1 day. The
solvent was then evaporated and crude was purified by column chromatography (SiO,,

hexane/EtOAc = 7/3) to give the title product as a colourless oil (0.600 g, 3.50 mmol, 46%).
293

Physical and spectroscopic data are consistent with reported literature*>.

H-NMR: (400 MHz, CDCls) & ppm = 8.50 (bs, 1H, NH), 4.40 (s, 1H, H2), 4.10 (q, J = 7.1 Hz, 2H, Hy),
3.69 (m, 1H, Hs), 1.94 (s, 3H, Ha), 1.25 (t, J = 7.1 Hz, 3H, Hs), 1.21 (d, J = 6.4 Hz, 6H, Hs)

13C-NMR: (101 MHz, CDCls) & ppm = 170.6 (C), 160.8 (Cs), 81.7 (Ca), 58.1 (C7), 44.4 (Cs), 24.1 (Ce),
19.2 (C4), 14.6 (Cs)

LRMS: (ESI*) 172.2 [M+H]*
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4.4.67 ((3-Methylbut-2-en-1-yl)oxy)benzene

6 2
7 5 O 1 \3 2
8
C41H4140

Mol Wt: 162.2 g/mol

((3-Methylbut-2-en-1-yl)oxy)benzene was prepared adapting the procedure of Schmidt et a/?*.

Phenol (0.500 g, 5.30 mmol, 1.00 equiv), was added to a solution of 3,3-dimethylallyl bromide
(0.950 g, 6.37 mmol, 1.20 equiv) in acetone 30 mL). K,CO; (0.880 g, 6.37 mmol, 1.20 equiv) was
added and the suspension was stirred under reflux, open air for 16 h. Reaction mixture was then
cooled down to room temperature, filtered and solvent removed under reduced pressure. The
crude mixture was purified by column chromatography (SiO,, hexane/EtOAc = 9/1) to give the

title product as a colourless oil (0.760 g, 4.68 mmol, 88%).
Physical and spectroscopic data are consistent with reported literature*,

1H-NMR: (400 MHz, CDCls) § ppm = 7.28-7.33 (m, 2H, Har), 6.93-6.98 (m, 3H, Har), 5.53 (m, 1H, Ha),
4.54 (d, = 6.7 Hz, 2H, H1), 1.82 (s, 3H, Ha), 1.77 (s, 3H, Ha)

13C-NMR: (101 MHz, CDCl5) & ppm = 158.8 (Cs), 138.1 (Cs), 129.4 (Car), 120.6 (Cam), 119.8 (Ca),
114.6 (Carn), 64.6 (C1), 25.8 (C4), 18.2 (Cx)

LRMS: (El) m/z (10%, [C11H140]*) 162.2, (100%, [CsHsO]™*) 93.9
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4.4.68 Methyl-5-(7-(methoxy)phenyl)pentanoate

C43H1g03
Mol Wt: 222.2 g/mol

A solution of Methyl(E,Z)-5-(7-(methoxy)phenyl)pent-4-enoate (0.110 g, 0.500 mmol, 1.00 equiv),
TBABr (0.190 g, 0.600 mmol, 1.20 equiv) in THF/MeCN = 1/1 (5 mL) was passed through the
Ammonite 8 reactor (Ag cathode, recess C graphite anode), with a flow of 0.25 mL/min and a
current of 160 mA (steady state V = 3.7 V). The effluent was collected and the solvent evaporated
under reduced pressure. The crude brown oil was dissolved in CH,Cl; and washed with water (3 x
10 mL). The organic phase was dried (MgSQ,), filtered and the solvent removed under reduced
pressure. The resulting brown solid was purified by column chromatography (SiO,, hexane/EtOAc

= 7/3) to give the title product as a colourless oil (0.010 g, 0.045 mmol, 9%).

'H-NMR: (400 MHz, CDCl3) & ppm = 7.12-7.20 (m, 2H, Hs,s), 6.84-6.91 (m, 2H, Hio,11), 3.82 (s, 3H,
H1z), 3.67 (s, 3H, His), 2.63 (t, /= 7.7 Hz, 2H, Hs), 2.36 (t. / = 7.0 Hz, 2H, H;), 1.58-1.63 (m, 4H, H3s,4)

13C.NMR: (101 MHz, CDCls) § ppm = 174.2 (C1), 157.4 (C7), 130.5 (Cs), 129.7 (Co), 126.9 (Cs), 120.3
(C10), 110.2 (C11), 55.2 (C12), 51.4 (C13), 34.0 (C2), 29.7 (Cs), 29.3 (C3ora), 24.8 (C30ra)

LRMS: (ESI*) 223.2 [M+H]*
HRMS: (ESI*) m/z for [C13H1sNaOs]* [M+Na]* calcd: 245.1148 found: 245.1149

FT-IR: Viax (neat) 1736, 1493, 1241 cm™
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4.4.69 Methyl(E)-5-(9-(fluoro)phenyl)pent-4-enoate

C12H13FO3
Mol Wt: 208.2 g/mol

Methyl(E)-5-(9-(fluoro)phenyl)pent-4-enoate was prepared adapting the procedure of Stemp et

a /246'

To a solution of (E)-5-(9-(Fluoro)phenyl) pent-4-enoic acid (0.200 g, 1.029 mmol, 1.00 equiv) in
MeOH (5 mL), H,SO4 conc. (a couple of drops) is added. The solution is stirred open air at room
temperature for 1 h. Solvent is removed under reduced pressure; the crude is dissolved in EtOAc
and washed with NaHCOs sat. solution (3 x 10 mL). The organic phase was dried (MgS0,), filtered
and solvent removed under reduced pressure to give the titled product as a colourless oil without

further purification (0.200 g, 0.961 mmol, 93%).

H-NMR: (400 MHz, CDCls) & ppm = 7.28-7.32 (m, 2H, Hy,11), 6.96-7.01 (m, 2H, Hs,10), 6.40 (d, J =
15.9 Hz, 1H, Hs), 6.09-6.16 (m, 1H, Ha), 3.70 (s, 3H, Hi2), 2.45-2.56 (m, 4H, Hy,3)

13C-NMR: (101 MHz, CDCls) & ppm = 173. 3 (C1), 163.2 (J = 246.5 Hz, Cs), 133.5 (Cs), 129.8 (Cs),
128.2 (Ca), 127.5 (Cror11), 127.4 (Cror11), 115.4 (Csor10), 115.2 (Csor10), 51.6 (C12), 33.8 (Ca), 28.1 (Cs)

LRMS: (ESI*) 209.3 [M+H]*
HRMS: (ESI*) m/z for [CaoH26NaOg]* [M+Na]* calcd: 231.0792 found: 231.0794

FT-IR: Vinax (neat) 1734, 1507, 1224, 1157 cm™
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4.4.70 N,N-dibutyl-N,N-(dibutyl-d9)ammonium iodide

DbbD DDDD D

NN
N
Dy oo Ypb pP
2 I_
3
4

C16H1gD1gIN
Mol Wt: 387.5 g/mol

N,N-dibutyl-N,N-(dibutyl-ds)ammonium iodide was prepared adapting the procedure of Wang et

a /243

To a solution of 1-butanol-dio (5.00 g, 59.4 mmol, 1.00 equiv) in dry CHxCl; (30 mL), at 0 °C were
added PPhs (16.4 g, 62.4 mmol, 1.05 equiv), imidazole (4.69 g, 68.9 mmol, 1.16 equiv) and iodine
(15.8 g, 62.4 mmol, 1.05 equiv). The reaction mixture was left stirring at 0 °C for 40’. Then a
satured solution of Na,S,03; was added till the solution went colourless. Phases were separated
and the organic layer was dried over Na,SO., filtered and the solvent removed under reduced

pressure. Obtained 7.83 g of a colourless oil directly used for the next step.

To a solution of the crude oil (1.00 g, 5.18 mmol, 8.00 equiv) in dry MeCN (10 mL), were added
K2COs3 (0.448 g, 3.24 mmol, 5.00 equiv) and dibutylamine (0.084 g, 0.648 mmol, 1.00 equiv). The
suspension was stirred at 40° C and under nitrogen atmosphere for 3 days. Then the suspension
was filtered and solvent removed under reduced pressure; the resulting yellowish oil was washed
with THF to give the desired product as a white solid without further purification (0.627 g, 1.62
mmol, 40%).

Data collected on the iodobutane-dio

13C-NMR: (101 MHz, CDCl5) & ppm = 35.5, 23.6, 12.9, 6.9

LRMS: (El) m/z (10%, [C4Dsl] *) 193.0, (50%, [C4Ds]"*) 66.2

FT-IR: Vimax (neat) 2957, 1245, 1189 cm™

Data collected on the N,N-dibutyl-N,N-(dibutyl-dg)Jammonium iodide

1H-NMR: (400 MHz, CDCls) § ppm = 3.37-3.41 (m, 4H, H3), 1.68-1.76 (m, 4H, Ha), 1.45-1.55 (m, 4H,
Hs), 1.05 (t, J = 7.2 Hz, 6H, Ha)

13C-NMR: (101 MHz, CDCls) & ppm = 59.2 (C1), 24.3 (C2), 19.8 (Cs), 13.7 (Ca)

LRMS: (ESI*) 260.6 [C16H1sD1sN]*
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HRMS: (ESI*) m/z for [C16H18D1sN]* calcd: 260.3972 found: 260.3969

FT-IR: vimax (neat) 2957, 1647, 1398, 1379 cm™

Mp: 142-149 °C
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4.4.71 Phenyl(tetrahydrofuran-2-yl)methanone

C41H120,
Mol Wt: 176.2 g/mol

A solution of (E)-5-Phenyl pent-4-en-1-ol (0.080 g, 0.500 mmol, 1.00 equiv), EtsNBF, (0.027 g,
0.125 mmol, 0.250 equiv), triflic acid (0.048 g, 0.500 mmol, 1.00 equiv) in dry DMSO/CHCl, = 2/3
(5 mL) was passed through the Ammonite 8 reactor (SS cathode, C/PVDF anode) with a flow of
0.25 mL/min and a current of 80 mA (steady state V = 2.5 V). The effluent was collected and the
solvent evaporated under reduced pressure. The electrolyte was recovered by precipitation in
EtOAc and filtered away. The solution was concentrated under reduced pressure. The resulting
yellowish oil was purified by column chromatography (SiO,, hexane/EtOAc = 7/3) to give the
desired product as a colourless oil (0.010 g, 0.057 mmol, 11%).

Physical and spectroscopic data are consistent with reported literature?®,

1H-NMR: (400 MHz, CDCls) & ppm = 7.98-8.02 (m, 2H, Hy), 7.58 (m, 1H, Hs), 7.46-7.50 (m, 2H, Hs),
5.27 (dd, J = 5.8, 8.4 Hz, 1H, H2), 3.96-4.08 (m, 2H, Hs), 2.31 (m, 1H, Hs), 2.16 (m, 1H, Hs), 1.95-2.02
(m, 2H, Ha)

13C-NMR: (101 MHz, CDCls) & ppm = 135.1 (Ce), 133.3 (Co), 128.7 (C;), 128.6 (Cs), 80.0 (C2), 69.4
(Cs), 29.3 (Cs), 25.6 (Ca)

LRMS: (ESI*) 177.3 [M+H]*
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