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Abstract

This thesis explores the development of novel catalytic strategies to access highly
reactive and underexplored radical intermediates. Although each project addresses a
distinct synthetic challenge, together they contribute to the broader goal of expanding

the toolbox for sustainable radical chemistry.

The first part focuses on the development of a strategy for novel titanium-based N-
heterocyclic carbene catalysts capable of activating alcohols. Reaction design and
conditions optimisation provided preliminary evidence consistent with homolytic C—O
bond cleavage in primary alcohol substrates, while indicating that improved conversion

and milder conditions will require further ligand optimisation.

The second part investigates strategies for generating oxygen-centred radicals aimed
at anti-Markovnikov hydroxylation of terminal olefins. Pyridine N-oxides were identified
as suitable precursors for radical oxygen-transfer under photoredox conditions,

providing a promising approach to direct olefin hydroxylation.

Finally, the third project presents a near-UV-initiated methodology for generating a
hydrogen radical. As a proof of concept, radical hydrogenation of terminal alkenes and
Michael acceptors was achieved and optimised. Mechanistic studies revealed two
potential pathways: (i) direct generation and radical addition of the hydrogen atom, and

(ii) concerted transfer of a hydrogen radical into the olefinic rt-system.

Collectively, these studies demonstrate how rational catalyst and reaction design can

unlock previously unexplored radical reactivity under synthetically useful conditions.



Impact Statement

This research advances the field of sustainable organic synthesis through the
development of novel catalytic strategies for accessing challenging radical
intermediates. Alcohols are among the most abundant and readily available feedstocks
in organic chemistry, yet their inertness under single-electron conditions has limited
their direct use as radical precursors. The first part of this thesis explores metal-
mediated pathways capable of overcoming this limitation, focusing on rational ligand
design and metal catalyst formation to generate alkyl radicals directly from simple

alcohols.

The second part of this work addresses the long-standing challenge of anti-
Markovnikov hydroxylation of olefins. By harnessing the reactivity of highly oxidising
oxygen-centred species, this study identifies new pathways for achieving
regioselective C—O bond formation under mild, catalytic conditions. In the final chapter,
a novel strategy for the controlled production of the hydrogen atom radical is described.
This proof of concept establishes the feasibility of generating and harnessing the
smallest radical species in a synthetically useful way. Although the demonstrated
radical hydrogenation does not yet surpass existing olefin saturation methodologies, it
reveals a previously underexplored mechanistic approach that could inspire future

developments in hydrogen radical chemistry and radical hydrogen transfer.

Within academia, this work lays the foundation for new directions in N-heterocyclic
carbene catalysis, where the systems developed here could enable previously
unobserved reactivity and catalytic transformations. The proposed strategy for oxygen
radical generation provides a potential route toward solving the long-standing problem
of anti-Markovnikov hydroxylation, while the generation of the smallest radical
introduces an untapped dimension of radical chemistry. For example, hydrogen
radicals could enable atom-economical halogen abstraction and offer routes to activate
strong C—F bonds, presenting opportunities for the upcycling of perfluoroalkyl
substances (“forever chemicals”) with potential environmental and industrial

significance.

Beyond academia, these findings could contribute to sustainable chemical

manufacturing. By enabling alcohols to serve as radical precursors, this research
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supports the upconversion of biomass and biomass-derived platform chemicals,
facilitating the use of cheap, renewable feedstocks. The one-step anti-Markovnikov
hydroxylation represents an efficient means to produce linear alcohols, valuable
intermediates in bulk and fine chemical synthesis. Given the prevalence of alkenes in
pharmaceutical scaffolds, these methods could also find use in late-stage
functionalisation of drug candidates. Finally, radical hydrogenation has been
extensively observed in coal liquification processes, thus our work could supplement

current strategies for crude oil refining.

Overall, this thesis provides fundamental insight and practical strategies for selective
C-O bond homolysis and formation, and hydrogen-centred radical generation,
advancing both the scientific understanding and sustainable practice of modern

organic synthesis.
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CHAPTER 1

1.1. Overview of radical chemistry
Radicals occupy a central role in modern organic chemistry, enabling bond formations
and functional group interconversions that are often inaccessible through polar

pathways.

The origins of radical chemistry can be traced back to the mid-19th century with the
development of the Kolbe electrolysis.! Although the concept of open-shell species
was not yet understood, several key reactions now recognised as radical processes
were discovered during this period, including the Wurtz coupling (1855)% 2 and the
Sandmeyer reaction (1884).% °> Definitive evidence for free radicals emerged in 1900,
when Gomberg isolated the trityl radical (PhsC-), confirming the existence of discrete

carbon-centred radicals.®

Following this, studies in the 20" century laid the foundations for understanding the
reactivity of radicals, their generation and stability. The selective anti-Markovnikov
addition into alkenes and Michael acceptors was the focus of studies by Kharash’ and
Giese? respectively. Arene radical functionalisation, such as homolytic aromatic
substitution, was pioneered by Hey and Waters,® while Minisci later expanded this
reactivity to radical additions into pyridines.1° Bachmann introduced the concept of the
persistent radical effect,!! while the kinetic studies by Walling, Beckwith and Ingold,
among others, focused on measuring the rate of radical processes and developing a
variety of ‘radical clocks’.?1> The mechanistic insights gained from these and other'®
developments transformed radicals from ‘unstable curiosities’ into reliable synthetic

intermediates.’

Building on this foundation, contemporary methods have sought to broaden the range
of accessible radical precursors and to achieve their generation under increasingly mild
and controlled conditions.*®2° As our understanding of radicals matured, it became
evident that their intrinsic stability and reactivity depend strongly on the nature of the

atom bearing the unpaired electron.

An overview of the known open-shell species revealed that radical chemistry has been
primarily centred around carbon, with tens of thousands of known examples, making it
the most thoroughly studied and well-understood class of radicals (Figure 1.1).18 In
contrast, nitrogen- and oxygen-centred radicals are far less represented, while

synthetic reports on the hydrogen-centred radical are exceedingly rare. This disparity
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in distribution can be attributed to their relative stability. Most radicals are typically
stabilised through hyperconjugation, delocalisation or steric crowding, however
nitrogen and oxygen radicals are inherently more destabilised relative to carbon due
to their higher electronegativity. Hydrogen radical on the other hand, has no stabilising
effects and populating the 1s shell with a single electron is energetically demanding
owing to its proximity to the nucleus. Thus, the generation of N-, O- and H- centred
radicals is significantly more challenging relative to carbon, resulting in their lesser
exploration in a synthetic setting. This chapter provides a brief overview of
contemporary strategies developed to access such challenging radicals in organic

synthesis.

6 12.0m 7 14.007 8 15.999 1 1.008
Carbon Nitrogen Oxygen Hydrogen
Nonmetal Nonmetal Nonmetal Nenmetal

~20 000 ~5000 ~1000 1example

examples examples examples <5 synthetic
reports

Figure 1.1. Distribution of known radical species by element.?!
1.1.1. Generation of carbon-centred radicals
As the most extensively explored class of radical species, numerous strategies have
been developed for the generation of alkyl radicals (Scheme 1.1, A). The hydrogen
atom transfer (HAT) pathway enables their direct formation from simple hydrocarbons
via abstraction of a hydrogen atom from a C—H bond.?? In parallel, alkyl radicals can
be accessed from prefunctionalised substrates such as halides, carboxylic acids and
their derivatives, or alcohol derivatives through direct irradiation, halogen atom transfer
(XAT) or single-electron transfer (SET) pathways.?® For XAT reactions, the rate
determining step is the C—X bond homolysis, which is dependent on the bond
dissociation energy (BDE) and polarizability of the bond.?* As such, alkyl iodides are
easiest to activate, whereas alkyl chlorides and fluorides have been the most
challenging. With regards to the latter, to date there has been a single report evoking
the direct abstraction of a C—F bond (Scheme 1.1, B).?S In the presence of an N-
heterocyclic carbene (NHC)-ligated borane, trifluoromethyl arenes were shown to
undergo fluorine atom transfer (FAT). Considering the exceptionally strong C—F bond
dissociation energy of these substrates (~120 kcal mol™),%6 this transformation

represents a remarkable example of photocatalytic C—F activation.
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A) Established pathways:

) H HAT - )  hv, XAT or SET o X
O/<O O/Qo X = -Cl, -Br, -I, -OR, O/<O

-COOH, -COOR, etc.

B) C—F FAT (Lee et al., 2024) o

F e Me, (20 mol%) E

A Ho N =
| P we< ] | "
— H N7 (05eq) DMSO[0.10M], 390 nm, RT, 17 h =
d Me d
C) C-N deamination (Leonori et al., 2025) . Ph Ph
1) H3B-SMe; (1 eq.), THF, 1 h, RT : 7 \ N\
2) BPhen (1.2 mol% : =N N=
Q. O ) ( o) 5
N Cu(MeCN)4PFg (1.0 mol%) Ph : BPhen
o)\o Ph-B(OH,) (2.0 eq.) B} ' y
' e
cumylO,TMS (3.0 eq.) : Me>|\ o
Ph” O" T TMS
EtOAc, RT, 16 h
cumylO,TMS

Scheme 1.1. A) Common methods for carbon radical generation. B) First example of
a fluorine atom transfer. C) First example of non-activated C—N bond homolysis.
Another example of a challenging radical activation was recently published by the
Leonori group (Scheme 1.1, C).?” Alkyl amines were employed as radical precursors
in a previously unseen C—N bond activation. In the presence of a borane source and
stoichiometric oxidant, amine-ligated boranyl radicals were generated in situ and their
ability to undergo B-scission afforded the desired carbon-centred radicals. The use of
a copper catalyst employed boronic acids as coupling partners in an overall C—C bond

forming transformation.

1.1.2. Generation of nitrogen-centred radicals
Similarly to carbon radical precursors, a common strategy towards nitrogen-centred
radicals is the preactivation of an amine (Scheme 1.2, A).?® Nitrogen-halogen bonds
are typically weaker than carbon-halogen bonds (BDE = 30-55 vs 60-90 kcal/mol,
respectively)?® thus easier to activate in a homolysis step. A classic example of this
chemistry is the Hofmann—Loffler—Freytag reaction which typically involves preforming
the haloamine in refluxing acid.?® 3° Recently, milder conditions have been developed
by the Nagib group (Scheme 1.2, B).2! In the presence of an oxidant, the in situ
iodination of nitrogen results in intermediate 1 which upon mild heating or visible light
irradiation can undergo homolysis to generate the nitrogen-centred radical 2. This step
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is followed by 1,5-HAT, recombination with iodine radical and nucleophilic attack of

nitrogen to afford pyrrolidines 3.

Another strategy for the generation of nitrogen-centred radicals involves proton-
coupled electron transfer (PCET) activation (Scheme 1.2, C).3? In the presence of a
Bronsted base, hydrogen bonding to the amide substrate activates the N—H bond
toward oxidation by the excited photocatalyst. The concerted transfer of a proton and
an electron results in a nitrogen-centred radical, which subsequently undergoes
Kharasch-type addition to an olefin. Thiophenol serves as a hydrogen atom donor,
guenching the intermediate carbon radical while regenerating both the photocatalyst
and the phosphine base. Given the relative inertness of the anilide N-H bond (BDE =
100 kcal mol™), the high chemoselectivity observed for PCET-mediated homolysis in

the presence of a competing H-atom donor is particularly noteworthy.

A) Established pathways:

X hv, XAT or SET o) ET, -H* H
N > N - N
O O  X=-Cl,-Br -, -NO, etc. o O o ©
B) Hofmann—-L6ffler—Freytag reaction (Nagib and coworkers, 2016)  via:
E TS\ /\/\/\O 1
Nal (4 eq.) T |’N
; :
PhI(OAC), (4 eq.) /\N : lhv orA
Ts <~ i
N o o MeCN [0.1 M], 50°C O/VK/O o
visible light, 2-48 h 3 LN 2
54-93% N | o

C) PCET-enabled olefin hydroamination (Knowles et al., 2015)

Ir(dF(CF3)ppy)a(bpy)PFs (2 mol%) o Go
~ | o NBu4OP(O)(OBu), (20 mol%) }L %
3 N - o \/N%O

N PhSH (10 mol%)
X=0,N DCM [0.3 M], blue LEDs, RT

72-94%

Scheme 1.2. A) Established methods for nitrogen radical generation. B) Nitrogen
radicals in the Hofmann—Loffler—Freytag reaction. C) Generation of N radicals via
PCET activation.

1.1.3. Generation of oxygen-centred radicals

Of the elements considered thus far, oxygen radicals are the most reactive
intermediates. Among these, alkoxy radicals are long-recognised synthetic
intermediates with characteristic and highly valuable reactivity. Their inherent

5
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instability, however, often leads to (3-scission or other rapid fragmentation pathways,
making them challenging to control.®3 Because the aliphatic O—H bond is exceptionally
strong (BDE =~ 105 kcal/mol),?¢ direct homolysis of alcohols is energetically prohibitive,
and classical approaches have relied on the activation of prefunctionalised oxygen
derivatives such as peroxides or redox-active esters (Scheme 1.3, A). More recently,
catalytic strategies based on LMCT and PCET have enabled the direct generation of

alkoxy radicals from simple alcohols under mild conditions.

In the presence of a cerium(lV) catalyst, primary alcohols can undergo radical
dehydroxymethylation under visible light irradiation (Scheme 1.3, B).3* The mechanism
proceeds via LMCT activation to an oxygen-centred radical that disproportionates via
B-scission, and the resulting carbon radical can be exploited in a variety of

transformations such as Giese-type addition.

A) Established pathways:

o hv, SET 3 LMCT or PCET oH

O/C'L)\O X = -OR, -SR, -hal, etc. O/C'L)\O O/C'L)\O
hal =1, Br, CI
B) LMCT (Zuo et al., 2019) ! via:
o
LMCT l
) CeCl3 (5 mol%) !
oM \EWG TBAC (15 mol%) _EwG | @O [

EWG 9,10-diphenylanthracene (5 mol%) EWG B-fragmentationl

MeCN [0.8 M], 400 nm, 12 h H
+ H200
H

C) Peroxide homolysis (Liu et al., 2018) Naoh
ap

4 (5 mol%) :

Ho _ OH ;
0 NFSI (2.5 eq.), LiBH4 (1.3 eq.) /j\/\(o ' Naph

hn O (4-MeO)CeH,OH (20 mol%) OC') I ;

@) MeCN, RT, 5 min

Naph

Naph

Scheme 1.3. A) Methods for oxygen radical generation. B) LMCT activation of
primary alcohols. C) Peroxide reduction towards oxygen-centred radicals.
Alkyl hydroperoxides are easily accessible yet highly reactive precursors for alkoxy
radicals (Scheme 1.3, C).* In the study by Liu et al. an iron-porphyrin catalyst (4)

enabled the SET reduction of alkyl hydroperoxides, giving oxygen-centred radical
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capable of 1,5-HAT. The resulting carbon radical can be further functionalised, for

example with a fluorinating agent (NFSI).

Considering the discussion and examples above, it is evident that carbon-centred
radicals have been the most extensively explored owing to their relative stability. In
contrast, nitrogen-, oxygen-, and hydrogen-centred open-shell species remain
underexplored in radical chemistry. As such, this work contributes to the development
of new strategies for accessing some of the most challenging and less-studied radicals

in organic synthesis.

Chapter 2 focuses on the design and synthesis of novel catalysts for the homolytic
activation of alcoholic C-O bonds. The chapter opens with a review of existing
methods, highlighting their scope, mechanistic features, and limitations, before moving

on to the formulation of our hypothesis and presentation of experimental results.

Chapter 3 explores the generation of highly reactive oxygen-centred radicals and their
application in anti-Markovnikov olefin hydroxylation. An overview of current alkene
hydration methodologies is provided, outlining their inherent challenges and the unmet
need for a more general strategy. Two new approaches developed in this work are
then described in detail, together with the experimental progress achieved toward that

goal.

Chapter 4 turns to the smallest radical in the periodic table — hydrogen. The chapter
summarises known methods for hydrogen radical generation, discusses its distinct
reactivity, and introduces our hypothesis before presenting the results and discussion

arising from this investigation.
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2.1. Introduction

Alcohol groups (C—OH) are among the most ubiquitous functionalities in nature,
occurring in a wide range of molecules—from simple alcohols such as ethanol and
glycerol, to carbohydrates like glucose and fructose, and more complex structures
including hormones, terpenoids and biomass-derived polymers such as cellulose.3®
Their abundance and low toxicity make them valuable and sustainable feedstocks for
chemical synthesis. As such, incorporating them as synthetic building blocks by
exploiting the alcohol moiety has been the focus of organic chemistry since the 19%

century.3’

One of the earliest transformations developed with alcohols is the Williamson ether
synthesis, which exemplifies the nucleophilic character of alkoxides formed upon
deprotonation.®® In general, alcohols can be engaged synthetically through three
distinct modes of activation: (i) a-C—H bond activation, (ii) O—H bond activation, and
(i) C—O bond activation (Scheme 2.1).3® Among these, the latter represents the
greatest challenge for synthetic chemists due to the strength of the C—O bond (ca. 95
kcal/mol)?® and poor leaving group ability of hydroxide (water pKa = 16).%° Indeed many
polar strategies have focused on improving the latter by interconverting the alcohol
moiety to a more suitable nucleofuge. The most commonly employed procedures are
tosylation,*! the Appel reaction*? and the Mitsunobu reaction,*® among others.*4 4

(i)
OH Chain functionalisation

LI (i

T ~e - O-alkylation and arylation
O/:/soz N O/\O/O

among others

(i > o/\o Deoxygenative functionalisations

Scheme 2.1. Pathways for alcohol functionalisation.

Radical chemistry has long sought to exploit the abundance of alcohols as convenient
sources of alkyl radicals. However, the high bond dissociation energy and redox
stability of the C—O bond often necessitate preactivation of the substrate. A classic
example is the first radical deoxygenation developed by Barton and McCombie in
1975, which involved conversion of the alcohol to a xanthate ester.*® Due to the

requirement for stoichiometric and toxic tin reagents, as well as the often harsh reaction
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conditions, subsequent studies focused on developing alternative auxiliaries that could
be formed under milder conditions and activated through photoredox catalysis.
Representative examples include N-alkoxyphthalimides,*” oxalates*® and benzoate
esters,*® among others.>° More recently, strategies enabling in situ interconversion of
the alcohol have been introduced, achieving deoxygenation in a single-pot process.>!
Notable approaches include the formation of phosphoranyl radicals®® or NHC-alcohol
adducts®® both of which promote B-scission of the C—O bond. The latter strategy has
been able to access the most challenging primary alcohols and can be employed in
conjunction with other catalytic systems,> including applications in late-stage drug
functionalisations®® and complex scaffolds synthesis.>® Nevertheless, the reliance on
stoichiometric activating reagents and the resulting poor atom economy highlight the
continued absence of a truly direct catalytic deoxygenation strategy. In contrast, metal-
catalysed activation of the alcohol C—O bond offers a promising approach for

addressing this challenge.>®

First-row transition metal complexes based on titanium, nickel, cobalt, and copper have
shown particular promise in mediating single-electron pathways that enable homolytic
C-0 bond activation.>” Among these, titanium-based reagents and catalysts have
been most extensively explored for the activation of alcohols, owing to their inherent
oxophilicity and the readily accessible Ti(lll)/Ti(IV) redox couple.®® The ability of
titanium to selectively coordinate to the oxygen atom of an alcohol and promote single-
electron transfer into the C—O o* orbital has been exploited in the generation of tertiary,
secondary, and, to a lesser extent, primary alkyl radicals.®’ This form of reactivity has
underpinned a broad range of transformations, including reductive deoxygenation,
cross-coupling, and cascade reactions.>” However, the activation of primary alcohols
remains a persistent challenge in titanium catalysis — a limitation that this work seeks

to address.

This chapter explores the activation of the alcohol C—O bond through titanium-
mediated homolysis. The following sections summarise key literature precedents and
mechanistic insights into Ti(lll)—alcohol interactions, before presenting our strategy to
design novel titanium complexes for the generation of alkyl radicals from primary

alcohols.

10
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2.1.1. Low-valent titanium chloride mediated deoxygenations
Initial reports employing alcohols as coupling agents in a Ti-promoted deoxygenation
date back to 1965 when Schwartz and van Tamelen published their work on the
reductive coupling of benzylic alcohols (Scheme 2.2).%° The scope of the procedure
was limited due to the use of the very reactive potassium as a reductant and hence to
prevent the substrate from quenching the reaction, a sodium alkoxide had to be
prepared in situ which necessitated the use of another sensitive reagent — NaH. Later
works have extended this methodology to prepare olefins,® cyclopropanes,®! 1,3- and
1,5-dienes,%%%4, However, these procedures still employed a strong reducing agent
which restricted the substrate scope and was the main cause for reproducibility issues.
Another downside was the need for stochiometric amounts of a titanium salt and reflux
conditions which hinders not only the yield, selectivity and functional group tolerance,

but the overall sustainability of this methodology and its application on industrial scale.

TiCly (0.5 eq.)

K (1.0 eq.)
O OH (1.0eq) > TiO,
Benzene, 100-140 °C

Ticl,
TilV *2e il
o oMo ———> 0o O/\O —_
5

Scheme 2.2. First example involving deoxygenation of alcohols in the presence of

titanium salts and mechanistic proposal by Sharpless et al.

The general understanding of these processes was that an intermediate Ti(IV)-
dialkoxide 5 gets reduced to Ti(ll) species 6 which undergoes double C-O bond
homolysis to erect titania (TiO2) and the resulting carbon radicals couple in the
termination step of the reaction to give product 7.%% In some cases, there has also been

evidence for a stepwise mechanism in the deoxygenation of diols.®®

11
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Pathway A [[Ti]—oi O; —[Tilw - 2 [Ti]=0
8
o} [Ti"] (2 eq.)
- -— O —
Pathway B [Ti" o*o
- [Ti]=O o)ko

10

Scheme 2.3. Plausible reaction pathways in the McMurry reaction. [Ti"] denotes the
surface of a low-valent titanium particle (n<4).

This type of alcohol deoxygenation initiated by Ti is very similar to a reductive
olefination that has now been established as the McMurry reaction. Since the initial
reports in 1973,%7: 68 the reaction has been extensively studied by the McMurry group®®
69-78 and has found numerous applications in the synthesis of natural and non-natural
products.”® & In general, a low-valent titanium species produced from the in situ
reduction of TiCls or TiCls can activate an aldehyde or ketone towards a coupling event
which precedes deoxygenation to the final olefin product. Even though the nature of
the reaction intermediates depends on the reductant, solvent, temperature etc., there
has been evidence towards two mechanisms that are accepted for this reaction
(Scheme 6).7% 8183 pathway A proceeds with the formation of a metalopinacolate
intermediate 8 via a ketyl radical or alkoxide nucleophilic attack followed by
deoxygenation to give a mixture of alkene products 9 and 9’. On the other hand,
Pathway B describes the initial deoxygenation to a carbene intermediate 10 which can
dimerise with another carbonyl to give 11. This is most likely carried out on the surface
of a reduced titanium nanoparticle and final C—O bond homolysis gives alkene 9. Since
the McMurry reaction lies outside of the scope of this chapter it will not be further

discussed here, however several critical reviews have been reported.’®: 80. 82, 84

12
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2.1.2. Applications of titanium chloride mediated deoxygenations
The Ukaji group investigated the Giese-type deoxygenative coupling of benzyl alcohols
12 (Scheme 2.4).% In the presence of stoichiometric amounts of titanium and a
reductant, benzylic alcohols 12 were deoxygenated to produce resonance-stabilised
radicals 13. Giese-type addition to an electron poor olefin afforded radical intermediate
14 which can be trapped by another reduced titanium molecule to form organometallic
species 15. In the final step, protonation yields the conjugate addition product 16. The
proposed mechanism is in line with initial reports on the titanium mediated
deoxygenations (vide supra Scheme 2.2).%°> Though the reactivity remains limited to
activated benzylic substrates (16a-d), introducing a base in this reaction allows for a

radical quenching step to be implemented, while minimising potential termination

pathways.
TiCly(collidine) (2 eq.)
Xy oH ZEWG
|, + Mn (2 &q.) - m EWG
o~ (2 eq.) collidine (1.2 eq.), THF, 70 °C o
12 16
selected examples:
Me Me_ Me '\./Ie
/@\/\/\CN /©/\/\CN WCN OO N“Me
(0]
Me Me Br
92% 74% 59% 38%
e 6a L1 18e e 16d
mechanistic proposal:
TiV] + Mn Deoxygenation
N on ] ©3£;[Ti] £l B 13
Base il=
o oo -fmeo oo
+
12
Base-H* Giese-type
P A ewe
addition
oF H EWG &M EWG o EWG
16 15 14

Scheme 2.4. Deoxygenation of benzyl alcohols by low-valent titanium and its
application in the Giese-type addition to electron deficient olefins.

In a subsequent study, the TiCls/Mn/base system was adapted for the cross-

electrophile coupling of benzyl alcohols 17 with aryl halides 18 through the

13
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incorporation of a nickel catalytic cycle (Scheme 2.5).86 Activation of the aryl halide (C—
I) bond affords complex 19-1, which intercepts the alkyl radical generated in the
titanium-mediated deoxygenation step to form complex 19-ll. Subsequent reductive
elimination from 19-II delivers the coupled product 20 and nickel (I) species 19-11l which
can be reduced to nickel(0) 19-IV to close the catalytic cycle. A range of aryl
functionalities (20a—f) were well tolerated; however, more sterically encumbered
substrates (17a and 17b) remained unreactive, restricting the scope to primary
benzylic alcohols. Kinetic analysis indicated that the rate-determining step is the
thermal homolysis of the C-O bond, which proceeds independently of the nickel

catalyst concentration.

NiCly(Me4Phen).2H,0 (1.8 mol%)

| N OH . = | TiCly(lutidine) (1.1 eq.) N | AN = |
oF 0 Mn (2 eq.) lutidine (1.2 eq.) o )
17 18 THF, 70 °C, 20 h 20
selected examples: mechanistic proposal: [TiV] + Mn
(:(\ Ph (:(\ph " 0oH Deoxygenation N
e o g e g
20a 20b 5 17 !
86% 71% ' AL

20

5 2
: Ar /AT
Ph Ph ~ ZNi(in
H N/ \N
MesN 1
NC €2 E \/
20c 20d ' 19-11
64% 45%

Ph Ph | -
; Ni(l)
OTf cl : N N

Ni(ll
20e 20f NN N '\(N)
___________ s1% e Lo o
failed substrates:
Me :
Me 172 Mn(0)
OH 17a 17b SET Ni(0)
OH H / N\
0% 0% N N
Me Me : 1/2 Mn(ll ~
' NI ey

Scheme 2.5. Dual-metal promoted benzyl alcohol coupling strategy developed in the
Ukaji group.

Further studies showcased the application of the TiCls/Mn/Base deoxygenation

methodology in the cascade synthesis of 2-carboxyalyl acetates 21 (Scheme 2.6, A)

and gem-difluoro alkenes 22 (Scheme 2.6, B).87-88 In both cases, the reactions proceed

via deoxygenation to form benzylic radicals, addition to olefin followed by radical

14



CHAPTER 2

trapping with titanium and a final elimination step to furnish the substituted alkene
products. In the synthesis of allyl acetates 21, Elcb elimination from enolate 23 was
proposed as the most probable step. On the other hand, gem-difluoro alkenes were
suggested to be the product of an unusual B-fluoride elimination from 24.

Os_OMe TiCl4(collidine) (2.0 eq.) Oy OMe
Mn (2 eq.
OAc n(2eq.) | SN A
A) collidine (1.2 eq.) O//
21

(2eq)) THF, 70 °C, 20 h
| A OH
oA
F_F
CF3 TiCly(lutidine) (1.5 eq.) |
B) AN Mn (3 eq.) X AN
| —— | | B
XO LiOAc (1.5 eq.) O// /\O
(1.5€eq.) MeCN, 70 °C, 18 h 22
A) key mechanistic step: [T
Os_OMe O._OMe Os_OMe
|
N OAc [Ti] | N OAc Eicb | N N
Cl{ = SET d/ —Aco® I
23 21
B) key mechanistic step:
CFs CF3 F I F
) _fluori
ET S - iminati
07\ ’E) O/\ /b elimination O/ P /\,C)
24 22

Scheme 2.6. Deoxygenation-coupling-elimination cascades towards substituted
alkenes.
From the studies outlined above, several limitations can be drawn regarding the use
of low-valent titanium species derived from TiCls in alcohol deoxygenation reactions.
To begin with, the reactivity of this system is largely confined to activated benzylic
substrates, while tertiary, secondary, and primary alcohols lie beyond its effective
scope. Moreover, Ti(ll/lll) has been shown to serve as an effective reductant for both
a-carbonyl and benzylic carbon-centred radicals. However, stoichiometric quantities
are required to promote C—O bond homolysis, indicating that TiCls cannot function
catalytically under these conditions. This limitation most likely stems from its strong
affinity for oxygen atoms, which prevents regeneration of the active titanium species.

As will be discussed in the following sections, introduction of a suitable ligand
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framework enables regeneration of the reduced titanium complex through the use of

an external oxygen trap, thereby allowing catalytic turnover.

2.1.1. Titanocene dichloride mediated deoxygenations
The shortcoming of the procedures mentioned above have been utilising stochiometric
amounts of titanium salts and elevated temperatures. In addition, there seems to be
an ambiguity about the low-valent titanium intermediate and mechanism of the
deoxygenation step and this would be key information in the design of a catalytic
version of the reaction. In 2010, the Barrero group reported the use of Nugent’s reagent
(Cp2TiCl2) and Mn for the deoxygenation of allylic and benzylic alcohols 25 (Scheme
2.7).8 Although a similar procedure was first reported in 1980,% the density functional
theory (DFT) calculations in the modern study supported the hypothesis that forming a
Ti(lll)-alkoxide complex can significantly lower the activation barrier towards C—O bond
homolysis. In addition, employing chlorotrimethylsilane (TMSCI) as the final oxygen
trap allowed for the reaction to be carried out with substoichiometric catalyst loadings
and this w8as strongly suggestive of a Cp2Ti=O species formed that could be
transformed back to the active chloride species. This study is the first example of a
catalytic in titanium radical deoxygenation of alcohols, however the system is still

limited to activated alcohols.

CoyTiC, (2.1 o) Cp,TiCl, (0.3 eq)
p21iClz (2.7 €q
| ) o or TMSCI (4 eq.) (Y H
_ — Mn (8.0 eq.) o —
o~ _ Mn (8.0 eq.) o~
THF, 45 min, 60-90 °C
25 THF, 45 min, 60-90 °C 26

Scheme 2.7. First catalytic deoxygenation procedure from the Barrero group.

In a later study by the same group, it was reported that the hydrogen of the reduction
product 26 originated from the Bronsted acids generated in situ from the starting
alcohol.%* Another application of this catalytic manifold was found in the umpolung
coupling of hemiaminals with alkenes.®? Taken together, these studies are suggestive
of the following mechanism (Scheme 2.8). Single electron reduction of Cp2TiClz leads
to the active Ti(lll) catalyst (T-I), which is capable of coordinating a benzylic alcohol
(25) in T-Il and activating it towards C—O bond homolysis. This step yields the benzylic
radical (27) and titanium oxide species T-lll which can be transformed back to the
starting titanocene dichloride using TMSCI as the final oxygen trap. Concurrently, the

benzylic radical 27 can be trapped by another reduced titanium catalyst to give
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organometallic species 28, which gets protonated by the in situ generated acid to afford

the final product 26 and regenerate the titanocene catalyst.

szTi”'CI
Cp,Ti"Cl X OTiVep,Cl
O/\ e /
T-ll -1V
cp,Ti"CI Cp,TiV=0 +HCI | —Cp,Ti'VCl,
T- T-11
1/2 MnCl, 2 TMSCI | N H
=
-1V
Mn Cp2T| C|2 (TMS)ZO d

Scheme 2.8. Proposed mechanism for the titanocene catalysed deoxygenation of
benzylic alcohols.

2.1.2. (Pentamethylcyclopentadienyltitanium trichloride mediated

deoxygenations
In 2020, Shu et al. published their dehydroxylative alkylation strategy of tertiary
alcohols (Scheme 2.9).°3 Subjecting substrates 29 to a catalytic Cp*TiCls/Zn/TESCI
system in the presence of activated alkenes 30 resulted in coupling products 31 in
good to excellent yields. This was the first report of non-activated alcohols partaking in
a deoxygenative-coupling process. The reaction employs molecular sieves to extract
the in situ generated HCI, which otherwise leads to side alcohol dehydration reactions.
The alcohol scope included cyclic and acyclic tertiary alcohols 29a and 29b
irrespective of the substrate steric hindrance. Secondary benzylic alcohol 29c gave
diminished yield of coupling product whereas secondary alkyl and primary benzylic
alcohols 29d and 29e remained unreactive with some product of oxygen silylation
detected under the optimal conditions. However, this chemoselectivity allowed the
selective deoxygenative alkylation of diols 29f and 29g at the more hindered hydroxy
group. The procedure was also tolerable of a variety of aryl functionalities (31a-d),

primary alkyl chloride (30a) and the terminal alkyne functionality in acceptor 30b.
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Scheme 2.9. Catalytic deoxygenation of tertiary alcohols by Shu et al.

unactivated alcohols.

OH
O/ * ZC0.E

Cp*TiClz (10 mol%)
TESCI (3.0 eq.)

Zn (3.0 eq.), 5 A,
THF [0.4 M], 60 °C, 12 h

In addition, a combination of electronic and steric factors seemed to govern catalyst
reactivity (Table 2.1). During the reaction optimisation, it became apparent that a more
sterically hindered titanium centre in Cp*:TiCl2 (entry 2) reduced the reaction
conversion and favoured the formation of elimination product 32. The less electron rich
Cp2TiCl2 and CpTiCls further decreased the product yield (entries 3 and 4). The
difference in reduction potential between CpTiCls (Ered®/") = -0.82 V vs Fc+/Fc) and
Cp*TiClz (Ered™"™ = —1.10 V vs Fc+/Fc)%* is another indicator for reactivity. Thus, it can

be concluded that a more reducing titanium complex is necessary for the SET to

Table 2.1. Catalyst optimization: Electronic and steric properties tuning

Me _coEt Me
o O/\/ + O/
31 32

Entry Titanium catalyst 32 (%)
1 - ;\Tﬁ'm Cp*TiCl; 24
cr
2 \Ti/ Cp*,TiCl, 32
CI/ Cl
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3 @\ /Q Cp,TiCl; 26 35

CI CI

Cl
4 @\/Tif CpTiCl, 24 12
cr Cl

The proposed reaction mechanism begins with coordination of alcohol to the reduced
Ti(lll) centre resulting in complex T*-I (Scheme 2.10). Intramolecular SET generates a
carbon radical 33 that is capable of coupling to the Michael acceptor 30, followed by
titanium-assisted reduction and protonation to the final product 31. The remaining
Cp*TiCl20H (T*-Il) can react with TESCI as the final oxygen trap to regenerate
Cp*TiCls (T*-11l) and thus complete the catalytic cycle. Computational analysis revealed
that the energy barrier for catalyst regeneration (28.1 kcal/mol) was the rate limiting
step, therefore explaining the experimentally observed dependence of the reaction rate

on the amount of chlorotriethylsilane (TESCI).

O.
Cp* T|”'CI2 f\EWG 30 gﬁ\/@\
EWG
\/ \ oo

Cp* Tl'VCI2

CorTitiCl, T m | e
TESCI
Zn Cp*TiVCly TESOH <~ TEWG
o O
Tl 31

Scheme 2.10. Proposed catalytic cycle of deoxygenation of tertiary alcohols and
Giese-type coupling step.
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B
O\/\EWG fe?” | S
o 2%
30 (1.5 eq.) 34 (1.8 eq.) —
< EWG = D
ofle) Cp*TiClz (10 mol%) Cp*TiClz (10 mol%) XO
TESCI (3.0 eq.) TESCI (3.0 eq.)
31 Zn (3.0 eq.), 5 A, Zn (3.0 eq.), 5 A, (E)-35
THF [0.4 M], 60 °C, 12 h THF [0.5 M], 60 °C, 12 h
OH
CF;
C) 29 D)
A
|
€e) CFs
H PhSiH3 (3.0 eq.) 40 (0.33 eq.)
X
OéO Cp*TiCl3 (5 mol%) Cp*TiClz (10 mol%) | %
TESCI (2.5 eq.) TESCI (1.3 eq.)
39 Zn (2.0 eq.) Zn (1.0 eq.) 41

1,4-dioxane [0.45 M], 60 °C, 6 h THF [1.2 M], 80 °C, 12 h

Scheme 2.11. Applications of the radical deoxygenation of tertiary alcohols in the
presence of various electrophiles. A) Giese-type addition to electron deficient olefins.
B) Selective radical dehydroxylative vinylation towards substituted E-alkenes. C)
Reductive deoxygenation of tertiary alcohols. D) Alkylation of trifluoromethyl
styrenes.

The application of the Cp*TiCls/Zn/TESCI system was extended to a variety of radical
transformations (Scheme 2.11). The Giese-type coupling was showcased in the
seminal work (Scheme 2.11, A), while a later study from the same group coupled
tertiary radicals to halo-alkenes (Scheme 2.11, B).% Interestingly, employing a mixture
of E- and Z-vinyl bromides 34 resulted in the stereoselective coupling product (E)-35.
To explain the observed reactivity, it was suggested that following analogous formation
of radical 33 (vide supra Scheme 2.10), addition to 34 gives either complex (E)-36a or
(2)-37a which are in equilibrium with (E)-36b and (2)-37b respectively (Scheme 2.12).
In order to place the bulky alkyl group in the least sterically hindered position, (E)-36b
would form preferentially, and upon reduction with Ti(lll) to (E)-38 and B-elimination
the final product (E)-35 is obtained. As observed in the previous study,®® the system
employed was tolerable of a variety of aryl substituents alongside cyclic and acyclic
tertiary alcohols leaving non-benzylic secondary and primary alcohols intact. The vinyl
halide scope was favoured for all halogens (-Cl, -Br, -I) with even challenging fluoride

acting as a leaving group.
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key mechanistic step:

MUl
[TI“I]
—_
Br Br Br 36b

E) 36a Br

o&% L

B-elimination
33 = alkyl
=aryl f ; ;i % § [mvi—
(Z2)-37b
)-37a

(EIz)-34

L S

Br
(E)- 35

Scheme 2.12. Proposed mechanism for the (E)-selectivity in the deoxygenative
coupling of tertiary alcohols to alkene halides.
In the presence of a hydrogen atom donor, the dehydroxylation of tertiary alcohols 29
to alkanes 39 was successfully achieved (vide supra Scheme 2.11, C).%¢ Phenylsilane
(BDE = 90 kcal/mol)?® was identified as the optimal HAT reagent. However, during
optimisation it became apparent that, even in the absence of a HAT reagent, the model
substrate was still converted to product in significant yield (71%). This observation
suggested that residual water present in the solvent acted as a competent quencher
for the tertiary radicals (Scheme 2.13). Such behaviour could be rationalised by the
notably low O-H bond dissociation energy in reduced titanium—water complexes

previously reported by Oltra et al.®’

key mechanistic step:

H H

[Ti"]OH, 80 PhSiH; _
é BDE = 49 kcal/mol BDE = 90 kcal/mol

39 33 39

Scheme 2.13. Proposed HAT step with phenylsilane or water as the hydrogen atom
donor.

The Giese-type coupling was extended to trifluoromethyl styrenes 40 (vide supra

Scheme 2.11, D).88 A variety of functionalities were tolerated (41a-h), notably, primary

and secondary alcohols (41b and 41c) and unactivated alkenes (41d) remained intact

whereas primary and secondary benzylic alcohols gave bisalkylation products

(Scheme 2.14). On the other hand, aryl-substituted a,3-unsaturated acceptors (41f-g)

reacted well whereas f,y-styrene 41h did not take part in the coupling step. The
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authors investigated the hydrogen source donor by employing a deuterated at oxygen
tert-butanol which resulted in the coupling product with 72% deuteration, whereas
THF-dg gave no deuterium incorporation. These results further support that upon
deoxygenation, the resulting carbon radical can be further reduced to a carbanion and
subsequently protonated under the reaction’s acidic media (vide supra Scheme 2.10).

CFs Cp*TiCl3 (30 mol%)
Zn (3 eq.)

P = TESCI (4 eq.) I | N
O/ d THF, 80 °C, 12 h o \O

selected examples: ..

Me Me CFs  HOMe Me CF;  Me MeMe CF3 | Ar=
| Me, Me CF3 W W N ;
HO Ar Me Ar '

Ar 1S
(3 ! :
#a 41b o 41d | :
51% 32% ° 759,  ntoettoeeeeoeeeees
CF3 CF: OM CF3 t-Bu
s OMe CFs
Me Me Me Vo
t-Bu
OMe 41h
4e af 41g trace
85% 80%

73%

Scheme 2.14. Deoxygenative coupling of tertiary alcohols to trifluoromethyl alkenes.

The most recent work from the Ukaji group described an application of the catalytic
deoxygenation of tertiary alcohols in the functionalisation of the anomeric carbon in
simple sugars 42 (Scheme 2.15). The substrate scope was tolerable of furanose and
pyranose rings (43a-f) regardless of the orientation of the anomeric substituent,
whereas acrylamide (43d) and acrylates were suitable Michael acceptors. Notably, the
titanium catalyst demonstrated selectivity for the anomeric carbon alcohol group while
leaving the rest of the hydroxyl groups intact. In addition, all the products obtained
exhibited a preference for axial addition following deoxygenation. This selectivity can
be attributed to the anomeric effect of the oxygen atom in 42: donation of electron
density from the lone pair into the back lobe of the o™ orbital of the radical intermediate
(42-1) stabilises the axial conformation (42-11), thereby favouring addition at the axial

position.%
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Cp*TiCl3 (20 mol%)

0
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(HOFF— S Ph(Me),SiCl (4 eq.), 5A EWG
42 30 THF, 80 °C, 8 h 43

selected examples

‘ HO_OH ‘
o) O JQ_M O
HO o ‘ )
e O HO_/>OZ0H
OH 43a
OH

© OH 43¢
60% 43b 60%
B:a > 20:1 43% B:a > 20:1
B:a>20:1 (from D-Xylose)

(from D-Arabinose)
(from L-Ribose)

o 9

H COzMe 0
N HO o iPr
HO
07ZoH© o™ Oy °
™ 43f
OH 43d Me
OH 43% 43e MeO 60%
a:p > 2011 59% MeO o B:a >20:1
' ’ a:f > 20:1 OMe (from L-Arabinose)
(from dehydroabietinol)
key mechanistic step:
[Ti"] 0 0 ZEWG

—

(o] —_— = (e} - O — >
(HOP—\OH (HOf—BY — — (HOM (HO
42 42-1 42-11 EWG

Scheme 2.15. Stereoselective deoxygenation of the anomeric alcohol in simple
saccharides.
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2.1.1. Titanium catecholate mediated deoxygenations
In 2022, the Ukaji group reported the first deoxygenative coupling of primary and
secondary alcohols (Scheme 2.16).%° Unactivated alcohols 44 in the presence of a
titanium (1V) catecholate [TiCl2(cat)]/Zn system were found to give products 45 in good
to excellent yields which has been elusive to other titanium reagents.8 8 100 However,
the main limitation of the strategy is the high temperatures required for deoxygenation,
which limited the substrate scope to protected amines (44a and 44b), some aryl
substituents (44c-g) and alkyl chains. It was suggested that [TiClz(cat)] exists as a
dimer, as observed for an analogous [Ti(Oi-Pr)z(cat)thf)]2 system.'% Therefore, the
mechanism of reaction is initiated by a three-electron reduction of 46 to alkoxide
complex 47 with the release of hydrogen gas. Direct C—O homolysis gives carbon
radical 48 that can couple to an alkene resulting in 49. A metalation-protonation
sequence of 49 yields the final product 45 (Path A). Concurrently, a titanium-promoted
HAT from the solvent was found to be another termination step in the reaction, as

observed during deuteration experiments with DMA-ds (Path B).
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Scheme 2.16. Primary and secondary alcohols deoxygenation by low valent titanium

cathecolate reagent.

Although this procedure offers the first titanium-mediated activation of primary and

secondary alcohols, it suffers from poor atom economy (stoichiometric amounts of

titanium reagent used) and harsh conditions that significantly minimise the functional

group compatibility.

In a subsequent study from the same group, the acceptor scope was extended to

disubstituted styrenes 50 (Scheme 2.17).192 In the presence of excess 1,3,5-trimethyl-

1,4-cyclohexadiene (51), the mono-coupling product 52 was obtained, and side

product of dimerisation was avoided. The strategy was applied to a variety of primary

to tertiary alcohols with some functionality present (53a-d), however no mechanistic
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investigation was carried out and thus no further insight into the deoxygenation of

alcohols can be elucidated from this study.

Me

Q Me [TiCly(cat)] (2.2 eq.) O Me
o SoH i (@ ea) Zn (4 eq.), 51 (5 eq.) g I N |
AN n eq.), eq. |

53 L DMA, 120°C, 24 h 52 | \6 M 51 Me
50 \O ;

selected examples:

MeoN
Me_ Me OH 2
Me_Me .
TBso\/\/\)(OH Puvo\/\/\)(OH ph._A_ph Me

OH
53a 53b 53c 53d
57% 60% 47% 47%
dr=1:1

Scheme 2.17. TiClx(cat) system in the presence of a HAT reagent.
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2.2. Catalyst design and hypothesis for titanium-catalysed deoxygenation

Considering the above-mentioned literature reports, there are no titanium-based
strategies that can catalyse the deoxygenation of unactivated primary and secondary
alcohols. How can one catalytically homolyse the strong C-O bond in a mild and

selective manner to directly afford underexplored carbon radicals?

The proposition of this project is to develop novel tridentate ligands to be evaluated in
the titanium-mediated deoxygenation reaction (Scheme 2.18, A). By employing a
salen-type pincer architecture,'® our design harnesses the chelating effect to achieve
robust thermal and chemical stability, yet preserves open coordination sites essential
for substrate binding. In addition, the structure bears an NHC core that further
strengthen ligand binding while giving the titanium metal unique properties in the trans

position.
A) B i)
Y : Q : Y
=z N X ! ‘ ! = N2 A
o@[ ) I}O : N NS L O ICl\\r..vI}O
N SOHHOT N E HE/ \&\5 LN o N
' ' Cl
: o-electron withdrawal 54

Scheme 2.18. A) Ligand design. B) Properties of NHC core. C) Catalyst design.

The NHC core contains a carbene carbon with an unfilled octet, bearing a lone pair in
an sp? orbital (HOMO) and a vacant p orbital (LUMO) (Scheme 2.18, B).1%* The
adjacent nitrogen atoms stabilise the carbene centre by lowering the HOMO energy
through o-electron withdrawal and raising the LUMO energy through rt-electron
donation. These resonance effects impart an overall nucleophilic character to the
carbene (Schrock-type carbene), making it an excellent o-donor ligand in transition-
metal catalysis.1% 106 |n addition, the steric bulk of the nitrogen substituents further

enhances the stability of the complex by suppressing carbene dimerisation.

Overall, in the presence of titanium, we aim to form NHC-titanium complex 54 (Scheme
2.18, C).107 Upon fine-tuning the electronic properties of the ligand, we anticipate to

evoke the homolytic cleavage of the C—O bond of primary and secondary alcohols.

Based on previous reports,®® 9 9 we propose a catalytic manifold for the
deoxygenation of primary and secondary alcohols (Scheme 2.19). Initially,

coordination of an alcohol substrate to catalyst 54-I results in alkoxide complex 54-I1.
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In the presence of stoichiometric zinc, reduction of catalyst 54-I1 to Ti(lll) species 54-
[l should be facile and will result in C—O homolysis. The generated primary/secondary
radical 55 can either couple to another substrate, dimerise or undergo HAT to the final
product. The catalytic cycle is complete by metathesis with a radical scavenger
(TMSCI) to turnover 54-1V to the initial NHC complex 54-I.

NVN
O oH /TIIVJ\/}O TMSOH
HCI 54-1 TMSCI
A~ NN & N ™
O lcly || 5O O [Cly 50
X _Ti %
N O T 0 = O | ‘0
o OH
5 54-11 54.IV
Zn SET SET v

N \¢ N
1/2 ZnCl, CI\Tlm I}o 55
5 54-111

Scheme 2.19 Proposed catalytic cycle for deoxygenation of primary alcohols.

The homolysis step would be selective towards the substrate instead of the two
phenolic C—O bonds due to the difference in their bond dissociation energies (BDES)
(Table 2.2).1°8 |n addition, we anticipate the final step to be the most energetically uphill
and therefore rate limiting.% On the other hand, the formation of the strong TMS—OH
(BDE of Si—O is 191 kcal/mol vs 158 kcal/mol for Ti—-0)% should be a thermodynamic

driving force of the system.
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Table 2.2. Bond dissociation energies of simple alcohols

Alcohol C-0 bond BDE (kcal/mol)
A~OH 81
OH 83

Me” “OH 94

Me 96
Me)\OH

Me
M
M:>|\OH 96

@OH 112
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2.3. Planned titanium catalysts and retrosynthetic analysis

e d 8 on
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(0-0)TiNPh (p-N)TiNPh (p-O)TiNPh (o-N)TiNPh TiNNaph

Scheme 2.20. Planned novel titanium catalysts.

The first aim of the research project was to develop a strategy for the synthesis of a
library of titanium-based catalysts (Scheme 2.20). The two key designs are the
Titanium N-heterocyclic carbene Phenyl (TiNPh) and the Titanium N-heterocyclic
carbene Naphthyl (TiNNaph). The former will be functionalised with a variety of
aromatic substituents either ortho to oxygen in (0-O)TiNPh, para to nitrogen in (p-
N)TiNPh, para to oxygen in (p-O)TiNPh or ortho to nitrogen in (0-N)TiNPh. This will

ensure the variety of steric and electronic properties for the catalysts.

The second aim was to investigate the catalysts in the deoxygenation of primary and
secondary alcohols. We anticipate that in the presence of a suitable reductant, solvent
and radical scavenger TiNPh or TiNNaph will be able to catalytically homolyse the C—
O bond to afford a carbon centred radical that will be used in further transformations
(vide infra Scheme 2.19).

The final aim of the project was to explore the scope of the deoxygenation strategy and
probe the reaction mechanism. We anticipate that the deoxygenated substrates will
participate in a Giese-type reaction with appropriate Michael acceptors.

The strategy to prepare catalysts 54 can be broken down into three key steps (Scheme
2.21). Retrosynthetically, the catalyst can be obtained from the imidazolium salt
precursor 54a via salt methatesis in the presence of base. The second disconnection
would regenerate diamine 54b that can react in the forward synthesis as the HCI-
adduct with triethyl orthoformate to give 54a. Finally, diamine 54b can be obtained from
aminophenol 54c by a simple alkylation with dibromoethane or an alkylation/reduction
with another suitable electrophile.
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2.4. Results and Discussion

2.4.1. Synthesis of TiNPh
As a starting point, we were initially interested in preparing the non-substituted TiNPh.
Thus, aminophenol 55 was reacted in the presence of dibromoethane under water
reflux to give the resulting diaminophenol 56 in 19% yield. Although this step could be
further optimised, the competing elimination reactions of the mono-alkylated
intermediate and the poor substrate solubility under the reaction conditions were the
reasons for the poor yield and encouraged us to seek an alternative pathway towards
diamine formation as will be discussed below. Upon transformation of the diamine to
the corresponding HCI-salt, cyclisation with trimethyl orthoformate afforded the phenyl
imidazolium salt 57 in 64% vyield. The 'H NMR of 57 displayed the characteristic
imidazolium C—H peak at 9.71 ppm and the O—H signal at 11.06 ppm which is in
accordance to reported literature data.'® Titanium metal templating following a
literature procedure!®’ afforded an orange solid of presumably TiNPh, however it was
poorly soluble and therefore difficult to characterise. The *H NMR spectrum no longer
exhibited the corresponding C—H signal, however the peaks did not match the exact
reference values!®’ potentially because the report by Roux et al. gave a spectrum with

residual toluene solvent peaks.

B [ ;\

Br OH 1) 4N HCl, Q Q
NH, OH

©/OH

(0.5eq.) [NH dioxane (4 eq.) [N\@ ol Ti(Pro)s (1 eq.) [[\;>_Tlcix
H20 NH 2) CH(OMe)s, N “oy THRRT 16h N X O
100 °C, 16 h OH 100°C, 18 h
- o
56 57 TiNPh
19 % 64 %

Scheme 2.22. Synthesis of TiNPh.

Concurrently, we were developing a strategy towards the TiNNaph target, which will

be discussed in the next section.
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2.4.2. Synthesis of TiNNaph

I ' OH
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Scheme 2.23. Strategies derived from acid orange 7.

In order to access a similar starting aminophenol precursor to TiNPh, we identified acid
orange 7 (AQ7) as readily available source. Following a literature procedure, ! 1-
amino-2-naphthol 58 was prepared by reduction of AO7 in the presence of sodium
hydrosulphite (Scheme 2.23). As observed for aminophenol (vide infra Scheme 2.22),
alkylation with dibromoethane proved to give a complex mixture due to the harsh
reaction conditions and selectivity problem. Therefore, we pursued an alternative route
involving condensation with glyoxal, followed by reduction to the corresponding amine.
Gratifyingly, oxazine 59 was obtained in good yield and the *H NMR spectrum
displayed the characteristic C—H signal at 5.55 ppm which is within the range of similar

substrates.112

940 o)
1) BH3 THF (2.5 eq.), HO Q
o NH,CI N®
cl

HN)\(NH 70°C,3h N CH(OEt)s, Y o
o 2) MeOH, HCI (2 eq.) CIH,N 100°C, 2 h N
59 60 61
71% 58%

Scheme 2.24. Reduction of oxazine 59 and cyclisation with triethyl orthoformate.

Oxazine 59 was reduced to the corresponding diamine which upon reaction workup
can be easily transformed to the HCI adduct 60. As expected, cyclisation with triethyl
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orthoformate afforded the desired imidazolium salt 61, however it proved to be poorly
soluble in common organic solvents which made characterisation difficult.
Nonetheless, the substrate was reacted in the presence of titanium(lV) however the
identity of the resulting species could not be characterised due to its inherent poor
solubility.

We postulated that the poor solubility of TINPh and TiNNaph is due to strong rt-staking
between the aromatic cores. Thus, we expected that introducing substitution on the

rings can break the crystal packing and improve the substrate’s solubility.

2.4.2 a Functionalisation of TINNaph precursor
Attempts to functionalise oxazine 60 proved futile as the compound is unstable on silica
gel and therefore isolation of products was unsuccessful due to decomposition. As a
result, we decided to implement a protecting group strategy in the previous step, before
we proceed to functionalise aminonaphthol 59.

(0]
A 0
7 N” TN 1.5eq.
NH, (:J N (15eq) HN—
N (0]
“OH " “OO
OO MeCN, 0-25°C, 1 h
59 62
88%
NBS (1.1 eq.)
B(OH), MeCN, 0 °C, 0.5 h
/) (1.5eq.) 0
A b A
(0] O
L cor o) e
Pd(PPh;),Cl, (3 mol%) Br
‘ 64 5:1 THF/H,0 63
By 7% 90°C, 16 h 97 %

Scheme 2.25. Strategy towards functionalisation of naphthalene core (Mr Sun,
Master’s thesis, 2023).
As such, 59 was treated with carbonyldiimidazole (CDI) to afford naphthoxazole 62 in
excellent yield (Scheme 2.25). In the presence of N-bromosuccinimide, 62 reacted in
exclusive para to nitrogen substitution (63). Our preliminary results showed that the

substrate could then be employed in a Suzuki-Miyaura coupling in the presence of a
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Pd catalyst to give aryl product 64, which was further characterised and explored by
Qilong Sun in his Master’s thesis (2023). However, due to the poor solubility of
substrate 64 it was discarded as a key target in this project. In addition, attempts to
alkylate at the nitrogen of 64 proved unsuccessful since reaction with dibromoethane
gave either monosubstitution in 65a or elimination product 65b (Scheme 2.26).
Employing a more reactive electrophile such as oxalyl chloride showed complete
consumption of starting material as observed in the crude 'H NMR, however it was
fully recovered after the reaction workup. These results suggested that either no

reaction took place, or the corresponding product 66 is unstable and susceptible to

hydrolysis.
0 B @ P
HN— N N~
Cry e 00 sofN e
P +
K2C03 (1 eq)
MeCN, 90 °C, 14 h
65a 65b
t-Bu t-Bu t-Bu
64 coelluted after column

0]

0 )f\r(czl
Cl (0.5 eq.)
HN,{O o NI
THF, 25 °C N

—  notisolated T

e

66

o Y°
°

-4
N
O

Scheme 2.26. Failed attempts at installing alkyl chain moiety.

These observations prompted us to install the diketone fragment prior to the protecting
group as that would ensure the stability of the product. In addition, conversion of the
amine to an amide would have a dual function as a protecting group against
electrophiles and it will contain the alkyl fragment that has been elusive to the previous

dibromoethane strategy.
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(1.5eq.)
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SM:Pr = 1:13 5:1 THF/H0
Br ©8 90 °C, 16 h

Scheme 2.27. Improved strategy for imidazolium salts synthesis.

In order to test the possibility of diketone formation, we reacted aminophenol with oxalyl
chloride and to our delight the product phenyl oxalamide 67 was obtained in good yield
(Scheme 2.27). Phenyl oxalamide 67 was converted directly to the corresponding
imidazolium salt 57 in a one-pot two-step reaction which proceeded with excellent 88%
yield.1%” On the other hand, halogenation with NBS in the presence of TMSOTf as a
Lewis acid gave para to nitrogen substituted product 68 in excellent conversion with
only 8% remaining starting material. Unfortunately, our attempts to subject substrate
68 to a Suzuki coupling reaction were unsuccessful with only the starting material
detected. This was most likely due to the ability of the substrate to coordinate the Pd(Il)

catalyst and therefore prevent it from participating in the C—Br oxidative addition step.

- ’ ‘ OO _
‘O Br
HO CDI (2.2 eq.) o =

o)
NH,CI K.CO
,CO;3 (2 eq.) }rN 0 NBS >/«—N o
\/\ ------------- » \/\
CIHAN THF, 25 °C 0 N— 0 N

2 0 (0]

OH N

e e

6

60

Scheme 2.28. Introducing protecting group after alkyl chain installation and attempt
at derivatisation.
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The inability of 68 to participate in the Suzuki coupling step indicated that the
functionalisation of the cores must proceed in the presence of a protecting group at
both the phenol and amine moieties. Therefore, we carried out the protection of 60
using CDI (Scheme 2.28). Although the reaction proceeded with excellent yield and
selectivity, as observed for the disappearance of the phenol protons in the *H NMR,
the resulting product 69 was very insoluble, and this prevented functionalisation with
NBS in the subsequent step. Since the product cannot dissolve at room temperature,
there would always be an excess of NBS present and that would result in

polysubstitution of the core which was undesirable.

Table 2.3. Screen of brominating agent equivalents in the derivatization of
phenoxazole 70

0]

o o |
HN"/<O NBS (x eq.) HNJ(o HN—/{o HN—X

Br.
THF:H,0 = 20:7
25°C, 1h

70 Br Br !
71a 71b not formed
Entry Equivalents of NBS 71a (%)* 71b (%)*
1 1.2 54 19
2 2.5 6 73

“Determined via ‘H NMR using 1,1,2,2-tetrachloroethane as internal standard.

In addition, bromination of phenoxazole 70 was attempted (Table 2.3). Treatment with
1.2 eqg. of NBS resulted in a mixture of mono- and dibromo products which were
identified as 71a and 71b. Unfortunately, it appeared that bromination preferentially
occurs at the para position to nitrogen followed by the ortho position. Since we already
observed the poor solubility of the p-N substituted phenyl oxalamide 68, we were
discouraged to investigate this substance further. On the other hand, the dibrominated

substrate 71b exhibited excellent solubility and could be a potential future target.

From the experiments above it was evident that para substitution to the nitrogen for
either the phenyl or naphthyl cores decreased the substrate solubility and hindered the
development of our synthetic strategy. Therefore, the next focus of the project was to

introduce a substituent in one of the ortho positions.
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2.4.3. Development of multistep strategy for synthesis of (0-N)TiNPh

Thus, amino-phenol 72, presenting the bromine ortho to nitrogen, was protected with
CDI (Scheme 2.29). With the amine and phenol not hindering the Pd(ll) catalyst, the
Suzuki coupling of 73 was carried out and product 74 was obtained in good yield and
we observed improved solubility relative to p-N bromophenoxazole 71a. The next step
would be the deprotection of the amine to allow for the bridging reaction with oxalyl
chloride as formation of the diketone of 66 was unfavourable (vide supra Scheme
2.26).

B(OH),
(1.5eq.)
O B o]
NH, u t-Bu
HN
Br OH CDI (1.5 eq.) . J<o _ O HN—/{O
MeCN, 0.5 h KoCO3 (2 eq.) O
Pd(PPh3),Cl, (3 mol%)
72 73 5:1 THF/H,O 74

Scheme 2.29. Strategy with bromine already installed at the aromatic core.

Unfortunately, our attempts to remove the protecting group proved to be hindered by
the scarcity of procedures for this type of deprotections. In addition, it was difficult to
screen the reaction via crude NMR due to the hydrogen bonding of the product to water
in the NMR solvent and spotting the crude reaction on TLC was presenting further
challenges due to the excess of base. In addition, the aminophenol product did not
seem to survive workup conditions and our best effort was to immediately take the
crude reaction and load it on a silica gel column as adapted from a patent.!® The H
NMR spectrum of the resulting aminophenol 75 exhibited the characteristic N-H and

O—-H signals at 4.12 ppm and 9.30 ppm respectively.
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: oy e O o
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Scheme 2.30. Deprotection of carbamate followed by final strategy towards
imidazolium salt X formation.
Introducing oxalyl chloride gave the expected phenyl oxalamide 76 in excellent yield.
Substrate 76 was then reduced to the corresponding amine which was converted to
the HCl-adduct 77. Cyclisation with triethyl orthoformate afforded the expected
imidazolium salt 78, characterised by the sole C—H signal at 9.11 ppm in the *H NMR
spectrum. Although this strategy gave promising results, the reproducibility issue
associated with the deprotection of the carbamate group prompted us to investigate a
different starting material. We envisioned that having a nitro group as a masked amine
moiety would ensure the participation of the substrate in the Suzuki coupling step and

a simple nitro reduction would efficiently afford the desired aminophenol.

This hypothesis was tested with the isomeric ortho-to-oxygen nitrophenol 79 as a more
available substance (Table 2.4). Our previous conditions for Suzuki coupling (vide
supra Scheme 2.29) appeared to be somewhat sluggish (entry 1), however
substituting the boronic acid with the pinacol ester 80 afforded a higher yield under the
same conditions (entry 2). Employing a variety of ligands for palladium (entries 3-5)
showed the superiority of the tricyclohexylphosphine (entry 5) over other common
ligands for this type of reaction and product 81 was obtained in 68% yield.
Unfortunately, decreasing the catalyst loading (entry 6) resulted in more starting
material detected in the crude NMR spectrum and that was undesirable since the

product could not be purified by column chromatography due to its similar polarity with

39



CHAPTER 2

79. On the other hand, substituting the solvent for 1,4-dioxane gave an improved 74%

yield (entry 7) and increasing the temperature to 120 °C afforded ca. 90% of the

product 81 and only 10% of 79 as determined from the crude NMR.

Table 2.4. Optimisation of Suzuki-Miyaura coupling conditions.

NO,
Cr
Br

79

Me Me
e Me

o. 0
B

(1.5eq.)

t-Bu

K,CO3 (4 eq.)
Pd source, Ligand
5:1 Solvent/H,O

NO,

81

OH

I t-B

T°C
Ligand .
Entrya | Cat. (mol%) Solvent T (°C) | time (h) 79 (%)° 81 (%)°
(mol%)
Pd(PPhs)2Cl2
1¢ - THF 100 12 13 45
(15 mol%)
Pd(PPhs)2Cl2
2 - THF 100 12 19 61
(15 mol%)
Pd(OAc)2 SPhos
3 THF 100 12 19 16
(15 mol%) (30 mol%)
Pd(OAc)2 P(o-tolyl)s
4 THF 100 12 21 35
(15 mol%) (30 mol%)
Pd(OAC): PCys
5d THF 100 12 <1 68
(15 mol%) (30 mol%)
Pd(OAC): PCys
69 THF 100 16.5 29 68
(3 mol%) (6 mol%)
Pd(OACc)2 PCys 1,4-
7d ] 100 175 14 74
(3 mol%) (6 mol%) dioxane
Pd(OACc)2 PCys 1,4-
8d ] 120 15 10 ~90
(3 mol%) (6 mol%) dioxane

aReactions run on 0.1 mmol scale using solvents purged with argon. ® Yield determined using 1,1,2,2-
tetrachloroethane as internal standard. ¢ Used boronic acid instead of ester. @ Ratio of solvent:H20 = 4:1.

Unfortunately, the o-N substituted nitro compound 82 was not readily available and

attempts to prepare it from 3-bromophenol gave the desired product but in very poor

yield (Scheme 2.31). It appears that nitration with zirconyl nitrite favours the isomers

83 and 84 over the desired nitro compound 82 potentially due to the steric hindrance

of that specific ortho-site.
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NO,
Br\©/OH Zr(NO3), (8.4 eq.) Br\©/OH Br\(:[OH BrD/OH
DCM, 25 °C, 7 h
NO, O2N
82 83 84
1 : 1.6 : 2.3

Scheme 2.31. Attempt at nitrating 3-bromophenol.

Considering the aforementioned limitations of the nitration strategy, the o-N substituted
ligand was prepared via a different route. The symmetric nitro-2—-5-diphenol 85, was
reacted in the presence of triflic anhydride to give the mono-substituted product 86.
We envisioned that substrate 86 will participate in the Suzuki-Miyaura coupling and

preliminary results under the optimised conditions showed complete conversion to

product 87.
Bpin
(1.5eq.)
1) Et;NH, (2.2 eq. .
NO, JELNH, (2.2 €q.), NO, t-Bu NO, tBu
HO OH DCM,5min,25°C _ Ho OTf . HO
2) Tf,0 (1 eq.), 1h K2COs3 (4 eq.) O
. 86 Pd(OAc),, PCys 87
44 % 4:11,4-dioxane/H0 100 % conversion
120 °C

Scheme 2.32. Triflation strategy towards o-N precursor.

2.4.4. Development of multistep strategy for synthesis of (0-O)TiNPh

With substrate 81 in hand (vide supra Table 2.4), we were able to execute the reduction
of the nitro group and we observed complete conversion of starting material (Scheme
2.33). Aminophenol 88 was reacted in the presence of oxalyl chloride to give the
expected phenyl oxalamide 89 in excellent 76% yield. Substrate 89 was completely
reduced in the presence of borane, transformed to the HCIl-adduct 90 and
subsequently cyclised with triethyl orthoformate to give the expected imidazolium salt
91 in 42% vyield for the final step.
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Bpin
© 80 NH>
(1.5eq.) NO, OH
NO2 t-Bu OH Zn (5 eq)) O
OH
o O MeOH/AcOH (1:1)
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Pd(OAc),, PCy3 tBu L i
79 4:1 1,4-dioxane/H,0 81 (49% mass recovery)
120 °C 80% ]
CI)H(Cl (0.5 ¢eq.)
0]
THF, 0 °C, 2h
t-Bu t-Bu
O t-Bu O O O O
@ HO o 1) BH3 THF (4 eq.), OH
OH
NG o CH(OE)s, anect 50°C, 21.5h O NH
[ Xl 2L g4
N OH 25°C,22h CIH,N 2) MeOH, 4N HCI (2.5 eq.) o7 NH
O OH 25°C,4h O OH
O t-Bu O O O
t-Bu t-Bu
91 — 89
90

42% (72% mass recovery)

72%

Scheme 2.33. Synthesis of 0-O imidazolium salt precursor 91.

THF, RT

O
J o S
t-Bu I
92

HN™ ~O
OH
2.0 |
(2.0 g scale) tBu
93 (69%)

Having established a route for imidazolium salts from amino phenol precursors, ligand
94 was prepared on gram scale (Scheme 2.34). Imidazolium 94 exhibited better
solubility than the non-substituted framework (57) and as such we were able to

investigate it as a model ligand towards the formation of (p-O)TiNPh catalysts.

£Bu t-8u©\
1)BH, THF (4 eq), RT, 1750 & N OH
2) MeOH, 4N HCI (2.2 eq.), 1 h E@»
3) CH(OEt); (0.2 M), 23 h N OH
t-Bu
94 (71%)

Scheme 2.34. Gram scale synthesis of imidazolium salt 94.

42



CHAPTER 2

2.4.5. Attempts at preparing soluble TiNPh catalysts

Table 2.5. Conditions screening towards (p-O)TiNPh catalysts

t-Bu : tBu ;\
& N o Base (3.3 eq.), Solvent, Ti source (1 eq.) N C’J'X
L®\> ase .2 €(.), solvent, source eq. L»_Ti\_x
N OH reflux N o]
t-Bu t-Bu
94
Conditions
Entry : Outcome*
Base Solvent Ti source
1 - Toluene TiCla SM
DCM, then o Insoluble
2 — CITi(Oi-Pr)s o
toluene precipitate
3 EtsN Toluene TiCla Mixture
4 NaH Toluene TiCla Mixture
5 t-AmylOK Toluene TiCla Mixture
6 t-BuOK Toluene TiCla Mixture
7 t-BuOK DCM TiCla SM
_ Poorly soluble
8 t-BuOK THF TiCla o
precipitate
_ Insoluble
9 t-BuOK THF TiOSO4*H20 o
precipitate
10 t-BuOK THF Ti(Oi-Pr)a4 Single product
11 - THF Ti(Oi-Pr)s SM

“Determined via *H NMR analysis.
An extensive evaluation of reaction conditions was conducted to access the desired
TiNPh complex (Table 2.5). Initial attempts were guided by literature procedures
reported for related diphenol-based ligands®® and imidazolium precursors.*4 Refluxing
the model ligand 94 with titanium(IV) chloride resulted only in recovery of the starting
material (entry 1), while treatment with chlorotriisopropoxytitanium(lV) produced an

insoluble precipitate (entry 2).
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Given the presence of the imidazolium proton in 94 (pK_~ 24 in water),'** it was
hypothesised that deprotonation would be essential for complexation with titanium. In
addition, agostic interactions with the metal centre could increase the acidity of the
imidazolium proton. Therefore, several bases were screened, including triethylamine,
sodium hydride, potassium tert-amylate, and potassium tert-butoxide (Table 2.5,
entries 3-6). In all cases, complex mixtures were obtained, and no isolable product
could be identified. Notably, reactions employing t-BuOK showed comparatively
cleaner 'H NMR spectra, prompting further optimisation of other reaction parameters.

Solvent screening revealed that the reaction in dichloromethane afforded only
unreacted starting material (Table 2.5, entry 7), whereas performing the reaction in
THF yielded a single but poorly soluble product (entry 8). Subsequent variation of the
titanium source demonstrated a clear dependence on reagent identity: while TiCl, and
TiOSO4-H20 gave insoluble materials, titanium(lV) isopropoxide in the presence of t-
BuOK produced a soluble species. The 'H NMR spectrum of the latter (entry 10)
suggested the formation of a ligand-to-metal complex as judged by the disappearance
of the phenolic O—H and imidazolium C—H protons and an overall upfield shift in the
aromatic proton environments. In contrast, omitting the base under otherwise identical
conditions led exclusively to recovery of the starting ligand (entry 11), underscoring the

critical role of deprotonation in promoting coordination to titanium.

Based on NMR analysis, two proposed structures for the complex of titanium(lV)
isopropoxide (95a and 95b) are shown in Scheme 2.35. Unfortunately, attempts to
crystalise the compound and obtain an X-ray structure have been futile thus far, and
decomposition was observed when the product was left at room temperature in air over

a couple of days.

t-Bu t-Bu
CZ t-Bu
o o £5
N I O//-Pr N \ O
[ »>Tilg or [ )>—>Ti,<—<"N\j:1
N L “Nipr N /O
0 2
3 3 T
t-Bu t-Bu
95a 95b

Scheme 2.35. Proposed structures for (p-O)TiNPh catalyst 95a and 95b.
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2.4.6. Investigation of novel NHC ligands in the titanium catalysed

deoxygenation of primary alcohols

Table 2.6. NHC ligand screen in primary alcohol deoxygenation

Ligand (10 mol%)

F TiCl4 (10 mol%)
HO Y s -
E O O Zn (4 eq.), Et3N (2 eq.) O O
TIPCI (3 eq.)
DMA[0.1 M], 120 °C, 24 h 96

Entry Ligand Yield of 96*

1 t-BUQ,N/;\I\éD/t-BU 04 0%
O &
2 ‘ibriggdgp N 0%

3 [y o 1 0%

4 [ ye® o 0%

" Determined via *°F NMR using trifluorotoluene as internal standard.
Having achieved routes to a variety of NHC ligands, we were interested in investigating
their reactivity towards alcohol deoxygenation. Since our attempts to prepare and
isolate titanium-NHC catalysts led to formation of unstable or insoluble species, we
hypothesized that the catalyst could be formed in situ and probed for alcohol activation.
In this regard, titanium(IV) chloride, the prepared imidazolium salts and base were
mixed in the presence of an alcohol (Table 2.6). Difluoroethanol was chosen as the
model substrate, since the products of its deoxygenation can be easily monitored via

9F NMR. In addition, stoichiometric amounts of activated zinc and triisopropylsilyl
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chloride were employed to generate the active Ti(lll) catalyst and ensure the recycling
of the titanium-oxo species (vide supra Scheme 2.19). Diphenyl styrene was chosen
as the radical trap, while the rest of the reaction conditions (dimethyl acetamide, 120
°C, 24 h) were adapted from a literature procedure.®® Unfortunately, no product of
deoxygenation (96) was detected (at -116.2 ppm),1® with only a side product (at -127.4
ppm) being observed in the crude °F NMR spectrum with any of the ligands tested.
We hypothesised that the alcohol udergoes silylation to 97 as a side reaction with
triisopropylsilyl chloride (TIPCI), however it was not possible to isolate it due to the low
boiling point of the substrate (Scheme 2.36).

i-Pr
|

i-Pr—Si—i-Pr i-P EtsN EtsN-HCI i-P
TN D -Pre 1P 3 N -Pre I-Pr
.~ Ci Si ° /‘ Si
HO 0%  c - 0
1 c T
FoF F7OF F7OF
9F NMR: -127.9 ppm 97

9F NMR: -127.4 ppm

Scheme 2.36. Proposed formation of side silylation product 97.

In addition, the effect of the solvent was examined. Common solvents in deoxygenation
strategies®® °2 such as THF and 1,4-dioxane did not afford any product (entries 1 and
2), while higher boiling solvents such as dimethyl formamide (DMF), N-methyl-2-
pyrrolidone (NMP) and DMA only seemed to afford the side product with no alcohol

deoxygenation observed (entries 3-5).
Table 2.7. Solvent screen in titanium deoxygenations.

€)
Cl
t-Bu ™\ tBu

N__N
Q/ V@Q/ (10 mol%) F

OH HO

F
TiCls (10 mol%)
F
HO >
/\F( + Zn (4 eq.), Et3N (2 eq.) O O
TIPCI (3 eq.)

Solvent [0.1 M], 120 °C, 24 h

Entry Solvent Yield of 96*
12 THF 0%
2 1,4-dioxane 0%
3 DMF 0%
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4 NMP 0%
5 DMA 0%

*Determined via 1°F NMR using trifluorotoluene as internal standard.

a Reaction performed at 70°C.
The role of the base was investigated (Table 2.8). Triethylamine (entry 1), potassium
tert-butoxide (entry 2), 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) and sodium hydride
(entry 4) all failed to give the deoxygenatively coupled product. Triethylamine was
selected for the rest of the optimisation process due to its availability.

Table 2.8. Base screen in titanium deoxygenations.

&
t-Bu /\ -Bu
N__N
o
Q/ @Q/ (10 mol%) E
OH HO
F
TiCl, (10 mol%)
F -
HO/\Fr * Zn (4 eq.), Base (2 eq.) - O O
TIPCI (3 eq.)
DMA [0.1 M], 120 °C, 24 h 96
Entry Base Yield of 96*

1 EtsN 0%
2 KO'Bu 0%
3 DBU 0%
4 NaH 0%

“Determined via F NMR using trifluorotoluene as internal standard.

Finally, the reaction temperature was varied (Table 2.9). From room temperature to 70
°C the alcohol substrate remained intact with no side product forming (entries 1 and
2). Increasing the temperature up to 120 °C consumed most of the starting material
but no product of deoxygenation was detected. Rising the temperature higher to 140
°C (entry 4) showed traces of the expected product with 3% being detected at 150 °C
(entry 5). However, significant degradation could also be observed indicating that the
deoxygenation was most likely due to the elevated temperature rather than any

catalytic activity.

47



CHAPTER 2

Table 2.9. Temperature variation in titanium deoxygenations

&
tBu 7\ t-Bu
N\7N
O\/ ®©/ (10 mol%) F
OH HO .
E TiCly (10 mol%)
TIPCI (3 eq.)
DMA [0.1 M], X °C, 24 h 96
Entry Temperature Yield of 96*

1 RT 0%
2 70 0%
3 120 0%
4 140 Traces
5 150 3%

* Determined via 1°F NMR using trifluorotoluene as internal standard.

Taken together, these screenings indicated that no alcohol deoxygenation could be
achieved in the presence of the model NHC ligand and titanium chloride. As such,
further investigation into the preparation of a stable titanium NHC catalyst prior to
deoxygenation could be able to support the hypothesis, since no evidence was present
for the successful in situ preparation of a Ti NHC. Alternatively, a glove box could be

employed to avoid the decomposition of air-sensitive catalysts.
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2.5. Conclusion

Alcohols represent highly desirable yet challenging substrates for radical chemistry,
particularly as precursors in catalytic C—O bond homolysis. While numerous strategies
employing activating groups have been established, the direct catalytic cleavage of C—
O bonds in primary and secondary alcohols remains an unsolved problem. To address
this challenge, titanium-based catalysts and reagents have emerged as promising

candidates, and this project aimed to advance the field through rational catalyst design.

In pursuit of this goal, three multistep ligand syntheses were developed toward the
TiNNaph, (o-N)TiNPh, and (0-O)TiNPh catalyst precursors. The TiNNaph complex
exhibited poor solubility, and further derivatisation attempts only exacerbated this
issue. In contrast, the (0-N)TiNPh and (0-O)TiNPh scaffolds displayed superior
solubility and showed potential as novel N-heterocyclic carbene ligands for titanium

catalysis.

Preliminary investigations into the synthesis of the (p-O)TiNPh complex vyielded
promising results; however, its pronounced instability necessitated careful handling,

highlighting the sensitivity of these systems.

The central objective of this work was to promote C—O bond homolysis in primary
alcohols under catalytic conditions. Although initial studies using a model ligand
resulted only in decomposition and side products, the findings provide valuable insights
into the limitations of current systems. The observation of trace amounts of
deoxygenatively coupled product indicate that with a different ligand design and
suitable base, the reaction could be improved. Currently, the activation of primary
alcohols toward homolytic cleavage therefore remains a key challenge and an exciting

direction for future exploration in titanium-mediated radical chemistry.
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3.1. Introduction

3.1.1. Classical hydration of alkenes
The direct and selective conversion of terminal olefins into linear alcohols via hydration
is widely regarded as desirable transformation in synthetic chemistry—so much so that
it has been identified as one of the “ten challenges for catalysis”.1” This process holds
significant synthetic and industrial value, as the addition of water across a double bond
offers a straightforward route to alcohols.**® Traditionally, direct hydration of alkenes is
achieved using aqueous acid (Scheme 3.1). However, this method is reversible and
typically exhibits Markovnikov regioselectivity, favouring the formation of branched
alcohols. The underlying mechanism involves protonation of the alkene to generate a
carbocation intermediate, which is then intercepted by water as a nucleophile. Since
carbocation stability increases with substitution, the process inherently favours more
substituted products,'*® making the synthesis of primary alcohols via this pathway

especially challenging.

Alternatively, there have been many catalytic strategies developed for alkene hydration
involving phosphoric acid,'?° metal oxides,'?* zeolites'?> and clays.'?®> Nevertheless,
these processes obey the Markovnikov rule giving preferentially the more substituted

alcohol and the anti-Markovnikov product has remained elusive.

® H 1
H H,0 Me. OH
O’H\O = a2 [ oj@o ] 0 oo

3°>2°>1°
order of stability

Scheme 3.1. Markovnikov addition of water across a double bond.

3.1.2. Hydroboration-oxidation sequence for the formation of anti-

Markovnikov alcohols
To circumvent the carbocation intermediate and increase the selectivity for the anti-
Markovnikov alcohol, a two-step strategy can be employed. Most notably, the
hydroboration-oxidation of olefins has been extensively used in organic synthesis
(Scheme 3.2).2* First published in 1956 by Brown and Rao,'?® the reaction proceeds
by direct addition of diborane (B2Hs) or a borane reagent (BHR2) across an alkene.
The mechanism begins with the addition of the double bond 1t electrons into the empty
p orbital on boron, which generates a partial positive charge on carbon. As a result,
the more substituted carbon stabilises the transition state and leads to the selective
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addition of boron to the less substituted end of the double bond. In addition, bulky
groups on boron (such as in BHR2) can further improve the selectivity for the less
sterically hindered olefinic carbon. In the second step, the borane adduct can be
quantitatively oxidised to give the alcohol product at the less substituted carbon.
Although this strategy can provide high degrees of primary alcohol, the oxidation step
can sometimes give the secondary product (up to 6% with BHs). Using a bulky borane
reagent such as 9-BBN can improve the selectivity for the primary alcohol (only 0.1%
of secondary alcohol is formed), but at the same time, it leads to a poorer atom
economy.*?® |n addition, hydrogen peroxide is a strong oxidant that can limit functional
group tolerance, with common groups such as amines and thiols requiring a protection

and deprotection.

BR OH

B,Hg or BHR, H 2 H202
(O O,J;O NaOH o o
- HOBR,

o
+BHR, +HOO

1 1

L ]i [ o] [HP er,
S BR2 ©BR, o
2 I R I
o o

Scheme 3.2. Hydroboration-oxidation sequence for anti-Markovnikov hydration of
olefins.

3.1.1. Hydroformylation—hydrogenation of olefins

A notable alternative strategy for accessing primary alcohols from terminal olefins
involves the hydroformylation—hydrogenation sequence (Scheme 3.3).127 In this
tandem approach, a rhodium catalyst activates carbon monoxide from a syngas
(CO/H2) mixture under elevated temperature and pressure to promote
hydroformylation of the alkene, yielding a linear aldehyde. This intermediate is then
hydrogenated in situ in the presence of a ruthenium catalyst, affording the desired
n-alcohol with high regioselectivity and as part of a formal one carbon extension of the
alkyl chain. This strategy is very atom economical compared to epoxidation, since it is
only stoichiometric in CO and Hz gas and catalytic in all other components. On the
other hand, it is best suited for terminal alkenes, with internal and activated substrates
leading to branching at the aldehyde and subsequently mixtures of alcohol
regioisomers.’?® Another downside is the harsh conditions employed which

significantly limits the scope with some alkenes suffering from direct hydrogenation.
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The carbon chain elongation could be another shortcoming in situations where only

the longer chain olefin is synthetically accessible.

ph. PN o 0N Ph
@ “H ::'?.ph Shvo's catalyst
Ph RI Ph Ph/ (2.5 mol%)
KU _ .0 Mol
0\ - P
oCc ¢Co
[Rh(acac)(CO),] (1 mol%), xanthphos (2 mol%), -

DMA, H,:CO =1:1 (20 bar), 120 °C, 12.5h

C6H17/\/\OH 90%

CoHir

o)
{ formed in situ
Scheme 3.3. Procedure from Nozaki et al. for the hydroformylation-hydrogenation of
terminal olefins.
In an attempt to avoid the carbon chain homologation, Grubbs et al. developed a triple
relay catalysis approach toward the anti-Markovnikov hydration of styrenes (Scheme
3.4).12% Activation of the olefin (97) in a Wacker-type oxidation cycle generates the
respective aldehyde (98), which can be reduced to the anti-Markovnikov alcohol (99).
The first step is the coordination of the alkene to a palladium(ll) catalyst (Pd-I) followed
by nucleophilic attack by tert-butanol at the less hindered carbon. The steric effect of
the tert-butyl group was suggested to be crucial in the selectivity of this process. The
resulting complex Pd-Il can undergo B-hydride elimination to yield allyl ether 100 which
can undergo acid-catalysed hydrolysis to aldehyde 98. The palladium hydride (Pd-IIl)
gets deprotonated and oxidised by benzoquinone (BQ) mediated by a copper co-
oxidant to the starting Pd-1 and hydrobenzoquinone (HBQ) is formed as a side product.
On the other hand, aldehyde 98 can participate in a transfer hydrogenation cycle
mediated by Shvo’s catalyst to form the anti-Markovnikov alcohol 99. This procedure
offers significantly milder conditions compared to the hydroformylation-hydrogenation
sequence above and it also circumvents the carbon chain elongation. However, it is
most suitable for terminal styrenes (97a-d), with aliphatic alkenes giving reduced yields
and poor selectivity as seen for 97e. Another major drawback is the use of high

loadings of precious metal catalysts and stoichiometric amounts of BQ.
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Shvo's catalyst (10 mol%)
PdCIy(MeCN), (10 mol%)

O/\ CuCl, (20 mol%), benzoquinone (80 mol%) O/\/OH
i-PrOH:t-BuOH = 1:2[0.25 M], 85 °C, 6 h 99
97
proposed mechanism:
[Ru"]
1l ] HX
HCl Pd"ClI (0]
O~ OtBu O/\H(
Pd-Il
alkoxy- 100
o™ palladation B-hydride O \-OBY o ~OH
elimination
t-BuOH . @ Transfer hydrogenation
aci H
hydrolysis l cycle
Pd'Cl, Pd-I 20
2 %8 O e [Ru'|—X
H-Pd''CI y
t-BuOH
[Pd] % Pa-ll
t HX
acetone, i-PrOH

selected examples:
C7H15 OH 99e

CFs3
99a 9c 99d OH
61% 60% 83% 74% 56%

99e:99%' = 1:1.4

Scheme 3.4. Proposed mechanism in the formal anti-Markovnikov hydration via triple
relay catalysis. X = anionic ligand (e.g. chloride, acetate).
3.1.2. Epoxides as intermediates towards anti-Markovnikov hydration
Another well-established two-step approach is the conversion of an alkene to epoxide,
followed by ring opening. Typical reagents for epoxide formation are hydrogen
peroxide and peroxycarboxylic acids, such as meta-chloroperoxybenzoic acid
(mCPBA). More recently, metal-catalysed variants have been developed,’*° a

landmark example being the enantioselective Sharpless epoxidation.3?

L He Pe U Yo WY

m
vi
forminal  cidisubstiuted  trans-diubstuted 2,2-disubstituted trisubstituted  tetrasubstituted

Scheme 3.5. Structural classes of epoxides.

As shown in Scheme 3.5, there are 6 classes of epoxides that can be prepared from

alkenes depending on their substitution pattern. For the respective anti-Markovnikov

54



CHAPTER 3

alcohol formation, only classes I-IV are relevant, and their chemistry will be discussed

in detail below.

The inherent ring strain of an epoxide (~28 kcal/mol for oxirane)*? explains its
reactivity towards ring opening in the presence of a nucleophile. The regioselectivity of
this reaction depends on the reaction conditions3® and nucleophilicity of reagent.
Under basic conditions, a strong nucleophile undergoes Sn2 attack at the less sterically
hindered (-atom. leading to the alcohol group residing on the more substituted a-
carbon in the product. On the other hand, protonation of the epoxide, as is usually
observed under acidic conditions, leads to elongation of the C—O bond, generating a
more stabilised positive charge on the a-carbon.** The nucleophile attack proceeds
via a ‘loose Sn2’ transition state, yielding the hydroxyl at the less substituted carbon.!33

©
(@) Nu
Nu@ Q Nu, H®
Ny ot o\ OH
strong nucleophile B weak nucleophile
(basic conditions) (acidic conditions)

X
Sn2 'loose Sy2'
representative examples:
OH
Me)\/OEt Me/<| EtOH Me)\/
83% 31%

Scheme 3.6. Regioselectivity of epoxide ring opening under acidic vs. basic
conditions.
Direct hydrogenolysis of epoxides offers a straightforward route to access alcohols but
it comes with significant limitations. The use of excess amounts of reducing agents
(such as LiAlHa4) typically leads to mixtures of products and stoichiometric waste!3®
whereas conventional hydrogenolysis conditions (Pd/C, Hz gas) favour formation of
the undesired secondary alcohol.’*® Raney Ni has been shown to catalyse the
regioselective hydrogenation of epoxides towards the anti-Markovnikov primary
alcohol, though only under harsh conditions that restrict substrate scope.'®’ To address
these challenges, alternative catalytic strategies involving the Meinwald

rearrangement have been developed.
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3.1.3. Meinwald rearrangement — hydrogenation sequence as a strategy to

access anti-Markovnikov alcohols from epoxides
First reported in 1963,138 the Meinwald rearrangement describes the Lewis acid (LA)
mediated activation of an epoxide, which triggers ring opening to generate a
carbocation at the more stabilised carbon centre in 101 (Scheme 3.7, A). Intermediate
101 undergoes a 1,2-shift (typically hydride or aryl migration), producing an
oxocarbenium ion that subsequently collapses to the corresponding carbonyl
compound (102). When coupled with a reduction step, this transformation provides
efficient access to anti-Markovnikov alcohols (103), a strategy that has been widely

applied in synthesis.13%-143

A)
o LA‘O
. ™. Lewis acid
A ERG
101

B) Beller et al. (2019)

1,2-migration

O reduction OH
Oll-- —_— On--
102

103

Fe(BF4)2+6H,0 (3 mol%) : Me\/\)\/OH O\/OH

Tetraphos (3 mol%) 84% 82%
0

.0

OH

o) TFA (2 mol%) ;
OC-{A THF or 1,4-dioxane [0.125 M] 6 )\/
, : ’ Ph OH

Lor 1V H, (20—40 bar), 80 °C, 18 h 5 87%

Werner et al. (2020) N
|

Ph,P—Co—PPh, (1 mol%) OH
& : Ph
Cl CI (@] /OH ' N Ij OH

O Ay
O-/~X. :
o Er(OTf)3 (3 mol%) O/ o O=<0t-Bu
NH3BHs (1.2 eq. :
LI, 1l or IV 3BH; (1.2 eq.) : 63% 84%

THF [0.33 M], RT-55 °C, 8 h
Lebceuf et al. (2022)

: Ph
TfOH (1-5 mol%) ; Me oH
O EtzSiH (1.5-2 eq.) Q pH 5 CI\ A OH
O- ~ ' Me
o HFIP [0.2 M] C_5 O 84% O,N
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RT, 0.5-2 h H
L LI, IV orVv : dr 1.35:1

Scheme 3.7. A) Two-step mechanism of polar epoxide ring opening involving a
Meinwald rearrangement and carbonyl reduction. B) Selected synthetic methods with
examples showcasing the utility of this transformation. The migrating group has been

highlighted in orange.
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Representative procedures are highlighted in Scheme 3.7, B. In general, these
methodologies are very selective towards the less substituted alcohol product and are
broadly applicable to both benzylic and aliphatic epoxides bearing a variety of
substitution patterns. However, the use of high pressures of hydrogen gas or
stoichiometric reducing agents (NHsBHs, EtsSiH) alongside the need to prepare an
epoxide make these strategies unappealing for anti-Markovnikov alcohol production

from olefins.

3.1.4. Radical ring opening of epoxides
Alternative to the polar strategies presented above, a radical ring opening of the
epoxide can offer the desired selectivity. Homolysis of the weak C-O bond will lead to
a more stable secondary radical which could be quenched to the primary alcohol. Initial
studies in the radical ring-opening of epoxides involved the use of solvated alkali
metals as stoichiometric reductants.#4146 However, employing lithium or calcium as

one electron donors resulted in poor product selectivity and side radical reactivity.

Cp,TiVCl, (red)
Cp,Ti'lCI !
Z”lTHF | path A { orivy | ~LTiO]
T
Q Cp,Ti"Cl i

E}L/OTNV 105 106
104
@
| H-atom donor H O[TiM] Hz0 OH
> —»
path B L _[TiO]

107 108

OC{u
(green)

Scheme 3.8. Reactivity of the Nugent-RajanBabu reagent with epoxides.

Thus, research focus was shifted to other homogeneous metal systems that can act
as milder SET reagents. A landmark discovery in the field was the development of the
Nugent-RajanBabu reagent.'4’ Stirring a red titanocene(IV) chloride solution in THF
with powdered zinc for 15 minutes results in the quantitative formation of titanium(lll),
as evidenced by the lime green colour change. In the presence of an epoxide, a radical
ring-opening takes place, with preferred regioselectivity for the more substituted -
titanoxy radical (Scheme 3.8). The carbon radical (104) can either be reduced by
another equivalent of Ti(lll) to give intermediate 105, which undergoes rapid
elimination to alkene 106 (Scheme 3.8, Path A), or be trapped with a hydrogen atom
donor (107) and protonated to yield alcohol 108 (Scheme 3.8, Path B). The rate of
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radical trapping in Path B needs to be faster than the radical reduction (path A) in order
to improve the selectivity for the alcohol product. Thus, other less sterically hindered
SET reagents (such as Sml2) are unsuitable for this transformation as they favour the
deoxygenation pathway.'48

Another consideration is the choice of a suitable hydrogen atom donor. Although
commonly used hydrogen atom donor reagents such as 1,4-cyclohexadiene (1,4-
CHD),#® 2-methylpropan-2-thiol,'*” and BusSnH!** (with BDE ~76 kcal/mol) are
tolerated under the reaction conditions, they have their own drawbacks. 1,4-CHD is
highly volatile, whereas thiols and tin reagents are notorious for their toxicity, and/or
foul smell. Nonetheless, Oltra et al. employed water as the hydrogen atom source®’,
proving that titanocene-water complexes can be used as unique HAT reagents. The
group showcased that the coordination of a water molecule to a reduced titanocene

metal center significantly lowers the O—H BDE from 118 kcal/mol to 49 kcal/mol.*5!

Another major drawback of the Nugent-RajanBabu reagent is the generation of
stoichiometric metal and hydrogen atom donor waste. Therefore, a catalytic variant
would be an attractive development to improve the atom economy of this
transformation. To achieve this, several key challenges must be addressed:
regenerating the active titanium(lll) species and substituting the stoichiometric

hydrogen atom donor reagent with a more sustainable alternative.

Cp,TiCly (10 mol%)
RhCI(PPh3)s (5 mol%)
QO Mn (2 eq.)
C)/u CollidinesHCI (2.5 eq.) ~ o™~OH

THF [0.2 M], H, (4 bar), RT, 20-48 h

t
Coll-HCI

[Ti'v]-| i N [ H o [TiY]
[Ti' Oy\/ © J R [ O)\/ © _[mVj-c
T |

Mn

Scheme 3.9. First dual catalytic procedure for radical epoxide ring opening.

The first catalytic development in the titanocene radical opening of epoxides was
published by the Gansauer group.# In particular, introducing collidine hydrochloride
in the reaction resulted in the regeneration of the titanium active site via protonation of

the Ti-O and Ti—C bonds (Scheme 3.9). Subsequent reduction with manganese
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powder renders the reaction catalytic in titanium. Another key feature of this system
was using Wilkinson’s catalyst (Rh(PPhz)s) as the hydrogen atom transfer mediator.>2
These advancements prevented the stoichiometric titanium and hydrogen atom donor
waste; however, the use of explosive hydrogen gas, precious metal catalyst and

stoichiometric reductant and H* source are areas that need further optimisation.

Cp,Ti(OMs), (10 mol%)
NaCpCr(CO)3 (10 mol%)

O HCpCr(CO)3 (10 mol%)
OH
OA benzene [0.2 M], H, (7 atm), 75 °C, 72 h o
111
proposed mechanism: O

110-l Cp,Ti'X ; O

Cp(CO)sC
110-1 P(CO)Cro

p(CO);Cro  109-II 109-11

c
+H,
crep(c0),@ \! H2
1091
10941 y Cp(CO)sCr—H
(

- 109-11
Cp,TilVX, \_CP(CO)sCr—H C?_\o

110-I Cp,TiVX

OH 110-IV
o

111

Scheme 3.10. Cooperative chromium catalysis in the radical epoxide ring opening.
Proposed mechanism of the transformation.
To improve the atom economy of the epoxide ring opening reaction, a cooperative
chromium catalyst was introduced (Scheme 3.10).153 The use of CpCr(CO)sH (109)
eliminated the need for stoichiometric metal reductant and proton source, with the only
reagent in excess being hydrogen gas. The mechanism proceeds with anion 109-I
reducing titanium(I1V) (110-1) to Ti(lll) (110-11), which then undergoes radical epoxide
ring opening to give titanium alkoxide (110-111). The resulting oxidised chromium
catalyst (109-11) activates hydrogen gas to form metal hydride (109-I1l), which can then
guench the carbon radical via HAT (BDE of Cr—H is 62.2 kcal/mol).>* Simultaneously
metal hydride 109-lll protonates alkoxide 110-IV to regenerate the titanium catalyst
(110-1) and yield the alcohol product (111), thus rendering the transformation catalytic

in titanium and chromium.
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More recent studies focused on eliminating the use of hydrogen gas'® and even
chromium co-catalyst'®¢ and extending the substrate scope to benzylic epoxides which

have been elusive to previous strategies.4”. 149

3.1.5. Anti-Markovnikov hydroxylation using water
Advancements in the field of photoredox catalysis have delivered multiple strategies
for anti-Markovnikov hydrofunctionalisation of olefins including hydroetherification,°’
hydroamination,®® and hydroacetoxylation!®® among others.%° In this regard, Lei and
colleagues first demonstrated that the anti-Markovnikov hydration of styrenes can be
achieved by simply using water as a nucleophile.'! This transformation has recently

been extended by the Ritter group to more challenging tri- and disubstituted aliphatic

alkenes (Scheme 3.11).162
CI' ! Cl \©/

3CI-PC (5 mol%) TRIPSH (5 mol%
Oj‘\,O . Oi('o 112

aq. HBF4 (10 mol%)

OH
acetone:H,0 = 5:1[0.33 M]
450 nm, RT, 18 h
3CI-PC* H,O TRIPSH
SET % .0 .0 HAT
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HO Me  H HO
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j\Me Me |:| Q ©
Me OM\(Me Me OH
OH PhO,S” ~SO,Ph N

112a
88% 112b 112c 112d 112e

83%, d.r. 3:1 76%, d.r. 1:1 78%, r.r. 1.2:1 33%, d.r. 3:1

Scheme 3.11. Anti-Markovnikov hydration of alkenes under oxidative conditions.

The mechanism of the hydration reaction involves SET from the alkene substrate to
the excited state of the photocatalyst (3CI-PC*). The resulting cation radical can be
captured by nucleophilic attack of a water molecule and quenched with a HAT catalyst
(TRIPSH) leading to the final alcohol product. The reaction is catalytic in all

components and it offers excellent regioselectivity towards the anti-Markovnikov
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adduct in a one-pot transformation. Although the conditions are very mild (room
temperature, visible light irradiation), the use of a highly oxidising PC (E*ed = 2.28 V
vs SCE)'%? js limiting the substrate scope and functional group compatibility. Since this
approach relies on the direct oxidation of the olefin, substrates that fall outside of the
oxidation window of the PC, such as terminal and electron-deficient alkenes, remain
inaccessible (112b and 112c). Furthermore, the poor nucleophilicity of water allows
more nucleophilic species (e.g., amines, thiols) to compete in side reactions, thus they
remain not tolerated in this system and protecting groups must be employed (112d and
112e).

Although a wide range of approaches has been explored, a broadly applicable,
catalytic, sustainable, and selective anti-Markovnikov hydroxylation continues to
present a formidable synthetic challenge. In this work, we attempt to develop a new

strategy to overcome this limitation.
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3.2. Hypothesis for anti-Markovnikov hydroxylation via hydroxyl radical

The most efficient and atom economical way to produce anti-Markovnikov alcohols
from alkenes is to form the C—O bond directly in a single step. Given our previous
interest in alcohol bond homolysis (Chapter 2), we hypothesised that a radical C-O
bond formation would be feasible between a hydroxyl radical (HO+) and an olefin
(Scheme 3.12). The resulting carbon centred radical can be quenched via HAT to yield

the product.

Radical hydl oxylation OX/ HAT

Scheme 3.12. Radical addition of hydroxyl radical into olefin followed by HAT

The design of such a reaction needs to address three main challenges. Firstly, the
system must be able to generate the HO- under synthetically useful conditions.
Secondly, the reaction environment must tolerate most organic molecules and
minimise degradation of substrates and catalysts. Finally, a suitable HAT catalyst must
be employed that can preferentially react with the carbon centred radical to avoid the

guenching of the oxygen radicals.

One approach to this is to directly activate water via oxidation or HAT (Scheme 3.13).
However, its inherently high oxidation potential (E° > 3 V vs NHE) and the strength of
the O—H bond (BDE = 118.2 kcal/mol) render it rather inert in most reaction systems.
Thus, to produce HO- from water under mild conditions, it needs to be preactivated,

for example by coordination to a metal centre.

Oxidation, —-H* HAT
HO < - H,0 - HO <o

E° >3V vs NHE BDE = 118.2 kcal/mol

Scheme 3.13. Methods for generating hydroxyl radical from water.

With recent advancements in the photochemistry of first-row transition metals,63-165
we were attracted to the photoreactivity of their charge transfer excited states. These
are categorised as metal-to-ligand charge transfer (MLCT), ligand-to-metal charge
transfer (LMCT), intraligand charge transfer (ILCT) and ligand-to-ligand charge transfer
(LLCT).1%6 Notably, LMCT states lead to the activation of nucleophilic entities into
open-shell radical species. By promoting an electron from ligand (p/rt) or a metal-ligand

(do) bond into a vacant antibonding orbital (d*/ do*) at the metal centre, a formal 1
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electron oxidation of the ligand and reduction of the metal is evoked.®” We hypothesise
that this mode of reactivity can be exploited to induce the formal oxidation of water

leading to the generation of HO-.

Key considerations in designing such systems include the use of high-valent metal
centres and strong o- and/or ri-donor ligands. In particular, LMCT states of high-valent,
electron-deficient first-row transition metal complexes (e.g., Ti'V, V!, Fe!", Co", Cu")
have been extensively explored,®” since their low-lying empty d orbitals can be readily
populated via electron transfer from donor ligands. The nature of the ligand crucially
determines the magnitude of the ligand field splitting: strong o- and mt-donors typically
produce a small to moderate splitting, allowing both t2g and eg orbitals to be accessed
by LMCT transitions. In these systems, the bonding orbitals are primarily ligand-
centred, whereas the corresponding antibonding orbitals are metal-centred.1%®
Consequently, population of the metal-based antibonding orbital through LMCT
excitation can promote homolytic cleavage of the M—X bond.

Water itself is a weak to moderate field ligand, however in the form of hydroxide, it acts
as both a strong o- and m-donor. Consequently, LMCT excitation leading to HO-
generation is more likely to proceed from a metal-hydroxide than from a metal-aqua
complex, as the higher-lying O-based orbitals of the hydroxide facilitate electron
transfer to the metal centre. Moreover, because this charge transfer occurs within an
inner-sphere complex, the oxidising equivalent remains localised, thereby minimising
overoxidation of other solution-phase species. These considerations address the first
two out of the three challenges posed above.

Finally, to circumvent the chemoselectivity problem of the HAT step, water can be
employed as the hydrogen atom donor. In the radical ring opening of epoxides, Oltra
et al. showed that coordination of a water molecule to a reduced Ti"" centre can
significantly lower its BDE and hence allow it to participate in HAT with carbon-centred
radicals.®” Thus, we can formulate the final version for the anti-Markovnikov LMCT

hydroxylation hypothesis (Scheme 3.14).

63



CHAPTER 3

o

Radical hydroxylation Oﬁ\/OH 114
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Scheme 3.14. Proposed hypothesis for anti-Markovnikov hydroxylation via hydroxyl
radical mediated by LMCT.
Light irradiation of a metal-hydroxide complex (113-I) leads to an LMCT state from
which M-O bond homolysis takes place to yield the hydroxyl radical and reduced metal
centre (113-11). HO- undergoes anti-Markovnikov Kharasch addition resulting in the
more stable carbon-centered radical (114). Coordination of a water molecule to the
reduced metal centre (113-11) produces the active HAT catalyst (113-111). 113-IIl can
guench radical 114 to give the terminal alcohol product (115) and regenerate the

starting metal-hydroxide complex (113-1), thus completing the catalytic cycle.

Titanium(lV) and its complexes present an ideal platform for investigating this
reactivity. Owing to the hard Lewis acidic character and d° configuration of Ti(IV),
electron transfer from oxygen-based ligands is thermodynamically accessible and can
be photochemically induced under LMCT excitation. This behaviour is well established
in heterogeneous systems such as titania, where Ti-O LMCT processes drive the
formation of reactive oxygen species (ROS) during photocatalytic water oxidation and
pollutant degradation.®8-170 By translating these principles into a homogeneous
framework, we aimed to explore whether analogous Ti—O LMCT events could mediate
hydroxyl radical generation and subsequent anti-Markovnikov hydroxylation of

alkenes.
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3.3. Results and discussion on hydroxylation via hydroxyl radical

As an initial study, the LMCT hydroxylation was attempted at alkene 116 in mixtures
of MeCN and water (Table 3.1). In the presence of either titanium chloride (entries 1—
3) or titanocene chloride (entry 4), no desired hydroxylation product (117) was
observed. Given its comparable d° configuration, zirconium chloride was also

investigated, however no reaction occurred (entry 5).

Table 3.1. Attempts to evoke LMCT from water

HO
Hlj Metal catalyst (10 mol%) gj
N Solvent [0.1 M], RT, 390 nm, 18 h N
Cbz Cbz
116 117
Entry Metal catalyst Solvent Outcome*
1 TiCla 9:1 MeCN/H20 NR
2 TiCla 1:1 MeCN/H20 NR
3 TiCla MeCN (+1 eq. H20) NR
4 TiCp2Cl2 9:1 MeCN/H20 NR
5 ZrCls 9:1 MeCN/H20 NR

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

It was of interest to examine whether the NHC ligands previously prepared (see section
2.4. would exhibit any reactivity in this system (Table 3.2). Coordination of a
polydentate ligand to the metal centre was anticipated to lower the energy of the LMCT
excited state through extended conjugation. However, upon addition of ligands 78, 91,

and 94, no hydroxylation product was detected.
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Table 3.2. Attempts to evoke LMCT from water in the presence of an NHC ligand

HO
TiCl, (10 mol%)
Ligand (5 mol%)
N 9:1 MeCN/H,0 [0.1 M], RT, 390 nm, 18 h N
Cbz Cbz
116 117
Entry Ligand Outcome*
O O tBu
N@ OH
o
1 Y ® NR

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Having observed no changes to the substrate in reactions with water, we hypothesised
that introducing a source of hydroxide could improve the formation of metal-hydroxide
complex and evoke LMCT reactivity (Table 3.3). As such, different amounts of
potassium hydroxide were tested but none of the reaction mixtures were productive
towards hydroxylation. Excess of base was chosen as standard procedure in the end
to ensure that the equilibrium of metal hydroxide formation lies towards hydroxide

complex.
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Table 3.3. Introduction of base and varying equivalents

HO

Hlj TiCl, (10 mol%) gj
Base (x eq.)
N 9:1 MeCN/H,0 [0.1 M], RT, 390 nm, 18 h N
Cbz Cbz
116 117
Entry Amount of KOH Outcome*
1 5 mol% NR
2 1eq. NR
3 2 eq. NR
4 5 eq. NR
5 10 eq. NR

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

We then examined other high-valent metal centres capable of undergoing LMCT
activation (Table 3.4). Accordingly, metal precatalysts based on vanadium(lll),
manganese(ll), iron(ll), cobalt(ll), nickel(ll), copper(ll), zirconium(lV) and indium(lil)
were evaluated in the presence of excess hydroxide. In all cases, no hydroxylation
product was detected and the starting material remained untouched. Titanocene(IV)
chloride was also examined under these conditions but, once again, no reactivity was

observed (entry 10).
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Table 3.4. Screening of metal catalysts towards LMCT

HO

Hlj Metal catalyst (10 mol%) gj
KOH (10 eq.)
N 9:1 MeCN/H,0 [0.1 M], RT, 390 nm, 18 h N
Cbz Cbz
116 117
Entry Amount of KOH Outcome*
1 V(acac)s NR
2 MnCl2 NR
3 FeCls NR
4 Fe(acac)s NR
5 Co(acac)2 NR
6 NiCl2 NR
7 CuClz NR
8 ZrCla NR
9 InCl3 NR
10 TiCp2Cl2 NR

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

The NHC ligands were also trialed in the current system (Table 3.5) in the presence of

titanium (entries 1 and 2) or zirconium (entries 3 and 4) but no reactivity was observed.
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Table 3.5. Attempts to evoke LMCT from hydroxide in the presence of an NHC ligand

HO

Metal cat. (10 mol%)
Ligand (5 mol%)
KOH (10 eq.)

N N
Cbz 9:1 MeCN/H,0 [0.1 M], RT, 390 nm, 18 h Cbz

116 17

Entry Metal catalyst Ligand Outcome*

tBu

R
, &

/\
A
)

1 TiCla 91 NR

z
]
T

go
JORY

/\
%
o
-
[«-]

tBu

2 TiCla NR

pd

f
OO

®

.
Y

[\
wZ
o

(0}

3 ZrCls 91 NR

z

3

9
SR,

tBu

%
o
I

4 ZrCla

Q
~
©

NR

tBu

£
-

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Since no product of LMCT hydroxylation had been observed thus far, it was
hypothesised that the biphasic nature of the reaction medium might inhibit formation
of the active metal-hydroxide species. To address this limitation, a preformed metal
hydroxide complex was employed. Titanium(lV) bis(ammonium lactato)dihydroxide
(TIBALD) was therefore used as an aqueous solution in a range of solvent mixtures
(Table 3.6). However, no hydroxylation product was detected under any of the

conditions examined.
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Table 3.6. LMCT with preformed titanium metal hydroxide: Solvent screen

20
j\:o|o
2NH4 o|o HO

Hlj TiBALD (10 mol%) gj
N KOH (10 eq.) N

CHAPTER 3

Cbz Solvent [0.1 M], RT, 390 nm, 18 h Cbz
116 117
Entry Solvent Outcome*
1 9:1 MeCN/H20 NR
2 3:1 MeCN/H20 NR
3 1:1 MeCN/H20 NR
4 1:9 MeCN/H20 NR

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Activation of the preformed titanium hydroxide complex was next explored in the

presence of various ligands (Table 3.7). Catechol 118 (entry 1) and its derivative 119

(entry 2) were evaluated but proved unsuccessful. Similarly, 1,1%-bi-2-naphthol
(BINOL) 120 was tested but showed no evidence of reactivity. NHC ligands 61, 78,

and 91 were likewise investigated; however, none promoted hydroxylation under the

examined conditions.
Table 3.7. LMCT with preformed titanium metal hydroxide: Ligand screen

20

j\:O | O
2NH4 o | O
HO
TiBALD (10 mol%)
Ligand (10 mol%)
9:1 MeCN/H,0 [0.1 M], RT, 390 nm, 18 h

N N
Cbz Cbz

116 117

Entry Ligand Outcome*

(0]
1 ©:O: 118 NR

t-Bu
2 o 119 NR

t-Bu OH
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120 NR
N® OH
4 I:N\> c” e NR
OH
t—BuOH
5 [N\> c” 78 NR

6 E > cl 91 NR

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.
As an alternative to potassium hydroxide as the hydroxide source, we envisioned that
a sufficiently strong organic base could deprotonate water at the interface of the two
layers and thereby bring the desired hydroxide species in the organic phase.
Accordingly, a range of organic-soluble (super)bases was evaluated (Table 3.8). N,N-
Dimethylguanidine (121) and proton sponge (122), with conjugate acid pK_ values of
approximately 25 in MeCN,’? should in principle be capable of deprotonating water
(PK, = 16). However, neither base promoted any detectable reactivity. The less basic
potassium tert-butoxide was also tested but proved ineffective. Finally,
tetraethylammonium hydroxide was employed as a direct source of hydroxide, yet no

hydroxylation product was observed.
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Table 3.8. Screen of superbases in the presence of titanium

20

j\:O | O
2NH4 G | O
HO
TiBALD (10 mol%)
Base (10 mol%)
N 9:1 MeCN/H,0 [0.1 M], RT, 390 nm, 18 h N

Cbz Cbz
116 117
Entry Base Outcome*
NH
1 MezNJ]\NMez 121 NR
MezN NM92
3 KOtBu NR
4 EtsNOH NR

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Given the biphasic nature of our system, we hypothesised that our inability to observe
the product of hydroxylation is due to insufficient transfer of hydroxide anions between
the two phases. As such, this hypothesis prompted us to investigate phase transfer
catalysts (PTC) as carriers for hydroxide into the organic layer (Table 3.9). Crown ether
123 was selected due to its complementary cavity towards potassium cations,'’? but
no reactivity was observed (entry 1). Other common PTCs such as
tetrabutylammonium hexafluorophosphonate (TBAPFe) and tetraphenylphosphonium
chloride (Phs4PCI) proved ineffective in this system (entries 2 and 3). Finally,
cyclopropenium salt 124 was synthesised and employed, but the reaction gave no
product of hydroxylation. The same set of experiments in Table 3.9 was carried out by
substituting TIiBALD with: VO(acac)z, Sc(acac)z and ZrCls but none of them gave any
sign of reactivity.
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Table 3.9 Screen of PTCs in the presence of titanium

20

j\:O | O
2NH4 5 | o
TIBALD (10 mol%) HO
PTC (10 mol%)
KOH (10 eq.)
9:1 MeCN/H,0 [0.1 M], RT, 390 nm, 18 h

N

Cbz Cbz
116 117
Entry PTC Outcome*
5§
1 123 NR
L)
o/
2 TBAPFs NR
3 PhsPCI NR
NEt,
4 Cy2N%q®C| 124 NR
NCy2

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Recent reports in the highly oxidising nature of the cyclopropenium radical cation (E*red
= 3.33 V vs SCE)'"3 174 produced in the one electron oxidation of 124, encouraged us
to investigate 124 further as a photooxidant of water/hydroxide. As such,
cyclopropenium 124 was screened in the presence of a variety of high valent metal
salts (Table 3.10). Unfortunately, no product of hydroxylation was identified with the

starting material remaining untouched.

Table 3.10. Cyclopropenium as hydroxide surrogate with different high valent metals

NEt,
Cy,N €l 124 (10 mol%)

NCy, HO
Metal cat. (10 mol%)
KOH (10 eq.)

N 9:1 MeCN/H,0 [0.1 M], RT, 390 nm, 18 h N

Cbz Cbz

116 117

Entry Metal catalyst Outcome*
1 Sc(acac)s NR
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2 TiBALD NR
3 VO(acac)2 NR
4 VCl3z NR
5 Co(acac)s NR
6 ZrCla NR

*Determined via 'H NMR using 1,1,2,2-tetrachloroethane as internal standard.
A recent study published by the Sanford group showed that the oxidation properties of
first row Lewis acids in the presence of acridine (125) can be significantly enhanced.”
As such, we attempted to employ this highly oxidising system (E*red = 2.47 V in MeCN
vs SCE for scandium)*’® for the generation of HO- from a preformed organic hydroxide
(Table 3.11). Lewis acids based on scandium, titanium, indium and aluminium were
tested but only traces of decomposition products were detected in the crude reaction

mixtures.

Table 3.11. Screen of Lewis acid — acridine complexes towards generation of hydroxyl

radical

A
_ 125 (10 mol%) HO
N

| . '\(Iag')_l Lewis acid (10 mol%) gj
+ 4
DCE [0.1 M], RT, 390 nm, 18 h
,C\llbz (1eq.) ,C\llbz
116 17
Entry Lewis acid Outcome*

1 Sc(acac)s NR
2 TiCls(PPha)2 NR
3 In(OTf)3 NR
4 Al(acac)s NR

“Determined via analysis of crude *H NMR.

Overall, the anti-Markovnikov hydroxylation via LMCT activation was not realised
within the scope of this study. Despite extensive screening of metal precursors,
ligands, bases, solvents, and phase-transfer additives, the alkene substrate remained
unreactive under all tested conditions. While no hydroxylation products were detected,
these results highlighted the inherent difficulty of promoting efficient HO+ generation

through visible light LMCT excitation in titanium complexes. Consequently, this
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prompted us to reconsider our approach to oxygen-centred radical formation and
explore the use of alternative radical species capable of mimicking hydroxyl radical

reactivity, as discussed in the following section.
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3.4. Hypothesis for anti-Markovnikov hydroxylation via hydroxyl radical
surrogate

As all efforts to produce HO- in situ and exploit its reactivity proved futile, we sought to
generate an alternative oxygen-centred radical capable of emulating the reactivity of
HO-. Inspired by recent reports on the anti-Markovnikov hydrooxygenation of
unactivate olefins,1’6-179 we postulated that tethering the oxygen radical to a cleavable
leaving-group (LG) handle could deliver comparable reactivity under much milder
conditions (Scheme 3.15). The resulting radical intermediate (126) could undergo
guenching via a HAT step, followed by LG cleavage to unveil the corresponding alcohol

functionality.

600 hydrooxygenation oﬁ\/o\ HAT OH
o~ LG o

-LG

'hydroxyl radical 126

surrogate’

Scheme 3.15. Proposed addition of hydroxyl radical surrogate into alkene, followed
by HAT and functional handle cleavage.

A recent study by Deng et al. serves as proof of concept for the hydroxyl radical
surrogate (Scheme 3.16).18° In this work, the authors achieved the anti-Markonikov
hydroxylation of alkenes using pyridine N-oxides as the source of oxygen radicals,
however the resulting alcohols underwent chain extension. The reaction proceeds with
the one electron oxidation of 127 to electrophilic radical 127-1 which can undergo a
polarity-matched radical addition to an electron rich olefin. The resulting intermediate
(127-11) can be trapped with an electron deficient olefin in a Giese-type reaction leading
to intermediate 127-11l. Rapid SET with the reduced photocatalyst results in anion 127-
IV which be protonated by the trifluoroacetic acid forming the acetate salt 127-V. In the
final step, nucleophilic attack of water kicks out the alcohol product (128) and

regenerates the starting N-oxide catalyst (127).
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10:1 acetone/H,0 [0.1 M], 456 nm, 40—45 °C, 20 h
proposed mechanism EWG
OH 128
PC1* = O
C|/(%D\C| 5,0
PC1 % o0 H20
127 —-TFA
127-1 Cl Ie)
/®| CNZ TFA
N @ |
OQ o Ny
o~ C g@o C 127-v
o EWG
}\ TFA
Q
- 5 Cl
OVQO 0.
EW NG
E 127-IV
A
EWG
\ O
Ph ©BF4
PC1 PC1
127 m
selected examples:
CN Et Et
Et Ft Phozs Et_ Et Ph Et Et
N OH NC
| i Phozs FsC |
—
128a 128b 128¢c 128d 128e
88% 42% 82% 68% 52%
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Scheme 3.16. Anti-markovnikov carbohydroxylation of olefins under pyridine N-
oxide/photoredox catalysis.

The downside of this reaction is the necessary chain extension with an electron

deficient alkene (128a-e). The electrophilic radical 127-1 prefers to react with the

electron rich alkene however the resulting carbon radical is not a sufficient oxidant for

the reduced photocatalyst. To ensure catalytic turnover of the photocatalyst, a more

oxidative carbon-centred radical is generated in 127-1V. We believe that it is possible

to involve a third catalytic manifold in this transformation to stop the reaction at 127-Il

and thus generate the short chain anti-Markovnikov alcohol.
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OH
2 129-lv
129-1

G e N O\Q CL o

‘\__," SH

/ ; ; 130-11
Photocatalyst |SE7] N-ox:de HAT

I A
cycle cycle cycle o s/®o
%)\O O/§ 130-11
oy
1294 129-1 d

130-I

Scheme 3.17. Proposed triple catalytic mechanism for the anti-Markovnikov

hydroxylation of olefins.
Our proposed hypothesis, involving three interconnected catalytic manifolds, is
illustrated in Scheme 3.17. The reaction is initiated by oxidation of pyridine N-oxide
129-1 by the excited state of a photocatalyst (PC*) generating the N-oxy radical (129-
II) and the reduced photocatalyst (PC™). 129-Il serves as a surrogate for the hydroxyl
radical and undergoes Kharasch-type addition into an olefin leading to intermediate
129-I1l. Incorporation of a HAT catalyst at this stage enables quenching of the carbon-
centred radical, furnishing the 1,2-hydrated product (129-1V) without extending the
carbon chain. Subsequent nucleophilic attack of water closes the N-oxide catalytic
cycle, affording the terminal alcohol. Concurrently, a complementary SET between the
thiyl radical 130-I, formed in the HAT step, and the reduced photocatalyst (PC™)
regenerates both the ground-state photocatalyst (PC) and the thiolate species (130-
II), which upon protonation reforms the active thiol HAT catalyst (130-IIl). Thus, the
process operates catalytically in all three cycles: photo-, HAT-, and N-oxide-mediated
hydroxylation.
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Eox = +0.60 V :
@_ ;
vs SCE N Bu |
P \
o S
s . ; ©/S Eroq = +0.16 V @S
B vs SCE
O O 1314 13141
N tB

. Ph
PC1 \
t-BL E

E*eq =12.15V
vs SCE PC1*

Scheme 3.18. Oxidation potential alignment between acridinium photocatalyst and
thiphenol HAT catalyst.
To ensure efficient catalytic turnover, we sought to exploit the redox complementarity
of the acridinium/thiolate pair (Scheme 3.18). The excited-state acridinium catalyst
PC1*is a potent photooxidant (E*red = +2.15 V vs SCE), 8! capable of oxidising pyridine
N-oxide (Eox = +1.84 V vs SCE).18 Meanwhile, the reduced form, PC1*~ (Eox = +0.60
V vs SCE)*®! can be readily reoxidised by the thyil radical 131-1 (Ered = +0.16 V vs
SCE).183 Such a redox interplay between the excited acridinium and the thiolate system

has been previously demonstrated in related hydrofunctionalisation reactions.1°
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3.5. Results and discussion on hydroxylation via hydroxyl radical surrogate
At the onset of our investigation, a variety of photocatalysts were synthesized. The
library was comprised of Acr*-Mes BF4, 4CzIPN and PC2 that were synthesized
following literature procedures (see Appendix to Chapter 4) whereas 9-phenyl acridine
(9-Ph-Acr), 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) and 2,4,6-
triphenylpyrylium tetrafluoroborate (TPPT) were commercially available (Scheme
3.19).

BF4

commercially available:
® 0
A NC Cl
X |@/
p SAAL ey o
S)

BF4
9-Ph-Acr DDQ

TPPT

Scheme 3.19. Photocatalysts library.

In accord with our hypothesis, reacting methyl undecanoate 132 in the presence of
pyridine N-oxide 127, PC1 and phenyl disulfide the hydroxylation product was detected
in 8% NMR vyield (Table 3.12, entry 1). 132 was selected as optimal substrate to avoid
side oxidation with the photocatalyst. Alongside the hydroxylation product 133a, a side
product of chlorination (133b) was detected (mechanism of formation is discussed
below). Changing the photocatalyst to 9-Ph-Acr only resulted in trace amounts of
product 133a, with 7% of 133b (entry 2). Other catalysts did not afford any reactivity

and the starting material remained untouched (entries 3—6).
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Table 3.12. Evaluation of photocatalysts in the N-oxide hydroxylation

| N 127
@D (25 mol%)
N~ ~cl

Cl

@l
(0]
MO~ h” PC (5 mol%) MeOl-on + MO
(@] PhSSPh (5 mol%) (@] (e}
132 9:1 MeCN/H,0 [0.1 M], RT, 427 nm, 18 h 133a 133b
Outcome*
Entry HAT catalyst
133a 133b
1 PC1 8% 21%
2 9-Ph-Acr Traces 7%
3 PC2 - -
4 DDQ - B
5 4CzIPN - -
6 TPPt - -

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.
Both 133a and 133b were prepared via known procedures to confirm their presence in
the crude NMR analysis (Scheme 3.20). The a-proton of 133a displayed a
characteristic triplet at 3.63 ppm whereas the same environment appeared for 133b at
3.52 ppm. Thus, we were able to quantify the amount of each species by integrating

with respect to an internal standard.

H
: H202 (3 eq.)
MeOW BH3 THF (1 eq.) <MGOM/>\B-‘ MeO OH
THF, 1.5 h, 40 °C 0 3 aq. NaOH (10 wt%) 0
0 50 °C, 2 h
132 ’ 133a (31%)
TH NMR: 3.63 ppm
H
NCS (1.05 eq.), PPh3 (1.05 eq.)
MeOWOH - MeO -
0 0

THF, RT, 17 h 133b (50%)

TH NMR: 3.52 ppm

Scheme 3.20. Synthesis of 133a and 133b.

From the cosolvents screen in this reaction (Table 3.13), the optimal choice was

acetonitrile (entry 1), with acetone and ethyl acetate giving only traces of product
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(entries 2 and 3), while DCM afforded only the product of chlorination in 17% NMR
yield (entry 4).

Table 3.13. Screen of cosolvents in the N-oxide hydroxylation.

| = 127
D (25 mol%)
N~ cl

Cl

94
MeO > MeO + MeO
° W Mes*-Acr BF 4 (5 mol%) ° WOH ° WCI
o PhSSPh (5 mol%) o o
132 9:1 Solvent/H,0 [0.1 M], RT, 427 nm, 18 h 133a 133b
Outcome*
Entry Cosolvent
133a 133b

1 MeCN 8% 21%
2 Acetone Traces Traces
3 EtOAC Traces Traces
4 DCM — 17%

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.
As part of the optimisation study, a variety of electron rich and deficient pyridine N-
oxide catalysts were prepared (Scheme 3.21). Details of the synthesis of N-oxides 127,
134-142 can be found in the Appendix section. Catalysts 143-145 were commercially

available.
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General synthesis:

X General procedure A or B X
I - |@,3/
@4
Me tBu O
A X
|®/ |@/ | A | X
CI” N el Br” N7 Br @ D | \
/o) 0 Me l}l Me N @_
© o 0 o} N
S) S) 0
S
127 134 135 136 138
A: 40% A: 56% (36%) (48%) B: 30%
CN OMe O
B N B
©) ©) X
I\IJ/ CF3 lo, '?'/ ) | X
o) N o CI” °N” ~Cl @
o o] o o] N
S) ) o)
Q
139 140 141 142 143
A:37% A: 33% B: 45% A: 21% B:61%

Scheme 3.21. Pyridine N-oxide synthesis.

To probe the effects of electronics and sterics on the reaction selectivity, the neutral
and electron rich N-oxides were initially screened (Table 3.14). Non-substituted
pyridine N-oxide 144 did not afford any product (entry 1), whereas in the reaction with
2,6-disubstituted 145 and 135 traces of hydroxylation product could be detected (entry
2 and 3). More sterically hindered and electron rich catalysts did not exhibit any
reactivity towards the desired product, however deoxygenation at nitrogen was

observed (entries 4-8).
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Table 3.14. Screening of neutral and electron rich N-oxide catalysts

AN
|@/ (25 mol%)
ol
MeO = ° MeO MeO
e > e 4 e
WHE/ Mes*-Acr BF4 (5 mol%) WOH WC'
o PhSSPh (5 mol%) © o
132 9:1 MeCN/H,0 [0.1 M], RT, 427 nm, 18 h 133a 133b
. Outcome*
Entry N-oxide catalyst
133a 133b
| A
@_
144
1 N — —
(0]
©
X
)
2 Me” "N” "Me 45 6% -
(0]
©
Me
| A
® 135 _
3 Ve “.‘/ Ve Traces
o)
S}
t-Bu
| A
@ 136 —_ —
4 '}‘/
o}
©
| X
@
146
5 N — _
o}
©
©/(ﬁ
P 141
6 N — _
o}
©
7 X 138 — —
)
SRas
©
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“Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

On the other hand, electron deficient N-oxides were investigated (Table 3.15). Catalyst

139 remained unreactive in this transformation (entry 1), whereas 140 showed

products of decomposition with no hydroxylation product formed (entry 2). Dichloro N-

oxide 127 showed by far the highest yield (8%), however significant amount of side

product of chlorination was also observed (entry 3). Installing an electron donating

group in the para position in 142 hindered reactivity (entry 4), whereas dibromo N-

oxide 134 only gave traces of product and underwent some deoxygenation (entry 5).

Table 3.15. Screening of electron deficient N-oxide catalysts

X
lo,

(25 mol%)
Sh
O

MSOW
8 Mes*-Acr BF, (5 mol%)

0 PhSSPh (5 mol%)

132 9:1 MeCN/H,0 [0.1 M], RT, 427 nm, 18 h 133a

MeO MeO
WOH * Wm

0] 0]
133b

Outcome*
Entry N-oxide catalyst
133a 133b
B
1 N™ CFs 439 - -
O
)
CN
| X
®, _ _
2 N 140
O
)
A
Lo, 127
3 cI” N el 8% 21%
8
OMe
| A
@ 142 — —
4 Cl N (¢]]
0O
©
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134
Br Traces -

o1
@
@O—z\&) />

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Subsequently, the loading of the N-oxide catalyst was varied (Table 3.16). Lower
loading was detrimental to overall reactivity since only traces of hydroxylation and
chlorination product were detected (entry 1). On the other hand, increasing the amount
of 2,6-dichloro N-oxide favored the formation of 133b with only trace amounts of 133a
being detected (entries 3 and 4).

Table 3.16. Screening of N-oxide catalyst loading

| A 127
%/ (X mol%)

Cl Cl
e
MeOW PSS — MeOWOH + MeoW ol
PhSSPh (5 mol%)
132 9:1 MeCN/H,0 [0.1 M], RT 427 nm, 18 h 133a 133b
Outcome*

Entry N-oxide loading (mol%) 133a 133b
1 12.5 Traces 4%
2 25 8% 21%
3 50 Traces 30%
4 100 Traces 40%

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Finally, the effect of the HAT catalyst was probed (Table 3.17). Electron withdrawing
group in the para position of 148 seemed to increase conversion to both products (entry
2), while electron rich catalyst 149 favoured the formation of chlorinated adduct 133b
(entry 3). 2-aminophenyl disulfide 150 seemed to decrease conversion to chlorinated
product 133b while retaining similar yields for the hydroxylation product (entry 4). Ester
or amide substituents in 151 and 152 respectively, afforded only 133b, with traces of
133a detected in the crude NMR (entries 5 and 6). Malonitrile 153 did not give any

product, and the starting material was fully recovered (entry 7).
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Table 3.17. HAT catalyst screen in the N-oxide hydroxylation

| A 127
D (25 mol%)
N~ cl

cl
96
MeO = >  MeO MeO
Y Mes*-Acr BF (5 mol%) Yo MR
0 HAT catalyst (5 mol%) 0 0
132 9:1 MeCN/H,0 [0.1 M], RT, 427 nm, 18 h 133a 133b
Outcome*
Entry HAT catalyst
133a 133b

S/@ 147 8% 21%

' N
Cl
2 /©/S\s/©/ 148 16% 27%
Cl
Pr i-Pr. i-Pr
3 QS\SJQ 149 4% 28%
i-Pr wpr PT
HoN
4 @S\s 150 8% 8%
NH»
(@]
Me)l\o
5 S<g 151 Traces 8%
O\"/Me
(@]
O
Me)LNH
6 Ssg 152 Traces 15%
HN\n/Me
(0]
NC CN

7 (\5 153 NR NR

" Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

HAT catalysts 151-153 were synthesized following literature procedures (see
Appendix) whereas 147-150 were commercially available. At this stage, no clear effect
of the HAT catalyst can be established since any observable increase in product yield

fall within the 5-10% margin error of integration of crude NMR. Since no other
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improvements were observed throughout the optimisation of other reaction

components, the study was discontinued.

The results of the N-oxide electronics and loading investigations (vide supra Table 3.15
and Table 3.16) indicated that the product of chlorination 133b is only observed in the
presence of the chlorinated pyridine N-oxide 127. This could be due to the presence
of chloride anions in the reaction, that have been previously shown to be oxidizable in
the presence of acridinium photocatalysts.*® Thus, the following mechanism can be
proposed (Scheme 3.22). Acridinium PC1 undergoes anion exchange with chloride
anions to give complex PC1-Cl. Upon photoexcitation, the excited state PC1-CI*
undergoes outer sphere electron transfer to generate acridinyl radical PC~ and
chloride radical that can undergo radical addition into alkene 132. Subsequently, the
HAT catalyst (PhSH) guenches the carbon radical to yield the chlorinated product
133b, and the resulting thyil radical (PhS-) can reoxidise PC'~ back to the starting
position. The presence of chloride anions is most likely due to elimination from N-oxide
127 that could be as a result of decomposition or nucleophilic aromatic substitution.
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Scheme 3.22. Proposed mechanism for the formation of hydrochlorinated product
133b.
Further investigation into this reaction could increase the yield of the alcohol product.
In particular, rational design of the N-oxide catalyst might improve the selectivity
towards hydroxylation while avoiding side product formation. One appealing target is
2,6-difluoropyridine N-oxide (154), however given the poor nucleophilicity of the parent

pyridine, we were unable to generate it.

154

_n
@O—z\@ /
-

Scheme 3.23. N-oxide 154 as a potential target for future investigations.
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3.6. Conclusion

The production of anti-Markovnikov alcohols from terminal olefins is an attractive yet
challenging synthetic transformation. While most established strategies rely on two-
step substrate preactivation, the single step anti-Markovnikov hydroxylation of alkenes
is ineffective for primary and electron-deficient olefins. The aim of this project was to

develop novel strategies to overcome this limitation.

In the first part of the study, the visible-light generation of hydroxyl radicals was
explored as a means to achieve direct radical addition into olefins. Specifically, we
investigated the potential for LMCT activation of metal hydroxides to generate HO-
species. A range of metal catalysts were screened, with particular focus on group 4
and first-row transition metals. Titanium(lVV) emerged as the most promising candidate
and was examined under various ligand, solvent, base, and phase-transfer conditions.
However, across all experiments, no hydroxylation product was detected, and the

model substrate remained unreacted.

The second part of the project focused on developing a suitable hydroxyl radical
surrogate capable of promoting the desired anti-Markovnikov hydroxylation. Pyridine
N-oxides were identified as promising candidates, and their implementation within a
triple catalytic system yielded encouraging preliminary results. Nonetheless, reaction
optimisation revealed that the hydroxylation pathway was not dominant, with a

competing chlorination process prevailing under the tested conditions.

Overall, this study provides initial evidence for the feasibility of single-step anti-
Markovnikov hydration of terminal olefins. Although the current system suffers from
poor selectivity, the findings highlight the potential of pyridine N-oxides as capable of
inducing hydroxylation. Future work focused on catalyst design and mechanistic
understanding may ultimately enable selective and efficient hydroxylation, addressing

this long-standing challenge in synthetic chemistry.
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Generation and Reactivity of Hydrogen Radical
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4.1. Introduction

4.1.1. The discovery of hydrogen

Hydrogen (H), the most prevalent element in the universe, constitutes approximately
75% of the mass of ordinary (non-dark) matter.'8® Under standard conditions, it exists
as a diatomic molecule (Hz), forming a colourless, odourless, and highly flammable
gas. Due to its low molecular weight, Hz readily escapes Earth's gravitational pull,
resulting in its low atmospheric concentration of about 1 part per million by volume.86
Despite this, hydrogen is abundantly found in nature, often in combination with other
elements such as carbon in hydrocarbons and oxygen in water (H20).

The discovery of hydrogen as a distinct chemical element is attributed to Henry
Cavendish, who successfully isolated it in 1766 during experiments involving the
reaction of various metals with acids.'®” While this process was well known by that time
— dating back to at least the early 16th century — it had not previously been associated
with the generation of a unique gaseous substance. The earliest documented instance
of the metal-acid reaction was reported by Paracelsus (circa 1520s)'%8 and
subsequently investigated by Jan Baptist van Helmont, who introduced the term ‘gas’
and noted that the evolved gas was highly flammable in air, yet incapable of sustaining
combustion on its own. Further observations were made by Robert Boyle in 1671, who
described the formation of gas bubbles from the reaction of steel filings with oil-of-vitriol
(archaic for sulfuric acid).'®® Despite these early contributions, it took nearly a century
for the scientific community to recognize hydrogen (Hz2) as a discrete entity. Cavendish
referred to the substance as “inflammable air,” and demonstrated that its combustion
in the presence of atmospheric oxygen resulted in the formation of water—a key
observation that later contributed to the overthrow of phlogiston theory.'%° The gas was
formally named hydrogéne by Antoine Lavoisier in 1783, from the Greek hydro (water)

and genes (creator), in recognition of its role in the synthesis of water.

Following Lavoisier’s redefinition of hydrogen as an element, its fundamental
properties became a subject of intensive study throughout the 19th and 20th centuries.
The hydrogen atom—being the simplest atomic system—was central to the
development of atomic theory. In 1913, Niels Bohr introduced a model describing
hydrogen’s electron in quantized orbits, % building on earlier work by Rutherford'®2 and
Planck,'®® and laying the foundation for quantum mechanics. This model was further

refined by Schrédinger’'s wave mechanics!®* and Heisenberg’s matrix mechanics,%°
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using hydrogen as a key benchmark system. These developments provided the
theoretical basis for understanding hydrogen’s electronic structure and chemical

behaviour.

In parallel to physics, the reactivity of hydrogen was of great interest to synthetic
chemists. Given its electronic configuration (1s'), hydrogen can adopt three different
oxidation states that span from +1 (proton), through O (elemental), to -1 (hydride). In
the +1 oxidation state, hydrogen exists as a proton (H*) that can react with nucleophiles
— an observation that laid the foundations of the Brgnsted—Lowry acid—base theory in
1923.1%. 197 On the other hand, hydride (-1 oxidation state) is a strong base and
powerful reducing reagent, which is most often bound to other elements,% with very

few examples reported on a ‘naked’ H-.199 200

4.1.2. Reactivity of molecular hydrogen
The zeroth oxidation state of hydrogen is most encountered in the diatomic molecule
(H2), which is very stable and chemically inert. This is due to the high bond dissociation
energy (104 kcal/mol) also evident from its short bond length of 74 pm.2°! Due to the
proximity of the two hydrogen atoms, homolytic cleavage of the bond (eqg. 1) is more
thermodynamically feasible over heterolytic cleavage (400 kcal/mol) (eq. 2).2%?
Therefore, activation of the hydrogen molecule typically requires either harsh

conditions (high pressure and temperature) or metal catalysis.

Hz(g) O HO(g) + H%(g) AH©= +104 kcal/mol (1)

H2(g) O H*(g) + H(g) AH©= +400 kcal/mol (2)
Given these challenges in hydrogen activation, the development of metal-catalysed
hydrogenation processes represented a transformative advance in both synthetic and
industrial chemistry.293 A foundational breakthrough was achieved by Paul Sabatier in
the late 19™ century, who significantly advanced the field of catalytic hydrogenation
(Scheme 4.1, A). Building upon earlier observations by James Boyce,?%* Sabatier
demonstrated that the use of catalytic quantities of nickel markedly enhanced the
addition of hydrogen to unsaturated organic compounds via a heterogeneous reaction
pathway.?%® Shortly thereafter, Fritz Haber demonstrated that atmospheric nitrogen
(N2) could be catalytically reduced to ammonia (NHs) under high temperatures and
pressures in the presence of an iron catalyst (Scheme 4.1, B).2% This reaction was

subsequently scaled to industrial levels by Carl Bosch, giving rise to the Haber—Bosch
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process, which profoundly transformed the agricultural industry by enabling large-scale
synthetic fertiliser production. Hydrogen has also found applications in the refining
industry for pure metal production from ores or high-value hydrocarbons from crude oll
and biomass (Scheme 4.1, C).203. 207 Another invaluable utilisation of hydrogen is in
the Fischer-Tropsch synthesis, where a highly pressurised gaseous mixture of H2 and
carbon monoxide (CO) undergoes multiple transformations in the presence of metal

catalysts to yield industrially useful liquid organic molecules (Scheme 4.1, D).2%8. 209

n®
H\)\O NH;
A) ® B)
\ /\O Haber-Bosch process /
Ni, Ru, Ir, Rh, Fe, Cu... N,, Fe
C) |E| D)
Refining industry Fischer-Tropsch synthesis
/ Metal ores/Crude oil/Biomass CO, 'syngas’ \
Pure metal Liquid
Fuel hydrocarbons

Feedstock chemicals

Scheme 4.1. Applications of molecular hydrogen in heterogeneous catalysis.

These seminal discoveries laid the groundwork for subsequent developments in
homogeneous catalysis, culminating in the first successful homogeneous
hydrogenation?!? reported in 1961 and the isolation of the first well-defined metal
hydride complex by Vaska in 1962.2%! Further progress came with the development of
Wilkinson’s catalyst in 1965, a rhodium complex capable of catalysing the
hydrogenation of unactivated olefins under mild conditions.?'? The first asymmetric
rhodium-catalysed hydrogenations were later introduced by William Knowles in
1968,%12 marking the beginning of enantioselective hydrogenation and opening new
possibilities for asymmetric synthesis. Other pioneers in this filed, Robert H. Crabtree
and Ryoji Noyori, subsequently developed their infamous catalysts based on iridium
and ruthenium respectively.?'* 215 Recent advancements in hydrogenation
methodologies have facilitated the use of earth-abundant metals such as iron?¢ and
copper?'’ for olefin saturation. Concurrently, hydrogenation techniques have been
successfully extended to a wide array of functional groups, including alkynes,?'®

carbonyls,?!® and imines, among others.?%°
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4.1.3. Generation of hydrogen atoms

The generation of atomic hydrogen (H*) from its molecular form, can be accomplished
by direct homolysis of the strong H—H bond (BDE 104 kcal/mol).?¢ Indeed, the first
person to observe that was Irving Lagmuir who in the beginning of the 20™ century
managed to fortuitously break the hydrogen molecule. In his study,??* he observed that
the heat conductivity of a tungsten wire in a hydrogen atmosphere increased
dramatically upon heating above 2100 °K. This effect was attributed to the thermal
dissociation of molecular hydrogen on the surface of the hot wire, resulting in the
formation of atomic hydrogen. The atomic species subsequently diffused from the
surface and recombined, releasing energy as heat, thereby contributing to the
observed enhancement in thermal conductivity. Another thermal approach was the use
of shock waves to obtain the rate of hydrogen dissociation in a temperature range of
3000 to 4500 °K.??2

4.1.3 a From molecular hydrogen

Since Langmuir’s initial observation, many methods have been developed to produce
H< from molecular hydrogen. In 1920, during the study of the Balmer series of
hydrogen,??® Robert Wood applied an electric glow discharge current inside a tube
filled with hydrogen gas at a potential of 25 000 V. Activation of Hz can also be achieved
when the molecule is bombarded with electrons in a Faraday cup.??* 225> These
experiments were conducted at much lower ionisation potentials (16-18 V), and
instead of homolysis or reduction of the molecule, the formation of dihydrogen cation
(H2*) was observed.??® The oxidised species can either decompose to form the
hydrogen atom (eq. 3) or collide with another H2 molecule resulting in a trihydrogen
cation (Hs*) and H+ (eq. 4).

Hz*(g) O H*(9) + H%g) 3)

H2*(g) + Hz(g) O Hs*(g) + H%(g) (4)
Another approach to break the H—H bond is via photoexcitation. The minimum
absorption wavelength of hydrogen that can lead to homolysis is not at the BDE of
~436 kdJ/mol (~275 nm), but rather in the Lyman—Werner bands (~91-110 nm), where
the molecule undergoes dipole-allowed electronic transitions.??” However, such
activation is not fully efficient: only about 10-15% of absorptions result in dissociation,
as most excited molecules return to the ground state via fluorescence (the Solomon

process) or non-dissociative decay pathways.??® Moving towards more ionising
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irradiation, soft X-rays in the 100-1000 eV region can induce photoionisation of
hydrogen to H2* followed by fragmentation similar to the electron-bombardment
experiments (vide supra eg. 3).22° On the other side of the visible spectrum, non-
ionising irradiation can also be employed in the form of a radiofrequency?¥ or
microwave (MW) discharge.?3! 232 Although, the former has been found to give good
dissociation efficiency (50-60%), a MW pulse can be easily implemented in a gas

injection setup with improved efficiencies of H+ generation (60-80%).233

To achieve a milder set of conditions for hydrogen atom production, a metal catalyst
can be employed. In particular, the mercury-photosensitized decomposition of
hydrogen offers by far the mildest procedure for direct Hz activation. Pioneered by
Franck and Cario?** in 1922 and later developed by Crabtree,?® it involves the
saturation of a mercury drop with hydrogen gas, which is then irradiated with a 254 nm
lamp. In the presence of an organic substrate as the limiting reagent, products of
hydrogen atom reactivity were obtained in moderate to excellent yields (vide infra
Section 4.1.5.).

4.1.3 b From inorganic and organic molecules

Beyond molecular hydrogen, H+ can be generated from other hydrogen-rich inorganic
and organic molecules. Among these, H20 represents perhaps the most abundant and
ubiquitous source, although it has a significantly high BDE (118 kcal/mol)?® thus
requires even harsher activation conditions than the hydrogen molecule. Indeed,
techniques based on radiolysis,?3¢ 237 electron field induction,?38 sonication?3® and UV-
light irradiation?*° have been demonstrated to generate atomic hydrogen, but due to

the extreme nature of the conditions, very little synthetic utility has been reported.

Similarly, other molecules can be directly activated to evoke the homolysis of a H-X
bond. From the inorganic acids, HCI,?*' HBr,2*? HI,243 H2S,?** are known to undergo
photodecomposition to atomic hydrogen under strong UV light irradiation (185-254

nm).

In addition to the inorganic precursors mentioned above, a variety of organic molecules
can also serve as sources of hydrogen radicals. For instance, in the y-radiolysis of
hydrocarbons, the induced C—H bond homolysis led to generation of hydrogen gas,?4°
or products of reaction with a hydrogen radical.?*¢ Cvetanovic and Jennings observed

the formation of He during the mercury-photosensitized decomposition of
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hydrocarbons?*’ and fluorohydrocarbons.?# 249 Similarly, direct photolysis of organic
molecules provides another efficient source: formaldehyde (HCHO) readily undergoes
photodecomposition to yield H alongside CO,2°° while thiols are known to undergo S—
H bond cleavage under UV excitation (254—-275 nm).?%1: 252 |n addition, certain organic
peroxides such as tert-butyl peroxyformate can fragment upon irradiation (300 nm),
releasing hydrogen atoms as part of its radical decomposition cascades.?*3 Benzylic
compounds may produce He through homolytic C—H cleavage (at 295-320 nm
iradiation) facilitated by the relative stability of the benzylic radical intermediate.?5

4.1.4. Fundamental properties of the hydrogen radical
Given the open shell configuration of the hydrogen atom (1s?), it has a fleeting nature
with lifetime of ca. 1 microsecond in solution.?®> Nonetheless, in the radiolysis of water,
some of its properties have been recorded such as its pKa of 9.6 and high reduction
potential of —2.31 V vs SHE.?%6. 257

Under current spectroscopic techniques it is impossible to detect directly and often its
products are observed. Thus, many studies have focused on measuring the rates of
reaction of He with different solutes.?4> 246. 258-266 A detailed account of the currently

known reactivity of hydrogen atom is given in the following section.

4.1.5. Chemical reactivity of the hydrogen radical
Radical polarity has emerged as a valuable framework for predicting the selectivity of
radical transformations.?¢” In a recent study, Nagib and co-workers systematically
calculated the global electrophilicities (w) of over 550 radical intermediates, using the
hydrogen atom radical as a reference point.?%® While the authors did not explicitly
classify its intrinsic polarity, the data suggest that H+ occupies a midpoint on the polarity
scale — exhibiting neither strong nucleophilic nor electrophilic tendencies. Compared
to most well-characterized radicals, hydrogen radical is slightly electrophilic, however

it exhibits reactivity typical of both electrophilic and nucleophilic species (Scheme 4.2).
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Scheme 4.2. The solution state reactivity of hydrogen radical with different organic

and inorganic species.
The hydrogen radical is capable of radical addition into double bonds (Scheme 4.2,
A).264, 269-272 | jke most radicals, H- undergoes anti-Markovnikov Kharasch addition
resulting in the more stable carbon-centered radical, which can recombine with another
hydrogen atom, disproportionate, add into another alkene or dimerise.?3% 271,273 The
reaction is facile at room temperature with terminal and substituted alkenes?%*, but
lower conversions are typically observed with alkynes?’* and aromatic compounds.?’°
Few examples are reported in literature for the H- addition into C=02%%6 and C=N?"®
bonds.

In some cases, addition-elimination reactions have been reported (Scheme 4.2, B).24:
276278 The hydrogen radical inserts into the aromatic ring resulting in an intermediate
cyclohexadienyl radical that can extrude a radical leaving group. This has been
observed in coal liquification at elevated temperatures (vide infra Section 4.1.6. )79 280

and in the homolytic cleavage of alkyl sulfides.?8?
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Perhaps the most observed reactivity of H+ is the HAT reaction (Scheme 4.2, C).23"
245, 282-284 Governed by the thermodynamic driving force of a strong H—H bond formation
(BDE = 104 kcal/mol), the selectivity of HAT follows the formation of the most stabilised
radical.?®® This inherent property of radicals has been applied in the synthesis of

dehydrodimerisation products.?®®

Another intriguing reactivity of the hydrogen radical is its ability to abstract halogen
atoms (Scheme 4.2, D). Similarly to tin and silicon centered radicals,?* XAT with H- is
preferential in the order | > Br > Cl in alignment with the strength of the respective
carbon-heteroatom bond.?%3 In the case of alkyl bromides, H* was simulated to exibit
the lowest theromodynamic barrier towards XAT relative to other common abstracting
radicals (-SnMes and -SiMes).?®% Abstraction of the smallest of halogens (fluorine) is
an attractive possibility using hydrogen radical, given the stark difference in BDE of the
C—F (120 kcal/mol) and H—F bonds (136 kcal/mol).?® However, it has been estimated
that the activation energy for such a reaction is too high to proceed at room
temperature,?®’ thus any hydrofluoric acid observed in the treatment of

fluorohydrocarbons with He comes from a disproportionation pathway.?48

Considering its high reduction potential (-2.31 V vs. SHE), the hydrogen radical can
be expected to display pronounced redox activity (Scheme 4.2, E). In reactions with
metal ions, H+ predominantly acts as a reductant, consistent with reported redox
data.?®® However, its behaviour appears to be of dual character: in strongly acidic
media (pH 0-2.1) H+ has been observed to function as an oxidant.?®® Under basic
conditions, such as in the presence of hydroxide or fluoride anions, the hydrogen atom
can disproportionate to a proton and hydrated electron (eg,).?® These studies highlight

the ambivalent redox nature of this species and its dependence on the reaction pH.
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4.1.6. Radical hydrogen transfer (RHT)

RHT
| A or hv |
H + or ™ + or
OK.% ©/o o ° H o

B) Fleming et al. (1987)

o g O—CCo- U0

(solvent) 75% 12%

C) Waters and Jackson (1958) Me M
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N /@ NCXN:NXCN (4_0 eq_) H /@
o e O OO
+ H + _
H benzene N
(1.0 eq.) (2.0 eq.) 80-100 °C, 4 h (85% conversion)

D) Studer et al. (2023) H ! via:
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Scheme 4.3. A) General mechanism for radical hydrogen transfer (RHT). B) RHT in
donor solvent systems as part of coal liquification processes. C) RHT reduction of
diazo compounds exploiting the proaromaticity of acridan. D) Phosphoranyl radical-
mediated water activation achieves RHT reduction of olefins and naphtalenes.
The intermediacy of a hydrogen radical has been recognised in coal liquification
processes.?®® Fleming et al. studied the decomposition pathways of a variety of
aromatic molecules in the presence of a hydrogen donor solvent. The authors
recognised that the generation of proaromatic radical intermediates from the solvent
was leading to the formal addition of a hydrogen radical to the ipso position of
substituted benzenes and that was resulting in the scission of strong C—C and C-O
bonds (Scheme 4.3, B).?’°® The term radical hydrogen transfer (RHT) was coined to
describe the concerted B-hydrogen radical elimination and addition into aromatic ring.
Metzger recognised the same reactivity between alkyl radicals and olefins,?*° whereas
Waters and Jackson observed an aromaticity driven through-N hydrogen atom
elimination (Scheme 4.3, C).2% In a recent study from the Studer group,?°? the reactivity
of phosphoranyl radicals towards water activation was exploited for radical

hydrogenation (Scheme 4.3, D). Upon oxidation of the intermediate RsP-OH, a (-
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scission occured resulting in a formal transfer of H- into the m-system of alkenes and
arenes. The relatively mild conditions of the study allowed for a broad substrate scope

exploration, unlike other studies involving RHT.?%3

It is worth concluding that even though the hydrogen atom has been reported to have
a broad variety of reactivity, due to the harsh nature of H* generation, very few of these
methodologies have been applied in a synthetic setting. Notably, the hydro- and
dehydrodimerizations from Crabtree et al.,?”® 28 and radical hydrogenation by Studer
et al.?? are the only studies to date to show application in organic synthesis, though
the latter involves a hydrogen radical intermediate and has no evidence towards a

‘naked’ H atom.

4.2. Hypothesis for H* generation

Thus, we set out to develop a strategy for the generation of a free H+ in a synthetically
useful setting. To this end, the design was required to meet three key criteria: (i) employ
a readily available and atom-economical H+ precursor; (ii) enable the desired reactivity
under mild and selective conditions; and (iii) rely on a catalytic system that obviates

the use of stoichiometric reagents other than the hydrogen atom source.

Suitable precursor for the H+ could be a small molecule rich in hydrogen atoms that
can be easily manipulated. As discussed in the section above, hydrogen gas, though
a suitable candidate, requires harsh conditions for activation. Another alternative is
formic acid (HCOOH). It has been previously observed?®* that the photodissociation of

formic acid proceeds via two distinct channels:

HCOOH(g) + hv O CO(g) + H20(g) (5)

HCOOH(g) + hv O CO2(g) + Hz(g) (6)
In (6), the homolysis of the O—H bond leads to the generation of a ‘hot’ hydrogen atom
that can roam around the molecule, undergo hydrogen abstraction and terminate
further reactivity. So direct activation is not only challenging but very likely to not yield
a detectable amount of single H-atoms. However, it has been reported that if formic
acid is transformed into a peroxide 155, homolysis of the weak O—O bond leads to the
generation of a formyloxy radical 156 (Scheme 4.4). Species 156 can undergo f3-

scission to generate H+ as suggested by Pryor and Henderson.?3
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Scheme 4.4: Homolysis of tert-butyl peroxiformate as means to generate hydrogen
radical.
Inspired by these early studies, we envisioned that if we could generate the formyloxy
radical from formic acid in situ, followed by a radical decarboxylation step, we would

be able generate a ‘naked’ hydrogen atom.

With recent developments in the fields of photoredox metal- and organocatalysis,?%>
2% we envisaged that we could exploit the carboxyl moiety and evoke the radical
decarboxylation under mild conditions. Multiple strategies based on Ir,2%” Ru,?%® Fe?%°
and other photocatalysts3® for the activation of carboxylic acids have been developed.
However, recent advancements in acridine and acridinium chemistries attracted our

attention to develop a metal-free approach.

Aza-arenes and in particular acridine and its derivatives, have been shown to serve as
photocatalysts and evoke the radical decarboxylation of alkyl carboxylic acids (Scheme
4.5). Seminal works by Noyori®®! and Oda3%? used UV light irradiation to induce the
desired reactivity, while recently the groups of Larionov®® and Dilman3®* have
extended the reactivity into the visible region. Given the availability and tunability of

acridines, we found them an attractive opportunity to develop as a catalytic platform.
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Scheme 4.5. Aza-arenes in the radical decarboxylation of carboxylic acids.

It has been suggested that acridine photocatalysts activate primary carboxylic acids
via a proton-coupled electron transfer (PCET) pathway (Scheme 4.6).2% Extending this
rationale, we expect that with formic acid the acridine catalyst 157 will form a hydrogen-
bonded complex, which upon photoexcitation undergoes electron transfer. The
resulting formyloxy radical 156 can then decarboxylate, providing the targeted H+ and
acridinyl radical 158. Finally, a suitable oxidant needs to be employed to regenerate

the starting acridine 157 and close the catalytic cycle.
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Scheme 4.6. Proposed generation of hydrogen radical from formic acid and acridine-
type photocatalyst via PCET.
To confirm the generation of a hydrogen atom, we expect that it will readily react with
olefins (Scheme 4.7). Anti-Markovnikov addition of H+ in alkene 159 will result in a
carbon centred radical 160 which can participate in a HAT step to generate alkane
161. A suitable HAT catalyst could be thiophenol 130-lll which offers a polarity-
matched HAT step and the resulting thiyl radical 130-I has been shown to be a
sufficient oxidant for acridinyl radicals.3°® Thus, we expect it to be able to regenerate
the starting photocatalyst and HAT catalyst after electron transfer and proton

exchange.

+1 e

(@\SH !@\se

O~ 1% o % n 130-|||\\ /4 130-1 O\/HK/H

160 HAT 161

Scheme 4.7. Proposed trapping of hydrogen radical and regeneration of
photocatalyst.
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4.3. Results and discussion

4.3.1. Discovery and optimisation of the radical hydrogenation reaction of 4-
phenyl-1-butene

O
I (65ea) H
H™ ~OH
©/\/\ ©/\)\/H
9-Ph-Acr (5 mol%)
162 147 (10 mol%) 163
MeCN [0.1 M], 390 nm, 16 h

Scheme 4.8. Initial discovery of radical hydrogenation reaction by Dr Roopender
Kumar (2024).

Taking a simple terminal alkene 162 in the presence of formic acid, 9-Ph-Acr as the
photocatalyst (PC) and phenyl disulfide (147) as the HAT catalyst we observed the
formation of the hydrogenation product 163 under 390 nm blue light irradiation.
Although the initially observed crude NMR yield was very low (10%), the formation of
alkane 163 was consistent with our hypothesis and motivated further investigation into
the optimal reaction conditions.

To begin the reaction optimisation, we screened a variety of solvents (Table 4.1). Our
initial choice of acetonitrile allowed for the reaction to proceed (entry 1), whereas
substituting it for propionitrile decreased reactivity (entry 2). Ethyl acetate was also
favourable in this reaction (entry 3), though it gave lower yield. Other polar solvents led
to the consumption of the starting material (entries 4-6), however those were mostly
undesired side reactions and only traces of hydrogenated product were observed.
Interestingly, employing water as solvent resulted in the almost complete consumption
of starting material and the formation of 5-phenylpentanoic acid. The reaction likely
proceeds via the thiyl radical abstracting from formic acid, followed by radical addition
and HAT as previously observed in similar systems.37 1,4-dioxane was also ineffective
in this transformation, with only traces of product observed (entry 7). On the other hand,
non-polar solvents such as toluene and fluorobenzene (entries 8-9) completely shut

down the reaction.
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Among the solvents evaluated, acetonitrile gave the best results and was therefore
selected as the optimal medium.

Table 4.1: Solvent screen in the radical hydrogenation

H

O
Jj\ (6.5 eq.)
H OH
©/\/\ ©/\)\/H
9-Ph-Acr (5 mol%)

(0.21r:§10I) Solvent1[‘:)7.1(1|\2],rg%|(?)r)mm, 16 h 12
Entry Solvent Product yield*
1 MeCN 10%
2 EtCN Traces
3 EtOAC 5%
4 DMSO Traces™
5 Formic acid Traces™
6 Water Traces™
7 1,4-dioxane Traces
8 Toluene NR
9 Fluorobenzene NR

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.
™ Starting material was partially consumed

NR = No reaction
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Scheme 4.9. Aza-heteroarene photocatalyst library.

Our next optimisation was focused on altering the 9-Ph-Acr skeleton to investigate
which class of aza-heteroarene is necessary for reactivity (Scheme 4.9). Removing the
phenyl group from the 9-position in 167 and 168 (Table 4.2, entries 1 and 2) or reducing
the number or main aromatic cores to quinoline 164 and pyridine 137 (entries 3 and 4)
resulted in no reaction. These observations can be attributed to the decreased
conjugation of the scaffold, which shifts the absorption profile towards the UV region
and renders the catalysts non-excitable under the reaction irradiation wavelength.
Substitution at nitrogen, as in the case of pyridinium PC2 and acridinium PC1 catalysts
(entries 5 and 6), prevented coordination of formic acid and thereby suppressed the
reaction. Similarly, swapping the nitrogen for an oxygen in xanthilium 166 (entry 7)
eliminated the Lewis basicity of the catalyst and thus impeded reactivity. Employing a
carbazole-based photocatalyst 4CzIPN (entry 8) was also unfavourable. Finally, to
reduce errors arising from NMR integration and to improve product isolation, the
optimal 9-Ph-Acr catalyst was employed on a slightly bigger scale reaction (0.40
mmol), which afforded a comparable outcome to the initial hit (entry 9).
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Table 4.2: Photocatalyst class screen

H

O
Jj\ (6.5 eq.)

OH

Photocatalyst (5 mol%)

MeCN [0.1 M], 390 nm, 16 h

147 (10 mol%)

H

o

163

CHAPTER 4

Entry Photocatalyst Product yield*
N 167
1 See "
cl
: O - "
N/
Me
N” “Me
Ph
4 | \ 137 NR
Ph” N” >Ph
Ph
X
5 |®/ PC2 NR
P N”Ph
Pho BF4
Mes
X
6 I, NR
t-Bu N t-Bu
Ph o BF4
Mes
tBu 07 g tBu
@ 4
NC CN
8 NR

O N
OQOQ

N Q 4CzIPN
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9~ Q 9-Ph-Acr 10%
O
N

Determined via H NMR using 1,1,2,2-tetrachloroethane as internal standard.
** Reaction carried out at 0.4 mmol scale.

In an attempt to improve reaction efficiency, the HAT catalyst loading was reduced
fourfold (entry 1), which led to a decrease in yield. In contrast, use of 2-aminophenyl
disulfide 150 (entry 2) resulted in a noticeable improvement and was selected as the
optimal catalyst from this set. By comparison, aliphatic disulfide 169 (entry 3) and thiol

170 (entry 4) both gave lower yields, accompanied by the formation of side products.

Table 4.3: Preliminary HAT catalyst screen

O
)j\ (6.5 eq.) H
H H
©/\/\ © _ ©/\)\/H
9-Ph-Acr (5 mol%)

162 HAT (2 mol%) 163
(0.4 mmol) MeCN [0.1 M], 390 nm, 16 h
Entry HAT catalyst Product yield*

' @S\SQ 147 5%
NH,

2 S\SQ 150 8%
NH,

3 tBu~S s tBY 160 4% (Complex)
Me
4" 7 470 4% (Complex)
Me

" Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

** Using 4 mol% of HAT catalyst
We evaluated the source of irradiation and that proved to be crucial for the success of
this reaction (Table 4.4). A red shift in the irradiation wavelength at 427 nm (entry 2)
completely terminated the reaction, whereas a blue shift in the UV-A region improved
the reactivity threefold (entry 3). Addition of a second light source significantly
increased the reaction yield (entry 4). This was a productive development in the
conditions optimisation and was adopted for subsequent experiments. Notably, the use

of two lamps led to increase in temperature which ranged in 60—80 °C.
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Table 4.4: Light wavelength and photon flux
H

O
Jj\ (6.5 eq.)
H™ "OH
©/\/\ ©/\)\/H
9-Ph-Acr (5 mol%)

2-Aminophenyl disulfide (10 mol%)

162 MeCN [0.1 M], 60-80 °C, 18 h 163
Light
Entry Light wavelength and flux Product yield*
1 1 x 390 nm 10%
2 1x427 nm 0%
3 1 x370 nm 27%
4 2 x 370 nm 47%

* Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

To explain the improvement in reactivity, the UV-vis absorption spectrum of the
photocatalyst was investigated (Figure 4.1). A blue shift in irradiation wavelength is
favourable since it is moving towards the absorption maximum of the photocatalyst
(Amax = 359 nm). On the other hand, at 427 nm there is no absorbance hence no

reactivity was observed.

1
0.9
0.8
0.7 9-Ph-Acr [0.5 mM]
0.6 m 370nm,A=0.576
0.5
0.4
0.3 g 390nm,A=0.297
0.2
0.1

0

® 359nm,A=0.87

Absorbance

.427nm,A=0

300 320 340 360 380 400 420 440
Wavelength (nm)

Figure 4.1: UV—vis absorption spectrum of 0.5 mM 9-Ph-Acr in acetonitrile.

A more detailed investigation of catalyst loading revealed that decreasing the HAT
catalyst from 10 mol% to 5 mol% improved the product yield (Table 4.5, entries 1-3),
whereas further reductions had no beneficial effect. In contrast, a PC loading of 10
mol% was found to be optimal (entry 6), with higher loadings providing no further

improvement.
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Table 4.5: Loading of PC and HAT catalysts

0
- HJ]\OH (6.5eq.) ©/\)H\/H
©/\/\ 9-Ph-Acr (X mol%)
Entry PC (mol%) 150 (mol%) Product yield*
1 5 10 50%
2 5 7.5 36%
3 5 5 58%
4 5 2.5 48%
5 7.5 5 55%
6 10 5 66%
7 12.5 5 67%
8 15 5 58%

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

With the optimized catalyst loadings identified, attention was directed to the electronic
effects of the HAT catalyst (Table 4.6). Removing the amino group from the ortho-
position (entry 2) was detrimental to reaction yield. On the other hand, introducing an
electron rich substituent such as methyl (171) or methoxy (172) (entries 3 and 4)
offered and improvement in reactivity, while sterically hindered and electron rich
triisopropyl disulfide (149) (entry 5) performed similarly to the optimal catalyst. It
became apparent that electron rich substituents are favoured over the non-substituted
variant and to confirm this hypothesis, we tested some electron deficient catalysts
(entries 6—-8). Not surprisingly, the results were lower or similar to the parent phenyl
disulfide 147 (entry 2).
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0
(6.5 eq.) H
N HJ\oH ©/\)\/H
©/\/\ 9-Ph-Acr (10 mol%)
162 Disulfide (5 mol%) 163
MeCN [0.1 M], 60-80 °C, 2x370 nm
18 h
Entry Disulfide Product yield*
HZNK)
1 S 150 50%
NH,
2 @S\SO 147 21%
Me
3 /©/S\s/©/ 171 38%
Me
/©/OM6
S eaadit
MeO
ipr i-Pr: i-Pr
S /@is\sjig/ 149 43%
i-Pr i-Pr HPr
cl
2 I
6 @ s 173 14%
cl
cl
! O ST 23%
o]
N - |
8 A S‘S X 174 13%

" Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

All catalysts were commercially available, except for 173 (entry 6, see Appendix).

The optimal reaction time was investigated (Table 4.7). After 18 h, the reaction had

proceeded nearly to completion (entry 1), with the maximum product yield obtained

after 24 h of irradiation (entry 2). Extending the reaction beyond 24 h did not result in
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further improvement (entry 3), thus 24 h was selected for optimal in subsequent

optimisations.

Table 4.7: Reaction time

H

O
)j\ (6.5 eq.)
H™ "OH
©/\/\ - ©/\)\/H
9-Ph-Acr (10 mol%)

162 2-aminophenyl disulfide (5 mol%) 163
MeCN [0.1 M], 60-80 °C, 2x370 nm
Time (h)
Entry Reaction time (h) Product yield*
1 18 50%
2 24 66%
3 48 64%

“Determined via 'H NMR using 1,1,2,2-tetrachloroethane as internal standard.

To showcase the necessity of each component of the reaction a set of control
experiments was performed (Table 4.8). Heating the reaction in the dark led to no
product forming (entry 2). Similarly, irradiation in the absence of formic acid or
photocatalyst afforded no reactivity (entries 3 and 4), whereas omitting the HAT
catalyst gave traces of product (entry 5). This is most likely due to the role of the thiyl
radical in the recycling of the photocatalyst intermediate radical. Finally, oxalic acid
was shown to be a suitable source of H- (entry 6) presumably undergoing a double
radical decarboxylation.

Table 4.8: Control experiments

O
Jj\ (6.5 eq.) H
H™ "OH
©/\/\ - ©/\)\/H
9-Ph-Acr (10 mol%)

2-Aminophenyl disulfide (5 mol%)

162 MeCN [0.1 M], 60—80 °C, 2x370 nm 163
18 h
Entry Change from standard conditions Product yield*
1 - 50%
2 No light NR
3 No formic acid NR
4 No PC NR
5 No HAT Traces
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Oxalic acid instead of formic acid
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40%

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Having optimised the reaction parameters, a substrate class screen was carried out

(Table 4.9). Under a slightly more concentrated condition, the model substrate afforded

a good 70% yield (entry 1). When the same conditions were applied to other terminal

alkenes 132, 175 and 176, the reaction performance declined significantly to moderate
44-33% vyields (entries 2—4). Disubstituted and activated alkenes 116 and 177 offered

a much higher conversion of starting material (entries 5 and 6), while styrene 178

underwent complete polymerisation in the first 3 hours of reaction (entry 7).

Table 4.9: Preliminary substrate scope

i ©sea)
HJ\OH o ®
- H
oxX 9-Ph-Acr (10 mol%) o
2-Aminophenyl disulfide (5 mol%)
MeCN [0.133 M], 60-80 °C, 2x370 nm, 24 h
Outcome*
Entry Substrate i
Remaining SM Product
1% Q/W o 20% 70%
2 D g 67% 33%
0
> O)LO/\/\ 175 62% 40%
O
4% ©/\/\/ NN e 56% 44%
5 HS 116 10% N/A
'C\l:bz
(6]
6 Ovom/\ 177 17% 50%
(o]
7 ©/\ 178 0% 0%

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

*See Appendix for substrate synthesis details.
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Although promising conversions were observed for substrates 116 and 177, we were
sceptical towards those results given the inability to isolate the product from the
reaction mixture. At the time, we were aware that disubstituted alkene 116 might be
susceptible to oxidation and given the highly oxidising nature of our system, that could
be a reason for the observed conversion. On the other hand, acrylate 177 is volatile
(bpt = 87 °C) and that led to the poor product recovery. As such, 116 and 177 were not

optimal for further reaction optimisation.

Efforts to isolate the model substrate 162, alongside the poor performance of other
similar substrates motivated us to investigate the reaction conditions in more detail.
Thus, non-volatile alkene 132 was selected as the model substrate for subsequent

optimisations.

4.3.2. Re-optimisation of radical hydrogenation reaction employing methyl
undecanoate as model substrate
Seeing that the reaction outcome is strongly dependent on the HAT catalyst
electronics, we decided to investigate it in further depth (Table 4.10). The presence of
the ortho-amino group proved to be ubiquitous and one potential explanation could be
due to its chelating properties. Thus, disulfides bearing other coordinating groups such
as phenol (180), ester (151) and amide (152) were probed (entries 1-3) but failed to

deliver an improvement over the standard 2-aminophenyl disulfide.

Table 4.10: Screen of chelating groups on HAT catalyst

O
J_ (65eq)

O H™ "OH O H

> H
MeOJ\% 9-Ph-Acr (10 mol%) MeO/U\M)\/

8
HAT cat. (5 mol%)

132 MeCN [0.133 M], 60-80 °C, 2x370 nm, 24 h 179
Entry HAT catalyst Product yield*
OH
1** S<g 180 17%
OH
(o]
Me)J\O
¥k i/sxs 151 Traces
(e} Me
hig
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(o]
Me)LNH
QP S<g 152 19%
HN\n/Me
(0]

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

*See Appendix for catalyst synthesis details.

Thus, we turned our attention to other classes of HAT catalysts. We hypothesised that
the electron rich nature of a naphthalene core could offer an improvement over a non-
substituted phenyl ring. Unfortunately, catalysts 181 and 182 exhibited poor reactivity
and solubility under the reaction conditions (entries 4 and 5). Substituting the sulfur
with a softer selenium centre in 183 proved to be reactive but not optimal (entry 6).
Finally, 2-phenylmalonitrile 153 (BDE = 77 kcal/mol),?® that has been particularly
effective in other acridinium systems,*%”. 3% was probed (entry 7). Although it has a
very similar BDE to thiophenol (79 kcal/mol) its only gave traces of product in this

transformation.

Table 4.11: Other classes of HAT catalysts

0
J]\ (6.5 €eq.)
o H” ~OH o H
Meo)L(\%/\ 9-Ph-Acr (10 mol%) MeO/U\M)\/ :
8 HAT cat. (5 mol%) 8
132 MeCN [0.133 M], 60-80 °C, 2x370 nm, 24 h 179
Entry HAT catalyst Product yield*

1** ‘ ‘ /S\s 181 15%

%% T 12%

3 ©/Se\sg© 183 18%

A+ E 153 Traces

" Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

*See Appendix for catalyst synthesis details.

116



CHAPTER 4

To confirm the role of intermediate thiol as the HAT catalyst, reaction was carried out
with respective amount of 2-aminothiophenol 184 (entry 1). Pleasingly, the reaction
proceeded though in decreased yield (33%). As a control experiment to further validate
the role of the sulfur in this transformation, the reaction was conducted in the presence
of 2-aminophenols 185-187 (entries 2—4). Evidently, no reactivity was observed when
the sulfur atom was substituted for oxygen and it was clear that the disulfide catalyst

performed more efficiently.

Table 4.12: Thiols and phenols evaluation as HAT catalysts

(o]
J_ (B5eaq)

(0] H™ "OH O H

> H
Meo)w/\ 9-Ph-Acr (10 mol%) MGOJLM)\/

8
HAT cat. (10 mol%)

132 MeCN [0.133 M], 60-80 °C, 2x370 nm, 24 h 179
Entry HAT catalyst Product yield*
NH,
1 @/SH 184 33%
NH,
2 @/OH 185 NR
NH,

3 OH 186 NR
NH,
4 /@OH 187 NR
t-Bu

" Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Increasing the number of light sources seemed to improve the reaction yield from 23%
(entry 1) for one light source to 47% (entry 2) under two lamp irradiation, in line with
previous observations (vide supra Table 4.4). This could be due to an increase in the
photon flux at the reaction medium thereby enhancing the number of photoexcitation
events. However, we noticed that the temperature also increased (vials felt much hotter
at the end of the reaction), which is most likely stemming from non-radiative relaxation
pathways taking place in the reaction or from the heat generated at the lamp source
(note distance from the vial is only 2—4 cm). The elevated temperature led us to believe
that the yield improvement is not necessarily coming from the higher photon flux (entry
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3—4) but from the reaction having more thermal energy to overcome the potentially
high activation barrier for decarboxylation. Thus, the effect of temperature was

investigated next.

Table 4.13: Photon flux

(0]
Jj\ (6.5 eq.)

) H™ OH o H

H
Meo)w/\ 9-Ph-Acr (10 mol%) Meo)w)\/

8 8
2-Aminophenyl disulfide (5 mol%)

132 MeCN [0.133 M], 60-80 °C, 24 h 179
Light
Entry LEDs Product yield*
1 1 x 370 nm 23%
2 2 x 370 nm 47%
3 3 x 370 nm 2%
4 4 x 370 nm 71%

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Lights were placed equidistantly from reaction vial (2 cm).
To ensure a more rigorously controlled thermal environment during the course of the
transformation, the experimental setup was modified such that the reaction vials were
placed within an oil bath. This adjustment was made to mitigate uncontrolled
temperature fluctuations that might otherwise arise from localised heating under
irradiation. When the reaction was performed under irradiation with a single light
source at ambient conditions, we observed a steady increase in temperature, reaching
values in the range of 50—60 °C within the first hour of irradiation (Table 4.14). Under
these conditions, the yield obtained after 24 hours of reaction time was recorded as
shown in entry 1. Conducting the reaction at a fixed oil bath temperature of 60 °C
produced a very similar outcome (entry 2), suggesting that the reaction progress under
irradiation at room temperature is in fact driven, to some extent, by the temperature
rise induced by the light source. Elevating the oil bath temperature further to 80 °C led
to a marked improvement in efficiency, affording the optimal yield (entry 3). Attempts
to carry out the transformation at temperatures above this threshold resulted in higher
conversion, albeit at the expense of significant substrate decomposition (entry 4).
Finally, when the optimized thermal conditions (80 °C) were combined with the

previously identified optimal photon flux setup (vide supra, Table 4.13), the reaction
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delivered its highest yield of 48%, notably without any detectable substrate degradation
(entry 5). These observations highlight the interplay between photon input and thermal
control and underscore the importance of balancing these two factors to achieve the
most effective reaction outcome. Thus, the remaining optimisations were carried out in

the aforementioned experimental setup.

Table 4.14: Temperature effect on reaction yield

(0]
)j\ (6.5 eq.)

0 H” “OH o H

MeO)LM/\ 9-Ph-Acr (10 mol%) MeO)LM)\/H

8 2-Aminophenyl disulfide (5 mol%) 8

132 MeCN [0.133 M], 1x370 nm, 24 h 179
T°C
Entry Temperature (°C) Product yield*
1 RT 23%
2 60 28%
3 80 40%
4 100 48% (complex)
Gk 80 48%

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

** Reaction under 2 lamp irradiation.
To improve photon flux, the reaction was diluted (Table 4.15, entry 1), but this had little
effect on yield. In contrast, doubling the amount of HAT catalyst enhanced the reactivity
(entry 2), whereas further increases led to a poorer outcome (entry 3). Increasing the

photocatalyst loading did not significantly affect the reaction outcome (entry 4).

Table 4.15: PC and HAT catalyst loading

O
Jj\ (6.5 eq.)

o) H” OH o0 H

> H
MGOJ\M/\ 9-Ph-Acr (X mol%) MeO/U\M)\/

8 8
2-Aminophenyl disulfide (X mol%)

132 MeCN [0.067 M], 2x370 nm, 80 °C, 24 h 179
Entry PC (mol%) HAT (mol%) Product yield*
1 10 5 48%
2 10 10 67%
3 10 20 29%
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4 20 10 61%

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

The quantity of formic acid was determinant for the overall efficiency of the
transformation. Careful evaluation of different loadings revealed that the use of 6.5
equivalents provided the most favourable condition, affording the highest degree of
conversion (entry 3). When the reaction was carried out with reduced quantities of acid,
a pronounced decline in product formation was observed (entries 1 and 2), suggesting
that insufficient acid loading hinders the productive pathway. Conversely, increasing
the amount of acid beyond the optimal threshold did not translate into any appreciable
enhancement in conversion (entries 4 and 5). This observation indicates that excessive
acid loading does not further promote reactivity once a sufficient buffer amount is

present.

Table 4.16: Formic acid equivalents

(0]
. (xea)
o H OH o H

Meo)t(\%/\ 9-Ph-Acr (10 mol%) B MeO/U\M)\/ H

8 2-Aminophenyl disulfide (10 mol%) 8

132 MeCN [0.067 M], 2x370 nm, 80 °C, 24 h 179
Entry Acid (eq.) Conversion*
1 1 13%
2 3 36%
3 6.5 66%
4 13 70%
5 20 70%

*Determined from the starting material to product ratio in the crude *H NMR

Under the current optimal setup (vide supra Table 4.15, entry 2), a short solvent
variation was carried out. As previously observed (vide supra Table 4.1) polar aprotic
solvents were productive with acetonitrile offering the best yield (entry 1), while ethyl
acetate and 1,2-dichloroethane (DCE) led to a decrease in reaction performance
(entries 2 and 3). Conversely, non-polar toluene completely ceased reactivity (entry 4).

Taken together these results favourably validate the previous solvent optimisation.
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Table 4.17: Solvent variations

0]
Jj\ (6.5 eq.)

(0] H™ "OH O H

H
MeO)LH/\ 9-Ph-Acr (10 mol%) MGOJLM)\/

8 8
2-Aminophenyl disulfide (10 mol%)

132 Solvent [0.067 M], 2x370 nm, 80 °C, 24 h 179
Entry Solvent Product yield*
1 MeCN 67%
2 EtOAC 23%
3 DCE 14%
4 Toluene NR

*Determined via 'H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Under the current optimal catalyst loading (Table 4.15, entry 2), the concentration of
the solvent was varied (Table 4.18). The range of 0.05-0.1 M was favourable for the
reaction (entries 1-3), with 0.067 M selected as optimal solvent concentration.
However, moving towards more concentrated solutions diminishes the productivity of

the system (entry 4).

Table 4.18: Concentration variations

0}
)j\ (6.5 eq.)

o) H™ "OH O H

H
Meo)w/\ 9-Ph-Acr (10 mol%) MeO/U\M)\/

8 2-Aminophenyl disulfide (10 mol%) 8

132 MeCN [X M], 2x370 nm, 80 °C, 24 h 179
Entry Concentration [M] Product yield*
1 0.05 58%
2 0.067 67%
3 0.1 63%
4 0.2 28%

" Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

In our initial HAT catalyst evaluation (vide supra, Table 4.16), 2-aminophenyl disulfide
(150) emerged as the optimal candidate. These studies also indicated that electron-
rich phenyl disulfides were generally superior to electron-deficient analogues, a key
observation that guided subsequent optimisation efforts. To substantiate these
findings, we conducted further variations under the current optimal conditions (Table
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4.19). Alternative catalysts 147, 148 and 188 (entries 1-3) underperformed relative to
the optimal choice 150 (entry 4), and relocating the amino substituent in 189 diminished
the yield considerably (entry 5), underscoring the critical role of the ortho-amino group.
Attempts to modify the catalyst framework further revealed that N-methylation in 190
(entry 6) reduced reactivity, likely due to steric hindrance. In line with our earlier
conclusions, we introduced additional electron-donating groups while retaining the 2-
amino substituent. However, methyl (191) and tert-butyl groups (192) (entries 7 and 8)
led to modest decreases in efficiency, while the methoxy group in 193 (entry 9)
completely suppressed reactivity. Collectively, these results reaffirm that 2-

aminophenyl disulfide remains the optimal HAT catalyst for this transformation.
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Table 4.19: Extended study of HAT catalyst variations and structural optimisation

0
J]\ (6.5eq.)
0 H” “OH o n
Meo)LM/\ 9-Ph-Acr (10 mol%) - MeOJ\M)\/ :
8 Disulfide (10 mol%) 8
132 MeCN [0.067 M], 2x370 nm, 80 °C, 24 h 179
Entry Disulfide Product yield*

S\S/© 147 33%
cl
S\S/©/ 148 23%

Me
Me
ok th\SQ 188 25%
H,N
@ 150 67%

NH,
/©/ 189 36%

as
6** Sg 191 46%
@ .Me

HoN Me
7+ S\sjg/ 192 52%

HZNKj/t-Bu
gx* /@:S\S 198 55%
t-Bu NH,

H2N OMe
ki /@3\3: C 200 Traces
MeO NH,

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

*See Appendix for catalyst synthesis details.
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Having previously identified the 9-Ph-Acr scaffold as essential for this transformation
(vide supra Table 4.2), we decided to introduce different substituents to fine tune the
properties of the catalyst (Table 4.20). Substituting the 9-phenyl ring with tert-butyl in
202 did not impact the reaction significantly (entry 2), whereas the mesityl group in 203
led to a reduction in yield (entry 3). Introducing electron rich substituents at the main
core in 204 completely shut down reactivity (entry 4) while substitution at both the
phenyl and main core in 205 (entry 5) offered an improvement over 204 but still did not
perform better than the non-substituted catalyst (9-Ph-Acr). No clear trend was
established in the evaluation of electron-rich substituents. On the other hand, the effect
of electron withdrawing groups was investigated. Substituting the phenyl ring with a
single fluorine atom in 206 did not affect the reaction progress (entry 6), however a
second fluorine in 207 displayed a decrease in reactivity (entry 7). Other electron-
withdrawing groups such as chlorine (208) and trifluoromethyl (209) led to a reduction
in yield (entries 8 and 9) and at the very end of the spectrum, a catalyst with two
trifluoromethyl groups was prepared and tested (210), though it inhibited the reaction
further (entry 10). We established that electron-deficient groups are detrimental to the
outcome of the transformation with more electron withdrawal leading to a lower yield
of hydrogenated product. To note, the synthesis of catalysts 202, 203, 204, 205 and
208 (entries 2, 3, 4, 5, 8) can be found in the appendix, whereas catalysts 206, 207,
209 and 210 (entries 6,7,9,10) were prepared by Roman Tinkov and their synthesis
and data characterisation is described in his master’s thesis (2025). Finally, the non-

substituted catalyst 9-Ph-Acr was chosen as optimal.
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O
J]\ (6.5 eq.)
o H” ~OH o H
MGOM Acridine (10 mol%) Meo)LM)V :
8 2-Aminophenyl disulfide (10 mol%) 8
132 MeCN [0.067 M], 2x370 nm, 80 °C, 24 h 179
Entry Acridine Product yield*
I 9-Ph-A
1 e 67%
2
/
N
t-Bu
2 I 202 62%
CLC
7
N
Me
3 Me O Me 203 50%
L
Z
N
l 204
4 Traces
AN
L2
t-Bu N t-Bu
Me
5 Me O Me 205 60%
L2
—
t-Bu N t-Bu
F
6 I 206 65%
CLC
7
N
F
7 I 207 62%
X
~
N
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8 208 55%

49%

10 210 30%

*Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.

The necessity of each reaction component was evaluated by performing control
experiments (Table 4.21). As previously observed (vide supra Table 4.8) removal of
one of the reaction elements (PC, HAT catalyst, formic acid or light) resulted in the

complete disappearance of hydrogenation product.

Table 4.21: Control experiments

O
Jj\ (6.5 €eq.)

0 H™ "OH o H

H
Meo)w/\ 9-Ph-Acr (10 mol%) Meo/u‘M)\/

8 2-Aminophenyl disulfide (10 mol%) 8

132 MeCN [0.067 M], 2x370 nm, 80 °C, 24 h 179
Entry Change from standard conditions Outcome*
1 No PC NR
2 No HAT catalyst NR
3 No acid NR
4 No light NR

“Determined via 'H NMR using 1,1,2,2-tetrachloroethane as internal standard.

Having varied every possible component of the reaction, we were not able to increase
the conversion of the starting material above 67%. Our hypothesis for this problem was
that one of the reaction catalysts is being deactivated in an unproductive side reaction
pathway. To restart the hydrogenation reaction, we attempted to introduce each
catalyst as an additive after 24 h (Table 4.22). Thus, following one day of irradiation,

the reaction was spiked with another dose of PC, HAT catalyst or formic acid and left
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to react for another 24 h (entries 2—4). Unfortunately, no significant improvement was
observed in the reaction yield. However, when all three components were introduced
after the first irradiation cycle (entry 4), the product was obtained in almost quantitative
yield, with traces of starting material remained. Notably, introducing only PC and HAT
(entry 6), did not improve the reaction. We have already tested carrying out the reaction
with the same amount of formic acid (13 eq.) from the beginning (vide supra Table
4.16, entry 4) or higher loading of PC (vide supra, Table 4.5 and Table 4.15) and HAT
catalyst (see Table 4.5). However, these variations did not offer such a stark
improvement in yield. Thus, sequential addition of extra formic acid in combination with
the rest of the reagents is optimal for this transformation and was adopted as a

standard procedure in the substrate scope evaluation below.

Table 4.22: Sequential reagents addition

HCOOH (6.5 eq.)
9-Ph-Acr (10 mol%)
2-Aminophenyl disulfide (5 mol%)

0] MeCN [0.067 M], 80 °C, 2x370 nm, 24 h O H
Meo% then addition of X, 24 h Meo)wﬁ\/H
132 179
Entry Additive at 24 h Yield”
1 none 67%
2 PC (10 mol%) 72%
3 HAT (10 mol%) 61%
4 HCOOH (6.5 eq.) 75%
5 PC (10 mol%), HAT (10 mol%), HCOOH (6.5 eq.) 95%
6 PC (10 mol%), HAT (10 mol%) 70%

" Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard.
The optimal reaction conditions were applied to a variety of terminal alkene substrates
(Table 4.23). Pleasingly, most of this class of substrates performed well resulting in
conversions above 80%. In terms of functional group tolerance, aliphatic (132) and
aromatic esters (175) are tolerated (entries 1 and 2) as well as ethers in 176 (entry 3).
Alkyl bromide 213 gave poorer mass recovery, due to coelution with the starting
material (entry 4), whereas alcohol 215 participated in a side reaction with formic acid
giving the respective formate ester (entry 4). Perhaps lowering the temperature of

reaction for this substrate can eliminate the esterification side product. N-protected
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amines (217) and pyridines (219) were also well tolerated (entries 6 and 7). Attempts

to hydrogenate the disubstituted alkene moiety in 221 resulted in high conversion but

poor mass recovery of product (entry 8).

Table 4.23: Substrate scope: Terminal alkenes

HCOOH (6.5 eq.)
9-Ph-Acr (10 mol%)
2-Aminophenyl disulfide (10 mol%)

Q MeCN [0.067 M], 80 °C, 2x370 nm, 24 h Q H
H
A then PC (10 mol%), HAT (10 mol%) O)Q/
HCOOH (6.5 eq.), 24 h
Entry Alkene Product Yield*
H
MeO
1 vorM 152 MeOMH 179 60% (95%)

0]

0] H
2 ©)Lo/\/\ 175 ©)LO/\)\/H 211
o H
3 e O\/\)\/H
176 O/\/\/zn

Br/\/\/M /\/\/\/\)\/
4** 213 Br H
214
HO/\/\/M H
5 HO/\/\/\/\)\/H
215 216

O X
N )

t-BuO)§O t-BuO)§O
® ® i
7 Q\(O\/\/\ 219 Q\(O\/\)\/ H 220
| |
0 (e}

H
8 @\/O\H/O 221 ©\/O\H/,©/ " 222
0 o)

66% (90%)

54% (100%)

34% (82%)

27% (90%)

56% (83%)

27% (80%)

8% (90%)

" Isolated yields reported. Conversion (in parenthesis) is based on uptake of starting material from crude *H NMR

with respect to internal standard (1,1,2,2-tetrachloroethane or nitromethane).

** Product coeluted alongside remaining starting material.
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Conjugated olefins were also tolerated in the reaction (Table 4.24). Substrates 224,
226 and 228 were isolated in moderate yields, although the conversion of the SM was
quantitative. This could be due to a background thermal decomposition reaction, which
was observed at high temperatures and thus the radical hydrogenation scope of
Michael acceptors was performed at a lower temperature (60 °C). In addition, a mixture
of diastereomers was observed which most likely comes from epimirisation of the

stereocentres with He.

Table 4.24: Substrate scope: Activated alkenes

HCOOH (6.5 eq.)
9-Ph-Acr (10 mol%)
2-Aminophenyl disulfide (10 mol%)

) MeCN [0.067 M], 60 °C, 2370 nm, 24 h 0,
TR then PC (10 mol%), HAT (10 mol%) - o<
HCOOH (6.5 eq.), 24 h
Entry Alkene Product Yield*
o H
1 O/\/V g/\ 223 O/\/V%)VH - 41% (100%)
0

Me\_/Me Me

Me

v H

NP 0 H
2 Q’ g/\ 225 é’ f\/ 226 26% (100%)

Me Me

Me Me M 32% (100%)
3 Megj\\om/\ 227 Meg}* OTH\/H 228

Me o] Me 0

(dr =5.3:1)

* Determined via *H NMR using 1,1,2,2-tetrachloroethane as internal standard. Values in parentheses indicate
conversion of starting material.

A set of unsuccessful substrates is presented in Table 4.25. Activated alkenes 177,
229 and 230 were compatible in the reaction, however their low boiling points made it
impossible to isolate any product (entries 1-3). On the other hand, trisubstituted
alkenes 231-233 were fully consumed but no product was identified in the crude
mixture (entries 4—6). This observation was explained by the oxidation potential (ca.
Eox = 2 V vs SCE)3% which makes them susceptible to SET to the PC. Similarly, alkene
116 did not afford any product although conversion was quantitative (entry 7). Styrene
(178) was unstable under the reaction conditions and fully decomposed after 2.5 h of
irradiation time (entry 8). Taken together these results highlight the limitations of the

radical hydrogenation: i) the substrate must be photo- and/or thermally stable, ii) the
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alkene must lie outside of the oxidation potential of the PC and iii) oxidisable functional

groups are susceptible to side reactions.

Table 4.25. Substrate scope: Unsuccessful substrates

HCOOH (8.5 eq.)
9-Ph-Acr (10 mol%)
2-Aminophenyl disulfide (10 mol%)
@ MeCN [0.067 M], 80 °C, 2x370 nm, 24 h ) H

H
A then PC (10 mol%), HAT (10 mol%) o~

HCOOH (6.5 eq.), 24 h

Entry Substrate Limitation*

1t O_/o{ 177 Volatile

(0]

CN

229 i
2 /\/\CN Volatile

3r )\(O\/\OH 230 Volatile

0
Me
4 CH/O/ 231 Oxidisable
PN
(0] Me
5 TR Oxidisable
o)
6 JNOm Oxidisable
Bu Ph
7 Hj 116 Oxidisable
('gbz

8t @ 178 Unstable

* Determined via 'H NMR using 1,1,2,2-tetrachloroethane as internal standard. Values in brackets indicate
conversion of starting material.

T Reaction carried out at 60 °C.

The substrates in Scheme 4.10 were synthesised during the course of the project in
order to be evaluated as part of the substrate scope.
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Scheme 4.10. Synthesised substrate library.
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4.4. Mechanistic investigation

To gain further insight into the reaction and its mechanism, we studied it in a bit more
detail. A typical reaction setup is shown in Figure 4.2. Upon addition of formic acid to
suspension A), a clear yellow solution is obtained in B). Following light irradiation, the
reaction mixture turns into a brown-orange murky suspension and a significant amount
of carbonation is observed in C). Syringing the overlying gas, passing it through
deuterated chloroform and analysing it via *H NMR revealed the presence of hydrogen
gas. This could be a product of H* recombination, as previously observed in studies of

hydrogen radical generation from hydrocarbons.?4°

Figure 4.2: A pictorial of the reaction setup at different stages. A) Reaction mixture
before addition of formic acid. B) After addition of formic acid. C) Reaction crude after
24 h of irradiation under 370 nm.

To confirm that the formed hydrogen gas is not involved in the hydrogenation reaction,
we performed a control experiment where formic acid was eliminated from the reaction
and the solution was saturated with and left to react under hydrogen gas atmosphere
(Scheme 4.11). This change led to termination of the reaction as no product was

detected and we concluded that Hz is not responsible for the observed reactivity.

9-Ph-Acr (10 mol%)
2-Aminophenyl disulfide (5 mol%)

0 MeCN [0.067 M], 80 °C, 2x370 nm, 24 h o H
LI > RIS N
MeO 8\ H, atmosphere MeO 8
132 179

0%

Scheme 4.11. Control experiment under hydrogen atmosphere in the absence of
formic acid.
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On the other hand, we sought to confirm that decarboxylation was occurring by
detecting the release of CO2. However, NMR spectroscopy was not suitable for this
purpose, as the dissolved concentration of CO:2 in chloroform is extremely low due to
its poor solubility. Consequently, the signal remained below the detection limit of the
spectrometer, especially since 13C NMR is intrinsically less sensitive than *H NMR.
Thus, a qualitative technique was adopted to confirm the presence of COz: in the gas
phase of the reaction post irradiation. Passing the headspace of the vial through a clear
agueous solution of barium hydroxide resulted in the precipitation of barium carbonate

as a white solid.

4.4.1. Radical clock and spin trapping of hydrogen radical

In order to confirm the radical nature of the hydrogenation reaction, a radical clock
experiment was conducted (Scheme 4.12, A). Pleasingly, subjecting malonate 241 to
the standard reaction conditions for 1 day afforded the cyclised product in 64% NMR
yield and a diastereomeric ratio (dr) of 4.4:1 with the major cis-isomer. A proposed
mechanism of cyclisation is shown in Scheme 4.12, B. Addition of H+ into one of the
olefins results in a carbon centered radical that is able to undergo a rapid 5-exo-trig
cyclisation with the other alkene, giving a primary radical that can be quenched in the
HAT step.

HCOOH (6.5 eq.)
00 9-Ph-Acr (10 mol%) 00
EtO OEt 2-Aminophenyl disulfide (10 mol%) EtO OEt
MeCN [0.067 M], 80 °C, 2x370 nm, 24 h
% N Me Me
241 242

(64%), dr = 4.4:1

00 Ho 00 00 00
EtO OEt EtO&Et 5-exo-trig Et(ﬁ)a HAT Etoﬁ\oa
—_—
VAR I H md Me

Scheme 4.12: A) Radical clock experiment using malonate 241. B) Proposed
mechanism.

Electron Paramagnetic Resonance (EPR) spectroscopy is arguably the most widely

used analytical technique for detecting radical intermediates. Given the high reactivity
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of hydrogen radical,?>° it would be impossible to observe its unpaired electron directly.
However, a spin trapping agent that can react with H- to afford a stable adduct can be
used. Thus, we selected 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) which has been
shown to capture H- at a rather high rate (k = 3.8 x 10° M~ s71).25° The resulting open
shell species (DMPO-H) has been previously recorded to have a half-life of several
minutes,?®® allowing sufficient time for an EPR spectrum to be recorded. The calculated
reference data for the coupling constants of DMPO-H is an = 1.64 mT and an = 2.24
mT with a of g-factor of 2.0067,2°° which is in accord with experimentally obtained

data.310

N® HCOOH (6.5 eq.) Ho o

=N® e 9-Ph-Acr (10 mol%) _ \EN)<Me
Me Me

MeCN [0.1 M], 370 nm, 10 min
DMPO DMPO-H

Scheme 4.13. Spin-trapping experiment of hydrogen radical using DMPO.

Upon mixing of photocatalyst with formic acid and DMPO, we observed a weak signal
for the expected DMPO-H adduct. Unfortunately, the concentration of the species was
too low to allow for accurate data to be recorded and the signal-to-noise ratio was too

big for the coupling constants and g-factor to be correctly estimated.

4.4.2. Analysis of the photocatalyst and its deactivation pathways
To obtain further understanding of the reaction mechanism and its deactivation
pathways, the photocatalyst was investigated before and after light irradiation. The H
NMR spectrum of 9-Ph-Acr possesses a characteristic peak for Hg at 7.91 ppm
displayed in Figure 4.3, A. Upon addition of formic acid (B), a downfield shift is
observed from 8.20 ppm to 8.38 ppm, indicative of an interaction between the two
species. A similar deshielding effect is also evident in the spectrum of the PC with the

much more acidic trifluoroacetic acid (TFA) in C).
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Figure 4.3. 1H NMR spectra. A) 9-Ph-Acr, B) 9-Ph-Acr with 1 eq. formic acid and C)
9-Ph-Acr with 1 eq. TFA.

To confirm whether 9-Ph-Acr is coordinating or deprotonating the acid, we also
investigated the nitrogen shift in >N NMR (Table 4.26). Upon addition of acid, the
chemical shift undergoes a significant shift from 304 ppm for the acridine (entry 1) to
187 and 172 ppm in the presence of formic acid and TFA respectively (entries 2-3).
This stark change is indicative of a protonated nitrogen, for reference, the reported

chemical shift of the nitrogen in pyridine is 306 ppm whereas protonated pyridine is at
206 ppm.31?

Table 4.26. 15N Chemical shift of 9-Ph-Acr in the presence of acids

Entry Acid SN NMR (ppm)*
1 None 304
2 HCOOH 187
3 TFA 172

“‘NMR was conducted in d3-MeCN.

The NMR data above would lead us to conclude that the photocatalyst exists as a
formate salt under the reaction conditions. However, in our attempts to crystalise the

salt and obtain its X-ray structure, we were only able to obtain 9-Ph-Acr crystals. To

135



CHAPTER 4

explain this anomaly, the Bronsted-Lowry theory can be used. At first glance, the
reported pKa values for acridine (pKan+=5.6)3'2 and formic acid (pKa = 3.7)3!3 suggest
that a facile deprotonation should take place upon mixing of the two. However, this
data is in water and since the reaction solvent is MeCN, there is a significant shift in
the acid-base pair equilibrium. Indeed, 9-Ph-Acr has been reported to have a slightly
higher basicity (pKan+ = 12.7),31? whereas formic acid is estimated to be significantly
less acidic (pKa = 20.9)34 in acetonitrile. Thus, no deprotonation is possible between
the PC and formic acid in the reaction medium and a hydrogen-bonded complex (243)
is what leads to the observed shift in the >N NMR (Scheme 4.14).

O i - L1
1
NG MeCN Heo N

— — 244

Scheme 4.14. Interactions between formic acid and 9-Ph-Acr.

Upon irradiation of complex 243 with 370 nm light, we witnessed the formation of
acridan 244 in the crude NMR. This observation was confirmed by reducing 9-Ph-Acr
with a hydride source in the presence of a Lewis acid and isolating the pure product
(see Appendix). The formation of 244 in the radical hydrogenation reaction is in support
of our hypothesis and can be explained via the recombination of acridinyl radical with
the H+ (Scheme 4.15).

( () (J
LD . '
N . L LI
I
Mg co, N N
H

244

Scheme 4.15. Proposed mechanism for 9-phenyl acridan 244 formation.

The formation of acridan 244 could be a potential deactivation pathway which explains
why the reaction stops after 24 h. To test this proposal, acridan 244 was employed as

the photocatalyst in the hydrogenation reaction. Surprisingly, the product of
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hydrogenation was obtained in similar yield to the reaction using 9-Ph-Acr, disproving
the hypothesis above. In fact, irradiation of a mixture of acridan 244 with 2-aminophenyl
disulfide 150 afforded 9-Ph-Acr as product (Scheme 4.16). This control experiment
proved that the HAT catalyst is a sufficient oxidant to regenerate the PC during the

course of the reaction.

O NH> 370 nm O

S< /gj
soeh o' p
NH, MeCN, RT, 5 h O O
N 150 N
1eq.
044 (1ea.) (45%)
vie T -
NH, NH,
S S
H £
L2 L 290
N HAT N SET, -H* N7
H H

Scheme 4.16. Control experiment between 9-phenyl acridan (x) and 2-aminophenyl
disulfide. Proposed mechanism involves an initial HAT step followed by SET
(oxidation) of acridinyl radical.

In the absence of formic acid, acridan 244 can still afford the product of hydrogenation
(Scheme 4.17). In a separate control experiment, a higher loading of acridan 244 (20
mol%) was used to generate detectable amounts of product outside of error of
integration. Notably, this reaction does not proceed without HAT catalyst and it
highlights a potential unigue mechanistic pathway outside of the original hypothesis.

Further discussion is provided in section 4.5.

CLIC

0 H O H

(20 mol%)

2-Aminophenyl disulfide (5 mol%) Y
Meo)% Meo)w\/
8 MeCN [0.067 M], 80 °C, 2x370 nm, 18 h 8
132 179

(15%)

Scheme 4.17. Radical hydrogenation with 9-phenyl acridan in the absence of formic
acid.
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Our next goal was to establish how the PC is deactivated in the course of the reaction.
We have already observed that radical recombination between the acridinyl radical and
H- is a potential side reaction that is not a deactivation pathway in the presence of HAT
catalyst. However, we hypothesised that there is another side reaction involving

acridinyl radical that is poisoning the PC and prohibiting it from further reactivity.

To monitor changes in the PC, we analysed the crude reaction mixture by *H NMR.
However, this approach proved challenging due to the complex spectrum of 9-Ph-Acr
(vide supra Figure 4.3, A) and additional signals from other species present in the
crude mixture. To overcome this limitation, we introduced a single fluorine atom at the
ortho-position of the phenyl ring in F-PC (Scheme 4.18). Since a para-fluoro
substituent had previously been shown to be well-tolerated under the reaction
conditions (vide supra Table 4.20, entry 6), we reasoned that relocating it closer to the
acridinyl radical centre would provide a more sensitive spectroscopic probe of
structural changes. That is, since only the PC bears a fluorine label, monitoring the
reaction by °F NMR would directly reveal changes to the photocatalyst as the reaction

progresses.

L
O \ (10 mol%)
Z
N

HCOOH (6.5 eq.)
F-PC 2-Aminophenyl! disulfide (10 mol%) F-PC + 245 + 246
+ +
MeCN [0.067 M], 80 °C, 2x370 nm, 18 h
o 0O H
)L@/\ M OJLM)\/H
MeO 8\ e 8
132 179

Scheme 4.18. Radical hydrogenation reaction with labelled F-PC.

The radical hydrogenation was carried out in the presence of F-PC (Scheme 4.18).
The °F NMR spectrum displayed 3 major peaks: at -119 ppm assigned to the reduced
F-PC (245), -113 ppm coming from remaining F-PC and an unidentified compound at
-106 ppm (246) (Figure 4.4, A). Attempts to purify the latter were unsuccessful due to
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coelution with other impurities, however the H NMR gave us a hint towards a potential
structure (Figure 4.4, B).
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Figure 4.4. NMR analysis. A) 1F NMR of crude reaction mixture. B) 'H NMR of 246.

Based on the spectrum it is clear that 246 has a significant amount of aliphatic protons.
Since only the alkene substrate possesses a hydrocarbon chain, we hypothesised that
a radical addition of the acridinyl radical into the olefin or recombination with a carbon
centred radical has taken place. In addition, carrying out the reaction in the absence
of HAT catalyst afforded mostly the reduced PC with traces of 246. In the absence of
thiyl radical, it is impossible to generate the acridinyl radical, thus the major product

observed is the reduced acridine. Potential structures are shown in Scheme 4.19.

o o OMe
OMe 4
S (2
F
L1 Y
. o8®

Scheme 4.19. Proposed structures of 246.

To further prove that 246 is a product of acridinyl radical bonded to a secondary carbon
centre, a radical decarboxylation of F-PC in the presence of cyclobutanoic acid was

carried out (Scheme 4.20). Based on a literature precedent,°! the reaction afforded
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dihydroacridine 247 with a characteristic 1°F peak at -104 ppm. This product confirms
our hypothesis that the acridinyl radical is participating in an irreversible side reaction
with a secondary carbon radical that is leading to the catalyst death in the radical

hydrogenation.

o
O HO)KQ (5 ea) O F 247
F [

23%

X
O / MeCN [0.067 M], 80 °C, 2x370 nm, 16 h | O 19F: -104 ppm
N N
H

Scheme 4.20. Trapping of acridinyl radical with a secondary carbon radical.

4.5. Proposed mechanism
Taking together all the results outlined above, one potential reaction mechanism is

depicted in Scheme 4.21.

O —H* SO’\
cr

HJ\OH X
N/
150-11
9-Ph-A NH
O 150-111
SH
(1O
- ®
N
| \
o

SET
o)

' e CANp
H (0] Nt N @[
9-Ph-Acri | CET H s \
5 9-Ph-Acr-Il 150-I ©:NH2
[HTOG} S’SD

—co, HN
150
Ho
HAT H
.~ @ __H - 0L _H
247 248 249

Scheme 4.21. Proposed reaction mechanism for the radical hydrogenation involving
the generation of a free hydrogen atom.

Upon addition of formic acid to 9-Ph-Acr, a photoredox-active hydrogen-bonded

complex (9-Ph-Acr-l) is formed, as inferred from the difference in their pKa values.

Irradiation at 370 nm then triggers a PCET event, generating the formyloxy radical

together with the acridinyl radical (9-Ph-Acr-Il). The presence of (9-Ph-Acr-Il) was
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shown in the control experiment between formic acid and 9-Ph-Acr (vide supra
Scheme 4.14). Concurrently, 2-aminophenyl disulfide 150 undergoes S—S homolysis
under light irradiation®® to generate thiyl radical 150-1. SET between acridinyl radical
9-Ph-Acr-Il and thiyl radical 150-1 followed by proton exchange generates the starting
9-Ph-Acr and the thiol HAT catalyst (150-I1) overall completing the net redox neutral
PC cycle. Evidence towards this oxidation event comes from the control experiment

above (see Scheme 4.16), as well as literature precedent in similar systems.162 184

Although, the reduction potentials of acridinyl radical 9-Ph-Acr-Il and thiyl radical 150-
| have not been previously reported, an estimate can be derived from similar previously
studied intermediate species. For example, ortho-chlorine substituted acridinyl radical
(derived from 208) has been calculated to have a reduction potential E{%‘ =-0.33Vyvs
SHE®% or E{?S = -0.57 V vs SCE (potential was converted by subtracting 0.24 V).31°
On the other hand, PhS+ was experimentally determined to have E{%‘ = +0.16 V vs
SCE and since we observed it to be a sufficient oxidant of radical 9-Ph-Acr-II (vide

supra Scheme 4.16) we suggest that a facile electron transfer from 9-Ph-Acr-Il into

the thiyl radical 150-1 takes place in our system.

The formyloxy radical undergoes radical decarboxylation expunging CO:2 gas,
confirmed in the barium hydroxide experiment, and yielding the free hydrogen atom.
H- can then undergo radical addition into an olefin (247), resulting in a carbon centred
radical (248) that can participate with thiol 150-11l in a HAT reaction, regenerating the
thiyl radical 150-I and yielding the product of hydrogenation (249).
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Scheme 4.22. Proposed reaction mechanism involving an RHT step.

To explain why acridan 244 is capable of hydrogenating alkenes in the absence of

formic acid (vide supra Scheme 4.17) an alternative mechanism can be proposed.

Following SET and radical decarboxylation, acridan 244 is formed in situ. Thiyl radical

150-1 can then undergo HAT with acridan 244 yielding acridinyl radical 9-Ph-Acr-II.

Driven by its proaromaticity, 9-Ph-Acr-II can transfer a hydrogen atom to an olefin in a

concerted RHT step.?®! This closes the PC cycle and the resulting carbon centred

radical 248 can participate in another HAT with the thiol to close the HAT catalyst cycle

thus yielding the hydrogenation product 249.
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4.6. Conclusion

The existence of the hydrogen atom radical has been recognised for over a century.
However, the destructive nature of most methodologies for its generation, have made
the smallest radical underexplored in radical chemistry. The aim of this chapter was to
develop a novel strategy for the generation of He under synthetically compatible

conditions and explore its reactivity.

Towards this goal, a near-UV light-initiated radical hydrogenation of olefins was
developed exploiting the radical decarboxylation of formic acid. The cooperative use
of photocatalysis and HAT catalysis enabled sufficient generation of H+ without the
need for stoichiometric reagents to ensure catalytic turnover. Systematic optimisation
identified the optimal photo- and HAT catalysts and resulted in nearly quantitative
conversion of the model substrate. Substrate scope studies revealed the compatibility
of the different classes of alkenes: terminal and electron deficient olefins afforded the

best results while electron rich substrates were poorly tolerated.

Compelling experimental evidence confirmed the involvement of the hydrogen radical.
Electron paramagnetic resonance (EPR) spectroscopy and radical clock experiments
supported its transient formation, while isolation of the reduced photocatalyst provided
independent verification of H* generation. Further mechanistic investigations indicated
that catalyst deactivation arises primarily through recombination with carbon-centred

radicals rather than reduction of the photocatalyst itself.

Two mechanistic scenarios were proposed for the radical hydrogenation: (i) direct
addition of a free hydrogen atom to the alkene, consistent with the initial hypothesis,
and (ii) a recombination pathway in which H- first associates with the reduced
photocatalyst, followed by an RHT step to the substrate.

Taken together, this work represents the first demonstration of hydrogen radical
generation and utilisation under synthetically relevant conditions. The findings
establish a foundation for future developments in mild generation of H+ and open new

opportunities to harness its reactivity in selective transformations.
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Appendix
All reactions were carried out in oven-dried glassware under an argon atmosphere
unless otherwise indicated. All chemicals were used as supplied unless otherwise
indicated. Column chromatography was carried out using BDH (40-60 um) silica gel
and analytical thin layer chromatography was carried out using Merck Keiselgel
aluminium-backed plates coated with silica gel. Components were visualised using
combinations of ultra-violet lights, iodine, ceric ammonium molybdate,
phosphomolybdic acid and potassium permanganate. Melting points were determined
using a Reichert hot-stage apparatus and are uncorrected. Infrared (IR) spectra were
recorded on a Perkin-Elmer 1605 Fourier transform spectrometer or a Perkin-Elmer
spectrum 100 FT-IR spectrometer as thin films. 'H NMR spectra were recorded at 300
MHz on a Bruker AMX300 spectrometer, at 400 MHz on a Bruker AMX400 or Avance
400 spectrometer, at 500 MHz on a Bruker Avance 500 spectrometer, or at 600 MHz
on a Bruker Avance 600 spectrometer in the stated solvent using residual protic solvent
CHCIs (d = 7.26 ppm, s), DMSO (d = 2.56 ppm, gn) or D20 (4.79, s) as the internal
standard. Chemical shifts are quoted in ppm using the following abbreviations: s,
singlet; d, doublet; t, triplet; g, quartet; gn, quintet; m, multiplet; br, broad or a
combination of these. The coupling constants (J) are measured in Hertz. 13C NMR
spectra were recorded at 75 MHz on a Bruker AMX300 spectrometer, at 100 MHz on
a Bruker AMX400 or Avance 400 spectrometer, at 125 MHz on a Bruker Avance 500
spectrometer or at 150 MHz on a Bruker Avance 600 spectrometer in the stated solvent
using the central reference of CHCIsz (d = 77.0 ppm, t), DMSO (d = 39.52 ppm, septet)
as the internal standard. Chemical shifts are reported to the nearest 0.1 ppm. Mass
spectra were obtained using either a VG70-SE or MAT 900XP spectrometer at the
Department of Chemistry, University College London. Elemental analyses were
performed at the Department of Chemistry, University College London. Absorbance
spectroscopy was performed on a Shimazu UV-3600i Plus spectrophtometer using a
Hellma Macro quartz cuvette, 100-QS with a 2 mm path length and the spectra were

recorded with a 1 nm step, in the 300-1000 nm range.
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The spectra of the Kessil lamps were taken from the Kessil website:

https://www.kessil.com/products/science PR160L.php
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Experimental for Chapter 2

2,2'-(Ethane-1,2-diylbis(azanediyl))diphenol (56)

A suspension of 2-aminophenol (5.00 g, 45.8 mmol), 1,2-dibromoethane (1.79 mL,
22.9 mmol) and degassed water (20 mL) was stirred under argon at 100 °C for 16 h.
The resulting precipitate was washed with EtOAc (25 mL), cyclohexane (25 mL), dried
under vacuum and recrystalised from hot MeOH and washed with 10% MeOH in DCM

to give diamine 56 as a purple solid (1.08 g, 19%).

1H NMR (400 MHz, DMSO) & 9.21 (s, 2H, OH), 6.68 — 6.59 (m, 4H, H5, H6), 6.54 (d,
J=7.6 Hz, 2H, H3), 6.40 (t, J = 7.5 Hz, 2H, H4), 4.79 (s, 2H, NH), 3.27 (s, 4H, HO).

13C NMR (101 MHz, DMSO) & 144.1 (C2), 137.4 (C7), 119.7 (C5), 115.7 (C4), 113.4
(C6), 109.6 (C3), 42.2 (C9).

IR vmax/cm-1: 3305 (w, OH), 2920 (w), 1723 (s, C-0), 1595, 1508, 1445, 1408, 1358,
1255, 1107.
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1,3-Bis(2-hydroxyphenyl)-4,5-dihydro-1H-imidazol-3-ium chloride (57)

N® OH

[ N 9@CI 1

s ;“\ OH
6 2
3
5 4
To a solution of diamine 56 (1.00 g, 4.09 mmol) in 1,4-dioxane (20 mL) was added HCI
(4N in dioxane, 4.09 mL, 16.36 mmol) and resulting solution was stirred at room
temperature for 15 min before it was evaporated under reduced pressure. Resulting
diamine hydrochloride was not isolated but used directly in the next step. Redissolved
crude with trimethyl orthoformate (20 mL) and stirred at 100 °C for 18 h. The resulting
green solution was cooled in an ice-bath, triturated with ice-cold pentane (30 mL) and

filtered to afford imidazolium salt 57 as a grey powder (0.76 g, 64%).

1H NMR (400 MHz, DMSO): & 11.06 (s, 2H, OH) 9.71 (s, 1H, H9), 7.40-7.38 (d, J =
7.9 Hz, 2H, H3), 7.25-7.22 (t, J = 7.9, 7.5 Hz, 2H, H4), 7.15-7.13 (d, J = 8.0 Hz, 2H,
H6), 6.98-6.94 (t, J = 7.7, 7.5 Hz, 2H, H5), 4.54 (s, 4H, H8).

13C NMR (101 MHz, DMSO): & 156.2 (C9), 149.9 (C2), 128.7 (C4), 123.6 (C7), 122.8
(C3), 119.8 (C5), 116.9 (C6), 49.4 (C8).

IR (neat) vmax/cm™: 3311 (br., O—H), 2942 (sp? C—H), 2831 (sp® C-H), 1449, 1415,
1115, 1022 (s, C-O).

1-Aminonaphthalen-2-ol (58)

1"

NH
8 49| 2

7 9 OH
I
6 f 2

5 3

12

Sodium hydrasulfite (19.9 g, 114.2 mmol) was added portionwise to a solution of acid
orange 7 (20 g, 57.1 mmol) in deionised water (200 mL) at 50 °C. Resulting suspension
was stirred at 100 °C for 1 h before it was cooled in an ice-bath. The precipitate was
filtered, washed with ice-cold water and dried under vacuum to afford 58 (7.95 g, 87%)

as a pink solid.
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1H NMR (500 MHz, DMSO): 59.13 (br. s, OH), 7.94-7.93 (d, J = 8.5 Hz, 1H, H8), 7.66—
7.64 (d, J = 8.1 Hz, 1H, H5), 7.31-7.28 (t, J = 8.1 Hz, 1H, H6), 7.21-7.18 (t, J = 7.5
Hz, 1H, H7), 7.09-7.05 (m, 2H, H2-3), 4.91 (br. s, 2H, NH).

13C NMR (126 MHz, DMSO): & 138.9 (C1), 128.9 (C9), 128.5 (C4), 127.8 (C5), 123.77
(C6), 123.74 (C10), 122.3 (C7), 121.5 (C8), 117.6 (C2), 116.0 (C3).

IR (neat) vmax/cm™1: 3385 (s), 3313 (s), 3050 (sp? C—H), 2619 (br.), 1632, 1604, 1574,
1361, 1329, 1275, 1255, 1179.

7a,8,15a,16-Tetrahydronaphtho[2,1-b]naphtho[1',2":5,6][1,4]oxazino[2,3-
e][1,4]oxazine (59)

To a solution of aminonaphthol 58 (1.99 g, 12.5 mmol) in toluene (10 mL) was added
water (2 mL) and glyoxal (40% wt in H20, 0.91 g, 6.26 mmol). The suspension was
stirred under reflux in a Dean-Stark apparatus for 16 h. The resulting brown solid was
filtered, washed with water and triturated from acetone with ice-cold water to give a

yellow-brown powder of oxazine 59 (1.56 g, 73%).

1H NMR (400 MHz, DMSO): & 8.08-8.06 (d, J = 8.5 Hz, 2H), 7.83-7.82 (d, J = 4.2 Hz,
2H, NH), 7.79-7.77 (d, J = 8.2 Hz, 2H), 7.48-7.45 (t, J = 7.6 Hz, 2H), 7.37-7.33 (t, J =
7.8 Hz, 2H), 7.28-7.26 (d, J = 8.7 Hz, 2H), 7.02-6.99 (d, J = 8.7 Hz, 2H), 5.56-5.55
(d, J = 4.2 Hz, 2H).

13C NMR (101 MHz, DMSO): 5 136.3, 129.4, 128.1, 125.1, 123.6, 122.88, 122.87,
120.4,118.8, 118.3, 75.4.

IR (neat) vmacm™: 3315 (br.), 2943, 2831, 1449, 1415, 1114, 1022 (s, C-O).

1,1'-(Ethane-1,2-diylbis(chloro-15-azanediyl))bis(naphthalen-2-ol) (60)
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An oven-dried two-neck flask equipped with a condenser was charged with oxazine 59
(3.83 g, 11.3 mmol) and cooled under Ar. A solution of borane (1M in THF, 28.1 mL,
28.1 mmol) was introduced dropwise in an ice-bath and the mixture was stirred under
reflux for 3 h. The reaction was quenched with MeOH (8 mL) at 0 °C and to the resulting
green solution was introduced HCI (4N in dioxane, 5.63 mL, 22.5 mmol) and stirred at
room temperature for 1h. The resulting suspension was diluted with DCM, filtered and

dried under vacuum to give 60 (2.76 g, 71%) as a green solid.

1H NMR (400 MHz, DMSO): 11.14 (br. s, 2H, OH), 8.17-8.16 (d, J = 8.5 Hz 2H), 7.91-
7.89 (d, J = 8.1 Hz 2H), 7.83-7.81 (d, J = 8.9 Hz 2H), 7.58-7.55 (t, J = 7.6 Hz 2H),
7.42-7.38 (t, J = 7.6 Hz 2H), 7.37-7.34 (d, J = 8.9 Hz, 2H), 3.79 (br. s, 4H, NH3), 3.72
(s, 4H).

13C NMR (101 MHz, DMSO) & 148.7, 129.2, 128.7, 128.1, 127.4, 127.3, 123.6, 120.5,
118.0, 54.9, 46.4.

IR (neat) vmax/cm™t: 3129, 2952, 2697, 1651, 1556, 1288.
1,3-Bis(2-hydroxynaphthalen-1-yl)-4,5-dihydro-1H-imidazol-3-ium chloride (61)
HO OQ

N CI@

OH

Diamine hydrochloride 60 (0.80 g, 2.05 mmol) was dissolved in triethyl orthoformate

\=Z
®

(30 mL) and stirred at 100 °C for 2 h. The resulting green solution was cooled to room
temperature and triturated with ice-cold pentane. Filtration afforded imidazolium salt
61 (0.47 g, 58%) as a yellow solid.

IH NMR (400 MHz, MeOD): & 9.17 (s, 1H), 8.08-8.06 (d, J = 8.5 Hz, 2H), 7.98-7.96
(d, J = 9.0 Hz, 2H), 7.94-7.92 (d, J = 8.0 Hz, 2H), 7.72-7.68 (t, J = 7.6 Hz, 2H), 7.49—
7.46 (t, J = 7.7 Hz, 2H), 7.35-7.32 (d, J = 9.0 Hz, 2H), 4.71 (s, 4H).

Note: solid was poorly soluble for 13C NMR.

IR (neat) vmadcm™: 3317 (br.), 2943, 2832, 1449, 1416, 1114, 1021 (s. C-O).
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Titanium isopropoxide complex of 61

Imidazolium chloride 61 (390 mg, 1 mmol) was mixed with potassium carbonate (415
mg, 3 mmol) in THF (4 mL) under argon at room temperature. Reaction was cooled to
0°C and titanium(IV) isopropoxide (0.3 mL, 1 mmol) was added dropwise and resulting
brown suspension was stirred for 14 h. Reaction was quenched with a few drops of
water, evaporated under reduced pressure and crude was washed with water to give
a brown solid that was insoluble in common organic solvents and could not be purified

or characterised further.
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1H-benzo[e][1,3]benzoxazol-2-one (62)

1

(0]
L N2
; o 10 0
g
(S0
5 3
To a solution of 1-aminonaphthalen-2-ol 59 (8.00g, 50 mmol) in acetonitrile (100 mL)
was added 1,1'-carbonyldiimidazole (12.2 g, 75 mmol) at 0°C and suspension was
stirred for 1 h. The reaction was diluted with water (500 mL), filtered and dried under

vacuum to give 62 (8.15g, 88%) as a pink solid.

IH NMR (400 MHz, CDCl3): & 10.99 (br. s, 1H, NH), 7.98-7.96 (d, J = 8.3 Hz, 1H,
H5/H8), 7.92-7.89 (d, J = 8 Hz, 1H, H5/H8), 7.67-7.65 (d, J = 8.8 Hz, 1H, H2), 7.61-
7.57 (t, J = 7.4 Hz, 1H, H6/H7), 7.51-7.48 (t, J = 7.8 Hz, 1H, H6/H7), 7.48-7.46 (d, J
= 8.8 Hz, 1H, H3),

13C NMR (101 MHz, CDCl3): 8 157.2 (C12), 142.2 (C1), 130.7 (C4/C9), 129.0 (C5/C8),
127.2 (C6/C7), 125.5 (C6/C7), 124.2 (C10), 123.3 (C2), 120.9 (C5/C8), 119.6 (C4/C9),
110.6 (C3).

IR (neat) vmax/cm™: 3130, 3052, 1748 (s, C=0), 1462, 1432, 1377, 1277.

5-Bromo-1H-benzo[e][1,3]benzoxazol-2-one (63)

0]

11
8 HN%Z
10 0

7 9
1
Y

5 3

Br

To a solution of 62 (92.5 mg, 0.5 mmol) in MeCN (2.5 mL) was added N-
bromosuccinimide (98 mg, 0.55 mmol) portionwise and the resulting suspension was
stirred for 30 min at 0 °C. Reaction was diluted with water (20 mL) and extracted with
EtOAc (3x30 mL). Combined organic was washed with water (20 mL), brine (20 mL),
dried over MgSOy, filtered and evaporated under reduced pressure to give 63 (128 mg,

97%) as an orange solid. Used directly in the next step without further purification.

1H NMR (500 MHz, DMSO): & 12.58 (s, 1H, NH), 8.18-8.17 (d, J = 8.1 Hz, 1H, H8),
8.08 (s, 1H, H2), 8.08-8.06 (d, J = 8.3 Hz, 1H, H5), 7.72—7.64 (m, 2H, H6, H7).

13C NMR (126 MHz, DMSO): 5 154.6 (C12), 139.1 (C1), 127.8 (C4), 127.6 (C7), 127.4
(C8), 126.9 (C6), 125.3 (C3), 121.8 (C5), 119.7 (C9), 114.9 (C2), 113.8 (C10).
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IR (neat) vmax/cm™1: 3138, 3074, 2836, 1742, 1463, 1303.

5-(4-(Tert-butyl)phenyl)naphtho[1,2-d]Joxazol-2(1H)-one (64)
O

HN—

(0]

t-Bu

A two-neck flask equipped with a condenser was charged with 5-bromo-1H-
benzo[e][1,3]benzoxazol-2-one 63 (79 mg, 0.3 mmol), (4-(tert-butyl)phenyl)boronic
acid (80.1 mg, 0.45 mmol), potassium carbonate (82.9 mg, 0.6 mmol),
bis(triphenylphosphine)palladium(ll) dichloride (21.1 mg, 3 mol%) and water (0.2 mL).
Resulting mixture was degassed by performing three cycles of evacuation and flushing
with argon. Tetrahydrofuran (1 mL) was introduced, and reaction was stirred at 90 °C
for 16 h. The crude NMR showed complete conversion of the starting material.
Purification and full characterisation was carried out by one of our master students —

Qilong Sun.

1H NMR (400 MHz, DMSO): & 12.45 (s, 1H, NH), 8.09-8.07 (d, J = 8.3 Hz, 1H), 7.86—
7.84 (d, J = 8.6 Hz, 1H), 7.64-7.63 (t, J = 7.5 Hz, 1H) 7.56-7.54 (d, J = 8.1 Hz, 2H),
7.52 (s, 1H), 7.49-7.45 (t, J = 8.1 Hz, 1H), 7.41-7.39 (d, J = 8.1 Hz, 2H), 1.36 (s, 9H).

13C NMR (101 MHz, DMSO): 5 155.0, 149.9, 139.1, 136.6, 134.2, 129.8, 127.9, 126.7,
126.6, 125.3, 124.3, 121.5, 119.3, 111.3, 34.4, 31.2.
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1-(2-Bromoethyl)-5-(4-(tert-butyl)phenyl)naphtho[1,2-d]oxazol-2(1H)-one  (65a)
and 5-(4-(tert-butyl)phenyl)-1-vinylnaphtho[1,2-d]oxazol-2(1H)-one (65b)

Br. 0 (0]
\/\N—_{ ¢\N4
° O
+
t-Bu t-Bu

Dibromoethane (9.4 mg, 0.05 mmol) was introduced to a mixture of 5-(4-(tert-
butyl)phenyl)naphtho[1,2-d]oxazol-2(1H)-one 64 (31.7 mg, 0.1 mmol) and potassium
carbonate (13.8 mg, 0.1 mmol) in MeCN (0.8 mL). Resulting suspension was stirred
under reflux for 14 h. Reaction mixture was diluted with water (20 mL) and extracted
with DCM (3x20 mL). Combined organic was washed with water (3x20 mL), brine (20
mL), dried over MgSOas, evaporated and reduced under vacuum. Column over silica
gel (0—-3% MeOH in DCM) gave 65a and 65b as an equimolar mixture.

Note: Ratio of products was determined by the presence of two triplet peaks at 4.7 and
3.8 ppm assigned to 65a and two dublets at 6.0 and 5.6 ppm assigned to 65b. See

below for *H NMR spectrum.

N, N2-Bis(2-hydroxyphenyl)oxalamide (67)
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A solution of oxalyl chloride (1.29 mL, 15 mmol) was added dropwise to a suspension
of 2-aminophenol (3.27 g, 30 mmol) in THF (25 mL) at O °C under Ar. The resulting
mixture was stirred at room temperature for 3 h until complete consumption of starting
material. Reaction was quenched with water (3 mL), solvent was evaporated and
resulting crude was washed with water and recrystalised from hot EtOH to give phenyl
oxalamide 67 (73%) as a pink solid.
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1H NMR (400 MHz, DMSO): & 10.38 (s, 2H, OH), 9.87 (s, 2H, NH), 8.11-8.09 (d, J =
7.9, 1.3 Hz, 2H, H6), 7.05-7.02 (t, J = 7.9, 1.5 Hz, 2H, H5) 6.96-6.94 (d, J = 8.1, 1.2
Hz, 2H, H3), 6.89-6.85 (t, J = 8.1, 1.1 Hz, 2H, H4).

13C NMR (101 MHz, DMSO): & 157.1 (C9), 147.3 (C7), 125.5 (C5), 124.7 (C2), 119.9
(C6), 119.3 (C4), 115.1 (C3).

IR (neat) vmax/cm™: 3352 (s, O—H), 2924, 2853, 1724 (s C=0), 1594 (s, C-0), 1538,
1457, 1338, 1286, 1228, 1191, 1095.
1,3-Bis(2-hydroxyphenyl)-4,5-dihydro-1H-imidazol-3-ium chloride (57)

€]
OH HO @ NH,CI
OINH 1) BH3.THF (8 eq.) 70 °C, 15h CH(OEt); [N ® on
© \

©/OH @ ©/OH

Phenyl oxalamide 67 (54.4 mg, 0.2 mmol) was dissolved in a solution of borane (1M
in THF, 1.6 mL, 1.6 mmol) and heated at 70 °C under Ar atmosphere for 15 h. The
reaction was quenched with MeOH (3 mL) and HCI (4N in dioxane, 0.13 mL, 0.5 mmol)
was introduced and stirred at room temperature for 30 min. The suspension was
evaporated to dryness and the resulting white solid was used directly in the next step
without further purification. In the same reaction flask, triethyl orthoformate (0.5 mL)
was introduced and the solution was stirred at room temperature under argon
atmosphere for 21 h. The resulting suspension was triturated with pentane, filtered,

and dried under vacuum to afford imidazolium salt 57 (51.1 mg, 88%).

N1 ,N2-Bis(4-bromo-2-hydroxyphenyl)oxalamide (68)

Br

To a solution of phenyl oxalamide 67 (1.09 g, 4 mmol) and N-bromosuccinimide (1.57

g, 8.8 mmol) in acetonitrile (10 mL) was added trimethylsilyl trifluoromethanesulfonate
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(0.15 mL, 20 mol%) dropwise at 0 °C. The reaction was stirred under argon
atmosphere for 3 h before it was quenched with water (50 mL). The resulting precipitate
was filtered and dried under vacuum to afford a mixture of bromo-phenyl oxalamide 68
(1.52 g, 13:1 ratio of product to starting material) which was used directly in the next

step without further purification.

14 NMR (400 MHz, DMSO): & 10.80 (s, 2H, OH), 9.83 (s, 2H, NH), 8.25-8.24 (d, J =
2.0 Hz, 2H, H3), 7.23-7.20 (dd, J = 8.6, 2.0 Hz, 2H, H5), 6.92—6.90 (d, J = 8.6 Hz, 2H,
H6).

13C NMR (101 MHz, DMSO): & 157.1 (C9), 146.8 (C7), 128.0 (C5), 126.2 (C2), 122.3
(C3), 116.9 (C6), 109.9 (C4).

IR (neat) vmax/cm™: 3357 (s, O—H), 2931, 1773, 1655 (s, C-0), 1589, 1522, 1485,
1419, 1269, 1104.

1,1'-(Ethane-1,2-diyl)bis(naphtho[1,2-d]Joxazol-2(1H)-one) (69)

To a suspension of diamine hydrochloride 60 (2.1 g, 5.04 mmol) and potassium
carbonate (1.46g, 10.6 mmol) in THF (15 mL) was introduced a solution of CDI (1.8 g,
11.1 mmol) in THF (33 mL) and reaction was stirred at room temperature for 3.5 h. The
resulting suspension was poured over ice-water, filtered and dried under vacuum to
afford product 69 (1.83 g, 92%) as an off-white solid.

IH NMR (400 MHz, DMSO): & 8.23-8.21 (d, J = 8.3 Hz, 2H), 8.05-8.03 (d, J = 8.0 Hz,
2H), 7.78-7.76 (d, J = 8.7 Hz, 2H), 7.57—7.55 (d, J = 8.7 Hz, 2H), 7.52-7.49 (t, J = 7.1
Hz, 2H), 7.45-7.42 (t, J = 7.9 Hz, 2H), 7.01 (s, 2H), 4.79 (s, 4H).

Note: Compound was poorly soluble for 3C NMR.

IR (neat) vmax/cm™: 3056, 1744, 1472, 1270, 999.
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7l1la and 71b
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71a 71b

To a suspension of N-bromosuccinimide (3.34 g, 18.75 mmol) in THF (20 mL) and
water (7 mL) was added dropwise a solution of phenoxazole 70 (1.01 g, 7.5 mmol) in
THF (5 mL). The resulting suspension was stirred at room temperature for 1 h. The
reaction was quenched with water (20 mL), extracted with EtOAc (3x30 mL), combined
organic was washed with water (3x30 mL), brine (50 mL), dried over MgSOQO, filtered

and reduced under vacuum to give a mixture of 73% of 71b and 6% of 71a.

Note: Yield of products was identified using internal standard and identity of products

was confirmed with the help of reported data.316

4-Bromobenzo[d]oxazol-2(3H)-one (73)

1,1'-Carbonyldiimidazole (6.08 g, 37.5 mmol) was added portion-wise to an ice-cold
solution of 2-amino-3-bromophenol 72 (4.70 g, 25 mmol) in acetonitrile (45 mL). The
resulting suspension was stirred for 30 min to ensure complete consumption of starting
material. The reaction was poured over ice-water, filtered and dried under vacuum to

give product 73 (4.75 g, 89% yield) as a yellow solid.

1H NMR (400 MHz, CDCls): & 9.06 (br. s, 1H, NH), 7.30-7.28 (d, J = 8.3 Hz, 1H, H),
7.17-7.15 (d, J = 8.0 Hz, 1H), 7.05-7.01 (t, J = 8.2 Hz, 1H).

13C NMR (101 MHz, CDClzs): d 154.2, 143.9, 129.7, 126.9, 123.8, 109.2, 101.9.
IR (neat) vmax/cm™: 3175, 3112, 1758 (s, C=0), 1484, 1256, 11109.

4-(4-(Tert-butyl)phenyl)benzo[d]oxazol-2(3H)-one (74)

o)

t-Bu O HN__{
o
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A suspension of bromophenoxazole 73 (1.24 g, 5.8 mmol), 4-tert-butylphenylboronic
acid (1.55 g, 8.7 mmol), potassium carbonate (1.60 g, 11.6 mmol) and
bis(triphenylphosphine)palladium(ll) dichloride (116 mg, 3 mol%) in THF (6 mL) and
water (1.5 mL) was stirred under argon atmosphere at 90 °C for 15 h. The reaction
was cooled to room temperature, diluted with water (50 mL) and extracted with DCM
(3x30ml). Combined organic was washed with water (3x30 mL), brine, dried over
MgSOa4, filtered and evaporated under reduced pressure. Flash column
chromatography over silica gel in cyclohexane then 15% EtOAc/cyclohexane afforded
product 74 (1.30 g, 83%) as a white solid.

1H NMR (400 MHz, CDCl3): & 9.54 (s, 1H), 7.56-7.54 (m, 2H), 7.49-7.47 (m, 2H),
7.27-7.25 (m, 1H), 7.18-7.17 (m, 2H), 1.38 (s, 9H).

13C NMR (101 MHz, CDClI3): 3 155.8, 151.5, 144.3, 133.4, 127.5, 127.2, 126.4, 124.9,
123.9, 122.9, 108.8, 34.8, 31.4.

IR (neat) vmadcm™: 3216, 2959 (N—H), 1766 (s, C=0), 1452, 1272, 954.

2-Amino-4'-(tert-butyl)-[1,1'-biphenyl]-3-ol (75)

t-Bu ‘ NH,
O OH

A microwave vial was charged with phenoxazole 74 (0.80 g, 3 mmol) and ammonium

chloride (0.48 g, 9 mmol) and sealed under argon atmosphere. Introduced ethylene

diamine (1.5 mL, 22.4 mmol) and resulting bubbling mixture was stirred at 100 °C for

17.5 h. The vial was cooled to room temperature and the resulting slurry was

immediately loaded on a silica gel column (50% EtOAc/hex) resulting in aminophenol
75 (314 mg, 43%) as a white solid.

1H NMR (400 MHz, DMSO): & 9.29 (s, 1H, OH), 7.47-7.45 (d, J = 8.0 Hz, 2H), 7.37—
7.35 (d, J = 8.0 Hz, 2H), 6.68-6.66 (d, J = 6.7 Hz, 1H), 6.54-6.48 (m, 2H), 4.12 (s, 2H,
NH).

13C NMR (101 MHz, DMSO): 5 149.0, 144.4, 136.8, 133.1, 128.2, 126.4, 125.4, 120.8,
116.8, 113.2, 34.3, 31.2.

IR (neat) vmax/cm™1: 3388, 2959, 2028, 1499, 1287, 802.
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N1 ,N2-Bis(4'-(tert-butyl)-3-hydroxy-[1,1'-biphenyl]-2-yl)oxalamide (76)

ce3sW
- ISH
To a solution of aminophenol 75 (355 mg, 1.47 mmol) in THF (5 mL) was added a
solution of oxalyl chloride (1M in THF, 0.74 mL, 0.74 mmol) dropwise at room
temperature under argon atmosphere. The reaction was stirred for 2 h before it was
diluted with water (20 mL) and extracted with EtOAc (3x30 mL). Combined organic
was washed with water (3x30 mL), brine (30 mL), dried over MgSQs4, filtered and
evaporated under reduced pressure. Purification via flash column chromatography
(cyclohexane then 15% EtOAc/cyclohexane) afforded phenyl oxamide 76 (304 mg,
73%) as a white solid.

1H NMR (400 MHz, DMSO): 8 9.69 (s, 2H), 9.52 (s, 2H), 7.37-7.35 (d, J = 8.0 Hz, 4H),
7.28-7.26 (d, J = 8.0 Hz, 4H), 7.20-7.16 (t, J = 7.9, 7.7 Hz, 2H), 6.90-6.88 (d, J = 7.9
Hz, 2H), 6.78-6.76 (d, J = 7.7 Hz, 2H), 1.31 (s, 18H).

The compound was poorly soluble for a *3C NMR to be recorded.
IR (neat) vmax/cm™1: 2959, 2150, 1774, 1666, 1530, 1469, 1263.

1,3-Bis(4'-(tert-butyl)-3-hydroxy-[1,1'-biphenyl]-2-yl)-4,5-dihydro-1H-imidazol-3-
ium chloride (78)

t-Bu — —
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’ 1) BH3 THF (4 eq.), cl

Ho OH
70°C,4h ®_ N CH(OEt), ®/~ OH
Hog O 2)MeOH, HCI (Beq)| L H, @ ‘ 25°C, 44 h O N
o ° oI
’ ‘
t-Bu
t-Bu

7% 77 78
86% 54%

Phenyl oxalamide 76 (304 mg, 0.57 mmol) was dissolved in a solution of borane (1M
in THF, 2.3 mL, 2.3 mmol) and stirred at 25 °C under Ar atmosphere for 18.5 h. The
reaction was cooled in an ice-bath and quenched with MeOH (1.5 mL) and HCI (4N in

dioxane, 0.43 mL, 1.72 mmol) was introduced and stirred at room temperature for 30
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min. The suspension was diluted with ice-cold pentane (20 mL), filtered and dried
under vacuum to give diamine salt 77 (244 mg, 86%) as a white solid. Used directly in

the next step without further purification or characterisation.

77 (244 mg, 0.42 mmol) was dissolved in triethyl orthoformate (2.5 mL) under an argon
atmosphere and stirred at room temperature for 44 h. Resulting suspension was
diluted with pentane, filtered and triturated from hot methanol with toluene to give
imidazolium salt 78 (126 mg, 54%) as an off-white solid.

14 NMR (400 MHz, DMSO): & 10.81 (s, 2H, OH), 9.11 (s, 1H),7.52—7.50 (d, 4H), 7.39-
7.35 (t, 2H), 7.34—7.32 (d, 4H), 7.08-7.06 (d, 2H), 6.91-6.89 (d, 2H), 3.77 (s, 4H), 1.34
(s, 18H).

13C NMR (101 MHz, DMSO): & 153.2, 150.6, 139.4, 134.2, 130.6, 128.9, 128.3, 128.2,
1255, 125.3, 121.0, 120.7, 115.5, 50.7, 34.4, 31.1, 21.1.

HRMS m/z (ESI) calculated for C3sH39O2N2 [M*] 519.3006; found 519.3002.
IR (neat) vmax/cm™: 3002 (br. O—H), 2867, 1632, 1469, 1215, 1262, 1091.

2-(4-(Tert-butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (80)

Me Me
Me Me

To a solution of pinacol (2.13 g, 18 mmol) in diethyl ether (35 mL), was added (4-(tert-
butyl)phenyl)boronic acid and reaction was stired at room temperature for 16 h. Crude
was reduced under vacuum and column over silica gel (0—10% EtOAc in cyclohexane)
afforded ester 80 (3.78 g, 97%) as a white solid.

1H NMR (400 MHz, CDCls): 8 7.77-7.51 (d, J = 7.8 Hz, 2H), 7.42-7.40 (d, J = 7.8 Hz,
2H), 1.33 (s, 12H), 1.32 (s, 9H).

13C NMR (101 MHz, CDCl3): d 154.6, 134.8, 124.8, 83.7, 34.9, 31.3, 24.9.

80 is a known compound and its NMR spectra are in accord with published data.3'’
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Reaction with Zr(NOs3)2:

NO,
BT\©/OH Zr(NOg), (8.4 eq.) Br\©/OH B"\©:OH BFD/OH
DCM, 25 °C, 7 h
N02 OZN
82 83 84
1 : 1.6 : 2.3

To a solution of 3-bromophenol (176 mg, 1 mmol) in DCM (2 mL) was introduced
dropwise zirconyl nitrate (0.6 mL, 8.4 mmol) and reaction was stirred at room
temperature for 7 h until complete consumption of starting material. Crude NMR

analysis gave products 82, 83 and 84 as a mixture of isomers in a 1:1.6:2.3 ratio.
Note: Identity of 83 and 84 was confirmed from reported data.318 319

3-Hydroxy-2-nitrophenyl trifluoromethanesulfonate (86)

NO,
HO oTf

Diethylamine (230 pL, 2.2 mmol) was added dropwise to a solution of 2-nitrobenzene-
1,3-diol 85 (155 mg, 1 mmol) in DCM (2 mL) and stirred for 5 min. Resulting black
solution was cooled to 0 °C and trifluoromethanesulfonic anhydride (165 pL, 1 mmol)
was introduced dropwise. Reaction was stirred for 30 minutes before it was quenched
with ag. HCI (1M, 5 mL). Aqueous was extracted with DCM (3x20 mL) and combined
organic was washed with water (3x20 mL), brine (20 mL), dried over MgSOz4, filtered
and evaporated under reduced pressure. Column over silica gel (EtOAc in hexane 0—
20%, then 100%) gave product 86 (126 mg, 44%) as a red oil.

1H NMR (400 MHz, CDCl3): & 10.52 (br. s, 1H, OH), 7.57—7.53 (t, J = 8.5, 8.4 Hz, 1H),
7.21-7.19 (d, J = 8.7 Hz, 1H), 6.94-6.92 (d, J = 8.2 Hz, 1H).

13C NMR (101 MHz, CDClzg): 156.3, 142.6, 135.8, 120.6, 117.0, 115.3, 29.8.
F NMR (376 MHz, CDCl3): d -73.08.

IR (neat) vmax/cm-1: 3200 (br. O-H), 2929, 1705, 1623, 1580, 1429, 1350, 1212, 1135,
1009.
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4'-(Tert-butyl)-3-nitro-[1,1'-biphenyl]-2-ol (81)
O t-Bu

The reaction was carried out in 5 separate vials which were combined in the workup
and purification step. A MW vial was charged with 2-bromo-6-nitrophenol 79 (218 mg,
1 mmol), pinacol ester 80 (390 mg, 1.5 mmol), palladium acetate (6.7 mg, 3 mol%),
and tricyclohexylphosphine (16.8 mg, 6 mol%), 1,4-dioxane (3.2 mL) and introduced
potassium carbonate (332 mg, 2.4 mmol) in degassed water (0.8 mL). Reaction was
stirred at 120 °C under argon atmosphere for 24 h. Introduced aqg. HCI (1M, 20 mL)
and aqueous layer was extracted with DCM (3x50 mL). Combined organic was washed
with water (50 mL), brine (50 mL), dried over MgSOa4, filtered and evaporated under
reduced pressure. Analysis of crude NMR with 1,1,2,2-tetrachloroethane as internal
standard confirmed the product yield (~90%). Column over silica gel (0—2% EtOAc in
cyclohexane) followed by recrystallisation from EtOH afforded the purified product

(1.09 g, 80%) as a yellow solid.

1H NMR (400 MHz, CDCl3): & 11.16 (s, 1H, OH), 8.13-8.11 (d, J = 8.5 Hz, 1H), 7.66—
7.64 (d, J = 7.4 Hz, 1H), 7.50 (m, 4H), 7.07—7.03 (t, J = 8.2 Hz, 1H), 1.38 (s, 9H).

13C NMR (101 MHz, CDCls): 3 152.9, 151.3, 138.4, 134.2, 133.1, 132.9, 129.1, 125.4,
124.1, 119.9, 34.7, 31.4.

IR (neat) vmax/cm™: 3100, 2962, 1725, 1604, 1539, 1446, 1300, 1016.

3-Amino-4'-(tert-butyl)-[1,1'-biphenyl]-2-0l (88)
NH,
O OH
O t-Bu

To a solution of nitrophenol 81 (1.66 g, 6.12 mmol) in MeOH/AcOH (1:1, 16 mL) was
added zinc powder (2 g, 30. 6 mmol) portionwise and reaction was stirred at 70 °C for
2 h. Resulting mixture was filtered over celite and concentrated under reduced
pressure. Solid was dissolved in DCM (50 mL) and washed with water (5x50 mL), brine

(20 mL), dried over MgSOu, filtered and evaporated under reduced pressure to afford
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crude 88 (720 mg, 49%) that was used directly into the next step without further

purification.

Note: the compound is unstable if kept in solution for >1 day so should be treated as

soon as possible or stored as a solid at low temperature under inert atmosphere.

N,N2-bis(4'-(tert-butyl)-2-hydroxy-[1,1'-biphenyl]-3-yl)oxalamide (89)

t-Bu O

I t-Bu

To a solution of aminophenol 88 (720 mg, 2.98 mmol) in THF (6 mL) was added a
solution of oxalyl chloride (1M in THF, 1.49 mL, 1.49 mmol) dropwise at 0 °C under
argon atmosphere. The reaction was stirred for 2 h before it was diluted with water (20
mL) and extracted with EtOAc (3x30 mL). Combined organic was washed with water
(3x30 mL), brine (30 mL), dried over MgSOzu, filtered and evaporated under reduced
pressure. Purification via flash column chromatography (DCM) afforded phenyl
oxamide 89 (578 mg, 72%) as a white solid.

1H NMR (400 MHz, CDCl3): & 9.88 (s, 2H, OH), 8.13-8.11 (d, J = 7.9 Hz, 2H), 7.54—
7.52 (d, J = 8.0 Hz, 4H), 7.43-7.41 (d, J = 8.0 Hz, 4H), 7.13-7.11 (d, J = 7.5 Hz, 2H),
7.05-7.01 (t, J = 7.9 Hz, 2H), 6.25 (s, 2H, NH). 1.38 (s, 18H).

Note: The compound was poorly soluble for 13C NMR.

1,3-Bis(4'-(tert-butyl)-2-hydroxy-[1,1'-biphenyl]-3-yl)-4,5-dihydro-1H-imidazol-3-
ium chloride (91)

O t-Bu
foasd
[N\> cl

t-Bu
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Phenyl oxalamide 89 (578 mg, 1.08 mmol) was dissolved in a solution of borane (1M
in THF, 6.48 mL, 6.48 mmol) and stirred at 50 °C under Ar atmosphere for 20 h. The
reaction was cooled in an ice-bath and quenched with MeOH (5 mL) and HCI (4N in
dioxane, 0.6 mL, 2.4 mmol) was introduced and stirred at room temperature for 30 min.
The suspension reduced under pressure and triturated with ice-cold pentane (20 mL),
filtered and dried under vacuum to give diamine salt 90 (416 mg, 72% mass recovery).

Used directly in the next step without further purification or characterisation.

Introduced triethyl orthoformate (11 mL) under an argon atmosphere and stirred at
room temperature for 22 h. Resulting suspension was diluted with pentane, filtered and
washed with methanol and cyclohexane to give imidazolium salt 91 (250 mg, 42%) as
a white solid.

1H NMR (400 MHz, CDCls): 8 9.85 (s, 2H), 9.35 (s, 2H), 7.45 (s, 10H), 7.37-7.35 (d, J
= 7.6 Hz, 2H), 7.12-7.08 (t, J = 7.6 Hz, 2H), 4.52 (s, 4H), 1.33 (s, 18H).

13C NMR (101 MHz, CDCls): 5 149.8, 148.5, 134.5, 131.7, 131.1, 128.9, 125.7, 125.1,
124.7,120.7,51.2, 34.3, 31.2.

IR (neat) vmax/cm™: 3074, 2961, 2867, 1725, 1632, 1464, 1266, 1220, 1011.
HRMS m/z (ESI) calculated for C3sH3sO2N2 [M*] 519.3006; found 519.3002.

N*,N2-bis(5-(tert-butyl)-2-hydroxyphenyl)oxalamide (93)
t-Bu
HO
OTI;NH
HN™ O
OH

t-Bu

To a solution of 2-amino-4-(tert-butyl)phenol 92 (1.98 g, 12 mmol) in dry THF (14 mL)
was added a solution of oxalyl chloride (1M in THF, 6 mL, 6 mmol) dropwise at 0 °C
under argon atmosphere. The reaction was stirred for 3 h before it was diluted with
water (20 mL) and extracted with EtOAc (3x30 mL). Combined organic was washed
with water (3x30 mL), brine (30 mL), dried over MgSO, filtered and evaporated under
reduced pressure. The crude was triturated with pentane (x3) and dried under vacuum

to afford phenyl oxamide 93 (1.59 g, 69%) as an off-white solid.
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1H NMR (400 MHz, DMSO) & 10.18 (s, 2H), 9.85 (s, 2H), 8.24 (d, J = 2.4 Hz, 2H), 7.05
(dd, J = 8.5, 2.4 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 1.26 (s, 18H).

13C NMR (101 MHz, DMSO) d 157.1, 144.8, 141.6, 124.2, 122.1, 116.7, 114.5, 33.9,
31.3.

93 is a known compound and its NMR spectra are in accord with published data.3?°

1,3-Bis(5-(tert-butyl)-2-hydroxyphenyl)-4,5-dihydro-1H-imidazol-3-ium chloride
(94)

t-Bu
N
N
©7  on
Cl
€]
t-Bu

Phenyl oxalamide 93 (1.59 g, 4.14 mmol) was dissolved in a solution of borane (1M in
THF, 16.6 mL, 16.6 mmol) and stirred at 50 °C under Ar atmosphere for 5 h. The
reaction was cooled in an ice-bath and quenched with MeOH (5 mL) and HCI (1N in
EtOAc, 9.10 mL, 9.10 mmol) was introduced and stirred at room temperature for 30
min. The suspension reduced under pressure, redissolved in MeOH and evaporated
under vacuum for a total of three cycles. The crude was used directly in the next step

without further purification or characterisation.

Introduced triethyl orthoformate (14 mL) under an argon atmosphere and stirred at
room temperature for 19 h. Resulting suspension was diluted with ice-cold pentane,
filtered, washed with ice-cold pentane and dried under vacuum to give imidazolium salt
94 (1.19 g, 71%) as an orange solid.

IH NMR (500 MHz, DMSO) & 10.61 (d, J = 2.1 Hz, 2H), 9.48 (s, 1H), 7.38 (d, J = 2.4
Hz, 2H), 7.28 (dd, J = 8.6, 2.3 Hz, 2H), 7.00 (d, J = 8.5 Hz, 2H), 4.57 (s, 4H), 1.28 (s,
18H).

13C NMR (126 MHz, DMSO) d 156.7, 147.9, 142.5, 125.9, 123.1, 120.4, 116.6, 49.9,
34.1, 31.3.

94 is a known compound and its NMR spectra are in accord with published data.3?!
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Titanium isopropoxide complex of 94 (95)

t-Bu tBu rBu
t-Bu
) ; “OH ; 7\ 7 7‘ Q
N Ti(0i-Pr), (1.1 eq.) 9 o-iPr o R o™X
(® - E) 70, [—HE—
N OH +-BuOK (1.1 eq.) pr N JoJ
THF [0.15 M], 80 °C, 16 h Q Q :Zz‘-Bu
t-Bu t-Bu t-Bu
94 95a 95b

To a solution of imidazolium salt 94 (60 mg, 0.15 mmol) and potassium tert-butoxide
(19 mg, 0.165 mmol) in anhydrous THF (1 mL) was added a solution of titanium(lV)
isopropoxide (1M in THF, 0.165 mL, 0.165 mmol) under Ar atmosphere. The reaction
was stirred at 80 °C for 16 h, before it was concentrated under reduced pressure. The
crude was triturated with ice-cold pentane to afford complex 95 (48 mg, 60%) as judged

by the disappearance of the phenolic O—H and imidazolium C—H protons.

Note: The structure was not determined and two proposed structures (95a and 95b)

are given.

1H NMR (400 MHz, CDCls) 5 6.98 (s, 2H), 6.81 (d, J = 8.6 Hz, 2H), 6.25 (d, J = 8.5 Hz,
2H), 4.46 (s, 4H), 1.31 (s, 18H).

13C NMR (101 MHz, CDCls) & 200.6, 152.9, 140.7, 129.2, 120.7, 116.6, 112.6, 47.4,
34.3, 31.8.

General procedure for deoxygenation reactions

A MW vial was charged with ligand (10 mol%), base (0.2 mmol), zinc powder (26.1 mg,
0.4 mmol) and TiCls (0.1 mL, 0.1 M in DCM) under Ar. The solvent was evaporated
under reduced pressure and 2,2-difluoroethanol (6.3 pL, 0.1 mmol), 1,1-
diphenylethylene (35 uL, 0.2 mmol) and triisopropylsilyl chloride (64.2 uL, 0.3 mmol)
were added under Ar. Introduced solvent (1 mL) and the reaction was stirred at the
indicated temperature for 24 h. The internal standard was added directly and an aliquot
taken for NMR analysis.
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NMR spectra for Chapter 2

2,2'-(Ethane-1,2-diylbis(azanediyl))diphenol (56)
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1,3-Bis(2-hydroxyphenyl)-4,5-dihydro-1H-imidazol-3-ium chloride (57)

11.11

9.71

APPENDIX

{2000
1900
1800
1700
1600
r 1500
1400
1300
1200
F1100
r 1000
900
800
700
600
500
400
300
200

r100

— 156.20

9.0

— 149.92

— 128.67
—123.65

N\ 122.77
~-119.75
—~ 116.95

i

T
6.5

T T
6.0 5.5

f1 (ppm)

49.42

4200

4000

3800

3600

3400

3200

3000

2800

2600

2400

2200

2000

1800

1600

r 1400

1200

1000

800

600

400

200

F-200

L-a00

00

T
190

T
180

T
170

T
160

T
150

T
140

T
130 120

T
110

T
100 90
1 (ppm)

166



1-Aminonaphthalen-2-ol (58)
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7a,8,15a,16-Tetrahydronaphtho[2,1-bJnaphtho[1',2":5,6][1,4]oxazino[2,3-
e][1,4]oxazine (59)
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1,1'-(Ethane-1,2-diylbis(chloro-I5-azanediyl))bis(naphthalen-2-ol) (60)
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1,3-Bis(2-hydroxynaphthalen-1-yl)-4,5-dihydro-1H-imidazol-3-ium chloride (61)
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1H-benzo[e][1,3]benzoxazol-2-one (62)
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5-Bromo-1H-benzo[e][1,3]benzoxazol-2-one (63)
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5-(4-(Tert-butyl)phenyl)naphtho[1,2-d]Joxazol-2(1H)-one (64)
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1-(2-Bromoethyl)-5-(4-(tert-butyl)phenyl)naphtho[1,2-d]Joxazol-2(1H)-one (65a)
and 5-(4-(tert-butyl)phenyl)-1-vinylnaphtho[1,2-d]oxazol-2(1H)-one (65b)
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N?, N2-bis(2-hydroxyphenyl)oxalamide (67)
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N, ,N2-bis(4-bromo-2-hydroxyphenyl)oxalamide (68)
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1,1'-(Ethane-1,2-diyl)bis(naphtho[1,2-d]Joxazol-2(1H)-one) (69)
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4-Bromobenzo[d]oxazol-2(3H)-one (73)
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4-(4-(Tert-butyl)phenyl)benzo[d]oxazol-2(3H)-one (74)
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2-Amino-4'-(tert-butyl)-[1,1'-biphenyl]-3-ol (75)
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N ,N2-bis(4'-(tert-butyl)-3-hydroxy-[1,1'-biphenyl]-2-yl)oxalamide (76)
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1,3-Bis(4'-(tert-butyl)-3-hydroxy-[1,1'-biphenyl]-2-yl)-4,5-dihydro-1H-imidazol-3-

ium chloride (78)
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2-(4-(Tert-butyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (80)
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3-Hydroxy-2-nitrophenyl trifluoromethanesulfonate (86)
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4'-(Tert-butyl)-3-nitro-[1,1'-biphenyl]-2-ol (81)
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N ,N2-bis(4'-(tert-butyl)-2-hydroxy-[1,1'-biphenyl]-3-yl)oxalamide (89)
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1,3-Bis(4'-(tert-butyl)-2-hydroxy-[1,1'-biphenyl]-3-yl)-4,5-dihydro-1H-imidazol-3-

ium chloride (91)
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N, N2-bis(5-(tert-butyl)-2-hydroxyphenyl)oxalamide (93)
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1,3-Bis(5-(tert-butyl)-2-hydroxyphenyl)-4,5-dihydro-1H-imidazol-3-ium chloride
(94)
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Titanium isopropoxide complex of 94 (95)
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Experimental for Chapter 3

General procedure for anti-Markovnikov LMCT hydroxylation

HO

Metal cat. (10 mol%)
Ligand (5 mol%)
N KOH (10 eq.) N

Cbz 9:1 MeCN/H,0 [0.1 M], RT, 390 nm, 18 h Cbz
116 17

A microwave vial was charged with benzyl 4-methylidenepiperidine-1-carboxylate
(41.5 pL, 0.2 mmol), metal catalyst (10 mol%), ligand (5 mol%) and any other additives.
A mixture of acetonitrile (1.8 mL) and ag. KOH (10 M, 0.2 mL) was added and the
reaction was bubbled with argon for 5 min. The reaction was stirred at RT under 390
nm light irradiation for 18 h, before the internal standard was introduced and aliquot

taken for NMR analysis.

N-cyclohexyl-N-(2-(dicyclohexylamino)-3-
(diethylamino)cyclopropylidene)cyclohexanaminium chloride (124)

. Flei 1) HNGy, (6 eq.), DCM 0.1 M], 48 h NEt,
C|><L/ 2) HNEt,, 72 h ™ CyN—d L

Cl NCy,

Prepared according to a literature procedure.3??

A solution of pentrachlorocyclopropane (1.28 mL, 10 mmol) in DCM (100 mL) was
sparged with argon for 10 min and cooled to 0 °C. Dicyclohexylamine (12 mL, 60 mmol)
was added dropwise and the reaction was stirred for 48 h at RT. To the mixture,
diethylamine (2.06 mL, 20 mmol) was added dropwise and the reaction was stirred for
72 h before it was quenched with conc. HCI (40 mL) at O °C. The resulting precipitate
was filtered and washed with agq. HCI (1 M, 100 mL) and hot chloroform (100 mL). The
combined organic was washed with aq. HCI (5x100 mL), water (50 mL) and brine (50
mL), dried over NazSOs4, filtered and evaporated to afford 124 as a solid (4.03 g, 79%).

1H NMR (400 MHz, CDCl3) & 4.12 (g, J = 7.2 Hz, 4H), 3.61 (g, J = 7.2 Hz, 4H), 3.35 (t,
J=12.4 Hz, 4H), 1.96 — 1.01 (m, 42H).

13C NMR (101 MHz, CDCls) 3 119.7, 118.7, 60.9, 46.4, 32.5, 25.9, 24.9, 14.7.

124 is a known compound and its NMR spectra are in accord with published data.3??
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General procedure for anti-Markovnikov N-oxide hydroxylation

A microwave vial was charged with methyl undecanoate (40 mg, 0.2 mmol),
photocatalyst (5 mol%), HAT catalyst (5 mol%) and pyridine N-oxide (25 mol%). A
mixture of acetonitrile (3.6 mL) and water (0.4 mL) was added and the reaction was
bubbled with argon for 5 min. The reaction was stirred at RT under 427 nm light
irradiation for 18 h. The solvent was removed under reduced pressure, and the crude

was dissolved in CDClz and taken for NMR analysis.

Methyl 11-Hydroxyundecanoate (133a)

MBOWOH

(0]
Adapted from literature procedure.3?3

To an oven-dried two-neck flask was added methyl undecanoate (595 mg, 3 mmol)
under argon atmosphere. A solution of borane-THF (1M in THF, 3 mL, 3 mmol) was
added dropwise at 0°C and the reaction was warmed to 40 °C and stirred for 1.5 h.
Aqueous sodium hydroxide (10 wt%, 1.08 mL, 3 mmol) was added, followed by
dropwise addition of hydrogen peroxide (30 wt%, 0.61 mL, 6 mmol) and the reaction
was stirred at 50 °C for 2 h. The mixture was quenched with saturated potassium
carbonate, and the aqueous layer was extracted with EtOAc (3x10 mL). The combined
organic was washed with brine (20 mL), dried over MgSOQu, filtered and evaporated
under reduced pressure. Purification via silica plug eluting with pentane (100 mL) and
EtOAc (100 mL) afforded the purified product as a colourless oil (200 mg, 31%).

1H NMR (400 MHz, CDCl3) & 3.68 — 3.59 (m, 5H), 2.30 (t, J = 7.5 Hz, 2H), 1.67 — 1.50
(m, 5H), 1.28 (m, J = 4.0 Hz, 12H).

13C NMR (101 MHz, CDCls) & 174.5, 63.2, 51.6, 34.3, 32.9, 29.6, 29.5, 29.5, 29.3,
29.3, 25.8, 25.1.

133ais a known compound and its NMR spectra are in accord with published data.3?*

Methyl 11-chloroundecanoate (133b)

MeO
Wm

(0]

Adapted from literature procedure.3?
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To an oven-dried round bottom flask was added N-chlorosuccinimide (70 mg, 0.53
mmol, 1.05 equiv.), THF (3.2 mL, 0.26 M) and triphenylphosphine (139 mg, 0.53 mmol,
1.05 equiv.) sequentially. The resulting pink slurry was stirred for 30 minutes at room
temperature in the dark. Alcohol 133a (108 mg, 0.5 mmol, 1 equiv.) in THF (3.2 mL)
was then added to the reaction mixture and the resulting slurry was stirred at room
temperature for 17 hours, at which point the reaction turned into a burgundy solution.
The reaction mixture was diluted with water (10 mL) and extracted with EtOAc (3x10
mL). Combined organic was washed with water (10 mL) and brine (10 mL), dried over
MgSO4, filtered and evaporated under reduced pressure. Purification via silica plug

eluting with pentane (50 mL) afforded 133b (59 mg, 50%) as a colourless oil.

1H NMR (400 MHz, CDCl3) & 3.66 (s, 3H), 3.52 (t, J = 6.8 Hz, 2H), 2.30 (t, J = 7.5 Hz,
2H), 1.81 — 1.70 (m, 2H), 1.67 — 1.54 (m, 3H), 1.42 (s, 3H), 1.33 — 1.23 (m, 12H).

13C NMR (101 MHz, CDCI3s) & 174.5, 51.6, 45.3, 34.2, 32.8, 29.5, 29.4, 29.3, 29.3,
28.9, 27.0, 25.1.

General procedure A for N-oxide synthesis:

To a solution of pyridine (10 mmol) in TFA (20 mL) was added a solution of hydrogen
peroxide (30 wt% in water, 5.9 mL) and the reaction was stirred at 100 °C for 4 h. The
solution was cooled to room temperature and poured over ice-water. The resulting
suspension was extracted with DCM, the organic layer was washed with aq. NaHCOs3
and brine, dried over MgSOQa, filtered and evaporated under reduced pressure. The
crude was passed through a short silica plug (eluting with DCM, then 10%
MeOH/DCM) to afford the pure product.

General procedure B for N-oxide synthesis:

To a solution of pyridine (10 mmol) in chloroform (10 mL) was added meta-
chloroperbenzoic acid (3.44 g, 20 mmol) and the reaction was stirred at 70 °C
overnight. The resulting suspension was neutralised with sodium bicarbonate and
extracted with DCM (20 mL). The combined organic was washed with ag. Sodium
bicarbonate (20 mL), water (20 mL) and brine (20 mL), dried over MgSOQs, filtered and
evaporated under reduced pressure. The crude was passed through a short silica plug
(eluting with DCM, then 10% MeOH/DCM) to afford the pure product.
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2,6-Dichloropyridine 1-oxide (127)

Cl Cl

@O—z\@ />

Prepared following general procedure A on a 23.4 mmol scale and purified by trituration
from DCM with pentane as the antisolvent. Dried under suction to afford 127 as an off-
white solid (1.55 g, 40% vyield).

'H NMR (400 MHz, CDCl3) 5 7.46 (d, J = 8.1 Hz, 2H), 7.13 (t, J = 8.1 Hz, 1H).
13C NMR (101 MHz, CDClzs) d 143.0, 125.0, 124.8.
127 is a known compound and its NMR spectra are in accord with published data.3?¢

2,6-Dibromopyridine 1-oxide (134)

Br Br

@O—z\@ />

Prepared following general procedure A on a 11.7 mmol scale and purified by passing
through a short silica plug (eluting with DCM then 10% MeOH in DCM) to 134 (1.66 g,

56% yield) as an orange solid.

1H NMR (400 MHz, CDCl3s) 8 7.65 (d, J = 8.0 Hz, 2H), 6.94 (t, J = 8.0 Hz, 1H).

13C NMR (101 MHz, CDClz3) 3 133.9, 129.7, 125.1.

134 is a known compound and its NMR spectra are in accord with published data.3?’

2,4,6-Trimethylpyridine 1-oxide (135)

Me

00-2@ )—%

To a solution of 2,4,6-collidine (2.64 mL, 20 mmol) in acetic acid (20 mL) was added a
solution of hydrogen peroxide (30 wt% in water, 8.5 mL, 75 mmol) and the reaction
was stirred at 100 °C for 12 h. The solution was cooled reduced under vacuum and
neutralised with agq. NaHCOs. Extracted with DCM (3x20 mL), combined organic was
washed with water (2x20 mL) and brine (20 mL), dried over MgSOau, filtered and
evaporated under reduced pressure. The crude was passed through a short silica plug
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(eluting with EtOAc, then 10% MeOH/DCM) to afford 135 (975 mg, 36%) as a yellow

solid.
'H NMR (400 MHz, CDCIl3) & 6.96 (s, 2H), 2.51 (s, 6H), 2.28 (s, 3H).
13C NMR (126 MHz, CDClz3) d 148.3, 136.5, 124.9, 20.3, 18.3.
135 is a known compound and its NMR spectra are in accord with published data.3?®
4-(Tert-butyl)pyridine 1-oxide (136)

t-Bu

X
)

N

o

o
To a solution of 4-tert-butyl pyridine (18 mL, 123 mmol) in acetic acid (135 mL) was
added hydrogen peroxide (30 wt% in water, 200 mL) portionwise and the reaction was
stirred at 110 °C for 16 h. The solvent was distilled off and the remaining crude was
neutralised with ag. NaHCOs3 (1 M, 50 mL) and extracted with DCM (3x30 mL). The
combined organic was washed with water (3x30 mL) and brine (30 mL), dried over

MgSOg, filtered and evaporated. Purification over a short pad of silica gel (eluting with
EtoAc, then 10% MeOH in DCM) afforded 136 (9 g, 48%) as an orange solid.

1H NMR (400 MHz, CDCl3) §8.12 (d, J = 6.4 Hz, 2H), 7.25 (d, J = 6.2 Hz, 2H), 1.29 (s,
9H).

13C NMR (101 MHz, CDClzs) 8 150.9, 138.6, 123.2, 34.6, 30.6.
136 is a known compound and its NMR spectra are in accord with published data.3?°

2,4,6-Triphenylpyridine (137)

s ®

y BF4 NH4OH (3 eq.)
ol Et,0 [0.25M], 0 °C to RT, 16 h |

NS
T e

To a suspension of 2,4,6-triphenylpyrylium tetrafluoroborate (1.98 g, 5 mmol) in diethyl

ether (20 mL) was added ammonium hydroxide (28—-30% wt. in water, 1.95 mL, 15
mmol) at O °C. The resulting solution was allowed to warm up to room temperature and
stirred for 16 h. The reaction was diluted with water (20 mL) and extracted with diethyl

ether (50 mL). Combined organic was washed with water (20 mL), brine (20 mL), dried
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over MgSOa, filtered and evaporated to afford the crude product. Purification through

a short silica plug (eluting with DCM) gave the pure product (1.51 g, 98% yield).

1H NMR (400 MHz, CDCls) & 8.25 — 8.17 (m, 4H), 7.90 (s, 2H), 7.80 — 7.72 (m, 2H),
7.58 — 7.42 (m, 9H).

13C NMR (101 MHz, CDCls) & 157.6, 150.4, 139.7, 139.2, 129.29, 129.23, 129.16,
128.9, 127.35, 127.31, 117.3.

137 is a known compound and its NMR spectra are in accord with published data.33°

2,4,6-Triphenylpyridine 1-oxide (138)

Prepared according to general procedure B on 4 mmol scale. Purification via silica plug
(eluting with DCM, then 10% MeOH/DCM) afforded product 138 (388 mg, 30% vyield)
and recovered 137 (790 mg, 2.57 mmol).

1H NMR (400 MHz, CDCl3) & 7.91 — 7.86 (m, 4H), 7.68-7.67 (m, 1H), 7.66 (s, 3H),
7.52 — 7.41 (m, 9H).

13C NMR (101 MHz, CDClIs) & 149.9, 137.8, 136.8, 133.5, 129.7, 129.5, 129.4, 129.0,
128.2, 126.5, 123.9.

138 is a known compound and its NMR spectra are in accord with published data.33!

2-(Trifluoromethyl)pyridine 1-oxide (139)

Prepared according to general procedure A on 10 mmol scale. Purification via silica
plug (eluting with DCM, then 10% MeOH/DCM) afforded product 139 (595 mg, 37%

yield) as yellow oil.

IH NMR (400 MHz, CDCl3) & 8.31 (d, J = 6.5 Hz, 1H), 7.70 (dd, J = 8.0, 2.1 Hz, 1H),
7.45 (td, J = 7.2, 2.1 Hz, 1H), 7.34 (t, J = 7.8 Hz, 1H).
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F NMR (376 MHz, CDCl3s) & -69.14.
139 is a known compound and its NMR spectra are in accord with published data.33?

4-Cyanopyridine 1-oxide (140)

CN

X
)
N

o)
©

Prepared according to general procedure B. Product 140 was isolated (397 mg, 33%
yield) after workup without the need for further purification. Some of the yield was lost
due to the compound being soluble in water.

IH NMR (400 MHz, CDCl3s) d 8.27 —8.20 (m, 2H), 7.56 — 7.49 (m, 2H).
13C NMR (101 MHz, CDCl3) 6 140.4, 129.1, 115.9, 107.8.
140 is a known compound and its NMR spectra are in accord with published data.333
2-Phenylpyridine 1-oxide (141)
X
U@
N
(0]
o

Prepared according to general procedure B on 10 mmol scale. Product 141 was
isolated (775 mg, 45% yield) as an off-white solid after workup without the need for

further purification.

1H NMR (400 MHz, CDCls) & 8.35 (dd, J = 6.5, 1.3 Hz, 1H), 7.85 — 7.77 (m, 2H), 7.56
—7.41 (m, 4H), 7.34 (td, J = 7.7, 1.3 Hz, 1H), 7.29 — 7.21 (m, 1H).

13C NMR (126 MHz, CDCls) & 149.3, 140.5, 132.7, 129.6, 129.3, 128.3, 127.5, 125.7,
124.6.

141 is a known compound and its NMR spectra are in accord with published data.33

2,6-Dichloro-4-methoxypyridine 1-oxide (142)

4
Me.
3
2 XN
o
Cl71 l}l Cl
(0]
C)
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Prepared according to general procedure A on 10 mmol scale. Purification via silica
plug (eluting with DCM, then 10% MeOH/DCM) afforded product 142 (400 mg, 21%

yield) as an orange solid.
'H NMR (400 MHz, CDCl3) 6 7.02 (s, 2H, H2), 3.86 (s, 3H, H4).
13C NMR (101 MHz, CDClz3) d 155.8 (C3), 143.8 (C1), 111.6 (C2), 56.8 (C4).

IR (neat) vmax/cm™: 3082, 3059, 3019, 2961, 1607, 1547, 1400, 1240, 1159, 1096,
1028.

HRMS m/z (ESI) calculated for CeHsCI2NO2 [M+H]* 193.9776, found: 193.9773

9-Phenylacridine 10-oxide (143)

SN
@
n
o)
€]

Prepared according to general procedure B. Recrystallisation from hot MeOH:CHCls =
1:1 (ca. 100 mL) afforded product 143 (1.64 g, 61% yield)

1H NMR (400 MHz, CDCl3) & 8.99 (d, J = 9.1 Hz, 2H), 7.80 (ddd, J = 9.1, 6.6, 1.3 Hz,
2H), 7.72 (dd, J = 8.9, 1.3 Hz, 2H), 7.66 — 7.56 (m, 3H), 7.52 — 7.42 (m, 4H).

13C NMR (101 MHz, CDCls) & 139.4, 135.4, 131.1, 130.8, 128.8, 128.8, 127.6, 127.1,
126.8, 120.0.

143 is a known compound and its NMR spectra are in accord with published data.33®

The following substrates did not react under standard conditions A to form the

respective N-oxide:

Me

A Me I Me

P

i " ] u'ii \\"ii
—Z
t-Bu N t-Bu

The following N-oxides did not form under standard conditions B:

199



APPENDIX

Cl OMe OMe

X X X

P L L
Cl N~ “CI Cl N °CI Br N™ "Br

Dimethyl 2,2'-disulfanediyldibenzoate (151)

0 O\Me
Sig
Me~6-N0

To a suspension of thiosalicylate (0.69 mL, 5 mmol) in DCM:H20 = 1:1 (0.5 M) was
added KHCOs (1 eq.) and reaction was kept in a water bath. Introduced bromine (0.5
eg.) dropwise and the resulting suspension was stirred at room temperature for 30 min.
The reaction was extracted with DCM (30 mL) and the combined organic was washed
with water (20 mL) and brine (10 mL), dried over MgSOQa, filtered and evaporated to
afford the pure disulfide 151 (666 mg, 80%) as a white solid.

1H NMR (400 MHz, CDCls) & 8.00 (d, J = 7.6, Hz, 2H), 7.69 (d, J = 8.2 Hz, 2H), 7.34
(t, J = 8.2 Hz, 2H), 7.17 (d, J = 7.6 Hz, 2H), 3.92 (s, 6H).

13C NMR (101 MHz, CDClz) 3 167.1, 140.5, 133.2, 131.6, 127.4, 126.0, 125.6, 52.6.
151 is a known compound and its NMR spectra are in accord with published data.33¢

N,N'-(disulfanediylbis(2,1-phenylene))diacetamide (152)

2 eq.) OYMe

HoN CI)LMe HN

. - .
@ S Pyridine:DCM = 4:7 @ S
NH, 0°CtoRT, 19h NH
Me™ O
152

To a solution of 2-aminophenyl disulfide (1 g, 4 mmol) in pyridine:DCM = 4.7 (11 mL)
was added acetyl chloride (0.57 mL, 8 mmol) dropwise at 0 °C and the reaction was
stirred at RT for 19 h. The crude was poured into water (20 mL) and extracted with
DCM (3x20 mL). The combined organic was washed with ag. HCI (1M, 2x20 mL), water
(20 mL) and brine (20 mL), dried over MgSOQg, filtered and evaporated. The resulting
solid was washed with pentane and dried under vacuum to afford 152 (1 g, 75%) as
an off-white solid.
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1H NMR (400 MHz, CDCl3) & 8.35 (d, J = 8.3 Hz, 2H), 7.91 (s, 2H), 7.41 (t, J = 7.6 Hz,
4H), 7.02 (t, J = 7.3 Hz, 2H), 1.98 (s, 6H).

13C NMR (126 MHz, CDCIl3) 8 168.6, 139.9, 136.5, 132.2, 124.5, 123.9, 121.3, 24.7.
152 is a known compound and its NMR spectra are in accord with published data.33’

2-Phenylmalononitrile (153)

Synthesized following a modified literature procedure.33®

NC._CN

|
. K,CO3 (4 eq.)
Cul (10 mol%)
L-proline (20 mol%)

DMSO, 90 °C, 24 h 153

In a flame-dried and argon filled round bottom flask potassium carbonate (5.53 g, 40.0
mmol, 4.0 eq.), copper iodide (190 mg, 1.0 mmol, 10 mol%), L-proline (0.23 g, 2.0
mmol, 20 mol%) and malononitrile (1.98 g, 30.0 mmol, 3.0 eq.) were suspended in dry
DMSO (40 mL). After the addition of iodobenzene (1.12 mL, 10.0 mmol, 1.0 eq.), the
flask was sealed with a sureseal and stirred for 24 h at 90 °C. After cooling to room
temperature, the reaction was neutralised with aq. HCI. The aqueous layer was
extracted with EtOAc (3x100 mL). The combined organic layers were washed with
water (2x100 mL) and brine (2x100 mL), dried over MgSO4, filtered, and the solvent
was removed under reduced pressure. The product was purified by column
chromatography (dry loading on celite, eluting with gradient 30% to 100% DCM in
cyclohexane), 153 was obtained as a white solid (352 mg, 25%).

1H NMR (400 MHz, CDCl3) 8 7.51 (m, 5H), 5.07 (s, 1H).
13C NMR (101 MHz, CDCls) & 130.5, 130.2, 127.3, 126.3, 111.9, 28.2.

153 is a known compound and its NMR spectra are in accord with published data.33®
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NMR spectra for Chapter 3

N-cyclohexyl-N-(2-(dicyclohexylamino)-3-

(diethylamino)cyclopropylidene)cyclohexanaminium chloride (124)
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Methyl 11-Hydroxyundecanoate (133a)
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Methyl 11-chloroundecanoate (133b)
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2,6-Dichloropyridine 1-oxide (127)
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2,6-Dibromopyridine 1-oxide (134)
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2,4,6-Trimethylpyridine 1-oxide (135)
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4-(Tert-butyl)pyridine 1-oxide (136)
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2,4,6-Triphenylpyridine (137)
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2,4,6-Triphenylpyridine 1-oxide (138)
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2-(Trifluoromethyl)pyridine 1-oxide (139)
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4-Cyanopyridine 1-oxide (140)
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2-Phenylpyridine 1-oxide (141)
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2,6-Dichloro-4-methoxypyridine 1-oxide (142)
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Dimethyl 2,2'-disulfanediyldibenzoate (151)
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2-Phenylmalononitrile (153)
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Experimental for Chapter 4

2,4,5,6-Tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN)

N

O s 1) NaHMDS (4.4 eq.) THF [0.44 M], 0 °C NC CN
2) E C Y\ )
NC CN N
(4.4 eq.) :@i (Teq) OO O/Q
F F

70°C,24 h 4CzIPN

Prepared according to literature procedure.33°

An oven-dried two-neck flask was charged with carbazole (3.68 g, 22 mmol) and
sealed under argon. Diethyl ether (40 mL) was introduced and the suspension was
cooled to 0 °C. Sodium bis(trimethylsilyl)amide (2M in THF, 10.5 mL, 21 mmol) was
added dropwise and the resulting suspension was stirred at RT for 30 min. A solution
of tetrafluoroisophthalonitrile (1 g, 5 mmol) in Et2O:THF = 5:1 (6 mL) was added
dropwise and the reaction was stirred under reflux (62 °C) for 24 h. The solvent was
removed under vacuum and the resulting solid was washed with diethyl ether (200 mL)
and extracted with chloroform (340 mL). The chlorinated organic was concentrated and
triturated with pentane, filtered and dried under suction to afford 4CzIPN (2.70 g, 69%)

as a yellow solid.

1H NMR (500 MHz, CDCl3) 6 8.23 (d, J = 7.8 Hz, 2H), 7.76 — 7.66 (m, 8H), 7.53 — 7.46
(m, 2H), 7.33 (d, J = 7.6 Hz, 2H), 7.25 — 7.19 (m, 4H), 7.13 — 7.03 (m, 8H), 6.87 — 6.79
(m, 4H), 6.67 — 6.60 (M, 2H).

13C NMR (126 MHz, CDCIs) d 145.4, 144.8, 140.1, 138.3, 137.1, 134.9, 127.1, 125.9,
125.1, 124.9, 124.7, 123.9, 122.5, 122.1, 121.6, 121.1, 120.6, 119.8, 116.5, 111.8,
110.1, 109.6, 109.6.

4CzIPN is a known compound and its NMR spectra are in accord with published

data.340
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2,4-Dimethylquinoline (164)

0
o (1eq) Me
Me)j\Me
NH, | N
-TsOH (1 eq. P
p (1eq.) NZ “Me

100 °C, 24 h

Prepared according to a literature procedure.3#!

A microwave vial was charge with 2-aminoacetophenone (1.21 mL, 10 mmol), acetone
(0.74 mL, 10 mmol) and p-toluenesulfonic acid monohydrate (1.90 g, 10 mmol), sealed
and stirred at 100 °C for 24 h. The reaction was neutralised with aq. NaOH (1M) and
extracted with DCM (3x10 mL). The combined organic layer was washed with ag.
NaOH (1M, 3x10 mL), water (2x20 mL) and brine (20 mL), dried over MgSOa4, filtered
and evaporated. Purification via flash column chromatography over silica gel (eluting
with gradient 50% to 100% DCM in cyclohexane) afforded 164 (240 mg, 15%) as a

brown oil.

IH NMR (500 MHz, CDCls) & 8.07 (d, J = 8.5 Hz, 1H), 7.96 (dd, J = 8.2, 1.4 Hz, 1H),
7.69 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.52 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.16 (d, J =
1.2 Hz, 1H), 2.72 (s, 3H), 2.68 (d, J = 1.0 Hz, 3H).

13C NMR (101 MHz, CDClIs) 5 158.8, 147.8, 144.3, 129.3, 129.2, 126.7, 125.6, 123.7,
122.8, 25.4, 18.7.

164 is a known compound and its NMR spectra are in accord with published data.34*

3,3'-Oxybis(tert-butylbenzene) (165)
O O

)J\/u\ (10 mol%)
u t-Bu

t-B
/©\ ¥ @\ cul (10 mok) /©\ /©\
t-Bu OH Br ¢-Bu ™ tBu o) t-Bu

Cs,CO3 (2 eq.)
DMF, 110 °C
24 h

Prepared according to a literature procedure.3*?

A flask was charged with 1-bromo-3-(tert-butyl)benzene (10 g, 46.9 mmol), 3-tert-
butylphenol (10.6 g, 70.4 mmol), caesium carbonate (30.6 g, 93.8 mmol), 2,2,6,6,-
tetramethyl heptane-3,5-dione (0.98 mL, 10 mol%), copper(l) iodide (894 mg, 10
mol%) and DMF (30 mL). The reaction was stirred at 135 °C for 24 h. The resulting

suspension was passed through a short celite plug, eluting with diethyl ether (200 mL).
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The combined organic was washed with water (5x200 mL) and brine (300 mL), dried
over MgSOsa, filtered and evaporated. Purification via flash column chromatography
(dry loaded on celite, eluting with gradient 0% to 2% EtOAc in pentane) afforded 165
(8.15 g, 61%) as a colourless oil.

1H NMR (400 MHz, CDCl3) & 7.28 — 7.22 (m, 3H), 7.13 (ddd, J = 7.8, 2.0, 1.0 Hz, 2H),
7.09 (t, J = 2.1 Hz, 2H), 6.79 (ddd, J = 8.0, 2.4, 1.0 Hz, 2H), 1.30 (s, 18H).

13C NMR (101 MHz, CDCl3) 8 157.2, 153.5, 129.3, 120.2, 116.4, 115.6, 34.9, 31.4.
165 is a known compound and its NMR spectra are in accord with published data.3+2

3,6-Di-tert-butyl-9-mesitylxanthylium tetrafluoroborate (166)

Me
1) sec-BuLi (2.05 eq.) O
TMEDA (2.05 eq.), n-hexane, Me Me
-78 °CtoRT, 4 h N
2) Me @/
t-Bu (0] t-Bu COOMe t-Bu O t-Bu
(1.01eq.) O BF4

Me Me

-78 °Cto RT, 18 h

Prepared according to a literature procedure.3*?

To a solution of 3,3'-oxybis(tert-butylbenzene) (3.62 g, 12.8 mmol) and N,N,N’N*-
tetramethylethylenediamine (3.94 mL, 26.3 mmol) in n-hexane (13 mL) was added sec-
BuLi (1.4 M in cyclohexane, 19 mL, 26.3 mmol) portion wise at 0 °C. The reaction was
taken out of the ice-bath and stirred for 4 h at RT. The resulting suspension was cooled
to -78 °C and a solution of methyl 2,4,6-trimethylbenzoate (2.56 g, 14.4 mmol) in n-
hexane (10 mL) was added dropwise. The reaction was stirred at RT for 18 h before it
was quenched with water (20 mL). Extracted with diethyl ether (3x30 mL), combined
organic was washed with water (2x60 mL) and brine (60 mL). Introduced conc. HCI (6
mL) to the organic layer and the reaction was stirred at RT for 1 h after which it was
diluted with water (50 mL). The organic layer was extracted with water until the
washings became colourless and sodium tetrafluoroborate (1.16 g, 10.6 mmol) was
added to the combined aqueous layer. The resulting yellow solution was extracted with
DCM (ca. 1 L) until the aqueous became colourless, and the solvent was concentrated
to ca. 20 mL. Tetrafluoroboric acid diethyl ether complex (1.76 mL, 12.8 mmol) was

introduced, the organic layer was swirled for 2 min, washed with water (20 mL), aq.
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NaBFs (1M, 20 mL) and dried over solid NaBF4, filtered and evaporated. Trituration
from cyclohexane/pentane afforded xanthilium 166 (3.90, 61%) as a yellow solid.

1H NMR (400 MHz, CDCls) & 8.50 (d, J = 1.7 Hz, 2H), 7.88 (dd, J = 9.0, 1.7 Hz, 2H),
7.72.(d, J = 8.9 Hz, 2H), 7.15 (s, 2H), 2.47 (s, 3H), 1.85 (s, 6H), 1.52 (s, 18H).

13C NMR (101 MHz, CDCls) & 174.2,171.1, 158.8, 141.4, 135.6, 129.2, 128.6, 127.7,
122.2,117.1, 37.7, 30.6, 21.4, 20.4.

1F NMR (376 MHz, CDCl3s) 5 -153.91, -153.96.
166 is a known compound and its NMR spectra are in accord with published data.34?

3,6-Di-tert-butyl-9-mesityl-10-phenylacridin-10-ium tetrafluoroborate (PC1)

Me NH2 Me

® () aren ®
Me Me Me Me
X > X
@ AcOH (3 eq.), EtsN (1.5 eq.), CP
t-Bu (0] t-Bu t-Bu N t-Bu
S]

DCM [0.4 M], RT, 14 h

reaction in the dark BF4

O BF4

Prepared according to a literature procedure.3*?

To a solution of xanthilium 166 (997 mg, 2 mmol) in anh. DCM (5 mL) was added acetic
acid (0.34 mL, 6 mmol), triethylamine (0.42 mL, 3 mmol) and aniline (0.22 mL, 2.4
mmol) under argon atmosphere and the reaction was stirred at RT for 14 h in the dark.
The resulting solution was diluted with water (15 mL) and organic layer was washed
with sat. NaHCOs. The resulting DCM layer was stirred with HBF4-Et2O complex (0.27
mL, 2 mmol) until a homogeneous mixture was obtained. Organic layer was washed
with water (20 mL) and ag. NaBF4 (1M, 20 mL), dried over NaBF4, filtered and
evaporated under reduced pressure. Trituration from cyclohexane/pentane afforded
PC1 (715 mg, 62%) as a yellow solid.

1H NMR (400 MHz, CDCls) & 8.00 — 7.85 (m, 3H), 7.83 — 7.69 (m, 6H), 7.42 (s, 2H),
7.16 (s, 2H), 2.49 (s, 3H), 1.87 (s, 6H), 1.29 (s, 18H).

19F NMR (376 MHz, CDCl3) d -154.40, -154.45.

PC1 is a known compound and its NMR spectra are in accord with published data.34?
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1,2,4,6-Tetraphenylpyridin-1-ium tetrafluoroborate (PC2)

O NH,

N EtOH [0.167 M], 90 °C, 5 h
X
le,
(0)
(1.1 eq.)

€]
BF,

Prepared according to a literature procedure.343

To a suspension of 2,4,6-triphenylpyrylium tetrafluoroborate (1.98 g, 5 mmol) in
ethanol (30 mL) was added aniline (0.5 mL, 5.5 mmol) and the reaction was stirred at
90 °C for 5 h. The solvent was evaporated and the crude was triturated with
cyclohexane and pentane and dried under vacuum to afford PC2 (2.26 g, 96%) as a

yellow solid.

1H NMR (400 MHz, CDCl3) & 7.99 (s, 2H, H6), 7.80 (d, J = 7.5 Hz, 2H, H13), 7.57 —
7.43 (m, 3H, H3), 7.40 (d, J = 7.2 Hz, 4H, H3), 7.31 — 7.17 (m, 8H), 7.11 — 7.04 (m,
3H).

13C NMR (101 MHz, CDCl3) & 157.9 (C12), 156.8 (C5), 139.1 (), 134.8 (q), 133.1 (q),
132.1, 130.2, 129.97, 129.91, 129.79, 129.04, 128.8, 128.6, 128.5, 126.5 (C6).

19F NMR (376 MHz, CDCls) & -153.10 — -153.17 (m).

IR (neat) vmax/cm: 3063, 1622, 1598, 1490, 1448, 1362, 1281, 1234, 1161, 1109,
1080.

HRMS m/z (ESI) calculated for C29H24N* [M+H2]* 386.1903 found: 386.1899.
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9-(4-(Tert-butyl)phenyl)acridine (202)

B(OH),

: (1.05 eq.) O
Br t-Bu

K2003 (31 3 eq)

~ > N
P Pd(PPha), (0.5 mol%) D
N N

DME/EtOH/H,0 = 1:1:1 (0.19 M)
100 °C, 24 h

A Schlenk tube was charged with 9-chloroacridine (1.07 g, 5 mmol), 4-(tert-
butyl)benzene boronic acid (935 mg, 5.25 mmol), potassium carbonate (2.16 g, 15.7
mmol), tetrakis(triphenylphosphine)palladium (29 mg, 0.5 mol%) and a
DME:H20:EtOH = 1:1:1 mixture (27 mL). The resulting suspension was sparged with
argon for 10 min before it was stirred at 90 °C for 24 h. The reaction was cooled to RT
and extracted with DCM (3x20 mL). The combined organic was washed with water
(2x20 mL) and brine (10 mL), dried over MgSO, filtered and evaporated. Purification
via flash column chromatography over silica gel (eluting with 50% DCM in

cyclohexane) afforded 202 (1.22 g, 78%) as a pale-yellow solid.

1H NMR (500 MHz, CDCl3) 8 8.29 (d, J = 8.7 Hz, 2H), 7.81 — 7.74 (m, 4H), 7.65 — 7.59
(m, 2H), 7.46 — 7.41 (m, 2H), 7.40 — 7.36 (m, 2H), 1.47 (s, 9H).

13C NMR (101 MHz, CDCls) & 151.5, 148.9, 147.7, 132.9, 130.4, 130.0, 129.7, 127.2,
1255, 125.4, 34.9, 31.6.

202 is a known compound and its NMR spectra are in accord with published data.34

9-Mesitylacridine (203)

B(OH),
Me Me Me
(1.05 eq.) O
Br Me Me Me
K,CO3 (2.4 eq.)
AN - AN
_ Pd(PPhz)4 (0.5 mol%) _
N DME/EtOH/H,0 = 1:1:1 (0.19 M) N
100 °C, 24 h

A Schlenk tube was charged with 9-chloroacridine (1.07 g, 5 mmol), mesitylbenzene
boronic acid (861 mg, 5.25 mmol), potassium carbonate (2.16 g, 15.7 mmol),
tetrakis(triphenylphosphine)palladium (29 mg, 0.5 mol%) and a DME:H20:EtOH =
1:1:1 mixture (27 mL). The resulting suspension was sparged with argon for 10 min
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before it was stirred at 100 °C for 24 h. The reaction was cooled to RT and extracted
with DCM (3x20 mL). The combined organic was washed with water (2x20 mL) and
brine (10 mL), dried over MgSOg, filtered and evaporated. Purification via flash column
chromatography over silica gel (eluting with 10% EtOAc, 1% EtsN in cyclohexane)

followed by trituration with pentane afforded 203 (80 mg, 5%) as a pale-yellow solid.

14 NMR (400 MHz, CDCl3) & 8.31 (d, J = 8.8 Hz, 2H), 7.78 (d, J = 7.8 Hz, 2H), 7.52
(d, J = 8.7 Hz, 2H), 7.45 — 7.37 (m, 2H), 7.09 (s, 2H), 2.45 (s, 3H), 1.71 (s, 6H).

13C NMR (101 MHz, CDCIls) & 148.8, 138.2, 136.8, 132.0, 130.5 (2 C overlapping),
129.6 (2 C overlapping), 128.5, 126.2, 126.1, 125.2, 21.3, 20.1.

203 is a known compound and its NMR spectra are in accord with published data.34°

3,6-Di-tert-butyl-9-phenylacridine (204)

1) sec-BuLi (2.05 eq.) — =

TMEDA (2.05 eq.), n-hexane, O
/@\ O\ -78°CtoRT, 4 h
t-Bu (6] t-Bu 2) O \
t-Bu t-Bu

COOMe
- ()
©/ (1.01 eq.) BF,
C)

-78 °Cto RT, 18 h

NH,OH (10 eq.)
DCM (0.35 M), RT, 16 h

Prepared according to a modified literature procedure.3#?

To a solution of 3,3-oxybis(tert-butylbenzene) (1 g, 3.54 mmol) and N,N,N’N*-
tetramethylethylenediamine (1.08 mL, 7.2 mmol) in n-hexane (3.5 mL) was added sec-
BuLi (1.4 M in cyclohexane, 5.2 mL, 7.3 mmol) dropwise at O °C. The reaction was
taken out of the ice-bath and stirred for 4 h at RT. The resulting suspension was cooled
to -78 °C and a solution of methyl benzoate (487 mg, 3.58 mmol) in n-hexane (3.5 mL)
was added dropwise. The reaction was stirred at RT for 18 h before it was quenched
with water (10 mL). Extracted with diethyl ether (3x10 mL), combined organic was
washed with water (2x20 mL) and brine (20 mL). Introduced conc. HCI (3 mL) to the

225



APPENDIX

organic layer and the reaction was stirred at RT for 1h after which it was diluted with
water (20 mL). The organic layer was extracted with water (3x20 mL) and sodium
tetrafluoroborate (1.16 g, 10.6 mmol) was added to the combined aqueous layer. The
resulting yellow solution was extracted with DCM (ca. 200 mL) until the aqueous
became colourless, and the solvent was concentrated to ca. 20 mL. Tetrafluoroboric
acid diethyl ether complex (0.48 mL, 3.54 mmol) was introduced, the organic layer was
swirled for 2 min, washed with water (20 mL), aq. NaBF4 (1M, 20 mL) and dried over
solid NaBF4, filtered and evaporated to afford crude xanthilium which was used directly

in the next step without further purification.

To a solution of crude xanthilium (3.54 mmol) in DCM (10 mL) was added ag.
ammonium hydroxide (28 wt%, 4 mL, 35.4 mmol) and the reaction was stirred at RT
for 16 h. The suspension was extracted with DCM (3x20 mL), combined organic was
washed with water (2x20 mL), brine (20 mL), dried over MgSOQOas, filtered and
evaporated. Purification over silica gel (eluting with gradient 20% to 50% DCM in
cyclohexane) afforded acridine 204 (224 mg, 17% over 2 steps) as a yellow solid.

1H NMR (400 MHz, CDCl3) & 7.47 — 7.39 (m, 2H, H4), 7.29 (t, J = 7.9 Hz, 2H), 7.27 —
7.16 (m, 5H, H8, H13), 7.08 (dd, J = 8.3, 1.9 Hz, 2H, H4), 1.32 (s, 18H, H1).

13C NMR (101 MHz, CDCls) & 152.8, 149.7 (q), 148.1 (q), 128.6, 127.9, 126.7, 126.6,
124.4 (q), 121.1, 113.2 (C8), 70.5 (C3), 34.8 (C2), 31.4 (C1).

IR vmax/cm™: 2962, 2904, 2868, 1612, 1406, 1364, 1319, 1098.
HRMS m/z (ESI) calculated for C27HsiN [M+H2] 369.2456 found: 369.2451.

3,6-Di-tert-butyl-9-mesitylacridine (205)

Me Me
Me l Me Me l Me
NH4OH (3 eq.)
A > A
®, Et,0, RT, 22 h P
t-Bu (0] t-Bu t-Bu N t-Bu
©BF4

To a solution of 3,6-di-tert-butyl-9-mesitylxanthylium tetrafluoroborate (997 mg, 2
mmol) in diethyl ether (10 mL) was added ag. ammonium hydroxide (28wt%, 0.8 mL,
6 mmol) and the reaction was stirred at RT for 22 h, before it was diluted with water

(10 mL) and the organic layer was separated. The aqueous layer was extracted with
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Et20 (3x10 mL), combined organic was washed with water (3x20 mL), brine (20 mL),
dried over MgSOau, filtered and evaporated. Purification over a short pad of silica gel
(eluting with DCM) afforded 205 (737 mg, 90%) as a yellow solid.

1H NMR (400 MHz, CDCls) & 8.19 (s, 2H), 7.50 — 7.38 (m, 4H), 7.07 (s, 2H), 2.45 (s,
3H), 1.72 (s, 6H), 1.46 (s, 18H).

13C NMR (101 MHz, CDCls) & 153.1, 149.6, 145.8, 137.9, 136.9, 132.4, 128.4, 125.7,
125.1, 124.4,123.4, 35.4, 31.0, 21.4, 20.2.

205 is a known compound and its NMR spectra are in accord with published data.346

9-(2-Chlorophenyl)acridine (208)

B(OH),
cl
\© (1.05 eq.) O
Br K,COs (2.4 €q.) cl
A > X
O / Pd(PPha), (0.5 mol%) O /
N DME/EtOH/H,0 = 1:1:1 (0.19 M) N

100 °C, 24 h

A Schlenk tube was charged with 9-chloroacridine (1.07 g, 5 mmol), 2-
chlororobenzene boronic acid (822 mg, 5.25 mmol), potassium carbonate (2.16 g, 15.7
mmol), tetrakis(triphenylphosphine)palladium (29 mg, 0.5 mol%) and a
DME:H20:EtOH = 1:1:1 mixture (27 mL). The resulting suspension was sparged with
argon for 10 min before it was stirred at 100 °C for 24 h. The reaction was cooled to
RT and extracted with DCM (3x20 mL). The combined organic was washed with water
(2x20 mL) and brine (10 mL), dried over MgSOy, filtered and evaporated. Purification
via flash column chromatography over silica gel (eluting with 50% DCM in

cyclohexane) afforded 208 (477 mg, 33%) as a pale-yellow solid.

IH NMR (500 MHz, CDCls) & 8.32 (d, J = 8.8 Hz, 2H), 7.79 (ddd, J = 8.8, 6.5, 1.4 Hz,
2H), 7.67 (dd, J = 8.0, 1.3 Hz, 1H), 7.60 — 7.42 (m, 6H), 7.36 (dd, J = 7.4, 1.8 Hz, 1H).

13C NMR (126 MHz, CDClIs) & 148.8, 144.4, 135.1, 134.3, 132.1, 130.3, 130.3, 130.1,
129.8, 127.0, 126.4, 126.2, 125.1.

208 is a known compound and its NMR spectra are in accord with published data.3*
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9-Phenyl-9,10-dihydroacridine (244)

O NaCNBH; (2 eq.)

_ >

Et,0.BF3 (2 eq.
x 2 3(2eq)) O O
|O O THF, 22 h, 70 °C
“ N
H

N

Prepared according to a literature procedure.3#®

To a suspension of 9-phenyl-acridine (384 mg, 1.5 mmol) and sodium
cyanoborohydride (189 mg, 3 mmol) in THF (5 mL) was added boron trifluoride diethyl
etherate (0.36 mL, 3 mmol) under argon atmosphere and the reaction was stirred at
70 °C for 22 h. The resulting mixture was cooled to 0 °C, quenched with ag. ammonia
(25 wt%, 4 mL) and stirred for 10 min at RT. Extracted with diethyl ether (3x10 mL),
combined organic was washed with water (2x20 mL), brine (20 mL), dried over MgSOa,
filtered and reduced under vacuum. Purification over silica gel (eluting with gradient
20% to 50% DCM in cyclohexane) afforded 244 (376 mg, 96%) as an off-white solid.

1H NMR (400 MHz, CDCl3) & 7.29 — 7.19 (m, 4H), 7.19 — 7.05 (m, 5H), 6.85 (t, J = 7.5
Hz, 2H), 6.77 (d, J = 7.9 Hz, 2H), 6.13 (s, 1H), 5.31 (s, 1H).

13C NMR (101 MHz, CDCls) & 147.2, 139.0, 129.7, 128.7, 127.9, 127.4, 126.4, 123.7,
120.9, 113.9, 47.6.

244 is a known compound and its NMR spectra are in accord with published data.34°
9-(2-Fluorophenyl)acridine (F-PC)
B(OH),
(1.2eq.)

K,CO3 (2.4 eq.)

A
P Pd(PPhs), (3 mol%)
N N

DME/EtOH/H,0 = 1:1:1 (0.4 M)
90°C,24 h

A Schlenk tube was charged with 9-chloroacridine (1.07 g, 5 mmol), 2-fluorobenzene
boronic acid (840 mg, 6 mmol), potassium carbonate (1.66 g, 12 mmol),
tetrakis(triphenylphosphine)palladium (173 mg, 3 mol%) and a DME:H20:EtOH =1:1:1
mixture (12 mL). The resulting suspension was sparged with argon for 10 min before
it was stirred at 90 °C for 24 h. The reaction was cooled to RT and extracted with DCM

(3x20 mL). The combined organic was washed with water (2x20 mL) and brine (10
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mL), dried over MgSOa, filtered and evaporated. Purification via flash column
chromatography over silica gel (eluting with 50% DCM in cyclohexane) afforded F-PC
(1.09 g, 80%) as a yellow solid.

IH NMR (500 MHz, CDCl3) & 8.31 (d, J = 8.8 Hz, 1H), 7.79 (ddd, J = 8.8, 6.5, 1.4 Hz,
1H), 7.66 (d, J = 8.7 Hz, 1H), 7.64 — 7.57 (m, 1H), 7.47 (ddd, J = 8.8, 6.5, 1.2 Hz, 1H),
7.43-7.38 (m, 1H), 7.35 (t, J = 8.8 Hz, 1H).

13C NMR (126 MHz, CDCl3) & 160.3 (d, J = 247.8 Hz), 148.8, 141.2, 132.6 (d, J = 3.2
Hz), 130.9 (d, J = 7.8 Hz), 130.3, 129.8, 126.4, 126.2, 125.4, 124.4 (d, J = 3.6 Hz),
123.4 (d, J = 16.9 Hz), 116.3 (d, J = 21.6 Hz).

9F NMR (282 MHz, CDClzs) 5 -112.83.
F-PC is a known compound and its NMR spectra are in accord with published data.34’

9-(Perfluorophenyl)acridine

K,CO3 (3.13 eq.)

X X >
P Pd(PPh3), (0.5 mol%)
N

DME/EtOH/H,0 = 1:1:1 (0.19 M)
100 °C, 24 h

Did not form under the Suzuki coupling conditions described above due to hydrolysis

of the boronic acid.

9-(2-Fluorophenyl)-9,10-dihydroacridine (245)

O NaCNBH; (2 eq.)
F

_—

Et,0.BF; (2 eq.)

X
THF, 22 h, 70 °C
N/

Prepared according to a literature procedure.3*8
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To a suspension of 9-(2-fluorophenyl)acridine (137 mg, 0.5 mmol) and sodium
cyanoborohydride (63 mg, 1 mmol) in THF (2 mL) was added boron trifluoride diethyl
etherate (0.12 mL, 1 mmol) under argon atmosphere and the reaction was stirred at
70 °C for 22 h. The resulting mixture was cooled to 0 °C, quenched with ag. ammonia
(25 wt%, 1 mL) and stirred for 10 min at RT. Extracted with diethyl ether (3x10 mL),
combined organic was washed with water (2x20 mL), brine (20 mL), dried over MgSOa,
filtered and reduced under vacuum. Purification over silica gel (eluting with gradient
20% to 50% DCM in cyclohexane) afforded 245 (125 mg, 91%) as a pale-yellow

powder.

Note: Upon standing in chloroform solution overnight the sample oxidises back to the
starting acridine.

1H NMR (400 MHz, CDCl3) & 7.17 — 7.07 (m, 5H,), 7.07 — 6.92 (m, 3H,), 6.83 (t, J =
7.6 Hz, 2H,), 6.76 (d, J = 7.9 Hz, 2H, H3, H11), 6.13 (s, 1H, H7), 5.76 (s, 1H, H10).

13C NMR (101 MHz, CDCls) & 159.3 (d, J = 245.1 Hz, C16), 139.3 (q), 134.2 (d, J =
14.3 Hz, C15), 130.6 (d, J = 4.2 Hz), 129.6 (d, J = 1.6 Hz), 127.9 (d, J = 8.1 Hz,), 127.6,
124.6 (d, J = 3.5 Hz), 122.7, 121.1, 115.5 (d, J = 22.5 Hz, C17), 113.9 (C3, C11), 39.8
(d, J = 2.5 Hz, C10).

19F NMR (376 MHz, CDCl3) & -119.06.

9-Cyclobutyl-9-(2-fluorophenyl)-9,10-dihydroacridine (247)

To a solution of 245 (109 mg, 0.4 mmol) in anh. MeCN (6 mL) was added cyclobutene
carboxylic acid (0.19 mL, 2 mmol) and the reaction was sparged with Ar for 5 min,
before it was heated to 80 °C and irradiated with 370 nm light for 16 h. The reaction
was quenched with aq. NaHCOs (10 mL), extracted with DCM (3x20 mL) and the
combined organics were dried under vacuum. Purification over silica gel (eluting with
50% DCM in cyclohexane) followed by trituration with ice-cold pentane afforded 247
as a white solid (30 mg, 23%).
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Note: The compound is unstable under air atmosphere and discoloration was observed
in solution within an hour. Trituration with pentane purifies the compound, but it is best

stored as a solid under inert atmosphere.

1H NMR (400 MHz, CDCl3) & 7.64 (td, J = 7.9, 2.0 Hz, 1H, H17), 7.32 — 7.24 (m, 2H),
7.20 (t, J = 7.5 Hz, 1H, H19), 7.08 (t, J = 7.5 Hz, 2H, H1, H13), 6.88 (ddd, J = 11.5,
7.8, 1.5 Hz, 1H, H20), 6.76 — 6.65 (m, 4H, H2, H3, H11, H12), 6.59 (d, J = 7.7 Hz, 2H,
H6, H14), 6.08 (s, 1H, N-H7), 3.14 (p, J = 8.6 Hz, 1H, H16), 1.92 — 1.74 (m, 4H, H22,
H24), 1.68 (p, J = 8.9 Hz, 1H, H23), 1.40 (g, J = 9.4 Hz, 1H, H23).

13C NMR (101 MHz, CDCls) & 161.1 (d, J = 250.9 Hz, C21), 138.6 (C5, C9), 136.4 (d,
J=9.1Hz, C15), 129.1 (C3/C11), 128.7-128.6 (overlapping C6,C14, C17, C18), 127.2
(C1, C13), 124.9 (C4, C8), 123.0 (d, J = 3.7 Hz, C19), 119.9 (C2, C12), 117.1 (d, J =
21.9 Hz, C20), 113.0 (C3/C11), 49.2 (C10), 49.16 (C16), 24.6 (C22, C24), 18.4 (C23).

19F NMR (376 MHz, CDCl3) d -104.26.

HAT catalysts synthesys

General procedure C for disulfide synthesis:

KHCOg3 (1 eq)
DCM:H,0 = 1:1 (0.5 M) Z
N SH s \_IR
Ri- Br, (0.5 eq.), RT, 30 min X"""s
= Ro _

To a suspension of thiophenol (1 eq.) in DCM:H20 =1:1 (0.5 M) was added KHCOs3 (1
eg.) and reaction was kept in a water bath. Introduced bromine (0.5 eq.) dropwise and
the resulting suspension was stirred at room temperature for 30 min. The reaction was
extracted with DCM (30 mL) and the combined organic was washed with water (20
mL) and brine (10 mL), dried over MgSOQu, filtered and evaporated to afford the pure
disulfide product.

1,2-Bis(2-chlorophenyl)disulfide (173)

o

Prepared according to general procedure C using 2-chlorothiophenol (578 mg, 4

mmol). The pure disulfide (500 mg, 87%) was obtained as an off-white solid.
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IH NMR (400 MHz, CDCls) & 7.55 (dd, J = 7.9, 1.6 Hz, 2H), 7.37 (dd, J = 7.8, 1.5 Hz,
2H), 7.23 (td, J = 7.6, 1.5 Hz, 2H), 7.16 (td, J = 7.6, 1.7 Hz, 2H).
13C NMR (101 MHz, CDCIl3) 8 134.5, 132.0, 129.9, 128.0, 127.7, 127.4.
173 is a known compound and its NMR spectra are in accord with published data.3%°

2,2'-Disulfanediyldiphenol (180)

e
Cr

OH
Prepared according to general procedure 180 using 2-mercaptophenol (0.2 mL, 2

mmol). The pure disulfide (230 mg, 92%) was obtained as a yellow oil.

1H NMR (400 MHz, CDCl3) & 7.35 (t, J = 8.0 Hz, 2H), 7.23 (d, J = 7.5 Hz, 2H), 7.00 (d,
J=8.0 Hz, 2H), 6.83 (t, J = 7.5 Hz, 2H), 6.23 (s, 2H).

13C NMR (101 MHz, CDClz) 3 157.1, 136.4, 133.4, 121.2, 120.1, 115.9.
180 is a known compound and its NMR spectra are in accord with published data.3>!

1,2-Di(naphthalen-2-yl)disulfide (181)

Prepared according to general procedure C using naphthalene-2-thiol (960 mg, 6
mmol). The combined organic layer was washed with additional ag. NaOH (3x20 mL),
water (20 mL) and brine (10 mL), dried over MgSOa, filtered and evaporated to afford
disulfide 181 (740 mg, 77%) as an off-white solid.

1H NMR (400 MHz, CDCl3) 87.99 (d, J = 1.9 Hz, 2H), 7.84 — 7.77 (m, 4H), 7.76 — 7.71
(m, 2H), 7.62 (dd, J = 8.7, 1.9 Hz, 2H), 7.50 — 7.40 (m, 4H).

13C NMR (101 MHz, CDCls) 5 134.4, 133.6, 132.7, 129.1, 127.9, 127.6, 126.9, 126.71,
126.4, 125.8.

181 is a known compound and its NMR spectra are in accord with published data.3>?
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Dinaphtho[2,1-c:1',2'-e][1,2]dithiine (182)

MnO; (1 eq.) OO

sH TFA (10 eqg.) S

2 DCM [0.1 M] S
RT, 19 h OO

Prepared according to a literature procedure.3%3

To a solution of naphthalene-2-thiol (320 mg, 2 mmol) in DCM (20 mL) was added
manganese dioxide (174 mg, 2 mmol) and trifluoroacetic acid (1.53 mL, 20 mmol) and
the reaction was stirred at RT for 19 h. The reaction was diluted with water (20 mL)
and extracted with DCM (3x20 mL). The combined organic was washed with water
(2x20 mL), brine (20 mL), dried over MgSOg, filtered and evaporated. The crude was
triturated from DCM/cyclohexane to afford 182 (72 mg, 23%) as a white solid.

IH NMR (400 MHz, CDCls) & 8.51 (d, J = 8.5 Hz, 2H), 7.85 (d, J = 8.1 Hz, 2H), 7.76
(d, J = 8.5 Hz, 2H), 7.67 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 8.0 Hz, 2H), 7.52 (d, J = 8.1
Hz, 2H).

13C NMR (101 MHz, CDClIs) & 134.1, 133.5, 133.7, 132.2, 128.5, 127.9, 127.3, 126.7,
126.5, 124.5.

182 is a known compound and its NMR spectra are in accord with published data.3%3

1,2-Bis(2,6-dimethylphenyl)disulfide (188)

Prepared according to general procedure C using 2,6-dimethylbenzenethiol (0.67 mL,

5 mmol). The pure disulfide 188 (600 mg, 87%) was obtained as an off-white solid.

1H NMR (400 MHz, CDCl3) & 7.11 (d, J = 7.5 Hz, 2H), 7.01 (d, J = 7.5 Hz, 4H), 2.23 (s,
12H).

13C NMR (101 MHz, CDClz) d 143.6, 134.9, 129.4, 128.2, 21.6.

188 is a known compound and its NMR spectra are in accord with published data.3%*
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2,2'-Disulfanediylbis(N-methylaniline) (191)

H
1) HCOOH (2.84 eq.)
0 o HN/g

0
Ve 0" e 2)  H,N @/S\s’; 190

(2.61 eq.) S

(:[ S (1eq.) T
NH,

LiAIH4 (5 eq.)
THF (0.16 M)
0°C,1h

e

_NH MeCN (0.16 M)
Me

191

To acetic anhydride (3 mL, 31.7 mmol) was added formic acid (1.46 mL, 34.4 mmol)
at 0 °C. The solution was heated to 60 °C and stirred for 30 min before it was cooled
to — 10 °C and diluted with THF (3 mL). A solution of 2-aminophenyl disulfide (3 g, 12,1
mmol) in THF (6 mL) was introduced dropwise, the resulting slurry was diluted with
THF (10 mL) and stirred at RT for 60 min. The resulting suspension was diluted with
EtOAc (20 mL) and washed with water (40 mL), NaHCOs (40 mL) and brine (20 mL).
The resulting crude was dried under vacuum to give solid 190 (3 g, 82% mass rec.)

that was used directly in the next step without further purification.

To a solution of crude 190 (500 mg, 1.65 mmol) in anh. THF (8 mL) was added
dropwise a solution of lithium aluminium hydride (4 M in diethyl ether, 2.1 mL, 8.4
mmol) at 0 °C under argon atmosphere. The resulting solution was stirred for 1 h at 0
°C before it was quenched with aqueous HCI (10 mL) and extracted with EtOAc (60
mL). The combined organic was washed with water (40 mL) and brine (20 mL), dried
over MgSOg, filtered and evaporated under reduced pressure. The resulting crude was
passed through a silica plug (eluting DCM) and only the yellow fraction was evaporated
under reduced pressure. The solid was dissolved in MeCN (10 mL) and stirred at RT
under air atmosphere for 20 h. Purification via flash column chromatography over silica
gel (eluting 30% DCM/cyclohexane then DCM) afforded 191 (320 mg, 70% over 2

steps) as a yellow solid.

1H NMR (400 MHz, CDCl3) & 7.26 (t, J = 7.6 Hz, 2H), 7.20 (d, J = 7.6 Hz, 2H), 6.59 (d,
J=8.0 Hz, 2H), 6.54 (t, J = 8.0 Hz, 2H), 4.91 (s, 2H), 2.79 (d, J = 3.7 Hz, 6H).
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13C NMR (101 MHz, CDCl3) 8 150.5, 137.1, 132.2, 118.5, 116.3, 109.9, 30.5.
191 is a known compound and its NMR spectra are in accord with published data.3%®

6,6'-Disulfanediylbis(3-methylaniline) (192)

HoN Me
s I
2
Me™ "6 NH,

8

Prepared according to general procedure 192 using 2-amino-4-methylbenzenethiol
(150 mg, 1.07 mmol). Purification via flash column chromatography over silica gel
(eluting with DCM) afforded the pure disulfide (123 mg, 83%) as an off-white solid.

1H NMR (400 MHz, CDCl3) & 7.06 (d, J = 8.0 Hz, 2H, H4), 6.54 (s, 2H, H7), 6.42 (d, J
= 8.0 Hz, 2H, H3), 4.27 (br s, 4H, H8), 2.25 (s, 6H, H1).

13C NMR (101 MHz, CDCl3) & 148.6 (C5), 142.2 (C6), 136.9 (C4), 119.6 (C3), 116.1
(C2), 115.9 (C7), 21.6 (C1).

IR (neat) vmax/cm™: 3387, 3307, 3178, 2916, 1597, 1481, 1419, 1292, 1249, 1172.
HRMS m/z (ESI) calculated for Ci4aH17N2S2* [M+H]* 277.0828 found: 277.0828.

4-(Tert-butyl)-2-nitrophenol (193)
OH

' HNO; (1.2 eq.)
3(1.2 eq.
AcOH (0.5 M) NO,
—_—
0°C,1h

t-Bu t-Bu
193

Nitric acid (69%, 1 mL, 15.4 mmol) was added dropwise to a solution of 4-tert-butyl
phenol (2.58 g, 16.5 mmol) in acetic acid (30 mL) at 0 °C. Upon complete addition, the
reaction was stirred at RT for 1 h. The solution was poured over ice-water and
extracted with EtOAc (100 mL). The combined organic was washed with water (60
mL), brine (20 mL), dried over MgSOsas, filtered and evaporated under reduced
pressure. Column over silica gel (eluting in cyclohexane then 5% EtOAc/cyclohexane)
afforded nitrophenol 193 (2.54 g, 79%) as a yellow oil.

1H NMR (400 MHz, CDCl3) & 10.48 (s, 1H), 8.06 (d, J = 2.3 Hz, 1H), 7.64 (dd, J = 8.8,
2.3 Hz, 1H), 7.10 (d, J = 8.8 Hz, 1H), 1.32 (s, 9H).
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13C NMR (101 MHz, CDCIl3) & 153.2, 143.9, 135.6, 133.2, 121.1, 119.7, 77.5, 77 .4,
77.1,76.8, 34.5, 31.2.
193 is a known compound and its NMR spectra are in accord with published data.3%¢

O-(4-(tert-butyl)-2-nitrophenyl) dimethylcarbamothioate (194)
S

OH Me\NJ]\O
NO 1)NaH (1.2 eq.) !

©/ ®  DMF(0.33M),0°C, 1h Me NO2
B i

-BU 2) t-Bu

Cl)]\l}l'Me (1.4 eq.)
193 Me 194
50 °C, 24 h

Prepared via modifying a literature procedure.3%’

A two-neck flask equipped with an addition funnel was charged with sodium hydride
(60% dispersion in oil, 490 mg, 12.2 mmol) and DMF (15 mL) under argon atmosphere.
A stock solution of nitrophenol 193 (2 g, 10.2 mmol) in DMF (8 mL) was added
dropwise at 0 °C over 1 h. Upon complete addition, a stock solution of
dimethylthiocarbamoyl chloride (1.78 g, 14.3 mmol) in DMF (8 mL) was added
portionwise and the reaction was stirred for 24 h at 50 °C. The mixture was diluted with
ice-cold water and extracted with Et2O (100 mL). The combined organic was washed
with ag. NaOH (200 mL), aq. HCI (2 M, 10 mL), water (40 mL), brine (20 mL), dried
over MgSOQOa, filtered and concentrated. Eluting through a short pad of silica gel
afforded crude 194 (1.9 g, 66% mass rec.), which was used directly in the next step

without further purification.

1H NMR (400 MHz, CDCl3) 8 8.09 (t, J = 2.1 Hz, 1H), 7.66 (d, J = 8.5 Hz, 1H), 7.17 (d,
J =8.4 Hz, 1H), 3.45 (s, 3H), 3.38 (s, 3H), 1.36 (s, 9H).

13C NMR (101 MHz, CDCl3) & 186.2, 150.3, 144.9, 141.5, 131.7, 126.0, 122.6, 43.6,
39.2, 34.9, 31.2.

194 is a known compound and its NMR spectra are in accord with published data.3%’
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S-(4-(tert-butyl)-2-nitrophenyl) dimethylcarbamothioate (195)

S o}

Me\NJ\ Me. J\

N0 N" S
Me NO, 170°C Me NO,

_—
neat, 2 h

t-Bu t-Bu
195

Prepared according to literature procedure.3%®

Three microwave vials were each charged with 194 (500 mg, 1.77 mmol), sealed and
stirred at 170 °C for 2 h. The three crudes were combined and passed through a pipette

column eluting with DCM to give 195 (1.37 g, 91%) as a yellow oil.
'H NMR (400 MHz, CDCl3) 6 7.92 (s, 1H), 7.60 (m, 2H), 3.07 (m, 6H), 1.35 (s, 9H).

13C NMR (101 MHz, CDClzs) & 164.9, 154.3, 152.5, 138.0, 129.6, 122.1, 120.8, 43.3,
37.3, 35.3, 31.1.

195 is a known compound and its NMR spectra are in accord with published data.3%’

6,6'-Disulfanediylbis(3-(tert-butyl)aniline) (198)

(0]
Me‘l}l)j\s SH
Me N02 KzCO3 (2 eq.) _ N02
MeOH:H,0 = 4:1 196
90 °C, 30 min
t-Bu t-Bu
Zn (6 eq.)
AcOH (0.5 M)
50C,12h
t-Bu
H2N ) SH
S’S = air NH,
7 S NH,
5 MeCN
8 4 t-Bu
32

; 197

To a solution of S-(4-(tert-butyl)-2-nitrophenyl) dimethylcarbamothioate (1.37 g, 4.85
mmol) in methanol (28 mL) and water (7 mL) was added potassium carbonate (1.34 g,
9.7 mmol) and the reaction was stirred at 90 °C for 30 min. The resulting mixture was
acidified with ag. HCI (2M) to a pH of 4 and extracted with diethyl ether (100 mL).

237



APPENDIX

Combined organic was extracted with ag. NaOH (5 wt%, 100 mL) until the extracts
became colourless. The combined aqueous was acidified with aq. HCI (2M) and
extracted with diethyl ether (100 mL). Combined organic was washed with aq. HCI (2M,
20 mL), water (20 mL) and brine (20 mL), dried over MgSOu, filtered and evaporated
to afford crude 4-(tert-butyl)-2-nitrobenzenethiol 196 (620 mg, 60%) that was used

directly in the next step without further purification.

A solution of 4-(tert-butyl)-2-nitrobenzenethiol 196 (620 mg, 2.93 mmol) in acetic acid
(6 mL) was sparged with argon for 5 min. Zinc powder (1.15 g, 17.6 mmol) was
introduced and the resulting suspension was stirred at 50 °C for 12 h. The reaction
was neutralised with aq. NaHCOs3 and extracted with DCM (60 mL). The combined
organic layer was washed with agq. NaHCOs (60 mL), water (40 mL), and brine (20 mL),
dried over anhydrous MgSOQu, filtered and evaporated to give crude oil of 2-amino-4-
(tert-butyl)benzenethiol 197 (260 mg, 49% mass rec.). Leaving the crude stirring in
MeCN (5 mL) exposed to air for 14 h led to complete conversion to disulfide, which
was extracted with DCM (20 mL), washed with water (60 mL) and brine (20 mL) to give
198 (203 mg, 78%) as a yellow solid.

IH NMR (400 MHz, CDCls) & 7.14 (d, J = 8.2 Hz, 2H, H7), 6.74 (s, 2H, H4), 6.64 (d, J
= 8.2 Hz, 2H, H8), 4.28 (s, 4H, H9), 1.27 (s, 18H, H1).

13C NMR (101 MHz, CDCls) & 155.4 (C6), 148.4 (C5), 136.5 (C7), 116.3 (C3), 116.1
(C8), 112.6 (C4), 34.8 (C2), 31.3 (C1).

IR (neat) vmax/cm™: 3404, 3367, 3318, 2959, 2903, 2864, 2361, 2343, 1607, 1589,
1483, 1417, 1360, 1296, 1201, 1159.

HRMS m/z (ESI) calculated for C20H29N2S2* [M+H]" 361.1767 found: 361.1765.
4-Methoxy-2-nitrobenzenethiol (199)

Cl SH

2
NO2  Nays(2.7eq) 3 -NO;
_ >
H,0, 110 °C,22h 4 3¢ 6
o. o.
Me Me 8

199

A suspension of 4-chloro-3-nitroanisole (938 mg, 5 mmol) and anhydrous sodium
sulfide (1.65 g, 13.5 mmol) in water (10 mL) was sparged with argon for 5 minutes and

stirred at 110 °C for 22 hours. Upon completion of the reaction, the suspension was
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neutralised with aqueous HCI (1M) and extracted with DCM (30 mL). The combined
organic layer was washed with water (20 mL) and brine (10 mL), dried over MgSOa,
filtered, and evaporated to yield 199 (762 mg, 98%).

1H NMR (400 MHz, CDCl3)  7.43 (d, J = 8.9 Hz, 1H, H3), 7.39 (d, J = 2.9 Hz, 1H, H6),
7.06 (ddd, J = 8.9, 2.9, 0.8 Hz, 1H, H4), 5.30 (d, J = 0.8 Hz, 1H, H1), 3.86 (d, J = 0.8
Hz, 3H, H8).

13C NMR (101 MHz, CDCls) 3 158.6 (C5), 148.36 (C7), 132.5 (C3), 120.1 (C4), 118.4
(C6), 110.5 (C2), 56.2 (C8).

6,6'-Disulfanediylbis(3-methoxyaniline) (201)

M
o"e

SH SH
NO NH
2 Zn (6 eq.) 2 air HoN
AcOH (0.5 M) MeCN, 14 h S/S
O\Me 50°C,3h O\Me NH»
199
200

A solution of nitrothiophenol 199 (762 mg, 4.11 mmol) in acetic acid (10 mL) was

sparged with argon for 5 min. Zinc powder (2.74 g, 29.5 mmol) was introduced and the
resulting suspension was stirred at 50 °C for 3 h. The reaction was filtered over a short
pad of silica gel, neutralised with ag. NaHCO3 and extracted with DCM (60 mL). The
combined organic layer was washed with ag. NaHCOs3 (60 mL), water (40 mL), and
brine (20 mL), dried over anhydrous MgSOu, filtered and evaporated to give crude oil
of aminothiophenol 200 (555 mg, 87% mass rec.). The crude was stirred in MeCN (10
mL) exposed to air for 14 h, extracted with DCM (20 mL), washed with water (60 mL)
and brine (20 mL), dried over MgSOa, filtered and evaporated. Purification via flash
column chromatography over silica gel (eluting with gradient of EtOAc 0% to 10 % in

cyclohexane) afforded 201 (250 mg, 46%) as a yellow oil.

IH NMR (400 MHz, CDCls) & 7.12 (d, J = 8.9 Hz, 2H), 6.33 (d, J = 2.7 Hz, 2H), 6.28
(dd, J = 8.9, 2.7 Hz, 3H), 4.38 — 3.83 (br s, 4H), 3.75 (s, 6H).

13C NMR (101 MHz, CDClz3) d 159.5, 143.8, 129.9, 111.5, 105.0, 101.5, 55.5.

201 is a known compound and its NMR spectra are in accord with published data.3>°
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Alkenes synthesis
But-3-en-1-ylbenzene (162)

PPh;Me (1.2 eq.)
KOtBu (1.2 eq.)

©/\Ao THF [ V] ©/\/\

0°CtoRT, 4 h

An oven-dried two-neck flask was charged with methyltriphenylphosphonium bromide
(12.86 g, 36 mmol) in anh. THF (30 mL) under argon and cooled to 0 °C. Potassium
tert-butoxide (4.04 g, 36 mmol) was introduced portion wise and the reaction was
stirred for 1 h at 0 °C. To the resulting suspension, 3-phenylpropanal (3.98 mL, 30
mmol) was added dropwise and the reaction was stirred for 4 h at RT. The crude was
passed through a short silica plug (eluting cyclohexane), reduced under vacuum and
triturated with pentane. The precipitate was filtered off and the filtrate was concentrated
and purified via flash column chromatography (eluting pentane) to afford 162 (3.33 g,
70%) as a colourless oil.

1H NMR (400 MHz, CDCl3) & 7.35 — 7.25 (m, 2H), 7.25 — 7.18 (m, 3H), 5.88 (ddt, J =
16.9, 10.2, 6.6 Hz, 1H), 5.12 — 4.96 (m, 2H), 2.73 (t, J = 6.7 Hz, 2H), 2.45 — 2.34 (m,
2H).

13C NMR (101 MHz, CDCl3) & 142.0, 138.3, 128.6, 128.4, 125.9, 115.0, 35.7, 35.5.
162 is a known compound and its NMR spectra are in accord with published data.36°

But-3-en-1-yl benzoate (175)

o HO Xy (1.25eq.) o

> /\/\
©)‘\CI EtsN (1.25 eq.) ©)ko

DCM (1M), 0°C to RT, 15 h

To a solution of benzoyl chloride (5.81 mL, 50 mmol) and triethylamine (8.66 mL, 62.5
mmol) in DCM (100 mL) was added 3-buten-1-ol (5.38 mL, 62.5 mmol) at O °C over 5
min. The reaction was stirred at RT for 15 h, before it was diluted with water (100 mL).
The organic layer was separated and aqueous was extracted with DCM (3x30 mL).
The combined organic layer was washed with water (3x30 mL), brine (30 mL), dried
over MgSOa, filtered and evaporated. Purification via flash column chromatography
(eluting with gradient 1% to 2% EtOAc in cyclohexane) afforded alkene 175 (6.81 g,

77%) as a colourless oll.
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1H NMR (400 MHz, CDCl3) & 8.05 (d, J = 7.3 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.44 (t,
J =7.6 Hz, 2H), 5.88 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.23 — 5.07 (m, 2H), 4.38 (t, J =
6.7 Hz, 2H), 2.53 (g, J = 6.8 Hz, 2H).

13C NMR (101 MHz, CDCl3) d 166.7, 134.2, 133.0, 130.5, 129.7, 128.5, 117.5, 64.1,
33.3.

175 is a known compound and its NMR spectra are in accord with published data.36!

(4-(Pent-4-en-1-yloxy)butyl)benzene (176)

aq. KOH (1.5 eq.) 3 5 7 10 12
OH TBAB (5 mol%) 2 O~
" Br Xy 46 8 9 " 3
toluene (1.6 M), 1
(1.25 eq.)
70°C,17h

Procedure adapted from literature.362

To a solution of 4-phenyl butenol (2.5 g, 16.6 mmol) in toluene (10 mL) was added
tetrabutylammonium bromide (270 mg, 0.84 mmol) followed by aq. KOH (50 wt%, 2.8
g, 25 mmol) and stirred at RT for 30 min. Introduced 5-bromo-1-pentene (2.48 mL,
20.8 mmol) and stirred at 70 °C for 17 h. Purification over silica gel (eluting with
gradient of 2% to 5% EtOAc in cyclohexane) afforded alkene 176 (630 mg, 17%) as a

colourless oail.

1H NMR (400 MHz, CDCls) & 7.33 — 7.24 (m, 2H, H3), 7.22 — 7.13 (m, 3H, H1, H2),
5.82 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H, H12), 5.07 — 4.92 (m, 2H, H13), 3.41 (g, J = 6.5
Hz, 4H, H8, H9), 2.64 (t, J = 7.5 Hz, 2H, H5), 2.17 — 2.07 (m, 2H, H11), 1.76 — 1.56 (m,
6H, H6, H7, H10).

13C NMR (101 MHz, CDCls) & 142.6 (C4), 138.5 (C12), 128.6 (C1/C2), 128.4 (C3),
125.8 (C1/C2), 114.8 (C13), 70.9 (C8/C9), 70.3 (C8/C9), 35.9 (C5), 30.5 (C11), 29.6
(C6/C7/C10), 29.1 (C6/C7/C10), 28.2 (C6/C7/C10).

IR (neat) vmax/cm™: 2928, 2847, 2264, 1497, 1454, 1377, 1112.

HRMS: m/z calculated for CisH230 [M+H]* 219.1743; found 219.1745.
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((But-3-en-1-yloxy)methylene)dibenzene (234)

o (1260 BF 3OEt, (10 mol%) s 6 8
2eq. -
O OH HO \ toluene [0.5 M], 100 °C, 15 h 4 07N
1

The following reaction was carried out in two separate Schlenk tubes.

To a solution of benzhydrol (1.84 g, 10 mmol) and 3-buten-1-ol (1.22 mL, 12 mmol) in
toluene (20 mL) was added boron trifluoride diethyl etherate (0.12 mL, 10 mol%) and
the reaction was stirred at 100 °C for 15 h. The suspension was quenched with aq.
NaHCOs (5 mL) and extracted with diethyl ether (3x20 mL). The combined organic
layer was washed with aq. NaHCOs3 (20 mL), water (2x20 mL) and brine (20 mL), dried
over MgSOy, filtered and evaporated. The two crudes were combined and purified via
flash column chromatography (eluting with gradient 0% to 10% EtOAc in pentane)
afforded alkene 234 (1.58 g, 33%) as a pale-yellow oil.

IH NMR (400 MHz, CDCl3) & 7.48 — 7.36 (m, 8H, H2, H3), 7.35 — 7.27 (m, 2H, H1),
5.96 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H, H8), 5.44 (s, 1H, H5), 5.24 — 5.09 (m, 2H, H9),
3.60 (t, J = 6.8 Hz, 2H, H6), 2.51 (g, J = 6.7 Hz, 2H, H7).

13C NMR (101 MHz, CDCl3s) 8 142.5 (C4), 135.5 (C8), 128.4 (C2/C3), 127.5 (C1), 127.1
(C2/C3), 116.4 (C9), 83.7 (C5), 68.6 (C6), 34.5 (C7).

IR (neat) vmax/cm™: 3063, 3028, 2970, 2859, 2361, 1740, 1493, 1450, 1365, 1228,
1093, 1074.

N-(2-bromophenyl)acetamide (240)

(1.2 eq.)

NH, ClI” Me N\n,lvle
[ :[ EtsN (1.2 eq.
Br aN (1.2 eq.) e

DCM (0.5 M). 0°C to RT, 5h

To a suspension of acetyl chloride (1 mL, 14 mmol) and triethylamine (0.97 mL, 7
mmol) in DCM (10 mL) was added 2-bromoaniline (0.66 mL, 5.81 mmol) dropwise at
0 °C. The reaction was warmed to RT and stirred for 5 h after which it was quenched
with water (10 mL). The organic layer was separated and the aqueous was extracted
with DCM (3x10 mL). The combined organic layer was washed with water (3x20 mL),

brine (20 mL), dried over MgSOQg, filtered and evaporated. Purification via flash column
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chromatography (eluting with gradient 10% to 20% EtOAc in cyclohexane) afforded
240 (897 mg, 72%) as a colourless oil.

1H NMR (400 MHz, CDCl3) & 8.33 (d, J = 8.5 Hz, 1H), 7.60 (br s, 1H), 7.53 (d, J = 8.0
Hz, 1H), 7.31 (t, J = 8.0 Hz, 1H), 6.98 (t, J = 7.7 Hz, 1H), 2.24 (s, 3H).

240 is a known compound and its NMR spectra are in accord with published data.363
Tert-butyl 3-(3-phenylpropylidene)azetidine-1-carboxylate (233)

® © 1)n-Buli(1.5eq.), THF, -78t00°C, 1.5 h

©/\/\PPh3Br
2) o
O}—N%o o)

RT, 18 h

To a suspension of triphenyl(3-phenylpropyl)phosphonium bromide (2.08 g, 4.5 mmol)
in THF (25 mL) at -78 °C was added n-BuLi (1.6 M in cyclohexane, 2.8 mL, 4.5 mmol)
dropwise and the reaction was stirred for 30 min, then warmed up to 0 °C and stirred
for another 1 hour. Introduced tert-butyl 3-oxoazetidine-1-carboxylate (516 mg, 3
mmol) dropwise and the suspension was stirred at RT for 18 h. The reaction was
guenched with water (20 mL) and extracted with EtOAc (3x20 mL). The combined
organic was washed with water (3x20 mL), brine (20 mL), dried over MgSOQO, filtered
and evaporated under reduced pressure. Purification over silica gel (eluting with DCM)

afforded 233 (592 mg, 72%) as a colourless oil.

1H NMR (400 MHz, CDCl3) & 7.28 (dd, J = 8.2, 6.8 Hz, 2H, H11), 7.24 — 7.13 (m, 3H,
H12, H13), 5.35 — 5.30 (m, 1H), 4.40 (s, 2H, H4/H5), 4.34 (s, 2H, H4/H5), 2.66 (t, J =
7.6 Hz, 2H, H9), 2.21 (q, J = 7.6 Hz, 2H, H8), 1.44 (s, 9H, H1).

13C NMR (101 MHz, CDCl3) 8 156.6 (C3), 141.6 (C10), 128.68 (C6), 128.55 (C11/C12),
128.50 (C11/C12), 126.1 (C13), 121.6 (C7), 79.6 (C2), 57.2 (C4/C5), 56.5 (C4/C5),
35.5 (C9), 30.6 (C8), 28.5 (C1).

IR (neat) vmax/cm™t: 3377 (br), 2976, 2932, 2361, 2341, 1686 (s),1497, 1454, 1392,
1368, 1250, 1157 (S).
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N-allyl-N-(2-bromophenyl)acetamide (235)

1) NaH (1.2 eq.), THF, 0 to 50°C, 2h )
H

N__Me N__Me
@ \[g 2) B~ (1:2€0) \(I)l/

Br Br

To a suspension of sodium hydride (192 mg, 4.8 mmol) in THF (3 mL) was added
dropwise a solution of N-(2-bromophenyl)acetamide (856 mg, 4 mmol) in THF (7 mL)
at 0 °C under argon atmosphere. The reaction was stirred at 50 °C for 2h before it was
cooled to 0 °C and allyl bromide (0.42 mL, 4.8 mmol) was introduced dropwise. The
reaction was heated to 50 °C and stirred for 3 h before it was quenched with water.
The organic layer was separated and the aqueous was extracted with DCM (3x10 mL).
The combined organic layer was washed with water (3x20 mL), brine (20 mL), dried
over MgSOa, filtered and evaporated. Purification via flash column chromatography
(eluting with 10% EtOAc in cyclohexane) afforded 235 (914 mg, 89%) as a colourless
oil.

1H NMR (400 MHz, CDCls) & 7.68 (d, J = 8.0 Hz, 1H), 7.35 (t, J = 7.2 Hz, 1H), 7.22
(ddd, J = 9.5, 7.6, 1.7 Hz, 2H), 5.88 (dddd, J = 17.4, 10.2, 7.6, 5.6 Hz, 1H), 5.13 — 4.99
(m, 2H), 4.82 — 4.72 (m, 1H), 3.71 (dd, J = 14.7, 7.6 Hz, 1H), 1.81 (s, 3H).

13C NMR (101 MHz, CDCI3s) 8 170.2, 141.5, 133.9, 132.9, 131.2, 129.8, 128.6, 124.1,
118.6, 50.9, 22.6.

235 is a known compound and its NMR spectra are in accord with published data.36*

4-Methylpent-3-en-1-yl benzoate (236)

Me
X
o HO ™"y " (1.25 eq)) o Me

Me PN
=
©)\C' Et;N (1.25 eq.) ©)LO Me

DCM (1M), 0°C to RT, 15 h

To a solution of benzoyl chloride (0.58 mL, 5 mmol) and triethylamine (0.87 mL, 62.5
mmol) in DCM (10 mL) was added 3-methyl-2-buten-1-ol (0.63 mL, 6.25 mmol) at 0 °C
over 5 min. The reaction was stirred at RT for 15 h, before it was diluted with water (10
mL). The organic layer was separated and aqueous was extracted with DCM (3x10
mL). The combined organic layer was washed with water (3x10 mL), brine (10 mL),

dried over MgSOa4, filtered and evaporated. Purification via flash column
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chromatography (eluting with gradient 1% to 2% EtOAc in cyclohexane) afforded
alkene 236 (744 mg, 78%) as a colourless oil.

1H NMR (400 MHz, CDCl3) & 8.05 (d, J = 7.5 Hz, 2H), 7.55 (d, J = 7.1 Hz, 1H), 7.43 (1,
J=7.5Hz, 2H), 5.47 (t, J = 7.1 Hz, 1H), 4.82 (d, J = 7.1 Hz, 2H), 1.78 (d, J = 6.7 Hz,
6H).

13C NMR (101 MHz, CDCls) & 166.8, 139.3, 132.9, 130.6, 129.7, 128.4, 118.8, 62.0,
25.9, 18.3.

236 is a known compound and its NMR spectra are in accord with published data.36°

General procedure D for acrylates synthesis:

o)
A R-OH (1 eq.) 0
cl
SAGR
(1.2 eq) EtsN (1.5 eq.)
DCM (0.33 M)
0°C to RT, o/n

To a solution of alcohol or phenol (5 mmol) and triethylamine (1.01 mL, 7.25 mmol) in
anh. DCM (15 mL) was added acryloyl chloride (0.49 mL, 6 mmol) dropwise at 0 °C
and the reaction was stirred at room temperature overnight. The resulting suspension
was diluted with DCM (10 mL), transferred to a separatory funnel and washed with
water (2x20 mL) and brine (20 mL). The organic layer was dried over MgSOa4, filtered
and reduced under vacuum. Purification via flash column chromatography afforded the

purified product.

4-Phenylbutyl acrylate (223)

1
H O . & "

8
HJ\/E\O 10
T 2 5 7 9

Prepared according to general procedure D using 4-phenyl-1-butanol (751 mg, 5
mmol) as alcohol substrate. Purification over silica gel (eluting with gradient 10% to
30% EtOAc in cyclohexane) afforded 223 as a colourless oil (761 mg, 75%)

1H NMR (400 MHz, CDCls) 8 7.34 — 7.24 (m, 2H, H9), 7.23 — 7.15 (m, 3H, H10, H11),
6.40 (dd, J = 17.3, 1.5 Hz, 1H, H1), 6.12 (dd, J = 17.3, 10.4 Hz, 1H, H2), 5.82 (dd, J =
10.4, 1.5 Hz, 1H, H1"), 4.22 — 4.14 (m, 2H, H4), 2.71 — 2.59 (m, 2H, H7), 1.78 — 1.65
(m, 4H, H5, H).
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13C NMR (101 MHz, CDCls) & 166.4 (C3), 142.2 (C8), 130.7 (C1), 128.7 (C2), 128.53
(C9/C10), 128.49 (C9/C10), 126.0 (C11), 64.6 (C4), 35.6 (C7), 28.4 (C6), 27.9 (C5).

IR (neat) vmax/cm-L; 3026, 2941, 2860, 1722 (s), 1497, 1454, 1408, 1296, 1271, 1190.

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl acrylate (225)

Prepared according to general procedure D using (L)-menthol (781 mg, 5 mmol) as
alcohol substrate. Purification over silica gel (eluting with gradient EtOAc 0% to 15%

in cyclohexane) afforded 225 as a colourless oil (469 mg, 45%)

IH NMR (500 MHz, CDCl3) & 6.38 (dd, J = 17.3, 1.5 Hz, 1H), 6.10 (dd, J = 17.3, 10.4
Hz, 1H), 5.79 (dd, J = 10.4, 1.5 Hz, 1H), 4.76 (td, J = 10.9, 4.4 Hz, 1H), 2.07 — 1.99 (m,
1H), 1.87 (heptd, J = 6.9, 2.7 Hz, 1H), 1.74 — 1.64 (m, 2H), 1.56 — 1.46 (m, 1H), 1.45
—1.38 (m, 1H), 1.14 — 0.95 (m, 2H), 0.90 (t, J = 7.0 Hz, 6H), 0.77 (d, J = 6.9 Hz, 3H).

13C NMR (126 MHz, CDCl3) & 166.0, 130.3, 129.2, 74.5, 47.2, 41.0, 34.4, 31.5, 26.5,
23.7,22.2,20.9, 16.6.

225 is a known compound and its NMR spectra are in accord with published data.36¢

(1S,2R)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-y| acrylate (227)
Me

Me @»Om/\

Me (0]

Prepared according to general procedure D using (-)-borneol (771 mg, 5 mmol) as
alcohol substrate. Purification over silica gel eluting (eluting with gradient EtOAc 0% to

15% in cyclohexane) afforded 227 as a colourless oil (765 mg, 74%)

1H NMR (500 MHz, CDCl3) & 6.39 (dd, J = 17.4, 1.5 Hz, 1H), 6.14 (dd, J = 17.3, 10.4
Hz, 1H), 5.81 (dd, J = 10.4, 1.5 Hz, 1H), 4.96 (ddd, J = 10.0, 3.6, 2.2 Hz, 1H), 2.44 —
2.34 (m, 1H), 2.02 — 1.93 (m, 1H), 1.81 — 1.71 (m, 1H), 1.69 (t, J = 4.6 Hz, 1H), 1.37 —
1.28 (m, 1H), 1.28 — 1.21 (m, 1H), 1.02 (dd, J = 13.8, 3.5 Hz, 1H), 0.92 (s, 3H), 0.88
(s, 3H), 0.85 (s, 3H).
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13C NMR (126 MHz, CDCIls) d 166.7, 130.2, 129.2, 80.2, 49.0, 48.0, 45.1, 36.9, 28.2,
27.3,19.9,19.0, 13.7.
227 is a known compound and its NMR spectra are in accord with published data.2¢’

4-(tert-Butyl)phenyl acrylate (237)

Prepared according to general procedure D using 4-(tert-butyl)phenol (751 mg, 5
mmol) as alcohol substrate. Purification over silica gel (eluting with gradient 0% to 10%
EtOAc in cyclohexane) afforded 237 as a colourless oil (380 mg, 37%).

1H NMR (400 MHz, CDCl3) & 7.44 — 7.35 (m, 2H), 7.09 — 7.01 (m, 2H), 6.60 (d, J =
17.3 Hz, 1H), 6.33 (dd, J = 17.3, 10.4 Hz, 1H), 6.00 (d, J = 10.4 Hz, 1H), 1.32 (s, 9H).

13C NMR (101 MHz, CDCl3) d 164.9, 148.8, 148.4, 132.5, 128.2, 126.5, 120.9, 34.6,
31.6.

237 is a known compound and its NMR spectra are in accord with published data.368

4-Bromophenyl acrylate (238)
o Br
\)J\O/@

Prepared according to general procedure D using 4-bromophenol (865 mg, 5 mmol)
as alcohol substrate. Purification over silica gel (eluting with 10% EtOAc in

cyclohexane) afforded 238 as a colourless oil (902 mg, 79%).

IH NMR (400 MHz, CDCl3) & 7.55 — 7.46 (m, 2H), 7.07 — 6.99 (m, 2H), 6.61 (d, J =
17.3 Hz, 1H), 6.30 (dd, J = 17.3, 10.5 Hz, 1H), 6.04 (d, J = 10.4 Hz, 1H).

13C NMR (101 MHz, CDClz3) 3 164.3, 149.7, 133.2, 132.6, 127.7, 123.5, 119.1.
238 is a known compound and its NMR spectra are in accord with published data.36®

2-Chorophenyl acrylate (239)

S0

Cl
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Prepared according to general procedure D using 2-chlorophenol (0.51 mL, 5 mmol)
as alcohol substrate. Purification over silica gel (eluting with 10% EtOAc in

cyclohexane) afforded 239 as a colourless oil (800 mg, 88%).

IH NMR (400 MHz, CDCls) & 7.46 (dd, J = 7.8, 1.6 Hz, 1H), 7.30 (td, J = 7.8, 1.6 Hz,
1H), 7.24 — 7.16 (m, 2H), 6.67 (dt, J = 17.3, 0.9 Hz, 1H), 6.37 (dd, J = 17.3, 10.5 Hz,
1H), 6.08 (dt, J = 10.5, 0.9 Hz, 1H).

13C NMR (101 MHz, CDCls) 5 163.7, 147.0, 133.5, 130.5, 127.9, 127.3, 127.2, 127.1,
123.8.

239 is a known compound and its NMR spectra are in accord with published data.36®

General procedure E for radical hydrogenation:

HCOOH (6.5 eq.)
9-Ph-Acr (10 mol%)
2-Aminophenyl disulfide (10 mol%)

o MeCN [0.067 M], 80 °C, 2x370 nm, 24 h H
1 h
O/\ o . H
then PC (10 mol%), HAT (10 mol%) O
HCOOH (6.5 eq.), 24 h

A microwave vial was charged with alkene (0.4 mmol), 9-phenyl acridine (10 mg, 10
mol%) and 2-aminophenyl disulfide (10 mg, 10 mol%). Sealed under argon
atmosphere and introduced anh. MeCN (6 mL) followed by formic acid (0.1 mL, 2.6
mmol). The reaction vial was placed in a colourless oil bath (80 °C) and irradiated
under 2x370 nm for 24 h (Lamp source was placed 2 cm away from the vial). The
reaction was allowed to cool to RT, the pressure was released by piercing the septum
with a needle, and a stock solution of 9-phenyl acridine (10 mg, 10 mol%), 2-
aminophenyl disulfide (10 mg, 10 mol%) and formic acid (0.1 mL, 2.6 mmol) in MeCN
(0.3 mL) was added. The reaction was sparged with argon for 5 min before it was
placed back into the oil bath (80 °C) and irradiated for 24 h.

Following this, the reaction was neutralised with aq. NaHCO3s and extracted with ethyl
acetate (3x5 mL). Combined organic layer was washed with water (10 mL), brine (10
mL), dried over MgSOau, filtered and evaporated under reduced pressure. Purification

via flash column chromatography afforded the pure product.
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Methyl undecanoate (179)

Me/\/\/\/\/\n/OMe

(0]

Prepared according to general procedure E using 132 (79 mg, mmol). Purification over

silica gel (eluting with cyclohexane) afforded 179 as a colourless oil (48 mg, 60%).

1H NMR (400 MHz, CDCls) & 3.66 (s, 3H), 2.29 (t, J = 7.4 Hz, 2H), 1.61 (t, J = 7.5 Hz,
2H), 1.35 — 1.18 (m, 14H), 0.87 (t, J = 7.0 Hz, 3H).

13C NMR (101 MHz, CDCl3s) & 174.5, 51.6, 34.3, 32.0, 29.7, 29.6, 29.5, 29.4, 29.3,
25.1, 22.8, 14.3.

179 is a known compound and its NMR spectra are in accord with published data.36°

Butyl benzoate (211)

0}
©)ko/\/\Me

Prepared according to general procedure E using 175 (70 mg, 0.4 mmol). Purification
over silica gel (eluting with gradient 0% to 10% EtOAc in pentane) afforded 211 as a

colourless oil (47 mg, 66%).

1H NMR (400 MHz, CDCls) 8 8.05 (d, J = 7.3 Hz, 2H), 7.55 (t, J = 7.2 Hz, 1H), 7.44 (t,
J=7.5Hz, 2H), 4.33 (t, J = 6.6 Hz, 2H), 1.81 — 1.70 (m, 2H), 1.48 (h, J = 7.4 Hz, 2H),
0.98 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, CDCIl3) 8 166.8, 132.9, 130.7, 129.7, 128.5, 64.9, 30.9, 19.4, 13.9.
211 is a known compound and its NMR spectra are in accord with published data.3"

(4-(Pentyloxy)butyl)benzene (212)

9 7 4 2
O\/\/\
Me
10 g 6 5 3 1
13 1
12

Prepared according to general procedure E using 176 (87 mg, 0.4 mmol). Purification
over silica gel (eluting with gradient 0% to 10% EtOAc in pentane) afforded 212 as a

colourless oil (43 mg, 49%).
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1H NMR (400 MHz, CDCl3) & 7.31 — 7.22 (m, 2H, H12), 7.21 — 7.12 (m, 3H, H11, H13),
3.45 —3.33 (m, 4H H5, H6), 2.67 — 2.58 (m, 2H, H9), 1.74 — 1.49 (m, 4H, H7, H8), 1.37
—1.23 (m, 6H, H2, H3, H4), 0.93 — 0.84 (m, 3H, H1).

13C NMR (101 MHz, CDCls) & 142.7 (C10), 128.6 (C11), 128.4 (C12), 125.8 (C13),
71.2 (C5/C6), 70.8 (C5/C6), 35.9 (C9), 29.6, 29.6, 28.5, 28.2, 22.7 (C2), 14.2 (C1).

IR (neat) vmax/cmt: 2930, 2857, 1497, 1454, 1377, 1112.

1-Bromo undecane (214)

Me/\/\/\/\/\/BI‘

Prepared according to general procedure E using 213 (93 mg, 0.4 mmol). Purification
over silica gel (eluting with cyclohexane) afforded a mixture of alkene 213 (9 mg) and
alkane 214 (33 mg, 35 %).

Yield determined by dividing the total mass recovered by the NMR ratio of product and

starting material.

1H NMR (400 MHz, CDCl3) 8 3.41 (t, J = 7.0 Hz, 2H), 1.85 (p, J = 7.0 Hz, 2H), 1.41 (m,
2H), 1.35 — 1.19 (m, 14H), 0.88 (t, J = 6.7 Hz, 3H).

214 is a known compound and its NMR spectra are in accord with published data.3"*

Undecan-1-ol (216)

Me/\/\/\/\/\/OH

Prepared according to general procedure E using 215 (68 mg, 0.4 mmol). Purification

over silica gel (eluting with cyclohexane) afforded 216 as a colourless oil (19 mg, 27%).

1H NMR (400 MHz, CDCl3) & 3.64 (t, J = 6.9 Hz, 2H), 1.56 (p, J = 6.9 Hz, 2H), 1.39 —
1.21 (m, 17H), 0.88 (t, J = 6.6 Hz, 3H).

13C NMR (101 MHz, CDClz3) 3 63.3, 32.9, 32.0, 29.8, 29.6, 29.5, 25.9, 22.8, 14.3.
216 is a known compound and its NMR spectra are in accord with published data.3"?

Tert-butyl 4-pentanoylpiperazine-1-carboxylate (218)
OY\/\Me
N
o
A

t-BuO” S0
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Prepared according to general procedure E using 217 (107 mg, 0.4 mmol). Purification
over silica gel (eluting with cyclohexane) afforded 218 as a colourless oil (70 mg, 65%

mass recovery) mixed with 217 (9%).

1H NMR (400 MHz, CDCl3) & 3.61 — 3.53 (m, 2H), 3.40 (d, J = 17.1 Hz, 7H), 2.31 (t, J
= 8.0 Hz, 2H), 1.66 — 1.53 (m, 2H), 1.45 (s, 11H), 1.35 (h, J = 7.4 Hz, 2H), 0.91 (t, J =
6.8 Hz, 3H).

Pentyl nicotinate (220)

s 9 5 3 1
M
10 N/ 1

Prepared according to general procedure E using 219 (77 mg, 0.4 mmol). Purification
over silica gel (eluting with 10% EtOAc in pentane) afforded 220 as a colourless oil (21
mg, 27%).

1H NMR (400 MHz, CDCl3) 8 9.23 (s, 1H, H8), 8.77 (s, 1H, H10), 8.33 — 8.26 (m, 1H,
H9), 7.44 — 7.33 (m, 1H, H11), 4.39 — 4.30 (M, 2H, H5), 1.84 — 1.74 (m, 2H, H4), 1.46
—1.33 (m, 4H), 0.97 — 0.88 (m, 3H, H1).

13C NMR (101 MHz, CDCl3) & 165.5 (C6), 153.5 (C10), 151.1 (C8), 137.1 (C9), 126.5
(C7), 123.4 (C11), 65.7 (C5), 28.5 (C4), 28.3 (C2/C3), 22.5 (C2/C3), 14.1 (C1).

IR (neat) vmax/cm™; 2959, 2932, 2872, 2363, 1722 (s), 1591, 1468, 1420, 1279, 1111.
HRMS: m/z calculated for C11H16NO2 [M+H]* 194.1176; found 194.1178.

Benzyl piperidine-1-carboxylate (222)

(0]
0
Prepared according to general procedure E using 221 (73 mg, 0.4 mmol). Purification

over silica gel (eluting with gradient 20% to 40% EtOAc in pentane) afforded 222 as a

colourless oil (7 mg, 8%).

1H NMR (400 MHz, CDCl3) 8 7.39 — 7.27 (m, 5H), 5.12 (s, 2H), 3.44 (t, J = 5.4 Hz, 4H),
1.67 — 1.44 (m, 6H).

13C NMR (101 MHz, CDCl3)  155.5, 137.2, 128.6, 128.0, 127.9, 67.0, 45.0, 25.8, 24.5.
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222 is a known compound and its NMR spectra are in accord with published data.3"®

4-Phenylbutyl propionate (224)
0 . . 1
'\{'e\)sj\o/\/\}Q 10
2 5 7 9

Prepared according to general procedure E using 223 (82 mg, 0.4 mmol). Purification
over silica gel (eluting with gradient 0% to 10% EtOAc in cyclohexane) afforded 224

as a colourless oil (34 mg, 41%).

'H NMR (500 MHz, CDCl3) 8 7.32 — 7.26 (m, 2H), 7.22 — 7.15 (m, 3H, H9, H11), 4.09
(t, J=6.0 Hz, 2H, H4), 2.65 (t, J = 7.1 Hz, 2H, H7), 2.32 (q, J = 7.5 Hz, 2H, H2), 1.75
—1.63 (m, 4H, H5, H6), 1.14 (t, J = 7.5 Hz, 3H, H1).

13C NMR (126 MHz, CDCl3) & 174.7 (C3), 142.2 (C8), 128.54 (C9/C10), 128.49
(C9/C10), 126.0 (C11), 64.3 (C4), 35.6 (C7), 28.4 (C5/CB), 27.9 (C5/C6), 27.8 (C2),
9.3 (C1).

IR (neat) vmax/cm™: 3063, 2939, 2860, 1732 (s), 11493, 1454, 1351, 1182.

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl propionate (226)
Me
j\/Me
O

Me”™ Me
Prepared according to general procedure E using 225 (84 mg, 0.4 mmol). Purification

over silica gel (eluting with gradient 0% to 10% EtOAc in pentane) afforded 226 as a

colourless oil (22 mg, 26%, mixture of diastereoisomers).
See below for NMR spectra.
226 is a known compound and its NMR spectra are in accord with published data.3"*

(1S,2R)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl propionate (228)

Me
Prepared according to general procedure E using 227 (83 mg, 0.4 mmol). Purification
over silica gel (eluting with gradient 0% to 10% EtOAc in pentane) afforded 228 as a

colourless oil (32 mg, 38%, dr = 5.3:1).
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See below for NMR spectra.

Diethyl (3R,4S)-3,4-dimethylcyclopentane-1,1-dicarboxylate (242)

\ 0 HCOOH (6.5 eq.) 00
9-Ph-Acr (10 mol%) EtO OEt
EtO OEt >
2-aminophenyl disulfide (10 mol%)
0241 A MeCN (0.067 M), 80 °C, 24 h Me Me
2 lamp 242

then 9-Ph-Acr (10 mol %), 2-aminophenyl disulfide (10 mol%),
HCOOH (6.5 eq.), 24 h

Prepared according to general procedure E using X ( mg, 0.4 mmol) from diethyl 2,2-
diallylmalonate 241. Purification over silica gel (eluting with gradient 0% to 10% EtOAc

in pentane) afforded 242 as a colourless oil (22 mg, 23%, 4.4:1 dr).
Data for major isomer:

1H NMR (400 MHz, CDCl3) & 4.16 (d, J = 7.1 Hz, 4H), 2.38 (dd, J = 13.5, 6.3 Hz, 2H),
2.18 — 2.02 (m, 2H), 1.95 (dd, J = 13.5, 6.7 Hz, 2H), 1.23 (t, J = 7.1 Hz, 6H), 0.86 (d, J
= 6.3 Hz, 6H).

13C NMR (101 MHz, CDCls) & 173.3, 173.1, 61.4, 61.4, 59.4, 42.9, 41.8, 41.1, 36.9,
17.5, 15.0, 14.2.

242 is a known compound and its NMR spectra are in accord with published data.3"®

Miscellaneous

Methyl 2,4,6-trimethylbenzoate (250)

Me Mel (1.2 eq.) Me
/@iCOOH KoCO3 (1.5 eq.) /@iCOOMe
DMF [0.8 M], RT
Me Me Me Me
To a suspension of 2,4,6-trimethylbenzoic acid (13.1 g, 80 mmol) and potassium
carbonate (16.6 g, 120 mmol) in DMF (100 mL) was added iodomethane (6 mL, 96
mmol) dropwise. The reaction was stirred at RT for 14 h, before it was diluted with
water (100 mL) and extracted with diethyl ether (3x100 mL). The combined organic
layer was washed with water (5x100 mL) and brine (100 mL), dried over MgSOs4,

filtered and evaporated to afford 250 (14.0 g, 98%) as a yellow oil that was used directly
without the need for any further purification.

IH NMR (400 MHz, CDCl3) & 6.85 (s, 2H), 3.89 (s, 3H), 2.28 (s, 6H).
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3C NMR (126 MHz, CDCIl3) 6 170.7, 139.4, 135.3, 130.9, 128.5, 51.9, 21.3, 19.9.
250 is a known compound and its NMR spectra are in accord with published data.3"®

Methyl 2-fluorobenzoate (251)

F Mel (1.2 eq.) F
cooH KCOs(15ea) COOMe
DMF [0.8 M], RT
To a suspension of 2-fluorobenzoic acid (701 mg, 5 mmol) and potassium carbonate
(1.04 g, 7.5 mmol) in DMF (6 mL) was added iodomethane (0.37 mL, 6 mmol)
dropwise. The reaction was stirred at RT for 18 h, before it was diluted with water (10
mL) and extracted with diethyl ether (3x20 mL). The combined organic layer was
washed with water (5x20 mL) and brine (20 mL), dried over MgSOau, filtered and

evaporated to afford 251 (505 mg, 66%) as a colourless oil that was used directly

without the need for any further purification.

1H NMR (400 MHz, CDCl3) & 7.94 (t, J = 7.6 Hz, 1H), 7.57 — 7.47 (m, 1H), 7.20 (t, J =
7.6 Hz, 1H), 7.17 — 7.09 (m, 1H), 3.93 (s, 3H).

13C NMR (101 MHz, CDCls) 8 165.1 (d, J = 3.7 Hz), 162.1 (d, J = 259.9 Hz), 134.6 (d,
J=9.1Hz),132.3,124.1 (d, J = 4.0 Hz), 118.8 (d, J = 9.8 Hz), 117.1 (d, J = 22.5 Hz),
52.5.

9F NMR (376 MHz, CDCl3z) & -109.62.
251 is a known compound and its NMR spectra are in accord with published data.3"”

Methyl 2,3,4,5,6-pentafluorobenzoate (252)

F Mel (1.2 eq.) F
F cooH KLOs(15ea) ¢ COOMe
i@i DMF [0.8 M], RT i@i
F F F F

F F

To a suspension of 2,3,4,5,6-pentafluorobenzoic acid (1.06 g, 5 mmol) and potassium
carbonate (1.04 g, 7.5 mmol) in DMF (6 mL) was added iodomethane (0.37 mL, 6
mmol) dropwise. The reaction was stirred at RT for 18 h, before it was diluted with
water (10 mL) and extracted with diethyl ether (3x20 mL). The combined organic layer
was washed with water (5x20 mL) and brine (20 mL), dried over MgSQu, filtered and
evaporated to afford 252 (760 mg, 67%) as a colourless oil that was used directly

without the need for any further purification.
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'H NMR (400 MHz, CDClz) & 3.98 (s, 3H).
9F NMR (376 MHz, CDClz) & -138.10 (m), -148.40 (tt, J = 21.2, 4.6 Hz), -160.30 (m).
252 is a known compound and its NMR spectra are in accord with published data.3"®

4-Phenylbutyl 4-methylbenzenesulfonate (253)

TsCIl (1.5 eq.)
OH pyridine (2 eq.) OTs
DCM, RT, 18 h

A solution of 4-phenyl-1-butanol (0.38 mL, 2.5 mmol) and tosyl chloride (715 mg, 3.75

mmol) in DCM (5 mL) was charged with pyridine (0.4 mL, 5 mmol) and stirred at RT
for 18 h. The reaction was quenched with ag. HCI (1M, 5 mL) and the organic layer
was separated. The agueous was extracted with DCM (3x10 mL), combined organic
was washed with water (2x20 mL), brine (20 mL), dried over MgSQO4, filtered and
evaporated. Purification over silica gel (eluting with a gradient 0 to 20% DCM in

cyclohexane) afforded 253 (428 mg, 56%) as a colourless oil.

1H NMR (400 MHz, CDCls) & 7.82 — 7.74 (m, 2H), 7.33 (d, J = 8.1 Hz, 2H), 7.25 (t, J =
7.4 Hz, 4H), 7.18 (t, J = 7.2 Hz, 1H), 7.11 (d, J = 7.1 Hz, 2H), 4.03 (t, J = 5.9 Hz, 2H),
2.56 (t, J = 7.0 Hz, 2H), 2.44 (s, 3H), 1.71 — 1.60 (m, 4H).

13C NMR (101 MHz, CDCl3) & 144.8, 141.7, 133.3, 129.9, 128.5, 128.0, 126.0, 70.5,
35.2,28.5, 27.2, 21.8.

253 is a known compound and its NMR spectra are in accord with published data.3"®
Triphenyl(3-phenylpropyl)phosphonium bromide (254)

Br toluene (0.5 M) PPhsBr

120 °C, 48 h

A solution of (3-bromopropyl)benzene (3.8 mL, 25 mmol) and triphenylphoshine (6.56
g, 25 mmol) in toluene (50 mL) was stirred at 120 °C for 48 hours. The resulting
suspension was cooled to 0 °C, triturated with pentane (100 mL), filtered and washed
with pentane and diethyl ether. The precipitate was dried under vacuum to afford

phosphonium bromide (5.9 g, 51%) as an off-white solid.
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IH NMR (400 MHz, CDCls) & 7.82 — 7.72 (m, 10H), 7.70 — 7.61 (m, 5H), 7.28 — 7.22
(m, 2H), 7.22 — 7.14 (m, 3H), 3.96 — 3.87 (m, 2H), 3.03 (t, J = 6.9 Hz, 2H), 1.94 (h, J =
7.7 Hz, 2H).

13C NMR (101 MHz, CDCl3) & 140.4, 135.1 (d, J = 3.1 Hz), 133.8 (d, J = 9.9 Hz), 130.56
(d, J =125 Hz), 129.1, 128.7, 126.5, 118.5 (d, J = 86.0 Hz), 35.7 (d, J = 16.7 Hz), 24.7
(d, J = 3.9 Hz), 21.8 (d, J = 50.2 Hz).

31P NMR (162 MHz, CDCI3) d 24.54.
254 is a known compound and its NMR spectra are in accord with published data.3°

(3-(Benzoyloxy)propyDtriphenylphosphonium bromide (255)

o) HO "y (1.1eq) 0 o .
PPh3 (2 eq.) @
cl - o 0" " PPhBr
Et3N (1.1 eq.) toluene [0.27 M]
DCM [1M], 0t0 40 °C, 24 h 120 °C, 48 h

To a solution of 1-bromo-propan-3-ol (3 mL, 33 mmol) and triethylamine (4.6 mL, 33
mmol) in DCM (30 mL) was added benzoyl chloride (3.5 mL, 30 mmol) dropwise at 0
°C. The reaction was heated to 40 °C and stirred for 24 h. After it was cooled to RT,
the mixture was poured into water (50ml) and extracted with DCM (3x30 mL). The
combined organic was washed with water (3x30 mL) and brine (30 mL), dried over
MgSOs, filtered and evaporated. Purification over silica gel (eluting with a gradient of
0% to 2% EtOAc in cyclohexane) afforded 3-bromopropyl benzoate (3.88 g, 53% mass

recovered) that was used directly in the next step without further purification.

A solution of 3-bromopropyl benzoate (3.88 g, 16 mmol) and triphenylphoshine (8.39
g, 32 mmol) in toluene (60 mL) was stirred at 120 °C for 48 hours. The resulting
suspension was cooled to 0 °C, filtered and triturated with diethyl ether (200 mL). The
combined precipitate was dried under vacuum to afford phosphonium bromide (4.36

g, 54%) as an off-white solid.

1H NMR (400 MHz, CDCl3) & 7.96 (d, J = 7.8 Hz, 2H), 7.89 — 7.80 (m, 6H), 7.80 — 7.74
(m, 3H), 7.65 (m, 6H), 7.54 (d, J = 7.5 Hz, 1H), 7.42 (t, J = 7.7 Hz, 2H), 4.67 (t, J = 6.2
Hz, 2H), 4.18 — 4.06 (m, 2H), 2.23 — 2.09 (m, 2H).
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13C NMR (101 MHz, CDCls) & 166.3, 135.2 (d, J = 3.1 Hz), 133.8 (d, J = 10.1 Hz),
133.3, 130.6 (d, J = 12.6 Hz), 129.9, 129.7, 128.55, 118.1 (d, J = 86.3 Hz), 63.9 (d, J
= 17.8 Hz), 22.6 (d, J = 3.6 Hz), 19.9 (d, J = 52.7 Hz).

31p NMR (162 MHz, CDCls) & 24.8.

255 is a known compound and its NMR spectra are in accord with published data.38!

257



APPENDIX

NMR spectra for Chapter 4
2,4,5,6-Tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN)
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2,4-Dimethylquinoline (164)

7.16
7.16

'

2.72
268
2.68

094

e
1.03gq
1 01\I
1.00-=

APPENDIX

1400000
1300000
1200000
1100000
1000000
900000
800000
700000
600000
500000
400000
300000
200000
100000
o

-100000

T
11.5

T
11.0 10.

T
10.0

9.5

158.79

9.0

— 147.82
— 144.33

8.5

129.26

T T
80 75 7.0 6.5 6.0 5.5 5.0

f1 (ppm)

129.24
——126.69
125.55
123.71
122.85

N —————

2.0

25.35

18.71

65000

60000

55000

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

- -5000

00

T
190

T
180

T
170

T
160

T
150

T
140

T T T T
130 120 110 100 90 80
f1 (ppm)

259



3,3'-Oxybis(tert-butylbenzene) (165)

Q /@ 7
t-Bu (0] t-Bu
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3,6-Di-tert-butyl-9-mesitylxanthylium tetrafluoroborate (166)
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3,6-Di-tert-butyl-9-mesityl-10-phenylacridin-10-ium tetrafluoroborate (PC1)
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9-(4-(Tert-butyl)phenyl)acridine (202)
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9-Mesitylacridine (203)
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3,6-Di-tert-butyl-9-phenylacridine (204)
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3,6-Di-tert-butyl-9-mesitylacridine (205)
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9-(2-Chlorophenyl)acridine (208)
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9-(2-Fluorophenyl)acridine (F-PC)
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9-(2-Fluorophenyl)-9,10-dihydroacridine (245)
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9-Cyclobutyl-9-(2-fluorophenyl)-9,10-dihydroacridine (247)
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HAT catalysts
1,2-Bis(2-chlorophenyl)disulfide (173)
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2,2'-Disulfanediyldiphenol (180)

2100000
2000000
1900000
HO

1800000
1700000

r 1600000

OH

1500000
1400000
1300000
1200000
r 1100000
1000000
900000
800000
700000
600000
500000
400000
300000

200000

ML

g d -100000
iaN ~

T T T T
20 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

157.07
136.39
133.42
12124
115.92

N\ 120.14

100000

90000

80000

{70000

60000

50000

40000

30000

20000

10000

AN g A0 0 o P MO OO AP WA O A S B A Y, - O

T T T T T T T T T T T
00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)

278



1,2-Di(naphthalen-2-yl)disulfide (181)
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Dinaphtho[2,1-c:1',2'-e][1,2]dithiine (182)
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1,2-Bis(2,6-dimethylphenyl)disulfide (188)
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2,2'-Disulfanediylbis(N-methylaniline) (191)
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6,6'-Disulfanediylbis(3-methylaniline) (192)
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4-(Tert-butyl)-2-nitrophenol (193)
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O-(4-(tert-butyl)-2-nitrophenyl) dimethylcarbamothioate (194)
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S-(4-(tert-butyl)-2-nitrophenyl) dimethylcarbamothioate (195)
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6,6'-Disulfanediylbis(3-(tert-butyl)aniline) (198)
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4-Methoxy-2-nitrobenzenethiol (199)
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6,6'-Disulfanediylbis(3-methoxyaniline) (201)

M
O,e

APPENDIX

f- 1900000

1800000

4.10
3.92
3.77

7
7

375
3.74

1700000

1600000

1500000

r 1400000

1300000

1200000

1100000

1000000

900000

800000

700000

600000

500000

400000

300000

200000

100000

0

g -100000
s

159.45
143.75
129.93
— 111.52
— 105.03
—101.53

Y

55.53

45000

40000

35000

30000

25000

{20000

15000

10000

5000

T
100
f1 (ppm)

T T T T T T T T T
00 190 180 170 160 150 140 130 120 110

289



APPENDIX

Alkenes

But-3-en-1-ylbenzene (162)
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But-3-en-1-yl benzoate (175)
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APPENDIX

(4-(Pent-4-en-1-yloxy)butyl)benzene (176)
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APPENDIX

((But-3-en-1-yloxy)methylene)dibenzene (234)
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APPENDIX

N-(2-bromophenyl)acetamide (240)
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tert-Butyl 3-(3-phenylpropylidene)azetidine-1-carboxylate (233)
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N-allyl-N-(2-bromophenyl)acetamide (235)

APPENDIX

f-2500000
2400000
2300000

2200000

=

2100000
2000000
1900000
1800000
1700000
r 1600000
r 1500000
1400000
1300000
1200000
1100000
1000000
900000
800000
700000
600000
500000
400000
300000
200000
100000

0.90T
0.93-
1.86-T
1.00-

0.96-T

2.40x

ro
-100000

--200000

170.17
141.51
133.97

o1
13121

T
6.0
f1 (ppm)

118.60

128.65
124.08

VPRI R——

b

AN 9 A A O

50.99

0

70000

22.57

65000

60000

55000

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

-5000

T T T T
180 170 160 150 140

T
130

T
100
f1 (ppm)

T T
120 110

296
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4-Methylpent-3-en-1-yl benzoate (236)
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4-Phenylbutyl acrylate (223)
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(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl acrylate (225)
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(1S,2R)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-y| acrylate (227)
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4-(tert-Butyl)phenyl acrylate (237)
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4-Bromophenyl acrylate (238)
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2-Chorophenyl acrylate (239)
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Alkanes

Methyl undecanoate (179)
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Butyl benzoate (211)
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(4-(Pentyloxy)butyl)benzene (212)
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1-Bromo undecane (214)
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Undecan-1-ol (216)
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Tert-butyl 4-pentanoylpiperazine-1-carboxylate (218)
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Pentyl nicotinate (220)
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Benzyl piperidine-1-carboxylate (222)
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4-Phenylbutyl propionate (224)
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(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl propionate (226)
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(1S,2R)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-y| propionate (228)
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Diethyl (3R,4S)-3,4-dimethylcyclopentane-1,1-dicarboxylate (242)
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Methyl 2,4,6-trimethylbenzoate (250)
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Methyl 2-fluorobenzoate (251)
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Methyl 2,3,4,5,6-pentafluorobenzoate (252)
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4-Phenylbutyl 4-methylbenzenesulfonate (253)
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Triphenyl(3-phenylpropyl)phosphonium bromide (254)
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(3-(Benzoyloxy)propyhtriphenylphosphonium bromide (255)
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