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Abstract

This thesis concerns the study of TADF and MR-TADF compounds for use as photocatalysts, with a
focus on their application in Lewis base/photoredox dual catalysis.

Chapter 1 introduces the important concepts that are key to understanding both TADF
photocatalysis and Lewis base catalysis as well as a literature survey of these areas of research.

Chapter 2 describes the synthesis and investigation of a bifunctional material that contains
distinct isothiourea (ITU) and TADF moieties. Disappointingly, when incorporated into the same
molecule, the two components proved to be incompatible due to oxidation of the Lewis basic ITU.
Further investigations into ITU/photoredox dual catalysis using distinct ITU catalysts and
photocatalysts also pointed to an issue of incompatibility due to the low oxidation potential of ITU
catalysts. However, subsequent investigations by others®? showed that this catalytic system can be
utilised effectively if a suitable radical precursor is identified that can be oxidised more easily than the
ITU catalyst.

Chapter 3 investigates the benefits of using MR-TADF compounds DiKTa and Mes3DiKTa as
photocatalysts in a series of standard photocatalytic reactions using 4CzIPN as a benchmark for
comparison. These reactions included reductive quenching reactions, oxidative quenching reactions,
Dexter energy transfer (DET) reactions and dual catalytic reactions. Further comparisons were made
through the analysis of the rates of reaction using the three different catalysts in a standard oxidative
guenching reaction using an in-situ NMR technique.

Chapter 4 applies the knowledge gained in chapter 3 to a new NHC/photoredox catalysed
synthesis of 1,4-diketones via a three-component radical relay reaction. The optimized conditions
combined aroyl fluorides, a-ketoacids and styrenes in the presence of DiKTa and an NHC catalyst.
Subsequent investigation of the scope was achieved by varying the substituents of each starting

material. A mechanism is proposed and supported through Stern-Volmer analysis.



Chapter 5 explores the application of benzophenone as a DET photocatalyst in the key [2+2]
photochemical cycloaddition step in the synthesis of dimethyl cubane-1,4-dicarboxylate. This allowed
for the use of significantly lower energy light (Aexc = 390 nm) than previously reported (Aexc =311 nm).3
References
1 R. del Rio-Rodriguez, M. T. Westwood, M. Sicignano, M. Juhl, J. A. Fernandez-Salas, J. Aleman and

A. D. Smith, Chem. Commun., 2022, 58, 7277-7280.
2 W. C. Hartley, F. Schiel, E. Ermini and P. Melchiorre, Angew. Chem. Int. Ed., 2022, 61, €202204735.

3 D. E. Collin, E. H. Jackman, N. Jouandon, W. Sun, M. E. Light, D. C. Harrowven and B. Linclau,
Synthesis, 2021, 53, 1307-1314.
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1 Introduction

1.1 Photocatalysis

One of the earliest examples of photochemistry in organic synthesis was published by Giacomo
Ciamician over one hundred years ago, where the intramolecular [2+2] cycloaddition of carvone using
sunlight as an energy source was undertaken.! As Ciamician indicates in this work, the ability to use
sunlight to drive chemical reactions is highly desirable as it is so abundant. However, further
expansions on sunlight driven photochemistry proved limited in scope, as most relevant organic
molecules absorb in the UV region, and a large proportion of the UV radiation emitted by the Sun is
absorbed by the atmosphere. While there has been a large number of UV light promoted processes
developed, including examples of challenging and interesting transformations,? there are significant
advantages to using visible light, such as being more tolerant of reactive functional groups and
requiring less specialised glassware as standard borosilicate glassware is not transparent to high-
energy UV irradiation (Aexc < 300 nm). One way to harness visible light for the use of synthetic organic
chemistry is by using a photocatalyst, which can be defined as a substance that absorbs light to
promote a chemical transformation without itself being consumed.? An early example of this can be
seen in Kellogg’s work on the photocatalytic reduction of acyl sulfonium salts 1 (Scheme 1.1).* While
an obscure application, this reaction paved the way for a rapid and recent expansion of the field of

photocatalysis 40 years later.

0 R2 FEtOC CO,Et PC (1 mol%), 0
! room light, CDsCN, rt, 1 h l]\

111\/3\ 3 H : > R

R ®R Me N~ “Me . R" "Me

@X l\l/le PC = eosin Y or [Ru(bpy)s]Cl»

1 Tetrahedron Lett., 1978, 19, 1255-1258.

Scheme 1.1 Photocatalytic reduction of acyl sulfonium salts.*

1.1.1 Photophysical Processes
The first step of a photocatalysis reaction is the photoexcitation of the photocatalyst from the singlet

ground state (So) to a singlet excited state (S.). From this initial excited state there are multiple



processes that can occur, depending on the PC being used and the substrates that are present.
Jablonski diagrams are often used to visualise these excited state processes (Figure 1.1). After
excitation, the PC could be in any singlet excited state (S») and any vibrationally excited state within
each electronic excited state depending upon the energy of the photon absorbed. Vibrational
relaxation and IC will occur simultaneously. IC is the non-radiative transition from one electronic state
to another without changing spin state (e.g. S, > Si) and is much faster than other processes when
n > 1, so all further processes will occur from the ground vibrational level of the S; state (known as
Kasha’s rule).®> The S; state can then undergo fluorescence, which is the relaxation back to So
accompanied by the emission of light. Alternatively, ISC to a triplet state (T,) is possible, which again
would undergo IC to T; and relaxation to the vibrational ground state of the T; state. The T, state can
then emit light and relax to So via phosphorescence. Both ISC and phosphorescence are spin-forbidden

processes as AS # 0, but this rule can be relaxed through mixing of the S and T states.

————)  Absorption
esssssss—————) Fluorescence

Sz Vibrational Relaxation
—————— Internal Conversion
——— Intersystem Crossing
eseess————) Phosphorescence

S;

T
So

Figure 1.1 Jablonski diagram.

The amount of mixing (A) is proportional to the degree of spin-orbit coupling (Hsoc) and inversely
proportional to the energy difference between the S and T states (AEst) (Equation 1.1).° Hsoc is in turn
proportional to the fourth power of the atomic number (2), therefore heavy atoms are often used to

promote formally spin-forbidden processes.



Hsoc
AEgy

(1.2)

1 o« Z*

1.1.2  Excited-State Quenching Mechanisms

Fluorescence and phosphorescence are radiative pathways. Photocatalytic reactions are non-radiative
pathways, which typically occur when the excited state is quenched through an interaction with
another molecule. In general, a quenching process will involve the absorption of light by the PC and
the resulting excitation to PC* (Scheme 1.2). For a reaction to occur with a quencher (Q), PC* and Q
will then need to diffuse together and form an encounter complex. Within this encounter complex,
the relevant types of quenching that can occur for the work in this thesis are SET or PEnT. Then, for

the reaction to progress, PC and Q must diffuse away from each other to avoid a back reaction.

@ - @ e @

Quenching

e

Scheme 1.2 Simplified scheme for a generic quenching process.

1.1.3 Types of Photocatalysis

Quenching through SET can be categorised into oxidative (single electron oxidation of PC*) and
reductive (single electron reduction of PC*) quenching reactions between a substrate and a PC that
together constitute what is commonly termed photoredox catalysis. The Rehm-Weller equation”®
uses the ground state redox potentials of the PC and Q (Ered/ox), along with the energy of the lowest
excited state (Eoo) and an electrostatic work term (w) to describe whether a given SET event is
energetically feasible (AGser < 0, exergonic) or not (AGser > 0, endergonic) (Equations 1.2 and 1.3).

Ground state redox potentials are easily measured using cyclic voltammetry, ideally in the same

solvent in which the reaction is being performed. Eqo for fluorescent compounds is the energy



corresponding to the intersection point of the normalised absorption and emission spectra, but for
phosphorescent compounds it is estimated using the onset of the phosphorescence spectrum, as it is
frequently not possible to observe the spin-forbidden absorption to the triplet state.

AGsgr = Eox(PC*/PC) — Erea(Q/Q7) — Egp + @ (1.2)

AGspr = Eox(Q"/Q) — Erea(PC/PC™) — Egp + @ (1.3)
The Rehm-Weller equations can be simplified by introducing terms for the excited state redox
potentials of PC and assuming w is accounted for during the measurement® (Equations 1.4 and 1.5).
In practice, these excited-state redox potentials are estimated for each PC (Equations 1.6 and 1.7) and
used to compare their oxidizing and reducing abilities in the excited state to inform a choice of the

optimal PC for the desired transformation based on the substrate’s redox potentials.

AGspr = Eox(PC**/PC") = Ereq(Q/Q7) (1.4)
AGspr = Eox(Q*/Q) — Erea(PC*/PC™) (1.5)
E:(PC™*/PC*) = E, (PC* /PC) — Ey (1.6)
E}oq(PC*/PC™) = Eyoq(PC/PC) + Eg (1.7)

Oxidative quenching refers to the SET process that results in the oxidation of PC* and is therefore also
linked to the single electron reduction of the substrate. As an example, for a PC to be oxidatively
quenched (blue) by phenacyl bromide 2 (Erq(2/27) = — 1.21 V vs SCE) its photooxidation potential
would have to be more negative (Eox® < —1.21 V) for AGser < 0 (Scheme 1.3). Whether PC* is in the
singlet or triplet excited state when it is quenched is dependent on how fast ISC and RISC are relative
to the quenching rate for the PC being used. The electrophilic radical 3 that is formed can then react
with other reagents such as a nucleophilic alkene 4 to form a nucleophilic radical 5. To close the cycle
and recover PC, another SET step is required which is dependent on the redox potentials Eox(PC**/PC)

and Eo,(+CH/*CH).
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Scheme 1.3 Representative cycles for photocatalysis.

Analogously, a reductive quenching cycle (red) begins with a SET step, this time reducing the PC* and
oxidising the substrate. For PC* to be quenched by the benzyl trifluoroborate salt 6 (Eo«(6*/6) = + 1.1
V vs SCE),% the catalyst would need a photoreduction potential that is more positive (Ered* > + 1.1 V)
for AGser < 0. This would now form a nucleophilic radical 7 and after reaction with an electrophilic
alkene 8 to form an electrophilic radical 9, the cycle is closed via a SET reduction that will depend upon
the redox potentials Ered(PC/PC*") and Ereq(*CH/—CH). PENT reactions (green) generate the excited
state substrate ([Sub]*) rather than going through any redox processes and can occur via two main
mechanisms, Férster resonance energy transfer (FRET) and Dexter energy transfer (DET) (Figure 1.2).11
During FRET, the PC* induces a dipole in the ground state [Sub] through coulombic interactions, which
leads to the simultaneous relaxation of PC* and the excitation of [Sub] (Figure 1.2a). The efficiency of
the FRET process is dependent on the distance between the two species and also the spectral overlap
between the emission spectrum of the donor and the absorption spectrum of the acceptor.?
However, if the PC* is in a triplet state (as is the case for many PCs) then FRET cannot operate due to
spin selection rules and only DET takes place, which is the simultaneous intermolecular exchange of
electrons between PC* and [Sub] (Figure 1.2b). A DET reaction is possible if there is spectral overlap
between the So = T1 absorption spectrum of the substrate and the T; = So emission spectrum of the

PC.1! However, such absorption spectra are not easily obtained, so instead the triplet energies (Er) of



the substrate and PC are often used as a rough predictive guide. If Ef(PC) > Er(substrate) then DET is
predicted to occur. Given the nature of DET and FRET, if the dominant photoactive state of the PC
used is a singlet, then FRET is typically in operation and if it is a triplet then DET is in operation, despite
DET being possible from either singlet or triplet excited states. Both DET**'* and FRET*® have been
invoked independently, and also in combination,® as photophysical processes to activate substrates

in photocatalytic transformations.
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Figure 1.2 (a) FRET mechanism. (b) DET mechanism.

An important value for any photoinduced process is the reaction quantum yield (®), which is the ratio
of the number of photons used in that process relative to the total number of photons absorbed and
is @ measure of efficiency for that process (Equation 1.8). The quantum vyield for a photochemical
reaction can also be useful for mechanistic elucidation because if ® > 1 then a radical chain reaction

is likely in operation, but if ® < 1 then a closed photocatalytic cycle is expected.?

_ Number of photons used for a process (1 8)

o=

Total number of photons absorbed

1.1.4 Photocatalyst Design

Any molecule in its excited state is both a stronger oxidant and reductant than in its ground state, as
it simultaneously has a higher energy electron to donate and a lower energy hole to accept an
electron. However, there are factors other than redox potentials and triplet energies that are

important for a molecule to be considered a good PC:!®



e Since most organic substrates absorb in the UV region, a good PC will have longer wavelength
absorption so it can be excited selectively and a high molar absorptivity (€) for this wavelength
to give faster reaction rates.

o Sufficiently long excited-state lifetimes (on the order of nanoseconds) so that the encounter
complex has time to form prior to deexcitation of the PC.

e Reversible redox behaviour suggests stability of the oxidised/reduced PC and would be
favourable for high catalyst turnover and therefore low catalyst loadings.

e Inexpensive starting materials, efficient synthesis and tunability of redox properties makes
developing PCs specific to a desired transformation simpler and more cost effective.

With these factors and criteria in mind, metal polypyridyl complexes have dominated photocatalysis.
Some of the commonly used catalysts are [Ru(bpy)s]Clz, fac-Ir(ppy)s, [Ir(ppy)z(dtbbpy)](PFs), and
[Ir(dF(CFs)ppy)2(dtbbpy)](PFs) (Figure 1.3). Variation of the ligands about the metal allows for
controlled tuning of the redox properties from the strongly photoreducing (Eox(PC**/PC*) <—1.7 V) to
the highly photooxidising (Eq(PC*/PC*") > + 1.2 V). While excited-state redox potentials are
significant, ground-state redox potentials are also important in photocatalysis. This is particularly
relevant in net reductive and net oxidative transformations that use sacrificial reductants and oxidants

to access the strongly reducing and oxidizing intermediates PC*~ and PC**, respectively.

CFs
[Ru(bpy)s]Cl>"® Ir(ppy)s*° [Ir(ppy)2(dtbbpy))(PFe)?"22 [Ir(dF(CF3)ppy)(dtbbpy)](PF¢)**

Ereq(PCPC*) = + 0.77 V E;eq(PC*PC*) = + 0.31 V Eog(PCYPC* )= +0.66 V  Ereq(PC*/PC*) =+ 121V

| Eo(PC*'/PC?) = =081V Eo(PC''/PC*) == 173V Ep(PC'/PCY)=-096V  Ecx(PC*'/PC*)=-0.89V

Figure 1.3 Examples of organometallic photocatalysts with excited state redox properties reported
vs SCE.19-2

In recent years, there has been an increasing focus on moving away from PCs that use noble metals

due to their intrinsic scarcity, and instead towards the use of organic PCs.?> Some of the most



commonly used organic PCs are the natural dyes eosin Y, fluorescein, and rose bengal (Figure 1.4). The
greater difficulty to tune their redox potentials is viewed as a significant weakness of organic PCs;

however, recent examples have demonstrated their tuneability, which will be discussed in the next

section.
s N
COQH O
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HO 0 o) N
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HO O 6}
Eosin Y24 Fluorescein®* Rose Bengal®*
Eeq(PC*PC*) =123V Ereq(PC*/PC™) =125V Eeq(PC*PC*) = 1.18 V
| Eox(PC™/PC*) =- 158V Eo(PC™*/PC*) =—1.55V EqPC"*/PC*) =-133V ]

Figure 1.4 Examples of organic PCs with excited state redox properties reported vs SCE.?*

1.2 Thermally Activated Delayed Fluorescence (TADF)

1.2.1 TADF Definition and Donor-Acceptor Strategy

ISC is typically slow for fluorescent compounds,?® so any emission or quenching of the excited state
will predominantly occur from S; with minimal contribution from T; (Figure 1.5). This has important
implications for photocatalysis as whether PC* is in the singlet or triplet excited state may impact the
outcome of the reaction. This is particularly clear for PEnT reactions because if PC* is in the S; state
then the reaction will proceed through FRET and the excited state substrate that is generated will also
be in the S; state. Alternatively, if the PC* is in the T state then the reaction will proceed through DET
and the excited state substrate that is generated will also be in the T state. This is important because
some PENT reactions proceed via the singlet excited state of the substrate,'®> while others require the
triplet excited state,?® so a fluorescent PC would not be the optimal choice in this latter case. The
nature of the excited state can also be important for photoredox catalysis. The S; state will be of higher
energy than the T; state, so the magnitude of the corresponding excited state redox potentials will be
greater, and the activation of more challenging substrates will be easier than if the T, state were used.

This greater driving force also results in increased SET quenching rates, which can lead to shorter



reaction times.?” Phosphorescent compounds typically exploit the heavy-atom effect to increase Hsoc
and therefore increase the rate of ISC, so that any additional reactivity of PC* will occur from T, which
allows them to promote PENT reactions that require the substrate to be in the triplet excited state.
While some of the excitation energy is lost through the ISC process, T states also tend to have slower
BET rates than S; states,?® which is a competitive process that can impede reaction progression. An
alternative method for recruiting T, states is to design a compound with a small AEsr. In accordance
with equation 1.1, this relaxes the spin-selection rules and allows for ISC and RISC between the S; and
T, states, giving access to both for photocatalysis. The first organic molecules observed to have this
property were eosin-derived compounds,?”® so this emission mechanism was coined E-type
fluorescence but it is also called thermally activated delayed fluorescence because the magnitude of
the delayed fluorescence component of the emission after RISC is temperature sensitive. While it is
not yet known whether the nature of TADF compounds has any specific benefits for photocatalysis,
there are some potential advantages that can be postulated. For example, having access to both
singlet and triplet excited states should allow for both FRET and DET mechanisms to be possible, which
could broaden the applicability for photocatalysed PEnT reactions. Furthermore, if the triplet state is
required, due to the small AEst, there is less energy lost from the initial excitation than for standard
4d/5d organometallic complexes, which could help activate more challenging substrates. Another
consequence of AEstbeing small is that there is little difference in driving force for SET from S; or Ty,
so which state is active in SET will likely be down to a comparison of the relative rates of ISC, RISC, SET

and BET.
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Figure 1.5 Simplified Jablonski diagrams for fluorescent, phosphorescent and TADF compounds
acting as PCs. Where kg, kp and kpr are the rate constants for fluorescence, phosphorescence, and
delayed fluorescence, respectively, kiscand krisc are the rate constants for ISC and RISC, respectively,
k%;and kT, are the quenching rate constants of the singlet and triplet states, respectively.

In Adachi’s®® ground-breaking work, a series of D-A TADF compounds were designed to have a
significant twist between the donor and acceptor groups, so that they were largely electronically

decoupled, resulting in low AEstvalues (< 0.3 eV) and high efficiencies in OLEDs (Figure 1.6).
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Figure 1.6 (a) Some of the first TADF OLEDs with excited state redox properties reported vs SCE in
MeCN.3! (b) Depiction of twist between donor and acceptor groups.

The rationale for this design strategy is due to the relationship between AEsrand the exchange integral,
J(Equation 1.9).32% Jis in turn dependent on the orbital overlap between the frontier orbitals involved
in the transitions to S1/T1, where ¢ and ¢ are usually the HOMO and the LUMO, respectively, and e is
the electron charge (Equation 1.10). Therefore, minimization of this overlap will lead to a reduction in
Jand a small AEst.%2 This design strategy has now been employed by many research groups to develop

an enormous range of different emitters.*
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As a consequence of the D-A strategy, the lowest S; and T, states have a significant LRCT character as
opposed to LE character. In the former, the electron density is displaced from the donor region of the
molecule to the acceptor, while in the latter the electron density remains in the same portion of the
molecule. LRCT states also have lower oscillator strengths, f, than LE states, as J is smaller, which is an
indicator for the probability of transitions to or from these states to occur. This is because of the poor
overlap between the HOMO and LUMO, which is a key part of the design to achieve low AEsr. Emitters
used for OLEDs must have a high photoluminescence quantum yield (®p.), which is itself dependant
on f for the transition from the S; state. Therefore, a significant weakness of this strategy is that it is
difficult to achieve a D-A TADF compound that has both a high ®p.and a small AEsr. Another weakness
is that emission from LRCT states results in very broad emission profiles, due to a large degree of
vibrational and conformational motion, which results in poor colour purity.

1.2.2  Multi-Resonance TADF

To address the issues detailed in Section 1.2.1, an alternative strategy for the development of TADF
OLEDs was developed, by exploiting the opposing resonance effects of p- and n- dopants in
nanographenes and has been termed MR-TADF.?* By fusing the donor and acceptor groups into a
single polycyclic aromatic system, the HOMO and LUMO orbitals are offset by one atom (Figure 1.7).
The S: and T; electron density is therefore delocalised over the entire arene, with alternating electron
rich and electron poor regions, leading to an SRCT state. This results in both a small AEsr and a high
oscillator strength, which in turn leads to a high ®p.. Furthermore, the rigidity of the compounds allows
for significantly reduced vibrational motion so that a much narrower emission profile is observed and

a resulting improvement in colour purity.
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Figure 1.7 Generic MR-TADF compound design with HOMO and LUMO orbital distributions.
Another significant difference between D-A TADF and MR-TADF compounds is their differing degrees

of positive solvatochromism. Solvatochromism is the term used when there is a change in position of
an electronic emission or absorption band due to a change in the polarity of the medium.3 This occurs
when the permanent dipole moments of the solvent interact with the transition dipole moment of the
excited state. If the molecule in the S; state has a larger transition dipole moment than in the Sg state,
then the S; state will be lowered in energy, thus narrowing the energy gap between S; and So. The
degree of stabilization is increased when solvents with larger dipoles are used, resulting in positive
solvatochromism. The LRCT states present in D-A compounds have large transition dipole moments
so are stabilised significantly by solvents of increased polarity, resulting in a red-shifted emission and
lower energy excited states (Figure 1.8a).3® However, the SRCT states present in MR-TADF compounds
have much smaller transition dipole moments and are therefore much less effected by solvent polarity
changes and a solvatochromic study is one of the methods used to identify MR-TADF compounds

(Figure 1.8b).3 This will have implications for photocatalysis as discussed further in chapter 3.
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Figure 1.8 Solvatochromic study for a (a) representative D-A TADF emitter®® (b) representative MR-
TADF emitter.”

Following these design principles, Hatakeyama and co-workers® successfully developed B,0-doped
polycyclic compound 10, which has the desired MR-TADF properties (Figure 1.9). Further development
replaced the oxygen atoms with tricoordinate nitrogen atoms to give compounds such as DABNA-1,%
which have a slightly red-shifted emission relative to 10. If the DABNA structure is inverted and the
nitrogen donor atom is placed in the centre, then an alternative acceptor unit can be used. This is
exemplified in the compound DiKTa and its analogues,* which contain bridging ketone groups that
act as the acceptors. DiKTa had been synthesised previously by Venkataraman and co-workers*! to
investigate its structure. These scaffolds have now been explored rather extensively,® and other
examples that deviate from these design principles have also now been reported, such as DilCzMes,,

which achieves MR-TADF without an acceptor unit.*

-
Mes
L, Q.0 A0 -
B B N Mes
shel”
Mes
10 DABNA-1 DiKTa DilCzMes,
\

Figure 1.9 Representative examples of the different donors and acceptors used in MR-TADF emitter
design.

The synthesis of DiKTa is relatively straightforward and begins with the Ullmann coupling of methyl 2-

iodobenzoate 11 and aniline to give triarylamine 12 (Scheme 1.4). A subsequent hydrolysis and

13



Friedel-Crafts acylation sequence furnishes the desired compound in good overall yields. Analogues
of DiKTa are also simply prepared through the bromination of 12 and subsequent cyclisation to give
Br3DiKTa, which can then be further functionalised through various coupling reactions, such as in the

synthesis of Mes3DiKTa.?’

- N\
COzMe

NH ~(COCl), (2.0 equiv.) O

2 ©:I MeO CQ COM NaOH (5.0 equiv.) pmE (cat.), CH.Cl, O (0]
" ‘e ) ! 2Me€ H,0:EtOH (1;1) reflux, 3 h o N
Cu (0.3 equiv.), Cul (0.07 equiv.) \© reflux, 4h then AICI; (10.0 equiv.) O O
K,CO3 (3.0 equiv.) reflux 4 h
Bu,O, reflux, 3 days 12 DiKTa
65% 86%

Br, (3.0 equiv.), CHyCly |

l 0°C,1h

Br
SOCl, (2.0 equiv.)
NaOH (5.0 equiv.) DMF (cat.)
MeO__O [ Os_OMe EtOH/H,O (1:1) CH,Cl,, reflux, 3 h
N reflux, 12h  then AICI5 (10.0 equiv.)
reflux, 16 h
Br 84% Br B “BrpikTa B
53%
Mes
NaOH (2 M, aq), Pd(PPhgz)4 (15 mol%)
CgHg, reflux, 12 h
Me
/C[B(OH)Z
Mes
Br;DiKTa Me Me Mes;DiKTa
(6.0 equiv.) 75%

Scheme 1.4. Synthesis of DiKTa and MessDiKTa.
1.2.3 TADF Compounds in Photocatalysis

Given the ideal properties for a good PC outlined in Section 1.1.4, it is unsurprising that TADF emitters
are also proficient PCs.3! The first example of a TADF compound being used as a PC was reported by
Zhang and co-workers* using 4CzIPN with nickel in a dual catalytic sp>—sp® coupling reaction between
N-boc-proline 13 and aryl bromide 14 (Scheme 1.5). Since then, a relatively small number of different
TADF compounds have been used, and 4CzIPN has become commonplace in many photocatalytic

reaction optimizations.3!

14



Br
[=con
N
Boc
CN
13 14
1.5 equiv.

NiCl,eDME (10 mol%)
Cs,CO;3 (1.5 equiv.)

4CzIPN (2.5 mol%), CFL  BOCN

DMF, 16 h, rt
N=
7\
Baw
N CN
15 mol% 15

ACS Catal., 2016, 6, 873-877.

Scheme 1.5 First example of TADF photocatalysis.*

Zeitler and co-workers** utilised the tunability of D-A TADF compounds by varying the donor and
acceptor strengths on a series of compounds similar to 4CzIPN (Figure 1.10). For example, by changing
the number of carbazole groups, as in 2CzIPN, or adding methoxy groups to the carbazoles, as in

5CzBNOMe, the excited state oxidation potential can be varied from —1.04 to —1.79 V (vs SCE).

r

Ereq(PC*PC™) = 1.35 V
Eox(PC™/PC*) = —1.04 V

Ereq(PC*PC™) = 1.36 V
Eox(PC™/PC* = —1.41V

N
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@ &
MeO cz OMe
4CzIPN0 2CzIPN30 5CzBNOMe®°

Ereq(PC*PC™) = 115V
Eox(PC™/PC*) = —1.79 V
J

Figure 1.10 Tunability of D-A compounds with excited state redox properties reported vs SCE.3!

Zeitler and co-workers* then showcased the synthetic diversity of TADF compounds as PCs in a series
of different reactions. These included the oxidative bromination of anisole 16 (Scheme 1.6a) and the
double reduction/pinacol coupling of lignin derivatives 17 (Scheme 1.6b). Together, these reactions
demonstrate that TADF PCs are proficient in both oxidative and reductive photoredox catalysis. For

each reaction a different PC was found to be optimal, showing the versatility afforded to this class of

PC by its tunability.
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Scheme 1.6 (a) Photocatalytic bromination of anisole. (b) Photocatalytic pinacol coupling of lignin
derivatives.

Zhang and co-workers® also demonstrated the ability of TADF compounds to enable DET reactions
using the well-known photoisomerization of (E)-stilbene 18 (Scheme 1.7). 4CzPN was their optimal PC
for this reaction, which gave yields comparable to [Ru(bpy)s](PFs).. In combination with other works,3!

this demonstrates that TADF photocatalysts can perform many different transformations and can

compete with organometallic catalysts.

, : 9 \
PC (0.7 mol%) / : Q N
¥ L, 0 i
DMF, rt, 24 h O : O
18 [Ru(bpy)3](PFg)s : 87% s O N
4CzPN : 86% : O Q
J. Am. Chem. Soc., 2018, 140, 13719-13725 § 4CzPN [Ru(bpy)s](PFe)s
\ ! y,

Scheme 1.7 DET catalysed isomerization of (E)-stilbene.

Considering the plethora of donors and acceptors that exist in TADF emitter design for applications in
OLEDs, it is somewhat surprising that most TADF compounds used in photocatalysis thus far are based
around the cyanoarene core with either carbazole or diphenylamine donors.3! However, there are
some exceptions to this trend, such as the recent work developed by Bryden and co-workers* that
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used pDTCz-DPmS as a PC, which has a pyrimidyl sulfone acceptor unit (Scheme 1.8). A series of test
reactions were performed to compare the performance of pDTCz-DPmS to the widely used 4CzIPN.
These included the ATRA between tosyl chloride 19 and styrene 20 (Scheme 1.8a), the pinacol coupling
of benzaldehyde 21 (Scheme 1.8b), the (E)/(Z)-isomerization of both 18 and diisopropyl fumarate 22
(Scheme 1.8c), and the dual catalytic sp>—sp® coupling reaction between N-Cbz-proline 23 and aryl
bromide 14 (Scheme 1.8d). The results of this work showed that it is indeed possible to move away
from the cyanoarene core for TADF photocatalysts and this can come with certain benefits, such as

increased triplet energies and greater photostability.
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J. Org. Chem., 2022, DOI:10.1021/acs.joc.2c01137
Scheme 1.8 (a) ATRA reaction between tosyl chloride and styrene. (b) Pinacol coupling of
benzaldehyde. (c) DET catalysed isomerization of (E)-stilbene or diisopropyl fumarate. (d) Dual
catalytic sp?>—sp? coupling reaction.

A similar series of compounds developed by Lalevée and co-workers?” also containing a sulfone
acceptor and carbazole donor groups were used for the cationic polymerization of epoxy resin and
the free radical polymerization of methacrylate (Figure 1.11). The results showed comparable or

improved efficiencies when compared to non-TADF benchmarks.
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Figure 1.11 D-A TADF compounds used for photopolymerization.

Another example of alternative D-A design for photocatalysis was reported by Hudson and co-
workers*® using ACR-IMAC, which contains DMAC as a donor and an imidazoacridine acceptor
(Scheme 1.9). ACR-IMAC was shown to be the optimal PC in a DET reaction for the synthesis of
cyclobutanes 24 via a [2+2] cycloaddition between indole 25 and alkene 26 with comparable product

yields to [Ir(dF(Me)ppy).(dtbbpy)](PFs).

s - R
Boc ACR-IMAC (2 mol%) RBocco,Me
N '
CO,Me MeCN :
@J/ R > R
R’ hexc = 400 nm, 28 °C H R2
25 26 18-24h 24
21 examples
Chem. Sci., 2022, 13, 2296-2302. _ Upto
99% vyield
.

Scheme 1.9 DET catalysed [2+2] cycloaddition.
1.3 Lewis Base Catalysis
A Lewis base can be defined as a compound capable of donating an electron pair.* Therefore, Lewis
base catalysis involves a chemical reaction that is accelerated by the donation of an electron pair to
an appropriate acceptor without the consumption of the donor.>® Some examples of Lewis base

catalysts include secondary amines,®® phosphines,® isothioureas (ITUs),>** and N-heterocyclic
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carbenes (NHCs)*® (Figure 1.12). The classes of Lewis base catalyst relevant to this thesis are ITUs and

NHCs, which will be discussed in further detail in the following sections.

e ~
A3
W S o amen
N \
H N/)\S N N~Mes
Secondary amines Phosphines ITUs NHCs
\ y,

Figure 1.12 Examples of Lewis base catalysts.

1.3.1 Isothiourea Catalysis

Since Birman and co-workers’ initial report of enantioselective ITU catalysis®® using tetramisole and
benzotetramisole (BTM) in enantioselective acyl transfer reactions, there has been further catalyst
development to include HBTM, HBTM-2, HyperBTM, Se-HyperBTM and others (Figure 1.13).

0 eSS S

Ph” ~N? ~Ch

Tetramisole BTM HBTM HBTM-2 Ch =S, HyperBTM
= Se, Se-HyperBTM

Figure 1.13 Examples of ITU catalysts and one selenium analogue.

Within ITU catalysis, four different modes of reactivity are commonly exploited (Figure 1.14). Acyl
ammonium intermediates were the first to be explored,®® using their ability to promote
enantioselective acyl transfer reactions, by increasing the reactivity of the acyl group (Figure 1.14a).
The acyl ammonium enolate intermediate can be generated from an acyl ammonium with an acidic
a-proton,®® which offers a nucleophilic site as well as a latent electrophilic site of the acyl ammonium
(Figure 1.14b). When the acylating reagent used has a conjugated double bond, a,R-unsaturated acyl
ammoniums can be formed, which have a new electrophilic centre at the B-position as well as a latent
nucleophilic centre at the a-position (Figure 1.14¢).>* ITUs can also be used as a silyl transfer reagent,

through silyl ammonium intermediates analogous to acyl ammoniums (Figure 1.14d).’

20



e B A
(a) 2 Do) Q
e - X e
RZNNR; : R™STANRs
Acyl Ammonium o,B-Unsaturated Acyl Ammonium
b P -
(b) 0© : (d) g o
i [©) ! R‘Tl -
R /GNRa : R GNR?’
Acyl Ammonium Enolate Silyl Ammonium
NR3 = Isothiourea
- - Latent Latent
Nucleophilic Electrophilic - -
4H 4H 4 Nucleophilic 4 Electrophilic
Centre Centre Centre Centre
_ J

Figure 1.14 Different ITU intermediates.

The relevant intermediate to this thesis is the a,R-unsaturated acyl ammonium. The first example of
this chemistry used acyl fluorides 27 for a formal [2,3]-cycloaddition with 1,3-dipole precursor 28
(Scheme 1.10).°® However, the results were poor with only 35% yield and 14% ee as their optimal

results.

) HyperBTM Ph,
o, Mo STis  (10mol%) - Q
F Ph N _— ~Bn
27 28 MeO
o
Org. Biomol. Chem., 2012, 10, 7903-7911. 315 ﬁ/oyf;d

Scheme 1.10 First use of a,R—Unsaturated Acyl Ammonium intermediates.>®

Another example, reported by Robbinson and co-workers,>® used homoanhydride 29 as the precursor
for the key a,R-unsaturated acyl ammonium intermediate 30 (Scheme 1.11). Reaction of 30 with
deprotonated 1,3-dicarbonyls and subsequent proton transfers gives acyl ammonium 31, which can

cyclise to form lactone products 32.
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Scheme 1.11 Formal [4+2] cycloaddition via a,R-unsaturated acyl ammonium intermediate.>®

Abbasov and co-workers® used the a,R-unsaturated acyl ammoniums generated from acyl chlorides
33 in combination with diene 34 in an innovative highly enantioselective [4+2] cycloaddition, to give
complex bicyclic products 35 (Scheme 1.12). This reaction showed for the first time that these

intermediates could act as a dienophile in Diels-Alder reactions.

e R? )
TIPSO -
RN
BTM
0 5
0 (20 mol%) ® RRs
R Cl —> RN NR; — >
R 2,6-Lutidine R 34
(20 mol%)
33
9 examples up to
J. Am. Chem. Soc., 2014, 136, 4492-4495 84% yield, 99% ee
\_ J

Scheme 1.12 ITU catalysed Diels-Alder reaction.®®

Further development again came when using PNP esters, as a cyclisation is no longer required to turn
over the ITU. Investigations performed by Matviitsuk and co-workers®! showed that combining PNP
ester 36 with ITU catalysis and an excess of nitromethane with base, forms the desired Michael
addition products 37 with turnover facilitated by an aryloxide (Scheme 1.13). This reactivity has since

been further developed to include other nucleophiles.®?

HyperBTM 0 o 0N 0

0
(20 mol%) ® Q :
R/\)LOAr ——— R/\)J\NR3 N | —= R/\)J\OAr
MeN02
36 37
Ar= —§—<i>—No2 Angew. Chem. Int. Ed., 2017, 56, 12282-12287. 18 examples up to
79% vyield, 98:2 er

Scheme 1.13 PNP mediated Michael addition of a,R-unsaturated ammoniums.®*
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1.3.2 N-Heterocyclic Carbenes

A carbene is a molecule containing an electronically neutral divalent carbon atom which bears two
non-bonding electrons (Figure 1.15).%% The two non-bonding electrons can be arranged into either a

singlet or triplet configuration, which defines the two major categories of carbene.

Triplet Singlet

N N
N N
Q Q

Figure 1.15 Different electronic configurations of carbenes.

The central carbon atom in a carbene is sp? hybridized, so of its four AOs, three are sp? hybridized and
oneis a p orbital (Figure 1.16).%* Therefore, after formation of a divalent carbene molecule (RCR) there
will be two bonding o MOs, two non-bonding orbitals (in p and sp? orbitals) and two antibonding ¢*
orbitals. According to Hund’s rules, the 6 available electrons would fill the available MOs to give a
triplet carbene. However, the sp? orbital will not be degenerate with the p orbital. If this energy gap

(AEnp) is larger than the energy required to pair the two valence electrons, then a singlet carbene is

preferred to a triplet carbene.

( Triplet \( Singlet h
C RCR 2R C RCR 2R
G ) G )
e
2 e K 2 .. b
spP=—= —— = n .
L - # # , JU 6 # 4"' !

J
Figure 1.16 Generic MO diagrams of singlet and triplet carbenes.

Using this understanding of the bonding in carbenes, Arduengo and co-workers® successfully

synthesised and isolated a stable free-carbene in the form of N,N’-diadamantyl imidazolinylidene

(Figure 1.17).
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Figure 1.17 Stable free-carbene.®®

N,N’-diadamantyl imidazolinylidene is an example of an NHC. The it donation from the nitrogen atom
lone pairs increases AEn,, which favours the singlet configuration and lowers the electrophilicity of the
carbene, resulting in a more stable molecule (Scheme 1.18a). Additionally, there is a o-electron-
withdrawing effect from the electronegative nitrogen atoms, which further stabilises the system. The
combination of these two effects is often called the “push-pull” effect and has been used extensively
to design NHCs. Additional kinetic stability of NHCs is gained through the use of extremely large
nitrogen-bound substituents, such as adamantyl or 2,6-diisopropylphenyl, as this helps prevent

undesired dimerization (Scheme 1.18b).

@ R ) R R R
B NX N N N
(2 | O—=0=D
N N% N NN
R R R R R
n-donation o-withdrawl

Figure 1.18 Methods for stabilization of carbenes. (a) Push-pull effect. (b) Large N-substituents to
avoid dimerization.

As triplet carbenes have two unpaired electrons, they typically behave as diradicals. However, singlet
carbenes such as NHCs, have nucleophilic lone pairs that allow them to act as Lewis bases. Therefore,
NHCs have been used as both ligands in metal complexes®® and as Lewis base catalysts,>®> which has

led to a wide range of designs to produce the desired properties for differing applications (Figure 1.19).
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Figure 1.19 Some examples of different NHC structures.

NHCs as Lewis base catalysts can be found in nature in the form of a thiazolium ion precatalyst,
thiamine 38 (vitamin B,), which is important in a variety of biochemical processes.®” Thiazolium 38 and
its simpler analogue 39 were first used by Ukai and co-workers®® to catalyse the acyloin condensation

of furfural, which was the first example of NHC Lewis base catalysis (Scheme 1.14).

: Me
: N
O 380r39 (5 mol%) o : Me " (
0 base 0 [ D HO//}=< <N [/
H—————————> 0 S N SN
\ | \ | ) )
OH GCI NH, @B

J. Pharm. Soc. Jpn., 1943, 63, 296-300 thiamine, 38 39 '

Scheme 1.14 Acyloin condensation of furfural catalysed by an NHC catalyst.®®

The mechanism for this type of transformation was later investigated by Breslow and co-workers,

who proposed that the reaction began with the deprotonation of the thiazolium salt to give a free
carbene 40 (Scheme 1.15). Subsequent addition to benzaldehyde 41 produced an initial adduct 42,
which after O-protonation and C-deprotonation gives an enaminol species 43 that would go on to be
termed the Breslow intermediate. The Breslow intermediate can then add to a second molecule of 41
to give the corresponding adduct 44, which collapses to release the NHC catalyst and the desired

benzoin condensation product 45.
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Scheme 1.15 Mechanism for the benzoin condensation.®®

As with ITU catalysis, there are many different reactive intermediates that can be generated using
NHC catalysis, depending on the starting material that is used (Figure 1.20). As described above, the
Breslow intermediate has a nucleophilic centre and is used for umpolung chemistry of aldehydes. If
an alkene is included in conjugation, then a homoenolate can be formed, which can act as a
nucleophile from an alternative site. Analogous to the intermediates described for ITU catalysis,
azolium enolates, acyl azoliums and a,R-unsaturated acyl azoliums are also used for similar
applications. Additionally, extension of the m-system for azolium enolates results in a dienolate, which

now has two possible nucleophilic sites and a latent electrophilic site.
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Figure 1.20 Some examples of NHC intermediates.
1.4 N-Heterocyclic Carbene and Photoredox Dual Catalysis
Dual catalysis is an excellent way to combine the unique reactivity of two different modes of catalysis
together to achieve transformations otherwise impossible with either mode independently.
Photocatalysis is particularly interesting as it provides a mild way of producing high-energy
intermediates such as radicals; however, due to the nature of these intermediates and their
interactions with the photocatalyst, selectivity can be difficult to control. Therefore, the use of an
additional catalyst can be extremely beneficial for controlling this selectivity,”® particularly
enantioselectivity.”* For NHC/PC dual catalysis,’? the reactions developed thus far can be split into
three categories. First, the interaction of an NHC-based intermediate with a separate
photocatalytically generated intermediate is considered. Secondly, the PC can interact with an NHC-
based intermediate to generate a different NHC-based intermediate (typically radical in nature).
Thirdly, the use of a photoactive NHC-based intermediate that itself absorbs light to promote
photocatalysed reactions can be harnessed.
1.4.1 Interaction of NHC Intermediates with Photocatalytically Generated Intermediates
A representative example of this type of dual NHC/PC catalysis is represented by the report of Rovis
and co-workers” who developed a method for the a-acylation of tertiary amines 46 (Scheme 1.16).
The proposed mechanism proceeds via the photocatalytic generation of iminium ions 47 using 1,3-

dinitrobenzene (1,3-DNB) as a sacrificial oxidant. These could then be intercepted by a Breslow
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intermediate 48, formed between the NHC catalyst and an aldehyde 49, to generate the adduct 50,
which can then collapse to give the desired product 51 and complete the catalytic cycle.

52 (10 mol%)
[Ru(bpy);]Cl; (1 mol%)
R! 1,3-DNB (1.2 equiv.)

@:} ﬁ\ Blue LEDs, it @:}
- N\
N\Ar1 R2 Ar'

“ “ 1,3-DNB 13 exf;Lples
J. Am. Chem. Soc., 2012, 134, 8094-8097 Up to
94% vyield

_ H+ 96 4 er
@O @3 W
I

HO
[Ru]'+ [Ru]
49
1,3-DNB*~ Photoredox
Cycle (I:\If-éi
P N\A 2 “Y
N‘Ar2
130N R
2 4 6- BT3C6H2
51

Scheme 1.16 Catalytic cycle for the a-acylation of tertiary amines.”

As another representative example, Ye and co-workers’* developed the y-alkylation of enals 53 using
electron deficient alkyl halides 54 (Scheme 1.17). The proposed mechanism proceeds via the
photocatalytic generation of electrophilic alkyl radicals 55, which then add to the dienolate 56 formed

between the NHC catalyst and 53 to give the desired a,3-unsaturated esters 57.
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Scheme 1.17 y-Alkylation of enals.”

1.4.2 Interaction of NHC Intermediates with Photocatalysts

This category of NHC/PC dual catalysis is dominated by reactions that involve the single electron
reduction of acyl azolium intermediates by the PC. This was first demonstrated by Bay and co-
workers’ using acyl imidazoles 59 as the acyl azolium precursor and Hantzsch esters 60 as the radical
precursor (Scheme 1.18). The proposed mechanism begins with the reductive quench of PC* by 60 to
generate PC*™ and an alkyl radical 61. PC*~ will then reduce the acyl azolium generated between the
NHC catalyst and 59 to give the corresponding NHC-stabilised ketyl radical 62, which can then undergo
radical-radical coupling with 61 to generate the corresponding adduct 63. 63 can then collapse to

release the desired ketone product 64 and complete the catalytic cycle.
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Scheme 1.18 Catalytic cycle for the synthesis of ketones.”
Since this seminal work, there have been numerous other examples using the general principal of
combining an acyl azolium precursor with a radical precursor under appropriate NHC/PC dual catalytic
conditions.”® Of particular note is the extension to a three-component radical relay process developed
which combined a trifluoromethyl radical precursor 66, an aroyl fluoride

by Studer and co-workers,””

67 as the acyl azolium precursor, and an alkene 68 to synthesise ketones 69 (Scheme 1.19).

e N
[Ir(ppy)2(dtbbpy)I(PF ¢) (2 mol%)
CFsSONa 70 (20 mol%), Cs,C0; (2.0 equiv) ¢
66 U CH,Cl,, CFL, 24 h
Ar¥” F > Ar2JH/\CF3
AT 67 =N ® Ar!
68 NN-Mes 69
31 examples
70 BF, Up to 88% yield
L Angew. Chem. Int. Ed., 2020, 59, 19956—-19960 y

Scheme 1.19 Synthesis of extended ketones via a three-component radical relay process.””

1.4.3 Direct Excitation of NHC Intermediates
NHC/PC dual catalysis is typically achieved by using two distinct catalysts; however, there are
examples where an NHC intermediate is directly excited and acts as a bifunctional NHC/PC catalyst to

achieve similar reactivity. For example, Chi and co-workers’® combined PNP esters 71 with Hantzsch
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esters 72 under visible light irradiation using NHC catalysis to synthesise the corresponding ketones
73 without the addition of a traditional PC (Scheme 1.20). The proposed mechanism proceeds via the
excitation of acyl azolium 74, which is formed from the NHC catalyst and 71, to generate 74* that is
then reductively quenched by 72 to give 74°~ and an alkyl radical 75. These two radical species can
then couple together to generate the corresponding adduct 76, which collapses to release 73 and

complete the catalytic cycle.

3
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74° 28
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Scheme 1.20 Catalytic cycle for the bifunctional NHC/PC synthesis of ketones.”®

Similarly to the previous section, this type of catalytic system was successfully applied to a three-
component radical relay process by Larionov and co-workers” using diketone oxime 78 as an acyl
radical precursor, an aldehyde 79 and an alkene 80 (Scheme 1.21). However, the proposed mechanism
for this reaction is suggested to proceed via the excitation of an EDA complex 81 between Breslow
intermediate 82 and 78 to give 81*. An EDA complex is an aggregate formed of an electron donor
substrate and an electron acceptor molecule, which typically absorbs in the visible region while the

individual components do not, with the resulting electronic excitation triggering a SET event to
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generate radical intermediates.® Decomposition of this excited state intermediate will generate acy!
radicals 83 and also an NHC-stabilised ketyl radical 84. 83 can then add to 80 to give a benzylic radical
intermediate 85, which will undergo radical-radical coupling with 84 to form the corresponding adduct

86. Finally, 86 collapses to release the desired ketone product 87 and complete the catalytic cycle.
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Scheme 1.21 Catalytic cycle for the bifunctional NHC/PC three component synthesis of ketones.”
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1.5 Aims and Objectives

There are three key objectives for this thesis that together aim to investigate the benefits of TADF
photocatalysis and its combination with Lewis base catalysis.

1.5.1 ITU/Photoredox Dual Catalysis

Utilising the complementary experience of the Smith group in ITU catalysis and the Zysman-Colman
group in the use of TADF compounds for photocatalysis, this project aimed to develop a general
platform for dual ITU/photoredox catalysis. This would include the synthesis of a bifunctional ITU/PC
catalyst with the photocatalytic moiety having TADF properties. This bifunctional catalyst would then
be applied for the enantioselective radical-conjugate addition reaction of a,R-unsaturated esters 89,
to synthesise the corresponding enantioenriched products 90 (Scheme 1.22). This work would greatly
expand the capabilities of ITU catalysis, which currently is limited to two-electron processes.

2
R\

O .
ITU-PC, Light
R1’\)J\0Ar RLX TR

89 91 90
Scheme 1.22 Proposed PC/ITU dual catalysed RCA reaction.
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1.5.2 MR-TADF Compounds as Photocatalysts

The majority of TADF compounds used in photocatalysis are based around the cyanoarene core and
all of them are D-A in design. The aim of this project is to expand the use of TADF compounds as PCs
to include MR-TADF emitters and explore whether their unique properties could result in certain
advantages over typical D-A TADF photocatalysts. This work will focus on the use of DiKTa and its
mesitylated analogue Mes3DiKTa in various standard photocatalytic reactions, using the widely used

D-A TADF photocatalyst 4CzIPN as a benchmark (Figure 1.21).
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DiKTa Mes;DiKTa 4CzIPN
Figure 1.21 MR-TADF photocatalysts to be tested against a benchmark D-A TADF photocatalyst.

1.5.3 NHC/MR-TADF Dual Catalysis

NHC/photoredox catalysis is now a widely studied area of research. The aim of this project is to use
the previously developed MR-TADF photocatalysts in combination with NHC Lewis base catalysts to
develop new reactivity and further demonstrate the utility of MR-TADF photocatalysts. This will be
explored through the development of a novel synthetic methodology for the synthesis of 1,4-

diketones 92 using a-ketoacids 93 as acyl radical precursors (Scheme 1.23).

O 0O
(0] OH Base, PC, NHC R3
A R R3ﬂ\r( > R
R" X o Light, Solvent R, O
95 94 93 92

Scheme 1.23 Proposed NHC/PC synthesis of 1,4-diketones using MR-TADF PCs.
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2 Synthesis and Evaluation of a Potential Bifunctional Lewis Base /
Photocatalyst; Hyper2CzPN

2.1 Introduction

As discussed in the introduction, a common method for enantioselective photocatalytic processes is
to combine photocatalysis with another catalyst mode that is enantioselective in a dual catalytic
system. While PCs can be used in combination with a molecularly distinct enantioselective catalyst in
a dual catalytic system, a limitation that arises is the necessary interaction of a low concentration
chiral catalytic intermediate with a somewhat short-lived (us time scale) excited state. One potential
solution to this is to form the chiral intermediate within the same molecule as the PC using a
bifunctional catalyst, so that the effective concentration of the intermediates relative to each other is

much higher (Scheme 2.1).

s N
Chiral Chiral
PC
ira PC > - —_— .
Catalys . .
_ J

Scheme 2.1 Representation of a bifunctional PC interacting with a substrate (sub).

Catalysts 96-99 developed by Alemén,®! Meggers,®? Bach,®® and Yoon,?* are all bifunctional PCs (Figure
2.1). They each have a catalytic mode that can bind to a substrate to form chiral intermediates
(through amine condensation, Lewis acid complexation or hydrogen bonding) and a photocatalytic

moiety, which together have vastly increased the capabilities of asymmetric photocatalysis.
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Figure 2.1 Examples of bifunctional catalysts and their known modes of action.

Looking at the precedents set and the recent development of different bifunctional PCs, we decided
to expand this further using our knowledge of isothiourea catalysts. Considering the catalytic
intermediates of ITU catalysis are present in very low concentrations, the aims of this research were
to synthesise a bifunctional catalyst containing both an ITU and donor-acceptor PC moiety, with an
initial focus on photochemical RCAs. As a starting point, previous research within the Smith group on
conjugate additions to a,R-unsaturated acyl ammonium intermediates®! were identified as analogous
to the Lewis acid complexes used by Meggers® and Yoon® in their RCA reactions. Exploitation of these
o,B-unsaturated acyl ammonium intermediates as reactive electrophiles for photocatalytically
generated radicals would simultaneously expand the capabilities of both isothiourea and photoredox

catalysis to include new functionalities (Scheme 2.2).
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Scheme 2.2 Proposed bifunctional catalyst RCA cycle.

2.2 Results and Discussion

2.2.1 Synthetic Plan

There are three distinct sections to our design of a bifunctional catalyst, the isothiourea functional
group (red), a photoactive TADF unit (blue), and a linker between them (black) (Scheme 2.3). Our initial
target aimed to combine the isothiourea HyperBTM and 2CzPN with a triazole linker to give
Hyper2CzPN. Retrosynthetically, disconnecting the carbazole C-N bond to give a known aryl fluoride,
CzFPN, and a carbazole 100 was envisioned. The triazole moiety could be disconnected to alkyne and
azide fragments 101 and 102, respectively. Further disconnection gave an alkyl electrophile 103 with

two leaving groups which could react with known HyperBTM variant 104 and sodium azide.
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Scheme 2.3 Retrosynthesis of target molecule.

2.2.2 Synthesis of Hyper2CzPN

Synthesis began with formation of HyperBTM derivative 104¢HBr as previously reported®” starting
with the chlorination of amino benzothiazole 105 to give 106 in moderate yield (Scheme 2.4). The
coupling of benzothiazole 106 with amino alcohol 107 followed by demethylation using boron
tribromide gave 104¢HBr in 21% overall yield. It was possible to decrease the number of equivalents
of boron tribromide required for the demethylation step from 10 equivalents in the original method,®’

to just 2 equivalents, while maintaining product yield.
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Scheme 2.4 Synthesis of 104¢HBr.

Further investigations focused on synthesising azide 102. Initially, 1,2-dibromoethane with base and

solvent was used based on the previous alkylation of 104eHBr with propargyl bromide.?’

Unfortunately, no alkylation was observed, giving free-base 104 as the only isolated product, likely

due to a competitive 1,2 elimination of dibromoethane (Scheme 2.5a). Changing to 1,3-

dibromopropane showed promising reactivity, however the isolated material was shown to not be the

desired product and is tentatively thought to be terminal alkene 109, due to the characteristic terminal

alkene H NMR resonances. This side product is presumably formed through an undesired elimination

step but was not fully characterised (scheme 2.5b).
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Scheme 2.5 (a) Attempted alkylation of 104¢HBr with 1,2-dibromoethane. (b) Attempted alkylation
of 104eHBr with 1,3-dibromopropane.

104«HBr

As the direct installation of a linker containing a second leaving group was proving problematic during
the alkylation of 104HBr, it was decided to first install the azide functional group, starting from 3-
chloro-1-propanol and NaN3(scheme 2.6). Azido alcohol 110 was transformed into the corresponding
mesylate 111 using MsCl and NEts, then the crude product was used directly in reaction with 104¢HBr.

Pleasingly, the desired azide 102 was formed in 61% vyield, giving an overall yield of 10% for this

fragment.
( NaN, 2
(5.0 equiv.)
H,0, reflux, 24 h 110
80%
MsCI (1.3 equiv.)
NEt, (4.0 equiv.)
i-Pr CHQC|2, rt
Ph \ t-BuOK (2.6 equiv.)
DMSO/THF (1:1), rt, 18 h
N= - MsO” "N,
S 0N, 104¢HBr
102 111
L 61% )

Scheme 2.6 Synthesis of azide fragment 102.

With 102 in hand, the investigations turned to synthesising terminal alkyne 101. Based on a procedure
reported by Raithby and co-workers,® 2-bromo-9H-carbazole 112 was coupled with
trimethylsilylacetylene in a Sonogashira reaction to afford TMS-alkyne 113 in 89% yield (Scheme 2.7).

Proto-desilylation of 113 under basic conditions gave the desired terminal alkyne 101 in 97% yield.
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Scheme 2.7 Sonogashira reaction of 112 with trimethylsilylacetylene followed by TMS deprotection.
With both fragments in hand, the next stage in the synthesis was to perform the CuAAC reaction
between the two fragments (Scheme 2.8). Initially, conditions previously reported by Smith and co-
workers® in a synthesis of a polymer-supported catalyst were used, but gave an inseparable mixture

of the desired product and other unidentified impurities. However, when the reaction was performed

under anhydrous conditions and under a nitrogen atmosphere, 100 could be isolated in an 85% yield.

- T\
P
iPr Cul (10 mol%), ' ‘rN,Q—o
DIPEA (3.5 equiv.) \—\_ N=y
\ THF, rt, 24 h Ph N”'\s N _
— > NH
v=CTOL . ®
R O
—
G0
85%
101
L (1.1 equiv.) J

Scheme 2.8 Synthesis of 100 using CuAAC.

CzFPN has been used previously by Zysman-Colman and co-workers® to synthesise mixed 4,5-
disubstituted phthalonitriles. The procedure first required mono-substitution of 2FPN with carbazole.
However, this proved difficult to replicate, with literature conditions giving an 8:1 mixture
(CzFPN:2CzPN), which could not be separated effectively by column chromatography (Scheme 2.9).
However, the mixture could be purified by recrystallization, which did provide pure CzFPN, but in a

moderate 37% yield.
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Scheme 2.9 Synthesis of CzFPN.

Based on the original retrosynthesis, the final step of the synthesis was proposed to be the SnAr
reaction between CzFPN and carbazole 100; however, initial observations showed 100 was insoluble
in many common solvents. Disappointingly, this included THF, which was the optimum solvent for
similar reactions.®® To circumvent the need for this insoluble intermediate, an alternative route was
explored that switched the order of the SyAr, CUAAC and Sonogashira reactions (Scheme 2.10).
Hyper2CzPN was instead disconnected at the triazole moiety to give 102 and ethynyl-2CzPN 114,
which in turn could be disconnected to give bromo-2CzPN 115 and trimethylsilyl acetylene, with a final

C-N disconnection giving 112 and CzFPN.

f Ph ~N

NG CN
i N

é NCI/SL oS % ¢

N 102 N3 114
Cr
Hyper2CzPN QO M

O i\ QN W, z " BrN:g;%v W,
S

Scheme 2.10 New route to target.

This new route began with the synthesis of 115 from CzFPN and 112, which proceeded with an 83%

yield (Scheme 2.11).
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Scheme 2.11 SyAr of CzFPN and 112.

As in the previous route, a Sonogashira reaction with trimethylsilylacetylene was performed; however,
when using 115, some optimisation was required to obtain a satisfactory yield (Table 2.1). Conditions
used previously to make 113 only gave trace amounts of the desired product (Table 2.1, entry 1). It
was hypothesised that this was due to low solubility of 115 in neat NEts; and the use of co-solvents
while maintaining NEts as the base was considered. Using DMF improved both solubility and yield,
(Table 2.1, entry 2), and further improvement was observed when using a mixture of THF and NEts.
(Table 2.1, entry 3).

Table 2.1 Sonogashira Reaction Optimization

NG CN T™S NC, CN
Pd(PPhs), (5 mol%) \
Br. Cul (2.5 mol%), Solvent A\
Q O 100°C,16h O
=—TMS O

N N N N
O O (1.5 equiv.) O O
115 116

Entryf! Solvent Yield / %
1 NEts Trace

2 DMF:NEt; (1:2) 22

3 THF:NEt; (3:1) 60

[a] 115 (0.20 mmol, 0.08 m), trimethylsilylacetylene (0.30 mmol), Pd(PPhs)4 (6.0 umol), Cul (0.012 mmol), THF (0.08 m), reflux,
16 h.

Under the desilylation conditions used previously, alkyne 116 was consumed but a mixture of
unidentified products was obtained. However, by using TBAF deprotection, 114 could be isolated in

70% yield (Scheme 2.12a). Having synthesised both the isothiourea and TADF fragments, the final step
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using CUAAC to combine them was possible. We were pleased to find that the previous conditions also
worked well in this instance, furnishing the target molecule in 74% yield and an overall yield of 9%

(Scheme 2.12b).

e N

(a)

TMS NC, CN
AN
TBAF (1.1 equiv.), THF
D50
rt,1h
116 114

L 70% y
e A

(b) i-Pr

NC  CN
N\ Cul (10 mol%), S
DIPEA (3.5 equiv.)
Q N N THF, it, 24 h
OO i-Pr.
bge Yal:
3
~
Ph™ °NT S Hyper2CzPN

114
(1.1 equiv.) 74%

Scheme 2.12 (a) TMS deprotection of 116. (b) CuAAC as final step.

2.2.3 Investigating the Bifunctional Catalyst

Three different experiments were performed to investigate the compatibility of the two catalysts (ITU
and TADF) within the proposed bifunctional catalyst. These included CV, irradiating a solution
containing both catalysts with blue LEDs (Aexe = 456 nm), and adding isothioureas to known
photocatalytic reactions. CV was used to determine the redox potentials of the isothiourea catalyst
and the reversibility (an indication of stability to redox conditions) of their redox processes. Irradiating
a solution containing just the PC and ITU was proposed as a simple test to see if the two catalyst
systems were compatible. Adding isothioureas to known photoredox reactions was used to show if
the catalytic cycles were likely to be able to act independently or if the ITU would inhibit these reaction
processes.

Initial testing involved using CV to measure the redox potentials of HyperBTM and its analogues

(Figure 2.2). As a model for the bifunctional catalyst Hyper2CzPN, the methoxy variant of HyperBTM
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108 was first measured. The CV (CH,Cl,) showed no reduction waves (range scanned =—2to + 2 V)
but a single irreversible oxidation wave at Epp = 1.06 V (vs SCE) suggested significant chemical
instability to oxidative conditions. Next, Hyper2CzPN was tested (CH.Cl>) showing a similar irreversible
oxidation peak at Epa = 1.2 V (vs SCE), which is therefore predicted to be on the isothiourea, and a
reversible reduction peak at Ereq = — 1.43 V (vs SCE) that is comparable to literature values for 2CzPN
(Erea =—1.45 V in CH,Cl, vs SCE),*® so is likely on the phthalonitrile. For comparison, a model substrate
117 made with a triazole linker was also measured, which gave an identical reduction wave at Ereq =
—1.43 V (vs SCE). These CVs showed successful production of a molecule that had the two catalysts as
electronically distinct groups. However, they also suggest an inherent instability of isothioureas to
oxidation, although it is still possible that the rate of regeneration of the isothiourea outcompetes

decomposition under photocatalytic conditions.

—— 108 —— Hyper2CzPN —— 117

: L K——e o

Current/ a.u

—
1 1 1 1 1 1 1 1 1

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Potential vs SCE / V

N NC CN
N’ >
PhO/\/\ _N Q
S0y
117

Figure 2.2 CVs of 108 (black), Hyper2CzPN (red), and 117 (blue) in 0.1 M solution of NBusPFs in
degassed CH,Cl,, reported vs SCE (Fc/Fc* = 0.46 V in CH,Cl,)%! and scan rate = 100 mV s7%.

Further testing of the compatibility of isothioureas with PCs involved blue light irradiation (Aexc = 456

nm) of a solution containing both an isothiourea and a PC in CH,Cl, (Table 2.2). Hyper2CzPN
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decomposed under these conditions, demonstrating a significant weakness in the bifunctional catalyst
design (Table 2.2, entry 1). Further investigations probed the compatibility of isothioureas and PCs as
separate molecules with the expectation that weak photooxidants would prove more favourable.
Complete decomposition of HyperBTM was observed when an equimolar amount of 4CzIPN was used
(Table 2.2, entry 2). This may be expected as the excited state reduction potential of 4CzIPN (Eeq™* =
1.35 V vs SCE)* is greater than the oxidation potential of HyperBTM (Epa = 1.06 V vs SCE). Next,
[Ir(ppy)2(dtbbpy)](PFs), which has a less positive excited state reduction potential (Ereq* = 0.66 V vs
SCE) than 4CzIPN, was tested with HyperBTM; however, full decomposition was again observed (Table
2.2, entry 3). Further investigations used 0.1 equivalents of PC relative to the isothiourea in an attempt
to limit decomposition (Table 2.2, entry 4-8). 4CzIPN, 2CzPN, [Ir(dF(CFs)ppy)(dtbbpy)](PFs),
[Ir(ppy)2(dtbbpy)](PFs) and Ir(ppy)s all showed complete decomposition of HyperBTM. This was
expected for the strongly oxidising PCs (entries 4-6); however, even partial decomposition in the
presence of Ir(ppy)s was surprising as it has a low excited state reduction potential (Ereq™ = 0.31 V vs

SCE),%? showing HyperBTM is unstable in the presence of even the mildest of photooxidants.
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Table 2.2 Isothiourea Compatibility Testing.

LG

= F
N N t-Bu
O /, 1, Il/”': | \\\NI :
N n, . \\\\\ s, .. ‘\\\ "lri
O r\ | NTT
N S
N t-Bu
N
% ZCF,
4CzIPN r(pPy)3 [Ir(ppy)2(dtbbpy)I(PF ) [Ir(dF(CF3)ppy)2(dtbbpy)I(PF )
[ir-1] [r-2]
Entry®®  Isothiourea Photocatalyst  Eq(P*/P*7)/V  Equivalents Decomposition
10! Hyper2CzPN Hyper2CzPN - - Complete
20] HyperBTM 4CzIPN 1.35% 1 Complete
30l HyperBTM [Ir-1] 0.662%22 1 Complete
4 HyperBTM 4CzIPN 1.35% 0.1 Complete
5 HyperBTM 2CzPN 1.32% 0.1 Complete
6 HyperBTM [Ir-2] 1.21% 0.1 Complete
7 HyperBTM [Ir-1] 0.66 0.1 Complete
gl HyperBTM Ir(ppy)s 0.31% 0.1 Partial
9 BTM 4CzIPN 1.35 0.1 Complete
10 HyperBTMeHCl 4CzIPN 1.35 0.1 Minimal
110 TetramisoleesHCl  4CzIPN 1.35 0.1 Minimal

[a] Isothiourea (0.1 mmol, 0.1 m), PC (0.01 mmol), Aexe= 456 nm, rt for 16 h in CH,Cls. (b) PC (0.1 mmol). (c) PC (0.002 mmol).
(d) in deuterated DMSO.
In all cases, no decomposition products could be isolated. However, when BTM was used instead of

HyperBTM with 4CzIPN as the oxidant, full decomposition was observed, giving 118 as a single isolable
product (Table 2.2, entry 9). Upon oxidation, BTM can form a fully aromatic heterocycle, likely through

% where radical

a similar mechanism to the iminium ion formation from tetrahydroisoquinolines,
cation formation is followed by hydrogen abstraction and a second SET oxidation (Scheme 2.13a).
Finally, protonated isothioureas were irradiated in the presence of 4CzIPN and minimal decomposition
was observed (Table 2.2, entries 10-11). This is interesting as it suggests that the cationic

intermediates of isothiourea catalysis could be stable to photooxidation. However, as the equilibrium

between bound and unbound catalyst would be predicted to lie heavily towards unbound “free”
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catalyst (scheme 2.13b),°* this does not necessarily provide a solution to the problem of ITU

incompatibility with photoredox conditions.
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Ph” "N /J§ X X = RCOO, 4-NO,CgH50
R” 0
L 119 )

Scheme 2.13 (a) Oxidation of BTM. (b) Equilibrium of acyl ammonium formation X = RCOO or 4-
NO,CgHsO.

Further investigations were performed to determine whether the decomposition pathway could be
easily outcompeted. Since an isothiourea catalysed photochemical RCA was the synthetic goal for this
project, the decarboxylative addition of proline to diethyl maleate previously reported by Speckmeier
and Zeitler* was chosen as the benchmark photoredox reaction for testing the effect of an ITU (Table
2.3). Consistent with the literature, the addition of 23 to 120 with base and 4CzIPN as PC under blue
light irradiation (Aexc = 456 Nm) proceeded with quantitative yield of the RCA product 121 (Table 2.3,
entry 1). When HyperBTM (0.1 equivalents) was present, a small decrease in yield was observed (Table
2.3, entry 2). When 0.5 equivalents was used, full consumption of maleate and HyperBTM took place,
but no formation of the desired product was observed (Table 2.3, entry 3). Unsurprisingly, increasing
the HyperBTM to 1.0 equivalent gave similar results to 0.5 equivalents (Table 2.3, entry 4). If proline
was excluded from the mixture, then full decomposition of both HyperBTM and diethyl maleate
occured, with no identifiable products isolated (Table 2.3, entry 5). If diethyl maleate was excluded,
then HyperBTM decomposition occurred but proline remained (Table 2.3, entry 6). These experiments
indicate that HyperBTM outcompetes proline in SET oxidations despite having similar redox potentials
(Epa(HyperBTM) = 1.06 V (vs SCE), Epa([Boc-Pro-O][/Cs]) = 0.95 V),** and indicates that the
decomposition products of HyperBTM oxidation can presumably react competitively with the diethyl

maleate, although products consistent with this hypothesis could not be identified. Based on these
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results there are inherent stability issues with this proposed dual catalytic system and finding a

general, widely applicable system of this type seems unlikely.

Table 2.3 Isothioureas in RCA Reaction.

E>—C02H
N

Cbz

23

(7 CO4Et

CO,Et

i-Pr.
1.1 equiv. I\N
120 Ph” N7

4CzIPN (2 mol%)
KoHPO4 (1.1 equiv.)
CHQC'Q, }\,exc =456 nm

CbzN

CO,Et
CO,Et
121

Entryl! Variation Observation

1 No HyperBTM Quant. Yield

2 0.1 equiv. HyperBTM 90% vyield

3 0.5 equiv. HyperBTM No product, decomposition
4 1.0 equiv. No product, decomposition
5 No proline Decomposition of both

6 No maleate Decomposition of HyperBTM

[a] 119 (0.15 mmol, 0.8 M), 120 (0.17 mmol), K2HPO4 (0.17 mmol), 4CzIPN (0.003 mmol), Aexc= 456 nm, rt, 16 h.
However, subsequent work within the group® (Scheme 2.14a) and by Hartley et al.°® (Scheme 2.14b)

showed that it is possible to achieve 1,4-radical additions to a,B-unsaturated ammonium

intermediates to synthesise y-lactams 122. A key component of the success of these methodologies is

the use of a-aminosilanes 123 or a-aminoacids 124 that proved to be more prone to oxidation than

the ITU catalysts. The choice of these substrates was instructed by the compatibility testing done in

this work.
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Scheme 2.14 Demonstration of enantioselective RCA reactions using dual isothiourea/photoredox
catalysis reported by (a) Westwood et al.% (b) Hartley et al.®®

2.3 Conclusions

The initial target for this project was to synthesise a bifunctional catalyst containing both an ITU and
TADF moiety for the purpose of dual catalysis. After optimisation of the synthetic route the target
molecule was successfully synthesised in a 9% overall product yield. However, subsequent testing for
compatibility and stability showed significant issues with the bifunctional catalyst design. Experiments
designed to test if the oxidation of the ITU could be out competed suggested that the ITU would still
be degraded in the presence of other quenchers of similar oxidation potentials. While this is true,
subsequent work by others in the group® and Hartley et al.*® showed that under optimized conditions,
enough of the ITU persists to achieve the desired enantioselective RCA reaction. Future work in this
area should continue to explore the combination of ITU and photocatalysis as two distinct catalysts,

and work towards improving enantioselectivity and broadening the scope of starting materials.
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3 Evaluating MR-TADF Compounds as Photocatalysts

3.1 Introduction

Organometallic complexes based on Ru(ll) and Ir(lll) are the most widely used PCs (Figure 3.1a). They
possess an attractive suite of properties including suitably long-lived stable excited states, absorption
that extends into the visible region where most organic substrates are transparent, plus (especially for
Ir(Ill) complexes), the capacity to modulate both the ground and excited state redox properties
through ligand variation.®” However, the scarcity, toxicity and cost of the noble metals employed has
spurred intense efforts to find alternative PCs. There are now many established examples of Earth-
abundant metal complexes®® and metal-free organic PCs,?® and numerous examples where these
perform comparably to the noble metal PCs. While organic PCs, such as xanthene dyes,
phenothiazines, and acridinium-based compounds are commonplace (Figure 3.1b),2*%7101 their
ground- and excited-state redox potentials are difficult to tune. D-A TADF PCs, most widely
exemplified by the compound 4CzIPN, have rapidly been adopted in the field as their properties are
readily tunable through substituent variation (Figure 3.1c).1921% 4CzIPN, initially developed as an

emitter for organic light-emitting diodes a decade ago, luminesces via a TADF mechanism.3
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Figure 3.1 (a) Examples of organometallic PCs. (b) Examples of organic PCs. (c) Examples of D-A
TADF PCs. (d) MR-TADF photocatalysts used in this work.

As a result, 4CzIPN possesses microsecond-long emission lifetimes that, coupled with similar redox
properties to that of the widely used [Ir(dF(CFs)ppy).(dtbbpy)]PFs, endows it with similar
photochemical reactivity. 4CzIPN was first used as a PC by Luo and Zhang to achieve a dual catalysed
(C)sp®-(C)sp? cross-coupling reaction.*® Subsequent work by Speckmeier et al.** demonstrated the
versatility of this class of D-A TADF PC and the tunability of their redox potentials by varying the nature
and number of electron-donating and electron-accepting groups. A growing number of structurally
related D-A PCs have since been reported.’® TADF operates when the energy gap between the lowest
energy singlet and triplet excited states, AEsr, is sufficiently small such that there is an endothermic
upconversion of triplet excitons into singlets via RISC (Figure 3.2a). This is possible when the exchange
integral between the frontier orbitals involved in the emissive excited state is sufficiently small, which
occurs in D-A compounds where the donor and acceptor groups are poorly conjugated such as when

they adopt a highly twisted conformation, as is the case for 4CzIPN and its derivatives. An alternative
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molecular design strategy to reduce the exchange integral is based on the exploitation of opposing
resonance effects of p- and n- dopants in nanographenes that is embodied in MR-TADF emitters.?®
Herein we present the use of two MR-TADF compounds as PCs for the first time, using DiKTa and
Mess3DiKTa, previously reported as emitters in OLEDs,*’ as typical examples (Figure 3.1d). Owing to
their rigid structure, MR-TADF compounds typically show much narrower emission profiles and
smaller Stokes shifts while also exhibiting larger molar absorptivities for the low-energy SRCT
absorption band (Figure 3.2b). The emissive excited state also shows SRCT character, which is
identifiable due to the modest positive solvatochromism (Figure 3.2c), in contrast to the large positive

solvatochromism observed for D-A TADF compounds (Figure 3.2d).3”
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Figure 3.2 (a) Diagram depicting the TADF mechanism with S; plots of 4CzIPN and DiKTa. (b)
Absorption spectra of 4CzIPN, DiKTa and MessDiKTa in MeCN with wavelength of photoreactor LEDs
marked as a vertical dashed line. (c) Solvatochromic study for DiKTa (d) Solvatochromic study for
4CzIPN. Ay = 400 nm, measurements performed at room temperature under air.

Enhanced molar absorptivity and reduced positive solvatochromism are expected to have productive
implications for photocatalysis reactivity. The higher molar absorptivity of the band that is being

targeted for photoexcitation should translate to faster reaction rates and lower required
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photocatalyst loadings in the absence of catalyst degradation. The attenuated positive
solvatochromism of MR-TADF compounds implies that less energy is lost due to stabilization of the
excited state by solvent, potentially leading to greater reactivity of the PC, particularly in commonly
used polar aprotic solvents such as MeCN and DMF. DiKTa and its mesitylated analogue Mes;DiKTa,
were chosen for investigation as PCs because of their similar redox potentials to those of 4CzIPN
(Figure 3.3).3744

E1/2 /'V vs SCE

2.0 -1.5 -1.0 -0.5 0 +0.5 +1.0 +1.5 +2.0
| \ \ | \ | |
PC/PC™ PC*t/PC* PC*/PC™ PC*'/PC
—1.23 —1.14 4CzIPN +1.44 +153
l | DiKTa | l
-1.33 -1.16 +1.49 +1.66
|| Mes;DiKTa ||
~1.28 —1.05 +1.31 +1.54

Figure 3.3 Excited state and ground state redox potentials of 4CzIPN in MeCN.1% Ground state redox
potentials of DiKTa and MessDiKTa in MeCN.*” Excited state redox properties of DiKTa and
Mes3DiKTa calculated from the experimentally determined Eox/Ered and Eo values in MeCN, using
Eox(PC**/PC*) = Eox - Eg0 and Ered(PC*/PC"") = Ereq + Eg0.”’

An additional benefit is that the raw material cost per mmol is significantly lower for DiKTa
(£0.94/mmol) than for 4CzIPN (£3.26/mmol).” These PCs were assessed across a diverse range of
transformations including reductive quenching reactions, oxidative quenching reactions, energy
transfer reactions, nickel dual catalysis and HAT dual catalysis. The result of this assessment shows
that DiKTa and Mes3DiKTa are attractive alternatives to the widely used 4CzIPN. Further work explores
the use of DiKTa as a heterogeneous PC by attaching it to a mesoporous silica polymer support and

separately a water-soluble variant of DiKTa for aqueous photocatalysis.

*Calculated based on 12/05/2022 prices, see experimental section for further details.
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3.2 Results and Discussion.

3.2.1 Reductive Quench — Decarboxylative Photo-Giese Reaction.

Our investigations began with a decarboxylative photo-Giese reaction. This process has previously
been reported by Ji et al.*®! for their comparison of the effectiveness of different acridinium PCs and
also by Speckmeier et al.* for their comparison of the suitability of alternative D-A photocatalysts. In
the latter study Speckmeier et al. found that when 4CzIPN was used, a superior isolated yield of 80%
is achieved compared to the previously reported best acridinium PC (73% isolated yield). The proposed
mechanism for this reaction begins with the reductive quenching of the PC* by the carboxylate 127 to
give the reduced photocatalyst (PC*") and an alkyl radical 128 after decarboxylation. The alkyl radical
that is formed then adds to the electron-deficient alkene 120 to generate an a-carbonyl radical 130,
that is subsequently reduced to the corresponding enolate 131 by PC"~ to complete the photocatalytic

cycle (Scheme 3.1).

D—coo@ @o (7 COLEt
N N

- COZ COzEt
Cbz Cbz 120
127 128
PC*~
NCbz
CO,Et
COQEt
NCbz NCbz
CO,Et O co,Et
CO,Et CO,Et
121 131

Scheme 3.1 Proposed mechanism for the decarboxylative photo-Giese reaction.

Using N-Cbz protected proline 23a as the carboxylic acid substrate and diethyl maleate 120 as the

electron deficient alkene, both DiKTa and Mes3:DiKTa gave comparable NMR yields to that of 4CzIPN
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(Table 3.1, entries 1-3). N-protected prolines have relatively low oxidation potentials [Eox([Boc-Pro-
0][/Cs]) = 0.95 V vs SCE in MeCN];% therefore, the more challenging iso-butyric acid, 23b, and
propanoic acid, 23c, ([Eox[i-PrCO2][/NBua]) = 1.31 V and Eo([EtCO2][/NBus]) = 1.25 V)% were also
investigated in order to differentiate the photooxidation ability of the PCs. With iso-butyric acid both
DiKTa and Mes3DiKTa showed improved NMR vyields of 78% and 79%, respectively (Table 3.1, entries
4 and 5), relative to the 64% achieved using 4CzIPN (Table 3.1, entry 6). Changing to the primary radical
formed when using propanoic acid resulted in lower yields for all three PCs (Table 3.1, entries 7-9).
This is likely due to the decreased nucleophilicity of primary radicals relative to secondary radicals,
leading to alternative and undesired reaction pathways becoming competitive. Notwithstanding the
lower yields, both DiKTa and Mes3DiKTa still outperformed 4CzIPN.

Table 3.1 Decarboxylative photo-Giese reaction between carboxylic acids and diethyl maleate.

PC (2 mol%) R
KoHPO,4 (1.1 equiv.
)Ol\ /\COZEt 2HPO4 (1.1 eq ): COLEt
R

OH COEL  MoCN, heyo =440 nm  COE
23 120 i, 16 h 121
(1.2 equiv.)
Me
D_CO2H
AN
N, Me)\COZH Me” CO,H
23a 23b 23c

(Eox=0.95V)  (Exx=1.31V)  (Eox=1.25V)

Entryl®! Acid PC Yield / %!
1 23a DiKTa 93 (+ 3)

2 23a Mes;DiKTa 91 (+1)

3 23a 4CzIPN 95 (+ 4)

4 23b DiKTa 78 (+3)

5 23b Mes;DiKTa 79 (+ 4)

6 23b 4CzIPN 64 (£ 1)

7 23c DiKTa 37 (1)

8 23c Mes;DiKTa 22 (£ 3)

9 23c 4CzIPN 9(+1)

[a] Carboxylic acid (23) (0.15 mmol), diethyl maleate (120) (0.18 mmol), K;HPO4 (0.17 mmol), PC (2 mol%), MeCN (3 mL),
irradiation with 440 nm LEDs, rt. [b] Yield determined by 'H NMR, using 1,3,5-trimethoxybenzene as the internal standard,
averaged over two separate experiments.
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PC loading was next investigated as a discriminating parameter. The reaction using N-Cbz-proline 23a
as starting material was therefore repeated at 1 mol%, 0.5 mol%, 0.25 mol% and 0.1 mol% (Table 2).
Yields remained largely the same for all three PCs down to 0.5 mol% (Table 3.2, entries 1-6).
Contrastingly, differences in NMR yield were observed at 0.25 mol%, with 4CzIPN only achieving an
average yield of 28% (Table 3.2, entry 7), while DiKTa and Mes;DiKTa maintained an average yield of
80% (Table 3.2, entries 8 and 9). When using 0.1 mol% PC loading, the use of both 4CzIPN and DiKTa
produced poor average yields of 9% and 18%, respectively (Table 3.2, entries 10 and 11), while
MessDiKTa achieved a significantly higher yield of 59% (Table 3.2, entry 12). The evidence suggests
that DiKTa and Mes3DiKTa perform better than 4CzIPN at lower catalyst loadings, which is consistent
with the higher molar absorptivity of DiKTa and MessDiKTa relative to 4CzIPN at the excitation

wavelength used.
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Table 3.2 Catalyst loading variation of photo-Giese reaction.

PC
C
D-COQH PCOsE KeHPO, (1.1 equiv) Nebz
N CO,Et >
Cbz 2 MECN, %oy = 440 nm CO,Et
rt, 16 h COZEt
23a 120 121a
(1.2 equiv.)

Entryf! Catalyst Loading / mol% PC Yield / %"
1 1 4CzIPN 90 (+ 1)
2 1 DiKTa 88 (+2)
3 1 Mes;DiKTa 91 (+ 1)
4 0.5 4CzIPN 89 (+3)
5 0.5 DiKTa 78 (¢ 4)
6 0.5 MessDiKTa 89 (+ 1)
7 0.25 4CzIPN 28 (¢ 5)
8 0.25 DiKTa 80 (+2)
9 0.25 Mes;DiKTa 80 (+ 4)
10 0.1 4CzIPN 9 (+3)
11 0.1 DiKTa 18 ( 5)
12 0.1 MessDiKTa 59 (+7)

[a] Cbz-Pro-H (23a) (0.15 mmol), diethyl maleate (120) (0.18 mmol), K;HPO4 (0.17 mmol), PC, MeCN (3 mL), irradiation with
440 nm LEDs, rt. [b] Yield determined by 'H NMR, using 1,3,5-trimethoxybenzene as the internal standard, averaged over
three separate experiments.

3.2.2 Oxidative Quench — Atom Transfer Radical Addition.

Subsequent studies assessed these PCs in an oxidative quenching process. Initial attempts focused on
the reduction of bromoacetonitrile 132 and trapping of the corresponding radical with 1-methylindole
133 (Scheme 3.2a).1% However, attempts at reproducing this literature reactivity resulted in complex
mixtures so this reaction was discarded. Subsequent attempts were based upon the ATRA reaction
between tosyl chloride 20 and styrene 19 (Scheme 3.2b).}% Repeating known conditions using
[Ru(bpy)s](PFs). provided the desired ATRA product 135 in near quantitative NMR yields. However,
when using 4CzIPN or DiKTa, significantly reduced product yields were observed with many other side

reactions apparent and so this process was not probed further.
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@ PC (1 mol%)
Na,COj5 (2.0 equiv.) CN
©\/\> B YNen 2T A\
N Aexc = 440 nm N
Me z
133 132 DCE, i, 16 h 134 Me
(b)
PC (1 mol%) Cl
©/\ 1-C! MeCN Ts
_——
19 20 hexc = 440 nm 135
L 1.2 equiv. rt, 16 h y

Scheme 3.2 (a) Cyanomethylation of 1-methylindole. (b) ATRA of tosyl chloride with styrene.

Next, a different ATRA reaction developed by Pirtsch et al.}'® was attempted (Scheme 3.3). The

proposed mechanism for this reaction begins with the oxidative quenching of the PC* by the alkyl

halide 136 to give the oxidised photocatalyst (PC**) and an alkyl radical 137. The alkyl radical that is

formed then adds to the alkene 138 to generate another alkyl radical 139, that is then oxidised to the

corresponding cation 140 by PC** to complete the photocatalytic cycle. 140 is then trapped by the

halide to produce the desired ATRA product 141.

X
R

136

pC*

RC BocHN" N7
138
137
pc* Oy

PC

@

BOCHN/Y\R < BOCHN/\/\R
X

141

)
140 X

Scheme 3.3 Proposed mechanism for the photocatalytic ATRA reaction.

Using perfluorobutyl iodide 136a (£, = — 1.42 V vs SCE in MeCN)*'! and tert-butyl-N-allyl carbamate

138 as the substrates in DCE with 4CzIPN produced the desired ATRA product 141ain 83% yield (Table

3.3, entry 1). Interestingly, when using DiKTa and Mes3DiKTa, near quantitative yields of 97% and 93%,

respectively, could be achieved (Table 3.3, entries 2-3). Phenacyl bromide 136b and diethyl

59



bromomalonate 136¢ were then chosen as additional substrates with reduction potentials of £,"°¢ = —

1.21 V vs SCE and E," of — 1.41 V vs SCE in DMF, respectively (Figure 3.4).

T T T T T T T I
(@ .~ —cv -(b) ... —¢cv
St " ----DPV ---c’ ----DPV
> >
o | o [
€ €
4 o r
5 5
O O L
1 1 1 1 1 1 1 1
15 -1 05 0 2 1.5 -1 05 0
Potential vs SCE / V Potential vs SCE / V

Figure 3.4 (a) CV and DPV of diethyl bromomalonate in DMF, reported vs SCE at scan rate of 50 mV
sL. (b) CV and DPV of phenacyl bromide in DMF, reported vs SCE at scan rate of 50 mV s

When using phenacyl bromide 136b, as observed by Pirtsch et al.,*'° the optimal solvent was a 1:2
mixture of DMF/H0. 4CzIPN, DiKTa and MessDiKTa performed similarly, generating 141b in 71%, 77%
and 76% yields, respectively (Table 3.3, entry 4-6). However, when using 136c, 4CzIPN gave marginally
improved product yields, affording 141c in 76% compared to 69% and 71% for DiKTa and Mes3DiKTa,
respectively, although the difference between them is within the error observed for this reaction

(Table 3.3, entries 7-9).
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Table 3.3 Oxidative quench ATRA reaction between alkyl halides and alkene.

PC (1 mol%)

DCE or DMF/H,0
> BocHN R
R’X BocHN/\/ /j(/\
136 138 Mexe = 440 nm 141
(2.0 equiv.) n,16h
0 Et0,C_COEt
|
CsFs” Y
4 Ph)J\/ Br Br
136a 136b 136¢

(Erf9=—-1.42V) (ES=-121V) (E/=-1.41V)

Entry Alkyl Halide PC Yield / %!
1@ 136a 4CzIPN 83 (+1)
20 136a DiKTa 97 (+2)
36 136a Mes;DiKTa 93 (+0)
4[b] 136b 4CzIPN 71 (+ 4)
50! 136b DiKTa 77 (£ 1)
6] 136b Mess:DiKTa 76 (+2)
70! 136¢ 4CzIPN 76 (+ 4)
8l] 136¢ DiKTa 69 (+3)
gl 136¢ Mes;DiKTa 71 (1)

[a] Alkyl halide (136) (0.60 mmol), tert-butyl N-allylcarbamate (138) (0.30 mmol), PC (1 mol%), DCE (1.5 mL), irradiation with
440 nm LEDs, rt, 24 h. [b] Alkyl halide (136) (0.50 mmol), tert-butyl N-allylcarbamate (138) (0.25 mmol), PC (1 mol%),
DMF/H,0 (1:2) (0.6 mL), irradiation with 440 nm LEDs, rt. [c] Yield determined by H NMR, using 1,3,5-trimethoxybenzene as
the internal standard, averaged over two separate experiments.

The reduction potential noted by Pirtsch et al. for 136b of £,"4 =—0.49 V vs SCE was originally reported
by Tanner et al.1*? and is commonly used in the literature; however, this value is erroneous and occurs

only as a result of electrochemical degradation (Figure 3.5).
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Figure 3.5 CV of phenacyl bromide in DMF, reported vs SCE at scan rate of 100 mV s, observed peak
at — 0.6 Vis due to electrochemical degradation.

Indeed, a previous report by Bahamonde et al.**® found that the peak reduction potential is
significantly more negative E,%=—1.39 vs SCE in MeCN, and our own measurements have found it to
be E,r*¢ =—1.21 V vs SCE in DMF from the peak of the DPV (Figure 3.4b). Similarly, literature values for
the reduction potential of 136¢ vary significantly from E,¢ = — 1.0 V vs SCE!* in DMF to E,*¢ = - 1.74
V vs SCE**® in MeCN; our own measurements indicate that E,"*=—1.41 V vs SCE in DMF from the peak
of the DPV (Figure 3.4a). Such a negative reduction potential would be predicted to be beyond the
ability of any of these PCs to reduce via oxidative quenching; however, quenching experiments with
both 4CzIPN and DiKTa show quenching to occur in the presence of 136¢ in DMF, showing that while

endergonic, oxidative quenching does occur (Figure 3.6).
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Figure 3.6 (a) Emission quenching data of DiKTa by sequential addition of diethyl bromomalonate in
DMF. Aexc = 400 nm. (b) Stern-Volmer plot of the quenching of the emission of DiKTa in DMF by
sequential addition of diethyl bromo malonate. (c) Emission quenching data of 4CzIPN by sequential
addition of diethyl bromomalonate in DMF. Aexc = 400 nm. (d) Stern-Volmer plot of the quenching of
the emission of 4CzIPN in DMF by sequential addition of diethyl bromo malonate.

The Stern-Volmer quenching relationship can be used to calculate the quenching rate constant (k;) by
plotting the ratio of the emission intensity without quencher present (lg) and the emission intensity
observed (l) against the concentration of the quencher ([Q]) (Equation 3.1). The slope of a Stern-
Volmer plot is equal to the product of k; and the lifetime (to) of the emitter in the absence of quencher.
Therefore, to obtain values for kg, the lifetimes of both 4CzIPN and DiKTa were extracted from time-
resolved emission measurements (Figure 3.7).

I° (3.1)
T = 1 + quo[Q]
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Figure 3.7 Time-resolved PL decay of (a) DiKTa and (b) 4CzIPN recorded in DMF under N in 10° M
solutions with Aexc =375 nm

As no delayed emission is observed in DMF for DiKTa, the prompt fluorescence lifetime has been used
and quenching is expected to occur from the S; state (Table 3.4). However, for 4CzIPN delayed
emission is observed in DMF so two quenching constants can be calculated. Both kg are at least an
order of magnitude larger for DiKTa than for 4CzIPN, which could have interesting implications for
reaction rates.

Table 3.4 Stern-Volmer data summary.

PC w/ns  Ta/ps  Teky/ moltdm® kg1 /10”moltdm3s? kg2 /10" moltdm?3s?
DiKTa 8.2 - 0.320 3.9 -
4CzIPN 32.8 1.91 0.262 0.80 0.14

Tp= prompt fluorescence lifetime, tq = delayed fluorescence lifetime, tek, = Stern-Volmer constant taken from the gradient
of the slope, kg1 = quenching constant using Ty, kg,2= quenching rate constant using Tq.

3.2.3 Dexter Energy Transfer — Isomerization of Alkenes.

Having shown that DiKTa and Mess;DiKTa are capable photoredox catalysts, attention turned to their
application in DET. One of the simplest examples of DET processes is the (E)/(Z) isomerization of
alkenes. The proposed mechanism begins with the excitation of the PC, followed by a DET process to
the (E)-alkene 142 to give the triplet alkene [142]3 and the ground state PC (Scheme 3.4). [142])3 is now

able to rotate to conformer [143]3, which upon relaxation forms the (2)-isomer 143.
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Scheme 3.4 Proposed mechanism for the photocatalytic isomerization of (E)-alkenes.

The isomerization of (E)-stilbene 18 was used effectively by Lu et al. to compare various D-A TADF
emitters and then correlate the results with their triplet energies (Et) relative to that of (E)-stilbene
(Er = 2.2 eV) and (2)-stilbene (Er = 2.5 eV).**!!> The crucial determinant for the efficiency of DET
reactions is the degree of spectral overlap between the emission of the PC and the spin-forbidden S
- T, absorption of the substrate.’ As these absorption measurements are typically difficult to obtain,
a cross-comparison of the triplet energies of the reactant and PC are typically used as a crude handle
to assess whether the reaction is likely to proceed. Thus, to maximize the yield for the isomerization
of the substrate by limiting the reverse reaction, Ex(Substrate) < Ex(PC) < Ex(Product). Using similar
reaction conditions to those of Lu et al. [Ru(bpy)s](PFe)2 (Er = 2.13 eV)!® achieved a (2)/(E) ratio of 94:6
and 4CzIPN (Er = 2.53 eV)* performed comparably with a (2)/(E) ratio of 92:8 (Table 3.5, entry 1 and
2). When using DiKTa (E7 = 2.61 eV)¥ as the PC a (2)/(E) ratio of only 59:41 was observed (Table 3.5,
entry 3), consistent with the high triplet energy of this PC, although a (2)/(E) ratio of 61:39 was
achieved with Mess;DiKTa (Er = 2.49 eV),*” despite having a similar triplet energy to that of 4CzIPN
(Table 3.5, entry 4). Lu et al. observed similar off-trend examples in their study, revealing the
limitations of using Er alone to evaluate the efficiency of DET photocatalysts. While not as effective as
4CzIPN, these initial reactions did show that DiKTa and MessDiKTa can be used as DET photocatalysts.
Diisopropyl fumarate 22 (Er = 2.7 eV)* was used by Lu et al. as a more challenging substrate due to its

higher Er. [Ir(dF(CFs)ppy)2(dtbbpy)]PFs (Er = 2.67 eV)*® was used as the reference PC for this reaction
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and achieved a (2)/(E) ratio of 95:5 (Table 3.5, entry 5). Matching with previous reports, 4CzIPN only
achieved trace amounts of isomerization, giving a (2)/(E) ratio of 4:96 (Table 3.5, entry 6). Pleasingly,
DiKTa gave a (2)/(E) ratio of 90:10, which is comparable to that of the iridium PC (Table 3.5, entry 7).
Mes;DiKTa afforded a lower (2)/(E) ratio of 58:42 (Table 3.5, entry 8). Due to its higher Er, DiKTa should
be considered as a complementary PC to 4CzIPN, capable of engaging in more energetically
demanding DET reactions.

Table 3.5 (E)/(Z) Isomerization of alkenes.

PC (0.7 mol%)
R~ MeCN, Agyc = 440 nm= K\R
R

R=Ph, 12 .16 h R = Ph, 144
= CO,i-Pr, 22 = CO,i-Pr, 145
PhF~p PO co,ipr
18, Er=22eV 22 E;=27eV

Entryf! Alkene PC Er/ eV (2)/(E)®!

1 18 [Ru(bpy)s](PFe)2 2.13 94:6 (+ 0)
2 18 4CzIPN 2.53 92:8 (+ 0)
3 18 DiKTa 2.62 59:41 (+ 1)
4 18 Mes3DiKTa 2.49 61:39 (+2)
5 22 [Ir(dF(CF3)ppy)2(dtbbpy)]PFs 2.67 95:5 (+ 1)
6 22 4CzIPN 2.53 6:94 (+ 1)
7 22 DiKTa 2.62 90:10 (£ 0)
8 22 Mes3DiKTa 2.49 57:43 (£ 0)

[a] Alkene (0.60 mmol), PC (0.7 mol%), MeCN (3 mL), irradiation with 440 nm LEDs, rt. [b] Determined using 'H NMR, averaged
over two separate experiments.

3.2.4 Dual Catalysis — Nickel and Hydrogen Atom Transfer Catalysis.

Metallaphotoredox catalysis is a fast growing area of research as it often offers a mild alternative to
existing transition metal catalytic reactions and give access to different redox couples of the co-
catalyst, resulting in new reactivity.'” Nickel in particular has been paired with photocatalysts for a
wide range of different coupling reactions with Luo and Zhang™® reporting the first use of 4CzIPN as a
PC in a dual-mode catalysed (C)sp3-(C)sp? cross-coupling. The proposed mechanism for this reaction

begins with the reductive quenching of the PC by carboxylate 127 to give alkyl radical 128 and PC*~
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(Scheme 3.5). Simultaneously, Ni(0) oxidatively adds to aryl bromide 14 to give Ni(ll) complex 146,
which is then intercepted by 128 to form Ni(lll) complex 147. Reductive elimination of 147 produces
the desired coupling product 148 and a Ni(l) intermediate, which is reduced to Ni(0) by PC" to
complete both catalytic cycles. However, this mechanism does not include details of how the Ni(0) is
generated from the Ni(ll) precursor. Ma and co-workers!!® have investigated this step computationally
for a different reaction system and postulated that the PC also plays a role in reducing the Ni(ll)

precursor to Ni(0).
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gbz Cbz
127 128
PC pC*
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Reductive NCbz
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Cycle ‘\(
PC

Csz
Nickel

|
Catalytic Ln"ii —@—CN

LN|
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/©/C Bl 147
Br
14 LnNi”—O—CN ?

146 y)bz
Scheme 3.5 Proposed mechanism for photoredox/nickel dual catalysed (C)sp>-(C)sp? cross-coupling.

Employing a modified version of this reaction to assess the performance of DiKTa and Mes;DiKTa,
using 4CzIPN, the coupling reaction between 23a and aryl bromide 14 gave the desired product 148
in 78% vyield (Table 3.6, entry 1). Both DiKTa and Mess;DiKTa gave similar results of 78% and 72%,

respectively (Table 3.6, entries 2 and 3), providing further evidence of the versatility of these two PCs.



Table 3.6 Dual catalysed (C)sp3-(C)sp? cross-coupling reaction.

NiClo,eDME (10 mol%)
Cs,CO3 (1.5 equiv.) CbzN

Br
PC (2.5 mol%), Aeyc = 440 nm
E>—-002H DMF, 16 h, rt >
N
Cbz

7\ N=
N —
L OO

CN
23a 14 15 mol% 148
(1.5 equiv.)
Entry? PC Yield / %
1 4CzIPN 78 (+2)
2 DiKTa 78 (£ 2)
3 Mes3DiKTa 72 (1)

[a] Cbz-Pro-H (23a) (0.225 mmol), 4-bromobenzonitrile (14) (0.15 mmol), NiCl,eDME (10 mol%), Cs2C0s3(0.225 mmol), 2,2’-
bipyridine (15 mol%) PC (2.5 mol%), DMF (3.5 mL), irradiation with 440 nm LEDs, rt. [b] Yield determined by H NMR, using
1,3,5-trimethoxybenzene as the internal standard, averaged over two separate experiments.

HAT catalysts are also commonly partnered with PCs and have been used for dehalogenation
reactions. A recent example, reported by Constantin et al.,'*° used the alkyl radicals 149 generated
after the reductive quenching between PC* and triethylamine to abstract iodine atoms from alkyl
iodides 150 to generate alkyl radicals 151 that typically would require a far more potent reductant
(Ered(R-1) < =2 V). 151 can then be trapped by a thiol HAT catalyst 152 to generate the dehalogenation
products 153 and sulfur-centred radical 154, which is reduced by PC*~ to complete both catalytic cycles

(Scheme 3.6).
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Scheme 3.6 Proposed mechanism for photoredox/HAT dual catalysed deiodination.

An 85% vyield of 152 was obtained under the literature conditions and using 4CzIPN (Table 3.7, entry
1). Both DiKTa and MessDiKTa were able to achieve comparable average yields of 88% and 86%,
respectively (Table 3.7, entries 2 and 3).

Table 3.7 Dual catalysed deiodination.

() o
N

HSCH,CO,Me (20 mol%)
PC (5 mol%)

®

MeCN/H,0 (5:1)

Boc hexc = 440 nm, tt, 3 h Boc

150 (3.0 equiv.) 152
Entryl! PC Yield / %!
1 4CzIPN 85 (+0)
2 DiKTa 88 (+3)
3 Mes:DiKTa 86 (+ 6)

[a] Alkyl iodide (150) (0.15 mmol), triethylamine (0.45 mmol), methyl 2-mercaptoacetate (20 mol%), PC (5 mol%), MeCN/H,0
(5:1) (1.5 mL), irradiation with 440 nm LEDs, rt. [b] Yield determined by H NMR, using 1,3,5-trimethoxybenzene as the
internal standard, averaged over two separate experiments.

3.2.5 Kinetics Studies.

Reactions in the previous sections have used the yield of the reaction after a given time to compare

the efficiency of the PCs. While useful, this provides an incomplete picture of these reaction processes
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as it does not allow comparison of relative rates of product formation. This prompted an investigation
into the reaction kinetics of the formation of product using the various PCs for a model transformation.
The reaction chosen for initial attempts was the photocatalytic decarboxylation of aryl acetic acid 155

in the presence of diphenyl disulfide to give 4-methylanisole 156 (Scheme 3.7).1%

PC (5 mol%)
2,6-lutidine (20 mol%)

) iv. M
/©/\002H PhSSPh (1.0 equiv.) . /©/ e
MeO DCE, Aexc = 440 nm MeO

155 , 16 h 156

Scheme 3.7 Photocatalytic decarboxylation.

The reaction progress was monitored by taking aliquots at known time intervals and measuring them
by GCMS in the presence of an internal standard. Therefore, using biphenyl as the internal standard,
a calibration curve for the product was developed (Figure 3.8a). Unfortunately, the carboxylic acid
starting material gave inconsistent results in different GCMS runs, so only the formation of product
could be calibrated with sufficient accuracy. Using this curve, test reactions indicated that DiKTa,
Mes;DiKTa and 4CzIPN performed well in this reaction giving similar GC yields of 63%, 59%, and 64%,
respectively. Therefore, formation of 156 over time was successfully measured when using DiKTa as
the PC (Figure 3.8b). However, when using 4CzIPN, taking aliquots from the reaction mixture resulted
in only trace reactivity, which is assumed to be due to a sensitivity to air as a consequence of the

sampling process.
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Figure 3.8 a) Calibration curve for 4-methylanisole (P) using biphenyl as internal standard. b) Product
formation over time of the decarboxylation of 4-methoxyphenylacetic acid using DiKTa as PC.

Since air sensitivity was identified as the issue, the next reaction chosen to be monitored was the
oxidative hydroxylation of phenyl boronic acid 157 to phenol 158, which requires oxygen in the air as
a reactant (Scheme 3.8).1% Pleasingly, test reactions with DiKTa showed full conversion to 158 under
standard conditions, so reaction monitoring was attempted using methodology developed by Pitre et

al.*?* for this reaction.

PC (1 mol%)
DIPEA (5.0 equiv.)

B(OH), L OH
©/ CD3CN/D,0O (4:1) ©/
Aexc = 427 nm

157 rt, air, 16 h 158

Scheme 3.8 Oxidative hydroxylation of phenyl boronic acid.

Using deuterated solvents, aliquots of the reaction were taken every hour and analysed by *H NMR to
give conversions of 157 to 158 using both DiKTa and 4CzIPN (Figure 3.9). Interestingly, almost identical
rate profiles for both catalysts were observed up until 5 hours, where DiKTa continues on to full
conversion after 6 hours, while 4CzIPN seems to plateau and requires much longer to reach
completion. The cause for this difference is not yet understood, although a plausible explanation is
catalyst instability leading to slower reaction rates near the end of the reaction. While this does
suggest DiKTa is slightly superior for this reaction than 4CzIPN, a third reaction was sought for further

evidence.
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Figure 3.9 Reaction profile of the oxidative hydroxylation of phenylboronic acid using DiKTa and
4CzIPN.

The third reaction chosen for the kinetics study was the ATRA reaction between nonafluoro-1-
iodobutane 136a and alkene 138 shown previously in table 3.3. Taking inspiration from work done by
Ji and co-workers?? to determine quantum yields of photochemical reactions, this reaction was

monitored using in-situ NMR using the set-up shown in Figure 3.10.

Figure 3.10 Equipment used for in-situ NMR experiments. A = LED Driver, B = Fibre-coupled LED, C =
Optical Fibre, D = coaxial insert, E = NMR tube.

Notably, using this experimental set-up, the reaction reached completion for all three PCs in less than
3 hours, significantly faster than using a photoreactor, presumably due to more efficient irradiation
within the in-situ NMR set-up (Figure 3.11). Furthermore, when catalysed by Mes3DiKTa or DiKTa the
rate of product formation is significantly enhanced than with 4CzIPN. To quantify these differences,

initial rates of the reaction with each PC were extracted and compared, with the use of DiKTa giving a
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slightly larger initial rate (5 x 10* M s) than MessDiKTa (3.7 x 10 M s1), but with both an order of
magnitude larger than that of 4CzIPN (0.6 x 10* M s). While our original hypothesis was that increased
molar absorptivity at the excitation wavelength for DiKTa and Mes3DiKTa compared to 4CzIPN would
lead to increased reaction rates, at 455 nm the molar absorptivity for DiKTa and 4CzIPN are similar.
Therefore, it is not directly evident what is the cause for the divergence in reaction rates between the
two PCs. However, a possible explanation could be that 4CzIPN decomposes under these reaction

conditions resulting in an altered molar absorptivity, which is studied further in the next section.
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Figure 3.11 Reaction progress kinetics over time for the ATRA between 136a and 138, replacing DCE
with CD,Cl; as solvent and using Aexc = 455 nm with 1,4-bis(trimethylsilyl)benzene as internal
standard. a) Concentration of 138 over time. b) Concentration of 141 over time.

3.2.6 Photostability Studies

A study by Grotjahn and Kénig!® showed that D-A phthalonitrile-containing PCs such as 4CzIPN
photodecompose when irradiated in the presence of alkyl carboxylic acids via photosubstitution of
one of the cyanide groups by an alkyl radical (Scheme 3.9). Due to the loss of one of the electron-
accepting groups, the monocyano product 159 possesses significantly altered optoelectronic
properties, including a much larger optical gap and more negative excited state redox potentials. For
example, the photosubstitution product 159 between 4CzIPN and 2-phenylpropanoic acid 160 is a

stronger photoreductant [Eo«(159°"/159*) = — 1.43 V] but a weaker photooxidant [Ereq(159*/1597) =
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1.27 V] compared to —1.23 V/1.44 V for 4CzIPN. This increase in reducing power was exploited
previously by Kénig!?® to generate carbanions from aryl acetic acids as the active PC was in fact the
photosubstitution product, rather than 4CzIPN itself. However, photoinstability of the PC is not
desirable and it could be envisaged that the decreased oxidative power of 4CzIPN resulting from the
photosubstitution could hinder the reaction. Furthermore, the observed blueshift in the absorption
spectrum of the photosubstituted 4CzIPN results in a lower molar absorptivity during the
photoexcitation using a blue-light excitation source (Aexc ~ 450 nm), potentially resulting in slower
reaction kinetics. Given this precedent, similar photodecomposition studies were performed on DiKTa

and MessDiKTa.

e N
PhYCO2H
Me
Cz 160 e Cz Me
NC CN base, Blue LEDs Ph
Cz Cz , . Cz Cz
Cz N Cz
aczPN o _ 159
J

Scheme 3.9 Photosubstitution of 4CzIPN with an aryl acetic acid.
To test the photostability of 4CzIPN, DiKTa and Mes3;DiKTa, UV-vis absorption spectra before and after

irradiation of the decarboxylative photo-Giese reaction mixture were monitored (Figure 3.12). As
expected, a significant blueshift of 4CzIPN was observed due to the corresponding photosubstitution
product (Figure 3.12a). However, a smaller blue shift was also observed for both DiKTa and Mes;DiKTa
(Figures 3.12b-c), suggesting decomposition also occurs for these PCs; however, the decomposition

products were not able to be identified.
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Figure 3.12 Photodecomposition study of a) 4CzIPN b) DiKTa c) Mes3;DiKTa.

3.2.7 Polymer-supported DiKTa.
Homogeneous photocatalysis for organic transformations has seen rapid development in recent years.
However, heterogeneous photocatalysis has received much less attention,’?* despite the many

125 water splitting?® and CO; reduction.?’

successful applications in the fields of pollutant degradation,
One method for the development of heterogeneous PCs is to attach a known homogeneous PC to a
solid support such as mesoporous silica.}?®1%° Mesoporous silica materials have now become widely
used for this application due to their high stability, inertness and large surface area.’*° Considering the

apparent instability of DiKTa we envisaged that immobilization on a polymer support could confer

additional photostability and ideally allow for improved reusability of the PC. Therefore, a modified
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DiKTa with an attached carboxylic acid group 161 was synthesised to allow for attachment to the
polymer support via an amide coupling. First, lodo-DiKTa 162 was synthesised using known
procedures® from aniline 163 and methyl 2-iodobenzoate 11 via an Ullman coupling, iodination, and
Friedel-crafts acylation sequence (Scheme 3.10a). Separately, boronic acid 164 was synthesised via

the oxidation and esterification of 4-tolyl boronic acid (Scheme 3.10b).132133

e 2
a)

Cul (7 mol%), Cu (30 mol%)
NH, CO,Me K>COj3 (3.0 eqiuv.), Bu,O

| reflux, 72 h MeO O [ Oy, OMe NIS (1.2equiv)  MeO O | Oy, OMe
© N MeCN, rt, 16 h N
163 11 12 165
3.0 equiv. 65% 84%

NaOH (5.0 equiv)  SOCI, (2.0 equiv.), DMF (cat.)
MeO.__O | Ogx_OMe EtOHH,0 (1:1), reflux, 12 h CH,Cly, reflux, 3 h

-
-

N then AICI5 (10.0 equiv.)
reflux, 16 h
165
g
4 )
b . H
) Ve KMnO, (3.0 equiv.) GO SOCH, (3.0 equiv.) GOMe
NaOH (3.0 equiv.) MeOH, 50 °C, 5 h
TBAB (6 mol%) -
B(OH), H0, 1t 24 h B(OH), B(OH),
166 164
. 73% 92%

Scheme 3.10 a) Synthesis of lodo-DiKTa. b) Synthesis of boronic acid 164.

A subsequent Suzuki-Miyaura cross-coupling and hydrolysis furnished 161 in an overall yield of 13%
(Scheme 3.11a). Finally, an amide coupling with polymer-supported amine (MS-AP) or hexan-1-amine
provided the desired heterogeneous PCs on two different types of mesoporous silica (MSN and SBA-
15) and also a homogeneous DiKTa variant 167 with the amide modification for comparison (Scheme

3.11b).
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Scheme 3.11 a) Synthesis of carboxylic acid 161. b) Amide coupling of 161.

Characterization of the immobilised PCs using elemental analysis allowed for the calculation of the
amount of PC per gram of material (mmol/g) so that catalyst loading could be known. Absorption and
photoluminescence measurements of both 167 and the polymer-supported PC were also obtained.
As expected, 167 shows similar absorption and emission to DiKTa (Figure 3.13a). Absorption
measurements on a suspension of SBA-15 polymer-supported DiKTa (SBA-DiKTa) in EtOH resulted in
broad uniform absorption so the excitation spectrum was used instead (Figure 3.13b). Pleasingly, the

excitation and emission spectra of SBA-DiKTa were also similar to homogeneous DiKTa.
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Figure 3.13 (a) Absorption and photoluminescence spectra of 167 in CHzClz (Aexc = 400 nm). (b)
Excitation (Aem = 495 nm)and photoluminescence spectra of SBA-DiKTa suspended in EtOH (Aexc =
400 nm).

With this information, the polymer-supported PCs could be screened in the model reactions
established in the previous sections with 167 as a homogeneous comparison. First, the
decarboxylative photo-Giese reaction between proline 23a and diethyl maleate 120 was attempted
(Table 3.8). 167 achieved similar results to that of DiKTa with a near quantitative NMR yield (Table
3.8, entries 1-2). However, the polymer-supported version using MSN (MSN-DiKTa) only reached an
NMR yield of 38% (Table 3.8, entry 3), and when using SBA-DiKTa no reaction was observed (Table
3.8, entry 4). Variation to a smaller substrate was considered with isobutyric acid in case 23a was too
large to fit through the pores of the polymer. As previously stated, when using DiKTa in this reaction
an NMR yield of 78% was observed (Table 3.8, entry 5). However, when using 167 only a 6% NMR yield
was achieved and no reaction was observed with either MSN-DiKTa or SBA-DiKTa (Table 3.8, entries

6-8).
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Table 3.8 Decarboxylative photo-Giese reaction between carboxylic acids and diethyl maleate.

PC (1 mol%) R
KoHPO, (1.1 equiv.)

(0]
L (\0023 > H\COzEt
OH CO,Et

MeCN, ey = 440 nm  CO,Et

R

23 120 rt, 16 h 121
1.2 equiv.
Me
D‘COQH
N M )\
Cbz e CO,H
23a 23b

(Eox=0.95V)  (Eox=1.31V)

Entryf®! Acid PC Yield / %"
1 23a DiKTa 93 (+3)

2 23a 167 99

3 23a MSN-DiKTa 38

4 23a SBA-DiKTa N.R.

5 23b DiKTa 78 (+3)

6 23b 167 6

7 23b MSN-DiKTa N.R.

8 23b SBA-DiKTa N.R.

[a] Carboxylic acid (23) (0.15 mmol), diethyl maleate (120) (0.18 mmol), K;HPO,4 (0.17 mmol), PC (1 mol%), MeCN (3 mL),
irradiation with 440 nm LEDs, rt. [b] Yield determined by *H NMR, using 1,3,5-trimethoxybenzene as the internal standard.

Next the oxidative quenching ATRA between 136a and 138 was tested with each PC (Table 3.9). When
using DiKTa a 97% NMR yield is observed, which falls to 62% when using 167 (Table 3.9, entries 1-2).
With a similar trend to the previous reaction, MSN-DiKTa gave a further reduced yield of 30% and

SBA-DiKTa even lower with 12% (Table 3.9, entries 3-4).
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Table 3.9 Oxidative quench ATRA reaction between alkyl halides and alkene.

PC (1 mol%)
DCE

CFE oot~ —————— BocHN/Y\C4F9
hexc = 440 nm I
136a 138 1, 16 h 141a
(Eo%=—1.42V)
Entryl! PC Yield / %!
1 DiKTa 97 (£ 2)
2 167 62
3 MSN-DiKTa 30
4 SBA-DiKTa 12

[a] Alkyl halide (4) (0.60 mmol), tert-butyl N-allylcarbamate (5) (0.30 mmol), PC (1 mol%), DCE (1.5 mL), irradiation with 440

nm LEDs, rt, 24 h. [b] Yield determined by H NMR, using 1,3,5-trimethoxybenzene as the internal standard.

Considering the relatively poor performances of the polymer-supported PCs in photoredox catalysis,
the next reactions tested operate via DET. Beginning with the (E)/(Z)-isomerization of diisopropyl
fumarate, DiKTa achieved a (Z):(E) ratio of 90:10 (Table 3.10, entry 1). However, it seems with the
amide modification 167 behaves similarly to MessDiKTa and only a 52:48 ratio was observed (Table
3.10, entry 2). Following the previously observed trend, MSN-DiKTa gave a reduced amount of the (2)
isomer with a ratio of 17:83 and SBA-DiKTa lower still with a ratio of 5:95 (Table 3.10, entries 3-4).
Next, the (E)/(2)-isomerization of (E)-stilbene was tested and interestingly, on this occasion all PCs

gave similar values with 167, MSN-DiKTa and SBA-DiKTa all achieving slightly higher (2):(E) ratios

relative to DiKTa (Table 3.10, entries 5-8).
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Table 3.10 (E)/(Z) Isomerization of alkenes.

PC (0.7 mol%)

R\/\R MeCN, Agyc = 440 nm= (\R
R
R=Ph, 18 ,16h R=Ph, 144
= COyi-Pr, 22 = CO,i-Pr, 145

Ph~pn PO N0,

18 22
Entry®® Alkene PC (2)/(E)™!
1 2 DiKTa 90:10 (+ 0)
2 22 167 52:48
3 22 MSN-DiKTa 17:83
4 22 SBA-DiKTa 5:95
5 18 DiKTa 59:41 (+ 1)
6 18 167 64:36
7 18 MSN-DiKTa 63:37
8 18 SBA-DiKTa 64:36

[a] Alkene (0.60 mmol), PC (0.7 mol%), MeCN (3 mL), irradiation with 440 nm LEDs, rt. [b] Determined using H NMR.

In conclusion, the polymer-supported PCs MSN-DiKTa and SBA-DiKTa have been prepared and tested
in a variety of photocatalytic reactions. The results of these tests showed a significant reduction in
photocatalytic efficiency when immobilised onto mesoporous silica relative to their homogeneous
counterpart 167. Future work should focus on alternative methods for immobilization.

3.2.8 Water-soluble DiKTa.

Photocatalytic reactions are typically thought of as ‘green’ processes as they use visible light to
promote radical processes rather than heat or stoichiometric amounts of strong chemical redox
reagents. However, as with many branches of organic synthesis, photocatalytic reactions typically use
unsustainable organic solvents that can be toxic, volatile and flammable, which leads to increased
hazards.'®** The ideal solvent for a chemical reaction is of course water, as it is environmentally benign,
non-toxic, non-flammable and has a high specific heat capacity. While photocatalysis has been widely
used in agueous media for the degradation of pollutants,'® there has been much less investigation

into its use in the synthesis of organic compounds under aqueous conditions.!®% This is largely due
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to the insolubility of both the organic starting materials of interest and also the PCs themselves. A
number of solutions have been explored towards this goal. For example, using known PCs that
themselves are partially water soluble, such as Eosin Y,**” [Ru(bpy)s]Cl.#6H,0,**® or Rose Bengal.!*®
Another solution is to use additives that form micelles in the aqueous media for the organic PCs and
substrates to react inside. Alternatively, others have modified known PCs with water solubilising

groups such as sulfonates!*1142

and used water-soluble substrates. Considering these options, we
envisaged a modified version of DiKTa that would be soluble in water that could transfer all the
benefits observed so far for MR-TADF PCs to aqueous photocatalysis. Given the success of the previous

synthetic route to DiKTa with a single carboxylic acid group attached, the target of choice in this case

would be DiKTa with 6 carboxylate groups 169 (Figure 3.14).

CO,Na 169 CO,Na
Figure 3.14 Target compound for a water soluble DiKTa-based PC.

The synthesis of the target compound began with the synthesis of BrsDiKTa using known procedures®
from aniline and methyl 2-iodobenzoate via an Ullman coupling, bromination, and Friedel-crafts
acylation sequence (Scheme 3.12a). Separately, the boronic ester 170 was synthesised via a Miyaura
borylation reaction of the corresponding aryl bromide 171 (Scheme 3.12b)* and used without further
characterization in a subsequent Suzuki-Miyaura coupling and hydrolysis that furnished 169 in an

overall yield of 19% (Scheme 3.12c). Pleasingly, 169 proved to be soluble in water.
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N
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Scheme 3.12 (a) Synthesis of BrsDiKTa. (b) Synthesis of boronic ester 170. (c) Synthesis of water
soluble DiKTa variant 169.

With the synthesis of the target compound complete, the absorption and photoluminescence spectra
of both 173 and 169 was obtained. Unsurprisingly the spectra of 173 are similar to that of DiKTa with
a slight red-shift due to the added electron withdrawing groups (Figure 3.15). Next, 169 was measured
in water and an even greater red-shift of both absorption and emission was observed, accompanied

by a broadening of the emission.
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Figure 3.15 Absorption and photoluminescence spectra of 173 in CHxCl; (Aexc = 400 nm) and 169 in

H20 (Aexc = 420 nm).

Having completed the initial characterization of 169, it was tested in known aqueous photocatalytic
reactions. The first reaction chosen was the (E)/(Z) isomerization of cinnamic acid 174, which was also
used by Bertrams and Kerzig!* in their evaluation of a different water soluble PC, SO,TDS (Scheme
3.13). The proposed mechanism is a DET process analogous to the previous (E)/(Z) isomerizations of
stilbene and fumarate described in scheme 3.4. Cinnamic acid and 169 were dissolved in a basic
aqueous solution and irradiated with Aexc = 440 nm and an average (Z):(E) ratio of 24:76 was observed
over two separate runs. This is significantly lower than the 71:29 ratio achieved by Kerzig using SO,TDS

but is similar to their result with 4-carboxybenzophenone which achieved a 27:73 ratio.

( \
169 (1 mol%)
: A CO,H  KOH (5.0 equiv.) ©/\
hexc =440 nm COH
174 H,O, rt, 16 h (2):(B)
24:76 (£ 2)
0, 0
N\ €]
e S SO,
-0
SO,TDS

. J

Scheme 3.13 (E)/(2) isomerization of cinnamic acid.

Another reaction used in Bertrams and Kerzig’s study'*! of SO,TDS is the pinacol coupling of
acetophenone in the presence of sodium ascorbate (NaHAsc), which was previously reported by
Naumann and Goez (Scheme 3.14).2* The proposed mechanism proceeds via the reductive quenching

of the PC by NaHAsc to generate PC*~, which can then reduce acetophenone via SET to give the desired
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ketyl radical 175 and complete the catalytic cycle. Two molecules of 175 can then couple together to
produce the desired product 176. However, when using 169 no conversion was observed. Potential
reasons for this are inefficient quenching of 169* with NaHAsc, or perhaps 169° is not sufficiently

reducing to reduce acetophenone.

o 169 (1 mol%)

HO ©)
NaHAsc (1.33 equiv.) Me, OH O ~° Na®
Me > o
K,HPO, (1.0 equiv.) Hd Me 0 OH

KH,PO4 (1.0 equiv.) OH

hexc = 440 nm, D,0, 1t, 16 h '173 NaHAsc

NaHAsc HAsc®
pC* pC- 0
o
O@
“ o° Me Me. OH O
PC 8) Me >
HO Me
175 176

Scheme 3.14 Photocatalytic pinacol coupling of acetophenone in water.

Diazonium salts 177 are particularly useful as aryl radical precursors due to their low reduction
potentials (—0.16 V vs SCE in MeCN).'*® Xue and co-workers!*® showed that diazoniums can be used
for the arylation of N-heteroarenes 178 in aqueous media under photocatalytic conditions (Scheme
3.15). This seemed to be a useful test reaction for 169 so the reproducibility of this reaction was
investigated. Pleasingly, under literature conditions a satisfactory 52% NMR yield was observed.
However, a similar NMR yield of 41% was also observed in the absence of a PC. Therefore, this reaction

was not investigated further with 169.
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[Ru(bpy)3]Cl; (2.5 mol%) "X AN
N hec=4400m |
| > N
N rt, H,0, 72 h
® Y Cle ® NzeBF4 2 F F
178 177 With [Ru(bpy)s]Cly: 1:1.7 (p:0), 52% ,
\(5.0 equiv.) Without [Ru(bpy)3]Cl,: 1:1.7 (p:0), 41 A;)

Scheme 3.15 Arylation of N-heteroarenes in water. Using 1,3,5-trifluorobenzene as °F NMR internal
standard.

Considering DiKTa proved to be particularly capable for decarboxylative reactions, the next reaction
chosen was the decarboxylative formation of ketones developed by Xu and co-workers (Scheme
3.16).1% A full catalytic cycle has not been postulated; however, this reaction presumably proceeds
through the decarboxylative formation of a benzylic radical that is subsequently trapped by O, in the
air and the resulting intermediate collapses to yield the desired ketone products 179. Using SAS as a
PC, Xu and co-workers observed a 95% vyield of 179. However, when using 169 under the same
conditions, a much lower NMR yield of only 6% was obtained. These results, in combination with the
previous attempts described, show that 169 can act as a water-soluble PC but product yields tend to

be low. Therefore, future work will focus on alternative PC designs for water-soluble variants of DiKTa.

( )

Me 169 (10 mol%) O
Aexc = 440 nm, air
©)\C02H exc » ©)LME
rt, D;O, 24 h
o 179
OO0

6% (+1)
L O sAs )

Scheme 3.16 Decarboxylative formation of acetophenone in water.
3.3 Conclusions.
In summary, this work demonstrates the potential of MR-TADF compounds as a new class of PC, using
DiKTa and Mess;DiKTa as examples compared with 4CzIPN as a prototypical donor-acceptor TADF
benchmark. Compared to other photocatalysts DiKTa stands out for its wide redox window, low
molecular weight, and low cost. Multiple different classes of photocatalytic reactions were tested,

including oxidative and reductive quenching reactions, DET reactions and dual catalytic reactions. Both
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DiKTa and Mes3;DiKTa were shown to be comparable or superior in all examples of photoredox
catalysis, particularly at low catalyst loadings, and complementary for energy transfer reactions
compared to 4CzIPN due to their higher triplet energies. In-situ NMR studies were used to probe
reaction kinetics of the ATRA reaction between a perfluorinated alkyl halide and an unactivated alkene
and showed a significant enhancement of the rate of reaction when using either DiKTa or Mes3;DiKTa

over 4CzIPN.

In an attempt to improve the stability and reusability of DiKTa a mesoporous silica-based polymer-
supported version was synthesised. MSN-DiKTa and SBA-DiKTa were then used in the previously
established standard reactions. However, a reduced photocatalytic efficiency was observed relative
to the homogeneous standard 167. Finally, a water-soluble version of DiKTa was synthesised, 169, and
tested in a series of known photocatalytic reactions that use water as a solvent. However, poor yields
were observed. Future work in this field should expand the use of MR-TADF PCs to other structural
classes such as DABNA-based emitters. Additionally, further work on the DiKTa core could be to

investigate alternative solubilizing groups for aqueous photocatalysis.
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4 NHC/Photoredox Catalytic Synthesis of 1,4-Diketones Using an MR-TADF
Photocatalyst.

4.1 Introduction

The development of synthetic methodologies to produce 1,4-diketones is a well-studied area of
research,*® 1% in large part due to their utility as precursors of various heterocycles such as furans,**
thiophenes,’>? and pyrroles.’>® While a number of disconnections are possible, perhaps the most
commonly used synthetic strategy follows the umpolung approach of disconnecting the 1,4-diketone
into a nucleophilic acyl group equivalent and an a,-unsaturated ketone, such as employed in the
Stetter reaction (Scheme 4.1).** The Stetter reaction uses substoichiometric amounts of an NHC in
the presence of an aldehyde 41 and an a,R-unsaturated ketone 181 to furnish the desired 1,4-

diketones 182 via a nucleophilic Breslow intermediate 183.

R/NVN~R R/N /N‘R R
o o
—_—
Ph)WPh

183 182
Breslow
Intermediate

Scheme 4.1 Stetter reaction.

Another possible disconnection would involve generating the 1,4-diketone from three distinct
fragments. While such processes have been developed employing conventional two electron
mechanisms,>*15° they are currently limited to the use of 1,3-diketones 184 in combination with an

appropriate a-ketoaldehyde 185 and nucleophile 186 (Scheme 4.2).

HN

0,
H,0, 80 °C, 5 h Me
)HrMe )J\/U\ Me
185

Scheme 4.2 Three-component synthesis of 1,4-diketones.
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As a more general approach, the 1,4-diketone may be disconnected into two acyl radical components
and an alkene, which in the forward direction would involve a radical addition of one acyl group to the

alkene, followed by a subsequent radical-radical coupling (Scheme 4.3).

0]

R1JL"’:1/\":T]/R3 :> ?J)Q RC/ WRa
R2

R o]
0
Scheme 4.3 Radical disconnection of 1,4-diketones.

This strategy has been executed successfully by the groups of Ackermann,**® Larionov,** Li,**® and
Wu.™ However, these examples are typically limited to the synthesis of symmetric 1,4-diketones, as
is the case for the reaction developed by Li and co-workers!*® for the synthesis of symmetric 1,4-
diketones 187 from alkenes 188 and aldehydes 189 using NHC catalysis and peroxyester 190 as a

radical initiator (Scheme 4.4).

( ' )
azolium salt 191 (20 mol%) :
Cs,CO; (1.5 equiv.) (0] '
)Ol\ PhCF3,60°C,12h R ! )
A R OH 0 > R : —( P
Ar O ' s N
189 188 J oo 187 : N7
Ph” YO” N t-Bu ' @
39 examples ! )
190 Up to 78% yield : ClOy4 i-Pr
(1.5 equiv.) '
' 191
Angew. Chem. Int. Ed. 2022, 61, 202207824 :
\ ! J

Scheme 4.4 Synthesis of symmetric 1,4-diketones through radical NHC catalysis.*®

The challenge of making unsymmetric 1,4-diketones using this strategy is significant, as the two acyl
radicals must offer distinct reactivity to avoid forming a mixture of symmetric and unsymmetric
products. Therefore, to achieve selective formation of the desired unsymmetric 1,4-diketones another
acyl radical, or equivalent, is required that must be generated simultaneously but itself will not react
with the alkene. In a recent report, Wang and Ackermann®®® accomplished this transformation
selectively through the use of metallaphotoredox catalysis using sodium decatungstate (NaDT) as the

PC and a nickel co-catalyst, although electron deficient alkenes were required (Scheme 4.5).
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Ni(dtbbpy)Br, (10 mol%)
)?\ j\ NaDT (2 mol%) R
N > Ar)W
cl EWG™™S R™H K2HPO4 (2.0 equiv.), acetone EWGO
) hexc = 390 nm, 30 °C, 24 h
Chem. Sci., 2022, 13, 7256-7263

Ar

Scheme 4.5 Synthesis of unsymmetric 1,4-diketones through metallaphotoredox catalysis.'*®

As an alternative, we envisaged the photocatalytic formation of acyl radicals 192 from a-keto acids

193 via a reductive quenching mechanism,>°-161

which would add to the alkene 194 to give radical
195 (Scheme 4.6). Subsequently, an acyl azolium intermediate 196, generated from an NHC catalyst
and an appropriate electrophile 197, could be reduced through SET to the corresponding NHC-
stabilised ketyl radical 198,77:162163 which could act as the second acyl radical required for this
transformation. Radical-radical coupling between 195 and 198 would generate intermediate 199,

which would then collapse to complete the NHC cycle and release the desired unsymmetric 1,4-

diketone product 200.

(e} 0O
0O OH Base, PC, NHC R3

R*JJ\X RZX R3%( : > R

ol Light, Solvent R, O

197 194 193 200

Acylation

I

R X

197

O
1
é\( R29\)L - RPX

N-~
198 R® N 194 NHC
R3 o Oe Turnover
Radical \i/)\'/ O R?
\

Coupling R3

R']
199 R® 200 O

Scheme 4.6 Proposed catalytic cycle.

During the course of our investigations Feng et al.!® published the use of triphenylphosphine in

combination with NHC/photoredox dual catalysis using an iridium(Ill) PC for the generation of acyl
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radicals from benzoic acids 201. However, to achieve the challenging synthesis of unsymmetric 1,4-
diketones 202, the use of stoichiometric acyl azoliums 203 was required (Scheme 4.7a). Building upon
this work, we considered that using an a-keto acid 193 in combination with the MR-TADF
photocatalyst DiKTa (introduced in chapter 3),*>would allow for the preparation of unsymmetric 1,4-
diketones 200 in a modular, metal-free, three-component relay reaction using NHC/photoredox dual
catalysis (Scheme 4.7b). Zhang et al.1®® have now also published a similar but independent study that

relied upon the use of an Ir-based PC (Scheme 4.7c).

( A
@5 o [IrF(CF5)PpY)2(bPY)] (PFe) (1.5 mol%)
1)]\(,\'1 @ OTf 0 PPh; (1.5 equiv.), Ko3HPO, (1.2 equiv.) J\/\H/Aé
Ar -~ N > Al
AT Ar
N / AP TOH g = 450 nm, CH,Cly, 24 h, 1t A2 O
Me™ 203 201 Org. Lett.,, 2022, 24, 5710-5714 202
(. _/
( )
(b)
0 . ) Q
(0] OH DiKTa, Base, NHC, Light, Solvent R3
R*JJ\X RS R3u\ﬂ/ > R
0 R, O
197 194 193 200
(. _/
( )
(c) o [Ir(ppy)2(dtbbpy)](PFe) (1.5 mol%) o
0 azolium salt 1 (15 mol%) R3
N & - Y
R °F o Cs,CO3 (2.0 eqUIV.), Aexe = 454 Nm R, O
PhMe, rt, 24 h
L Sci. China Chem., 2022, 65, 1938—1944 y

Scheme 4.7 (a) Synthesis of unsymmetric 1,4-diketones using stoichiometric acyl azoliums.% (b)
Proposed synthesis of unsymmetric 1,4-diketones using NHC catalysis. (c) Synthesis of unsymmetric
1,4-diketones using an iridium photocatalyst.6®

4.2 Results and Discussion

4.2.1 Optimization

Initial exploration used the reaction of commercially available benzoyl fluoride 204, styrene 19, and
phenylglyoxylic acid 205 (Scheme 4.8). Using azolium salt 2 in the presence of Cs,COs as a base and
DiKTa as the PC, under photoexcitation using a 427 nm LED, the corresponding 1,4-diketone 182 was
generated in a promising 38% NMR yield, using 1,3,5-trimethoxybenzene as an internal standard. The
choice of these initial conditions were guided by previous reports on similar NHC/photoredox catalytic

systems such as the work by Studer and co-workers.”” While an initial hit of 38% was promising, the
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complete consumption of 19 but moderate product yields indicated significant side reactivity was

occurring and so further optimization was required.

e A
Cs,CO5 (3.0 equiv.)
DiKTa (2 mol%)
)Ol\ o] azolium salt 2 (20 mol%) 0
Ph
PR “F PP ppy OH > PhM
5 Aexc = 427 nm Ph O
204 19 205 CH,Cl, (0.1 M), 1, 20 h 182
(4.0 equiv.) (2.0 equiv.) O_ 38%
=N ®
NTN‘Mes
H ©gF,
azolium salt 2

& J

Scheme 4.8 Initial hit. 'H NMR yield with 1,3,5-trimethoxybenzene as standard.

Firstly, other commonly used photocatalysts were tested (Table 4.1). [Ir(dF(CFs)ppy)2(dtbbpy)](PFs),
[Ir(ppy)2(dtbbpy)](PFs) and 4CzIPN, also all managed complete consumption of 19 and gave similar
product yields of 29-30% (Table 4.1, entries 1-3), which are slightly lower than that observed with
DiKTa (Table 4.1, entry 4). Eosin Y was also tested and only starting materials were detected (Table

4.1, entry 5).
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Table 4.1 Photocatalyst Optimization.

Cs,CO;3 (3.0 equiv.)

0 1 li i (?t ;ﬂt();"(/;) 1%) i
azolium sa mol%
Ph
Ph)J\F P Ph)J\n/OH > Ph
0 Aexc = 427 nm Ph O
204 19 205 CH,Cl, (0.1 M), rt, 20 h 182
(4.0 equiv.) (2.0 equiv.)

Z | PR Q O

S N CN

ILQEU N‘Q’NO o)
'L " o O CN O O O

0

N
4
[Ir(ppy)2(dtbbpy)](PFg) 4CzIPN DiKTa
CF,
F7 PF
7 ] PR
N t-Bu
| TS
F I"", I r\\\“‘\ N Br
~
Ny t-Bu OH
|
F ¥ CFy
[Ir(dF(CF3)ppy)2(dtbbpy)l(PFe) Eosin Y
Entry® PC Yield / %!
1 [Ir(dF(CFs)ppy).(dtbbpy)](PFs) 30
2 [Ir(ppy)2(dtbbpy)](PFe) 30
3 4CzIPN 29
4 DiKTa 38
5 EosinY 0

[a] Benzoyl fluoride (204) (0.4 mmol), styrene (19) (0.10 mmol), phenylglyoxylic acid (205) (0.2 mmol), Cs,CO3 (0.3 mmol),
azolium salt 2 (20 mol%), PC (2 mol%), CH,Cl; (1 mL), irradiation with 427 nm LED, rt. [b] Yield determined by 'H NMR, using
1,3,5-trimethoxybenzene as internal standard.

Next, the stoichiometry of the starting materials was varied (Table 4.2). Changing the limiting agent
from styrene to 205 gave an improved yield of 46% (Table 4.2, entries 1-2). However, when using a
larger excess of styrene, a reduced yield of 30% was observed (Table 4.2, entry 3). Finally, using 204
as the limiting reagent gave poor product yields (Table 4.2, entries 4-5), so the conditions from entry

2 were taken forward.
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Table 4.2 Starting Material Ratio Optimization.

Cs,CO; (3.0 equiv.)

o 0 PiKTa (2 mol%) 0
)j\ OH azolium salt 2 (20 mol%) Ph
Ph” “F PV XX ph > Ph
o) Aexc = 427 nm Ph O

204 19 205 CH,Cl, (0.1 M), 1t, 20 h 182
Entryl®! Benzoy! Fluoride Equiv. Styrene Equiv. Acid Equiv. Yield / %!
1 4 1 2 38
2 4 2 1 46
3 4 4 1 30
4 1 2 4 10
5 1 4 2 Trace

[a] Benzoyl fluoride (204), styrene (19), phenylglyoxylic acid (205), Cs,COs3, azolium salt 2 (20 mol%), DiKTa (2 mol%), CH,Cl,
(1 mL), irradiation with 427 nm LED, rt. [b] Yield determined by *H NMR, using 1,3,5-trimethoxybenzene as internal standard.

Further optimization focused on variation of the azolium salt. The current best conditions gave a yield
of 46% using azolium salt 2 (Table 4.3, entry 1); however, when the N-aryl substituent is changed from
mesityl to pentafluorophenyl (azolium salt 3) only traces of 182 were observed (Table 4.3, entry 2). If
2,4,6-trichlorophenyl (azolium salt 4) is used instead a moderate yield of 27% is achieved (Table 4.3,
entry 3), therefore mesityl was maintained as the N-aryl substituent. Chiral azolium salt 1 developed
by Bode and co-workers!®’ has a similar mesityl triazolium core but an extended backbone and gave a
slightly improved yield of 50% (Table 4.3, entry 4). Variation of the N-aryl substituent was also
investigated for this different backbone; however, both the phenyl (azolium salt 5) and
pentafluorophenyl (azolium salt 6) analogues gave poor yields of 182 consistent with the achiral
catalyst variants (Table 4.3, entries 5-6). As azolium salts 1-6 are all triazolium salts, variation to an
imidazolium salt was next investigated. However, imidazolium salt 7 with two mesityl substituents
gave a poor yield of 17% (Table 4.3, entry 7). Similar to previous examples, variation away from the
mesityl substituent to a 2,6-diisopropylphenyl substituent (azolium salt 8) resulted in a lower yield of
6% (Table 4.3, entry 8). Finally, the dihydroimidazolium salt 9 and the commercially available
thiazolium salt 10 generated trace amounts of 182 (Table 4.3, entries 9-10). Therefore, the conditions

from entry 4 were carried forward for further optimization.
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Table 4.3 Azolium Salt Optimization.

Cs,CO5 (3.0 equiv.)
DiKTa (2 mol%) 1)

(0] (0]
azolium salt (20 mol%)
N Ph)kr(OH _ Ph
0 Aexc = 427 nm Ph O
204 19 205 CH,Cl, (0.1 M), rt, 20 h 182
(40equiv.) (2.0 equiv.)
N
O —_\
. /\r@ %Arz
“@N-Ar" N~ Ox
N7
C)
BF,4
Ar' = Mes, 2 Ar? = Mes, X =Cl, 1
= CeFs. 3 = CgHs, X =BF4, 5
= 2,4 6-trichlorophenyl, 4 = CgFs5, X =BFy4, 6
Qe vy
AI’3 Cl(a Mes’ Cle N @
S}
Cl
Ar® = Mes, 7 9 10
= 2,6-diisopropylphenyl, 8
Entryf! Azolium Salt Yield / %"’
1 2 46
2 3 Trace
3 4 27
4 1 50
5 5 7
6 6 Trace
7 7 17
8 8 6
9 9 Trace
10 10 Trace

[a] Benzoyl fluoride (204) (0.4 mmol), styrene (19) (0.2 mmol), phenylglyoxylic acid (205) (0.1 mmol), Cs;CO53 (0.3 mmol),
azolium salt (20 mol%), DiKTa (2 mol%), CH2Cl; (1 mL), irradiation with 427 nm LED, rt. [b] Yield determined by 'H NMR,
using 1,3,5-trimethoxybenzene as internal standard.

To assist with the optimization, an investigation into the undesired side-products was conducted.
Through GCMS analysis of the crude reaction mixture it was discovered that the major side-product
was the diketone product 206 (Scheme 4.9). This is assumed to be formed through the dimerization
of radical intermediate 207 after the initial addition of acyl radical 208 to styrene 19. This issue has

been observed by others in similar catalytic systems previously, such as in Wang and co-workers'®®
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work on the sulfonylacylation of 1,3-enynes. Other side-products included chalcone 181 and dihydro
chalcone 208. Chalcone is presumably also formed from 207 but instead of dimerization, a subsequent
single electron oxidation and deprotonation occurs. Similarly, dihydrochalcone likely also derives from

207 but has abstracted a hydrogen atom from somewhere in the reaction mixture.

207

Scheme 4.9 Formation of side-products from 207.

Another side-product that is formed is esterified benzoin 210. Benzoin esters are known to form
during the synthesis of benzoin if the flask is left open to the air under NHC catalysis (Scheme 4.10).1%8
The proposed mechanism for this process is the reaction of the NHC catalyst with an aldehyde 41 to
form the Breslow intermediate 183 via the adduct 180. 183 then nucleophilically adds to another
molecule of 41 to form the benzoin product 211 via adduct 212. In the presence of air, benzoin is
oxidised to the corresponding benzil 213, which in turn oxidises another molecule of 180 to form the
acyl azolium 214 and regenerate benzoin. Finally, Benzoin is esterified by 214 to form 210. The
reaction conditions optimized in this work for the synthesis of 1,4-diketones do not include any
aldehydes, nor is it open to air. However, benzaldehyde could be formed from the acyl radicals

generated by the decarboxylation of 205 through HAT; air would no longer be required to form the
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acyl azolium as it would be formed via the addition of the NHC to 204. Therefore, the same mechanism

is likely in operation.

Oe R' Q
Ph)\(’\’l Ph)J\H
| » M

/N‘
R
180
~N Base ~Ne@
OH R R'/N\/N‘R<_ rR-N I\gR
y . BF
pr AN H 4
?
N-N
R'1s3
Breslow Intermediate

A m
e o'
4 Ph N

|2

N~
R eV

PHJLW/Ph . ’
O._Ph N N
210 ) r-N_N-g Ph)\ﬁ >
0 . .
200 447 R®

Scheme 4.10 Proposed mechanism for the formation of benzoin esters.

The key parameter Wang and co-workers'®® found that limited the formation of these undesired
dimers was the concentration of the reaction, with dilution disfavouring dimerization. Therefore, the
effect of different concentrations was investigated (Table 4.4). The initial concentration of 0.1 m
generates 182 in a 50% vyield (Table 4.4, entry 1). Unsurprisingly, increasing the concentration to 0.2
M resulted in a reduced yield of 35% (Table 4.4, entry 2). However, dilution to 0.05 M and even 0.025
M also gave reduced yields of 30% and 33%, respectively (Table 4.4, entries 3-4). Therefore, the

concentration was maintained at 0.1 m for further optimization.
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Table 4.4 Concentration Optimization.

Cs,CO3 (3.0 equiv.),
DiKTa (2 mol%)

0 0 ) Q
)J\ OH azolium salt 1 (20 mol%), Ph
PR F PR ppy > Ph
le} Aexc = 427 nm Ph O
204 19 205 CH,Cly, rt, 20 h 182
(4.0 equiv.) (2.0 equiv.)

Entryf! Concentration / M Yield / %!
1 0.1 50
2 0.2 35
3 0.05 30
4 0.025 33

[a] Benzoyl fluoride (204) (0.4 mmol), styrene (19) (0.2 mmol), phenylglyoxylic acid (205) (0.1 mmol), Cs,CO3 (0.3 mmol),
azolium salt 1 (20 mol%), DiKTa (2 mol%), CH,Cl,, irradiation with 427 nm LED, rt. [b] Yield determined by 'H NMR, using

1,3,5-trimethoxybenzene as internal standard.

Considering the change that has yielded the largest improvement thus far was the changes to the ratio
of starting materials, this was revisited to investigate whether further improvements could be made
(Table 4.5). The current ratio of reagents (4:2:1:3, 204:19:205:Cs,COs) could achieve a 50% NMR yield
(Table 4.5, entry 1). First, the requirement of such an excess of base was investigated by lowering the
equivalents of Cs,COs to 1.5 equivalents, which produced a near identical result of 49% (Table 4.5,
entry 2). This was repeated for the excess of styrene by lowering the equivalents to 1.5, which again
gave a similar result of 48% (Table 4.5, entry 3). However, further reduction in the amount of styrene
to 1.0 equivalents was not well tolerated with a 33% yield observed (Table 4.5, entry 4). Interestingly,

using a ratio of 4:1:1.5:2 gave an improved yield of 61% (Table 4.5, entry 5). Therefore, this ratio of

reagents was carried forward to the next stage of optimization.
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Table 4.5 Starting Material Ratio Optimization.

Cs,CO45
DiKTa (2 mol%)

)(J)\ o azolium salt 1 (20 mol%) Q Ph
Ph F P PH OH > Ph)%(
e} hexc = 427 nm Ph O
204 19 205 CHxCl; (0.1 M), 1t, 20 h 182
Entryl®! Styrene Equiv. Acid Equiv. Cs,COs equiv. Yield / %!
1 2 1 3 50
2 2 1 1.5 49
3 1.5 1 1.5 48
4 1 1 1.5 33
5 1 1.5 2 61

[a] Benzoyl fluoride (204) (0.4 mmol), styrene (19), phenylglyoxylic acid (205), Cs,COs, azolium salt 1 (20 mol%), DiKTa (2
mol%), CH,Cl, (1 mL), irradiation with 427 nm LED, rt. [b] Yield determined by 'H NMR, using 1,3,5-trimethoxybenzene as
internal standard.

Next, the effects of changing the solvent were explored (Table 4.6). Dichloromethane has been used
throughout the optimization and achieved a 61% NMR yield (Table 4.6, entry 1). Acetonitrile and DMF
were tested as examples of more polar solvents and they gave similar yields of 48% and 51%,
respectively (Table 4.6, entries 2-3). Toluene produced 182 in a 54% vyield (Table 4.6, entry 4),
suggesting solvent polarity does not play a significant role in this reaction, which could be due to the
small solvatochromism of DiKTa. However, THF resulted in a reduced yield of 33% (Table 4.6, entry 5).

Considering there seemed to be little variation in yield depending on solvent, the use of

dichloromethane was taken on as optimal.
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Table 4.6 Solvent Optimization.

Cs,CO03 (2.0 equiv.)

0 DiKTa (2 mol%) 1)
)j\ azolium salt 1 (20 mol%) Ph
Ph” F PR pr” N O > Ph
0 hexc = 427 nm Ph O
204 19 205 Solvent (0.1 M), rt, 20 h 182
(4.0 equiv.) (1.5 equiv.)

Entryl! Solvent Yield / %!
1 CHCl, 61
2 MeCN 48
3 DMF 51
4 Toluene 54
5 THF 33

[a] Benzoyl fluoride (204) (0.4 mmol), styrene (19) (0.1 mmol), phenylglyoxylic acid (205) (0.15 mmol), Cs,CO3 (0.2 mmol),
azolium salt 1 (20 mol%), DiKTa (2 mol%), CH2Cl,, irradiation with 427 nm LED, rt. [b] Yield determined by 'H NMR, using
1,3,5-trimethoxybenzene as internal standard.

Cs2C0sis the most commonly used base in other similar reactions, which is why it was chosen for initial
testing. Since organic bases such as DIPEA, DBU or triethylamine are known to quench photocatalysts
as they are potent sacrificial electron donors, only inorganic bases were considered in this study (Table
4.7). While using Cs,COs achieved a yield of 61% (Table 4.7, entry 1); variation to K;CO3; and Na,COs;
resulted in significantly lower yields of 30% and 16%, respectively (Table 4.7, entries 2-3). This is
perhaps due to the weaker basicity of these compounds and indeed NaHCOs, an even weaker base,
only produced 182 in a yield of 8% (Table 4.7, entry 4). Since the strongest base at this point was
superior, t-BuOK was tried; however, this also resulted in a low yield of only 22% (Table 4.7, entry 5).
It seems the efficiency of this reaction is particularly sensitive to the base used, so Cs,CO3 remained

the optimal base.
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Table 4.7 Base Optimization.

Base (2.0 equiv.)
DiKTa (2 mol%)

Q Q azolium salt 1 (20 mol%) 9
(]
Ph)J\F P Ph)H(OH > Ph)WPh
o) Aexc = 427 nm Ph O
204 19 205 CH,Cl, (0.1 M), rt, 20 h 182
(4.0 equiv.) (1.5 equiv.)

Entryf! Solvent Yield / %"

1 CSzCO3 61

2 K,CO3 30

3 N32C03 16

4 NaHCO3 8

5 t-BuOK 22

[a] Benzoyl fluoride (204) (0.4 mmol), styrene (19) (0.1 mmol), phenylglyoxylic acid (205) (0.15 mmol), Base (0.2 mmol),
azolium salt 1 (20 mol%), DiKTa (2 mol%), CH,Cl,, irradiation with 427 nm LED, rt. [b] Yield determined by 'H NMR, using
1,3,5-trimethoxybenzene as internal standard.

There are two types of acylating reagents that are typically used in this type of catalytic system; aroyl
fluorides’” 204 and aroyl imidazoles” 215 (Table 4.8). To investigate the effect of the leaving group in
this reaction benzoyl imidazole 215 was synthesised and tested. However, despite a 61% NMR yield
being observed for benzoyl fluoride (Table 4.8, entry 1), no product was observed when using 215
(Table 4.8, entry 2). Interestingly, benzoic anhydride 216, which is not typically used in
NHC/photoredox catalysis, gave a moderate yield of 26% (Table 4.8, entry 3). Finally, aroyl chlorides
217 were investigated as the acylating agent, which would be convenient as aroyl fluorides are
synthesised from aroyl chlorides. However, when using benzoyl chloride only traces of 182 were
observed, which is consistent with observations made by others (Table 4.8, entry 4).”® The lack of
reactivity with 215 is unusual and was postulated to be due to poor reactivity with azolium salt 1.
Interestingly, when azolium salt 2 was used, much less variation was observed when using benzoyl
fluoride, 215, or benzoic anhydride as they produced 182 in 42%, 46%, and 39% yield, respectively
(Table 4.8, entries 5-7). Therefore, the dependence on the acylating agent is itself dependant on the
azolium salt used. However, the best result was still the 61% achieved when using azolium salt 1 with

benzoyl fluoride so this remained the optimal conditions.
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Table 4.8 Acyl Leaving Group Optimization.

Cs,CO3 (2.0 equiv.)
DiKTa (2 mol%)

O
azolium salt (20 mol%)
Ph)l\X P pr N > Ph e
0 Aexc = 427 nm Ph O
X=F,204 19 205 Solvent (0.1 M), rt, 20 h 182
X = 0C(0O)Ph, 216 (1.5 equiv.)
X = Imidazole, 215
X=Cl, 217
(4.0 equiv.)
Entryl! Leaving Group Azolium Salt Yield / %!
1 Fluoride 1 61
2 Imidazole 1 0
3 OC(0)Ph 1 26
4 Chloride 1 Trace
5 Fluoride 2 42
6 Imidazole 2 39
7 OC(0)Ph 2 46

[a] Benzoyl X (0.4 mmol), styrene (19) (0.1 mmol), phenylglyoxylic acid (205) (0.15 mmol), Cs,CO3 (0.2 mmol), azolium salt
(20 mol%), DiKTa (2 mol%), CH,Cl,, irradiation with 427 nm LED, rt. [b] Yield determined by 'H NMR, using 1,3,5-
trimethoxybenzene as internal standard.

Considering many changes had been made without any improvements to product yield, at this point
control reactions were investigated (Table 4.9). With no change, an NMR yield of 61% is observed
(Table 4.9, entry 1). If the PC is excluded, a trace amount of the product is observed along with a
complex mixture of various other unwanted products (Table 4.9, entry 2). An explanation for this
background reactivity could be due to the direct excitation of 205,'%° or some NHC-based
intermediates.’ Similarly, if no azolium salt is added then no product formation is observed but there
is a mixture of undesired products due to significant background reactivity (Table 4.9, entry 3).
Considering the aryl groups used on both 204 and 205 are the same, it is feasible that one is not
actually required as in the reaction reported by Wu and co-workers.> However, in the absence of
benzoyl fluoride, trace amounts of 182 are formed (Table 4.9, entry 4). Similarly, if 205 is excluded
then none of the desired product is detected (Table 4.9, entry 5). Next, the requirement of the base
was investigated and as expected, if no Cs,COs is added then only trace amounts of 182 are formed

(Table 4.9, entry 6). Finally, the impact of changing the wavelength of light used was explored. Using
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a different wavelength (Aexc = 456 nm) gave a slightly lower yield of 48% (Table 4.9, entry 7), while the
use of no light resulted in no reactivity, including the previously observed background reactivity (Table
4.9, entry 8).

Table 4.9 Control Reactions.

Cs,C0O3 (2.0 equiv.)

o o .DiKTa (2 mol%) . 0
)J\ OH azolium salt 1 (20 mol%) Ph
PR~ F PP ph » Ph
0 Aexc = 427 nm Ph O
204 19 205 CH,Clp (0.1 M), 1t, 20 h 182
(4.0 equiv.) (1.5 equiv.)

Entryf! Variation Yield / %"’
1 None 61
2 No DiKTa Trace
3 No azolium salt 0
4 No 204 Trace
5 No 205 0
6 No Cs,CO3 Trace
7 Aexc =456 nm 48
8 No Light 0

[a] Benzoyl fluoride (204) (0.4 mmol), styrene (19) (0.1 mmol), phenylglyoxylic acid (205) (0.15 mmol), Cs2CO3 (0.2 mmol),
azolium salt 1 (20 mol%), DiKTa (2 mol%), CH,Cl,, irradiation with 427 nm LED, rt. [b] Yield determined by 'H NMR, using
1,3,5-trimethoxybenzene as internal standard.

Considering the optimal azolium salt for this reaction is chiral and typically used in enantioselective
NHC catalysis,®” the enantioselectivity of this reaction was explored using a single enantiomer of
azolium salt 1 (Scheme 4.11). However, as with all other reactions that use this type of

NHC/photoredox catalysis, no enantioselectivity was observed with only racemic product generated.
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Scheme 4.11 Synthesis of 1,4-diketones using single enantiomer of the azolium salt.

4.2.2 Reaction Scope

With the optimized conditions in hand, the scope and limitations of this NHC/photoredox dual
catalysed synthesis of 1,4-diketones was developed. Using benzoyl fluoride 204 and phenylglyoxylic
acid 205 a variety of terminal alkene derivatives were explored in this process (Scheme 4.12).
Incorporation of halogenated (para-Br, para-F) as well as electron-withdrawing (para-CFs)
substituents within the styrene component were tolerated, giving the desired 1,4-diketones in 42-46%
yield 218-220. Incorporation of the heteroaromatic 2-vinyl pyridine variant produced comparable
yield of product 221. The incorporation of alkyl substituents at the para position were well tolerated
222-224, while ortho (to give 225) or electron-donating (para-MeQO, 226) substituents delivered the
1,4-diketone in lower yields. However, 226 could be obtained in an improved 58% yield when using

[Ir(ppy)2(dtbbpy)](PFe) as the PC and modifying reaction stoichiometries.'%¢
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Scheme 4.12 Alkene scope. °All reactions performed using 204 (0.40 mmol), 205 (0.15 mmol) and an
alkene (0.10 mmol). °Conditions: 204 (0.40 mmol), alkene (0.20 mmol), 205 (0.40 mmol),
[Ir(ppy)2(dtbbpy)](PFs) (1.5 mol%), azolium salt 1 (15 mol%), toluene (0.05 M), rt, (Aexc = 456 nm), 20
h.

Substrates that proved unsuccessful under the developed conditions included a- and R-methyl
styrene, 2-vinylthiophene, oct-1-ene and 4-vinylpyridine that would have given products 227-232,
respectively (Figure 4.1). a- and B-methyl styrene gave NMR yields of < 10% product and likely did not
work due to increased steric congestion. However, while indene gave a moderate NMR yield of 33%,
the desired product was inseparable from the corresponding dimerization side-product. The use of
oct-1-ene gave a complex mixture with only traces of what is assumed to be the desired product; this
was expected as unactivated alkenes are known to be more challenging for the radical-radical coupling
step with the NHC-stabilised radical intermediate.”” 2-Vinylthiophene and 4-vinylpyridine gave only
moderate product conversion, with significantly reduced isolated product yields of 13% and 17%,

respectively.
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Figure 4.1 Unsuccessful alkene substrates.

With the alkene scope established, attention turned to variation of the benzoyl fluoride component
and the synthesis of unsymmetric 1,4-diketones (Scheme 4.13). In each case ~5 % of the symmetrical
1,4-diketone product 182 was also observed, likely formed through the same process as reported by
Wu and co-workers.'® Trace amounts of the corresponding 1,2-dione, where effectively the styrene
component has been excluded, were also detected. All aroyl fluorides were synthesised from the
corresponding aroyl chloride using potassium fluoride and 18-crown-6.1° Larger m-systems such as
biphenyl 233 and 2-naphthyl 234 were well tolerated, although lower yields resulted from the use of
1-naphthyl 235, perhaps due to increased steric congestion. para-Fluoro- 236 and para-chloro- 237
substituted benzoyl fluorides worked well; although, para-bromo 238 and para-iodo 239 derivatives
gave reduced product yield. However, 238 and 239 could be obtained in improved yields using
alternative conditions with [Ir(ppy)2(dtbbpy)](PFs) as the PC.2%® Pleasingly, electron-donating groups
such as para-methoxy 240 and para-t-Bu 241 gave good yields of the corresponding unsymmetric 1,4-

diketones.
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Scheme 4.13 Aroyl fluoride scope. °All reactions performed using aroyl fluoride (0.40 mmol), 205
(0.15 mmol) and 19 (0.10 mmol). *Conditions: aroyl fluoride (0.60 mmol), 19 (0.20 mmol), 205 (0.60
mmol), [Ir(ppy)2(dtbbpy)](PFs) (1.5 mol%), azolium salt 1 (15 mol%), toluene (0.05 M), rt, (Aexc = 456

nm), 20 h.

Unsuccessful substrates for the benzoyl fluoride component included para-cyanobenzoyl fluoride and
cyclohexane carbonyl fluoride that would have given 1,4-diones 242 and 243, respectively (Figure 4.2).
When using para-cyanobenzoyl fluoride only traces of 242 were detected by GCMS and the dominant
product was the dimerization product 206; it is not clear why this is favoured in this case. When using
cyclohexanecarbonyl fluoride only traces of 243 were detected by GCMS, with the dominant product
again being 206; this is consistent with the use of alkyl acyl fluorides that are known to be more

challenging in this type of catalytic system.
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Figure 4.2 Unsuccessful aroyl fluorides.

Given these promising results in terms of the breadth of both the alkene and benzoyl fluoride
components, the scope of possible a-ketoacids was evaluated next. Aryl a-ketoacids were synthesised
from the corresponding acetophenone using selenium dioxide in pyridine (Scheme 4.14).7! However,

o-ketoacid 244 was synthesised via Grignard addition to dimethyl oxalate and subsequent hydrolysis.

( Se0, (1.5 equiv.)

0 Pyridine, 110 °C, 1 h

PN

Ar” Me then 90 °C, 4 h then HCI (aq)

0 (i) Cyclopentyl MgCl (1.2 equiv.)

THF,-78°Ctort,1h
MeO%OMe
(i) KOH (2 equiv.), EtOH/HZO

0 t, 24 h then HCI (aq)

.

Scheme 4.14 Different methods used for the synthesis of a-ketoacids.

Surprisingly, even seemingly small changes to the structure of the a-ketoacid such as the addition of
a para-methyl substituent gave significantly lower yields of the corresponding 1,4-dione 245 (Scheme
4.15). This also proved to be the case for other substituents such as para-bromo, para-methoxy, para-
fluoro and para-trifluoromethyl 246-249. However, when using the alternative catalytic conditions
with [Ir(ppy)2(dtbbpy)](PFs) as the PC, the yields for each of these substrates could be improved.
Pleasingly, the use of pyruvic acid under standard conditions gave the corresponding 1,4-diketone 250
in a moderate product yield and the use of alkyl a-keto acids could be extended to 244 with the use
of 2-vinyl pyridine to give the corresponding 1,4-diketone 251. However, if a tertiary alkyl group is
used such as in 252, decarbonylation as well as decarboxylation occurs to produce tert-butyl radicals,
so the only product observed was ketone 252. This behaviour has previously been observed by

others.16¢
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Scheme 4.15 a-Ketoacid scope. “All reactions performed using 204 (0.40 mmol), a-ketoacid (0.15
mmol) and an alkene (0.10 mmol). 2Conditions: 204 (0.60 mmol), 19 (0.20 mmol), a-ketoacid (0.60
mmol), [Ir(ppy)2(dtbbpy)](PFs) (1.5 mol%), azolium salt 1 (15 mol%), toluene (0.05 M), rt, (Aexc = 456

nm), 20 h.

4.2.3 Mechanistic Investigations

At the outset of this investigation a mechanism was proposed based on previous NHC/photoredox
catalysed reactions. To support this mechanistic proposal, Stern-Volmer quenching studies of benzoyl
fluoride 204, styrene 19 and phenylglyoxylic acid 205 were undertaken (Figure 4.3). These studies

revealed that quenching occurs in the presence of 205 but not in the presence of 204 or 9.
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Figure 4.3 Emission quenching data of DiKTa by sequential addition of (a) phenyl glyoxylic acid (b)
benzoyl fluoride (c) styrene in CH,Cl, under air. Aexe = 410 nm.

If the change in fluorescence intensity (I/lo) is plotted against the concentration of the quencher ([Q]),
using the Stern-Volmer relationship, a straight line is observed with a y-intercept of 1 and a gradient
equal to the Stern-Volmer constant (Ksv). To obtain a quenching constant (kg) the lifetime (tp.) of DiKTa
was measured in the reaction solvent (CH,Cl,) using time-resolved photoluminescence spectroscopy
and was found to be 5.6 ns (Figure 4.4a). Finally, k, for 205 could be obtained by dividing Ksv by tp. to
give a quenching constant of 3.8x10° M* s*. However, it is worth noting that these measurements
were carried out under air and the reaction is not, so any contribution from the triplet state is likely
lost through oxygen quenching. While these investigations support the plausibility of the proposed
mechanism, they do not rule out the possibility of an alternative oxidative quenching mechanism with

the acyl azolium intermediate.
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Figure 4.4 (a) Time resolved PL decay of DiKTa recorded in CH,Cl; under air in 10° M solutions with
Aexc = 375 nm. (b) Stern-Volmer plot of the quenching of the emission of DiKTa in CH,Cl, by
sequential addition of phenylglyoxylic acid.

4.3 Conclusions

We have developed a modular synthetic route to unsymmetric 1,4-diketones through the combination
of benzoyl fluorides, styrenes and a-keto acids catalysed by a dual catalytic NHC/photoredox system
using the MR-TADF organophotocatalyst DiKTa.?? During the development of this system Zhang and
co-workers published a similar methodology requiring an iridium-containing PC.%° Certain substrates
performed better under their conditions, although most 1,4-diones were obtained in comparable
yields using the metal-free conditions described herein.

Future work in this area can be separated into two separate objectives. The first of these objectives
should involve the expansion of the use of DiKTa and perhaps other MR-TADF compounds in different
types of dual catalysis to apply the benefits of MR-TADF photocatalysis to these areas. The second
objective would focus on the further development of NHC/photoredox catalysis, either through the
expansion of the scope through the use of different radical precursors, or through the exploration of
different NHC-based intermediates and their interactions with photocatalysis. To expand the scope, a
departure from carbon-centred radicals would be of particular interest to include heteroatoms such

as phosphorous or nitrogen (Scheme 4.15).
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Scheme 4.16 Proposed reactions using nitrogen and phosphorous radicals in dual NHC/photoredox

An alternative avenue of research could include the single electron oxidation of acyl azolium enolates

to afford the corresponding a-carbonyl radical intermediate, which in turn could undergo radical-

radical coupling reactions or radical additions to alkenes, for example (Scheme 4.16).
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Scheme 4.17 Proposed single electron oxidation of acyl azolium enolates to generate a-carbonyl

Additionally, a.B-unsaturated acyl azoliums could be used in RCA reactions in a similar manner to ITUs

~

in chapter 2 but with fewer issues involving decomposition of the co-catalyst (Scheme 4.17).
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Scheme 4.18 Proposed NHC/photoredox catalysis for the synthesis of y-lactams.



5 Photocatalytic Synthesis and Functionalization of Cubane.

5.1 Introduction

Cubane was first theorised to exist by Thorpe and Beesley'’? over 100 years ago and consists of eight
nominally sp3-hybridized carbon atoms bonded together to produce a highly strained cubic
structure.’”® Cubane is not only interesting because of its peculiarity as a hydrocarbon Platonic solid,
but it is also a useful bioisostere for the benzene ring due to its similar size and shape (Figure 5.1a).174+
176 Therefore, the 1,4-substitution pattern of a cubane molecule could replace a para-substituted
phenyl ring in a molecule and potentially offer improved properties including a departure from “flat-
land”.*”” This hypothesis was confirmed by Williams and co-workers!” through the synthesis of
cubane variants of a range of pharmaceutical and agrochemical compounds such as leteprinim,

benzocaine and diflubenzuron (Figure 5.1b). Furthermore, there are other uses for cubane and its

178 179

derivatives such as its ability to rearrange into cunenes,'’® its utilization in explosives'’”” and its

incorporation into polymers.*&°
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Figure 5.1 (a) Body diagonals of cubane and benzene. (b) Selected examples of cubane as a benzene
bioisostere.

The first successful synthesis of cubane was accomplished by Eaton and Cole!®! to give dimethyl

cubane-1,4-dicarboxylate 253 in 8 steps with a 12% overall yield from cyclopentenone. Subsequent
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routes by Chapman (route 1)!¥2 and Tsanaktsidis (route 11)*® allowed for cyclopentanone to be used as
starting material at comparable synthetic efficiency and overall yield (Scheme 5.1 and Scheme 5.2).
Further optimizations of Tsanaktsidis’s route by Collin and co-workers allowed for the synthesis of
decagram quantities of 253 in overall yields of between 33-40%.1%* The synthesis begins with the ketal
protection of cyclopentanone under acidic conditions. Subsequent tribromination, elimination and

dimerization generates the bisethylene ketal 254 (Scheme 5.1).

( A
®
DOWEX [\ Bry (3.0 equiv.) M\ NaOH
50WX8 SN2 14 Dioxane SN (MeOH 7.8 equiv.)
JEE— -1
o Br
CGHG, Reflux 5°C-rt, 24 h rtto reflux 24 h
Dean-Stark, 30 h d b
HO 254
2 5 L&
1.3 equiv. over three
N steps )

Scheme 5.1 Synthetic route to bisethylene ketal 254 used by Collin and co-workers.

At this point the two routes diverge, with route | opting to perform a mono-deprotection with HCl in
THF to give monoketal 255, while route Il uses neat H,SO, to deprotect both ketals to give the diketone
256 (Scheme 5.2). Both 255 and 256 can undergo a photochemical [2+2] cycloaddition using Hg lamps
or UV-B irradiation (Aexc = 311 nm) to the corresponding products 257 and 258, respectively. To

transform 257 into 258 a second deprotection is required making route I slightly longer than route .

( Y Hg L 0 )
HCl (conc) o OB Be%z:r:?ap‘n Br /> H,S0O, (neat.)
THF, rt, 18 h r oAb o rt, 48 h
M — [ L _ 7%
0 Br O
Br Br
Route | 255 § 557 g
- -] 91% a 89% >
Br Route Il Aexc = 311 nm, Br
Q Br H,S0, (conc.)
254 \\/O H2S0, (conc.) ' 2S04 , 258 O
i, 30 h 256 Br  MeOH/H,0 (85:15)
L 84% 0 rt, continuous flow )

Scheme 5.2 Two synthetic routes to cubane precursor 258. The conditions shown for route | are
those reported by Chapman and co-workers® while route Il uses conditions reported by Collin and
co-workers.18

Compound 258 exists in an equilibrium with the corresponding monohydrate 258a and dihydrate 258b
but to simplify things throughout this section this mixture will be referred to as 258 (Scheme 5.3). To

complicate things further, route Il requires an acidic methanol solution to make 258 so there are also
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methyl ketals present. Therefore, route Il requires an initial water hydrolysis of these methyl ketals
before moving on to the cubane-forming step. Finally, a Favorskii rearrangement generates 1,4-
cubane dicarboxylic acid and a subsequent esterification gives the diester 253, which is easily purified

by column chromatography.

( 2\
OH OH
e B on 20, reflux - Br (i) 25% NaOH (aq.) CO,Me
4h OH ™" reflux, 24 h
—— [
_— _—
i) HCI (conc.), MeOH
Br Br (ii
0] 0o BrHO OH reflux, 24 h MeO,C 253
258 258a 258b 54%
b from 256 )

Scheme 5.3 Synthesis of 1,4-dimethylcubane dicarboxylate as reported by Collin and co-workers.®*

While these synthetic routes have been refined over decades and can now be scaled-up to produce
large quantities of 253 using flow chemistry,'®* the key [2+2] cycloaddition step still requires the use
of UV-B lamps and uncommon glassware. With this in mind, we set out to identify and optimize
alternative conditions that would allow for lower energy light to be used. Two different strategies to
achieve this were considered: the use of Lewis acid coordination to 256 to bathochromically shift the
absorption into the visible region where it could be directly photoexcited (Scheme 5.4a), or the use of
an appropriate photosensitiser to generate the same excited state intermediate required but via DET

instead of direct photoexcitation (Scheme 5.4b).
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Scheme 5.4 Idea for the photochemical [2+2] cycloaddition of 256 using (a) a Lewis acid catalyst (b) a
photocatalyst.

5.2 Results and Discussion

5.2.1 Synthesis of Starting Materials and Lewis Acid Testing

Investigations began with the synthesis of both 255 and 256,284 to allow for flexibility between these
starting materials depending on which proved to be more synthetically viable. Initial exploration of
the photochemical [2+2] cycloaddition focused on the use of Lewis acids to shift the absorption
spectra of 256 closer to the visible region. This has been demonstrated previously for simpler a,B-

unsaturated ketones by Bach and coworkers'®

using oxazaborolidine-based catalysts for
enantioselective reactions and boron trichloride in the racemic version, which achieved bathochromic
shifts of nearly 70 nm. To test if this was possible for 256, UV-vis absorption spectra were obtained in
the presence and absence of BCls (Figure 5.2). Without BCls, 256 shows a band with a Asps of 250 nm.
Pleasingly, in the presence of BCl; a new band appears at Aas of 300 nm with a tail into the visible
region. However, attempts at direct photoexcitation of 256 in the presence of boron trichloride with
a 370 nm LED showed no reactivity and only returned unreacted starting material. Therefore, even

though the Lewis acid shifts the absorption of 256 as hypothesised, this strategy did not prove

productive, and investigation turned to the use of a photocatalytic DET reaction.
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Figure 5.2 Absorption spectrum of 256 with and without BClsin CHxCl,.

5.2.2 DET Optimization

A DET reaction is possible if there is spectral overlap between the So = T1 absorption spectrum of the
acceptor and the T; = So emission spectrum of the donor.!! However, such absorption spectra are not
easily obtained, so instead the triplet energies (Et) of the donor and acceptor are often used as a rough
predictive guide. If Er(donor) > Er(acceptor) then the DET is predicted to occur. Density functional
theory (DFT) calculations were therefore employed to predict the Er of 255 and 256. A small validation
study was undertaken to determine the best combination of functional and basis set to accurately
model the triplet energy of the system by cross-comparison with the experimentally determined Er.
Cyclohexenone was chosen as the test molecule as it has a similar structure to the molecules of
interest and has an experimentally determined triplet energy (Er = 62.4 kcal mol?).}® The most
accurate methodology used was at the BLYP/6-31G(d,p) level of theory, which predicted an Er of 62.5
kcal mol (Table 5.1, entry 1). Other functionals tested included B3LYP and PBEO but they significantly
overestimated the Er (Table 5.1, entries 2-3). The Er of 255 and 256 was thus calculated at the BLYP/6-
31G(d,p) level to be 66.8 and 67.3 kcal mol?, respectively (Table 5.1, entries 4-5). While these values
make them more challenging substrates than cyclohexenone to engage in DET, we hypothesised that
the commonly used and commercially available photosensitiser, benzophenone (Er = 69.0 kcal mol

1),"87 could promote the DET and subsequent cyclisation.
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Table 5.1 Optimization of functional to calculate Er.

Entryf! Functional Compound Er / kcal mol?
1 BLYP Cyclohexenone 62.5
2 B3LYP Cyclohexenone 72.4
3 PBEO Cyclohexenone 73.1
4 BLYP 255 66.8
5 BLYP] 256 67.3

[a] Calculations for benzophenone at the same level of theory underestimate Et = 62.5 kcal molL.

Initial optimization of the reaction procedure focused on route | to avoid the use of 256 as it contains
an a-bromo carbonyl component which had potential to be unstable under photocatalytic conditions.
Therefore, 255 and stoichiometric benzophenone were dissolved in dry degassed CH,Cl,and irradiated
(Aexc = 370 nm) for 24 hours on a 0.1 mmol scale (Table 5.2, entry 1). Pleasingly, complete conversion
of the starting material was observed and the *H NMR of the crude material matched that reported
by Chapman and co-workers.!8? Next, the catalyst loading was lowered to investigate if stoichiometric
benzophenone was required, and full conversion was also observed if 0.5 or 0.2 equivalents were used
(Table 5.2, entries 2-3). However, if the loading was lowered further to 0.1 equivalents, the
conversions dropped slightly to 91% (Table 5.2, entry 4). To verify whether such a high triplet energy
PC was truly required, [Ir(dF(CFs)ppy).(dtbbpy)](PFs) was also tested in this reaction under similar
conditions. However, no consumption of starting material was observed at all, presumably due to the

much lower triplet energy (Er = 61.6 kcal mol™?)'% (Table 5.2, entry 5).
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Table 5.2 Optimization of [2+2] cycloaddition with 255

é/\o Photocatalyst Br O/>
Br

Aexc = 370 nm (0]

I g CHCh.rt 24h -

2550 O 257
Entry®®  PC Catalyst Equivalents Conversion / %!
1 Benzophenone 1.0 100
2 Benzophenone 0.5 100
3 Benzophenone 0.2 100
4 Benzophenone 0.1 91
5 [Ir(dF(CF3)ppy).(dtbbpy)](PFs)  0.02 0

[a] Conditions: 255 (36.2 mg ,0.1 mmol), PC, CH,Cl; (0.1 m), N3, LED (Aexc = 370 nm), rt. [b] From H NMR of crude material
calculated without internal standard. [c] Aexc = 390 nm.

Given these promising results our attention turned to whether this reaction could be scaled up to
generate useful quantities of the desired product for the subsequent steps to make 253. However, on
a 0.5 mmol scale, 0.2 equivalents of benzophenone only achieved 57% conversion (Table 5.3, entry 1).
Extending the reaction time to 72 h allowed 97% conversion to be achieved (Table 5.3, entry 2).
However, to get full conversion, 0.5 equivalents of benzophenone and a 72 h reaction time were
required (Table 5.3, entry 3).

Table 5.3 Scale-up optimization.

’/\O Benzophenone Br O/>
O~ Br hexc = 370 Nm o
Br CH,Cly, rt Br
2550 O 257

Entry®®  Reaction time / h Catalyst Equivalents Conversion / %!
1 24 0.2 57
2 72 0.2 97
3 72 0.5 100

[a] Conditions: 255 (181 mg, 0.5 mmol), benzophenone, CH,Cl; (0.1 M), N2, LED (Aexc = 370 nm), rt. [b] From 'H NMR of crude
material calculated without internal standard.
Considering the success of route |, the shorter route Il was evaluated next. However, if 256 is irradiated

(Aexc = 370 nm) in CH,Cl; in the presence of stoichiometric benzophenone for 72 hours on a 0.1 mmol
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scale, only a 94% conversion is observed (Table 5.4, entry 1). Fortunately, this issue can be resolved if
the solvent is changed to acetonitrile (Table 5.4, entry 2). Given the direct excitation method using
UV-B lamps was performed in methanol, this solvent was also attempted but this resulted in a mixture
of starting material and unknown side-products (Table 5.4, entry 3). Therefore, acetonitrile was
carried forward for further optimization of route Il.

Table 5.4 Optimization of [2+2] cycloaddition with 256.

Q Benzophenone (1.0 equiv.) gy 0
Br Aexc = 370 nm
Solvent, rt, 72 h
Br Br
256 © 0258
Entryf! Solvent Conversion / %!
1 CH.Cl, 94
2 MeCN 100
3 MeOH 0

[a] Conditions: 256 (31.8 mg, 0.1 mmol), benzophenone (18.2 mg, 0.1 mmol), Solvent (0.1 m), N2, LED (Aexc = 370 nm), rt. [b]
From 'H NMR of crude material calculated without internal standard.

At this point the best conditions for route II's [2+2] cycloaddition step used stoichiometric
benzophenone, long reaction times and small scale. Therefore, to make this step more synthetically
useful, the equivalents of benzophenone were reduced to 0.5, the reaction time was reduced to 24 h,
and the scale was increased to 0.5 mmol but this resulted in poor conversions (Table 5.5, entry 1).
However, if the reaction vessel were irradiated outside the photoreactor, (Figure 5.3), these

conditions could achieve full conversion (Table 5.5, entry 2).
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(b)

Figure 5.3 Experimental set-up for photocatalysis reactions using PR160L — Kessil LED lights (Aexc =
390 nm) (a) in a photoreactor, (b) outside of a photoreactor.

Unfortunately, when using this reaction set-up, a significant background reaction was observed in the
absence of benzophenone (Table 5.5, entry 3), suggesting if the light is intense enough, 370 nm lamps
can promote the direct excitation pathway.

Table 5.5 Scale-up Optimization

(0] Benzophenone Br 0
Br Aexe = 370 nm
MeCN, rt, 24 h
Br Br
256 © O 258
Entry®®  Reaction Set-up Catalyst Equivalents Conversion / %"’
1 In photoreactor 0.5 18
2 Outside photoreactor 0.5 100
3l Outside photoreactor 0 93

[a] Conditions: 256 (159 mg, 0.5 mmol), benzophenone, MeCN (0.1 M), Ny, LED (Aexc = 370 nm), rt. [b] From H NMR of crude
material calculated without internal standard. [c] 0.1 mmol scale.

Since the goal was to use lower energy light for this step (and also considering that using lower energy
light would be expected to typically result in reduced background reactivity), the optimization was
redone with 390 nm excitation. A solution of 256 and 0.25 equivalents of benzophenone in MeCN was
irradiated with a 390 nm LED over 24 h in our standard photoreactor (Table 5.6, entry 1). Pleasingly,

partial conversion to 258 was observed, showing that 390 nm excitation is viable. Increasing the
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catalyst loading gave increased product conversion over the same period but fell short of complete
conversion to 258 (Table 5.6, entries 2-3). As before, direct irradiation and at least 0.5 equivalents of
benzophenone were required to achieve full conversion (Table 5.6, entry 4-6). At this point, control
reactions were again carried out to confirm the necessity of benzophenone. When using the
photoreactor in the absence of benzophenone, no conversion to the desired product was observed,
which is consistent with our previous attempts with BCl; (Table 5.6, entry 7). However, upon direct
irradiation, a modest conversion to 258 was observed in the absence of benzophenone (Table 5.6,
entry 8). This suggests that if the light is sufficiently intense, then photoirradiation at 390 nm should
promote the [2+2] cycloaddition via direct excitation of 256, albeit much less efficiently. To obtain
useful quantities of 258 the reaction was scaled up to a 0.5 mmol scale. Similar results were observed,
with full conversion to 258 requiring 0.5 equivalents of benzophenone (Table 5.6, entries 9-11).
Further increase in scale to a 1.0 mmol reaction could also be achieved using the same conditions and

an NMR vyield of 93% was observed (Table 5.6, entry 12).
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Table 5.6 Optimization with 390 nm excitation.

(0] Benzophenone Br 0
Br hexc = 390 nm

g Br MeCN, rt, 24 h :Br

266 © © 258
Entry®® Reaction Set-up 256 / mmol Catalyst Equivalents  Conversion / %!
1 In photoreactor 0.1 0.25 66
2 In photoreactor 0.1 0.5 73
3 In photoreactor 0.1 1.0 95
4 Outside photoreactor 0.1 0.25 93
5 Outside photoreactor 0.1 0.5 100
6 Outside photoreactor 0.1 1.0 100
7 In photoreactor 0.1 0 0
8 Outside photoreactor 0.1 0 28
9 Outside photoreactor 0.5 0.25 87
10 Outside photoreactor 0.5 0.50 100
11 Outside photoreactor 0.5 1.0 100
12 Outside photoreactor 1.0 0.5 100 (93)%

[a] Conditions: 256, benzophenone, MeCN (0.1 M), N2, LED (Aexc =390 nm), rt. [b] From *H NMR of crude material calculated
without internal standard. [c] Using 1,3,5-trimethoxybenzene as the internal standard.

With optimized conditions for the synthesis of 258 in hand (Table 5.6, entry 12), the synthesis of
dimethyl cubane-1,4-dicarboxylate was then completed (Scheme 5.5). Collin and co-workers!®
reported that crude 258 could only be subjected to the Favorskii rearrangement conditions after being
refluxed in water to hydrolyse any methyl ketals present. As our method avoids the formation of any
methyl ketals, crude 258 could undergo the desired Favorskii rearrangement without the water
hydrolysis step to give crude 259. To allow for facile purification, 259 was then converted to the methyl
ester using an acidic methanol solution to give the final compound 253 in 20% yield over three steps
from 256. Although this represents a lower overall yield than the 54% achieved by Collin and
coworkers,'® considering the high conversion and NMR yield for the formation of 256 through the

[2+2] cycloaddition, we hypothesise this is due to difficulties in preparing 253 on a much smaller scale.
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Benzophenone (0.5 equiv.) Br
MeCN (0 1 M)
Aexc 390 nm
256 O r.24h 253 o)
NaOH, aq.
0 (25% wiv) CO,H CO,Me
16 h, reflux HCI, MeOH
B then HCI 16 h, reflux
r MeO,C
258 () HOL 269 7253
20% over three steps

J

Scheme 5.5 Synthesis of 253.

5.2.3 Towards the Photocatalytic Functionalization of Cubane

Having completed the synthesis of 253, our attention turned to the photocatalytic functionalization

of cubane using cubane carboxylic acids as convenient cubyl radical precursors. Evidence for the

stability and utility of the cubyl radical can be seen in the synthesis of unsubstituted cubane 260, which

goes via a double Barton decarboxylation of 259 (Scheme 5.6a).'88 Furthermore, Baran and co-workers

successfully used a redox active ester variant of cubane 261 as a radical precursor in an iron catalysed

coupling reaction with aryl zinc reagents (Scheme 5.6b).18°
( \
(a) (i) COCl, (neat.), reflux, 2 h
CO2H (i) 262 (2.2 equiv.), -BuSH (2.2 equiv.)
DMAP (5 mol%), reflux, white light @
B
HO,C |
259 l}l S 260
ONa
L 262 )
( A
(b)  CO,Me Fe(acac), (40 mol%), dppBz (48 mol%) CO,Me
PhoZn (2.5 equiv.), PhMe, rt, 1 h
5 >
RO,C
2~ 261 R= %N Q PR 229
Ph,P  PPh,
(0]
L dppBz )

Scheme 5.6 (a) Synthesis of cubane via a double Barton decarboxylation. (b) Fe-catalysed

decarboxylative coupling of 261.

First, 262 was synthesised via hydrolysis of 253 in 50% yield, with 44% of the unreacted diester being

recovered (Scheme 5.7a). Then, 262 was subjected to a photocatalytic decarboxylation procedure

known to work efficiently with other tertiary carboxylic acids such as 1-adamantylcarboxyclic acid;**®

however, only trace amounts of the desired product, 263, was observed (Scheme 5.7b). Other
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107,120

decarboxylation conditions were also attempted but these failed to provide detectable amounts
of 263.
( )
(a
COzMe NaOH (2.2 M, MeOH) COMe
THF, 24 h, rt -
MeO,C then HCI HOC
253 262
_ 50% Y,
( 1
B coaMe [irar(CFppy) (atobpyIPFe) (2 moi%) oo
(NH,)2S,05 (3.0 equiv.), = 2
HO,C 2,4,6-collidine (3.0 equiv.)
262 DMSO, ey = 427 N, 24 h
263
Trace
.

Scheme 5.7 (a) Synthesis of 262. (b) Attempted photocatalytic decarboxylation of 262.

After the conclusion of this

work, MacMillan and co-workers® published an elegant way to utilise 262

as a cubyl radical precursor through its activation using Mesl(OAc); via intermediate 264. Within the

same publication, new routes to 1,3 and 1,2-cubane dicarboxylates were also developed, which in

combination with this work greatly improves the chemist’s ability to access the cubane functional

group.
( )
CO,Me MeslI(OAc), (1.0 equiv.)
722 PhMe (0.008 M), 50 °C, 10 min then CO,Me
| /;) o
HN-y .y [Ir(dFMeppy),(dtbbpy)](PF ) (1.75 mol%)
265 2" 62 Cu(acac), (50 mol%), DBU (3.0 equiv.)
ZY=N.C (2.0 equiv) 1,4-dioxane (0.33 M) Agyc =450 nm, 1 h \(& z 51-85%
. -
(2.0 equiv) MeO,C CO,Me
@ SCNICR @
|
(0] Mes O
L 264 )

Scheme 5.8 Use of 262 as a cubyl radical precursor for the functionalization of cubane.

5.3 Conclusion

In summary, we have developed a synthetic route to dimethyl cubane-1,4-dicarboxylate where the

key photochemical [2+2] cycloaddition is catalysed by the cheap and widely available photosensitiser

benzophenone to give near quantitative yields of the desired product 258 from dione 256. This

allowed for the use of much lower energy light (Aexc = 390 nm) than previous direct excitation methods
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that required a high-power Hg lamp or UV-B irradiation. Finally, attempts at photocatalytic
decarboxylation of 262 were made using conditions known to work for tertiary carboxylic acids;
however, these were unsuccessful.

There are two main points of improvement to this reaction on which future work could focus. Firstly,
the scale of this reaction is somewhat limited due to the inherent weaknesses of photocatalysis in
batch reactors. Therefore, the application of flow chemistry to this process should improve its viability
greatly. Furthermore, this should also improve the overall yields of 253 as it seems the final steps are
easier on larger scale. Secondly, an alternative PC could be sought with a similar triplet energy but a
more red-shifted absorption spectra so that even lower energy light could be used and ideally a lower

catalyst loading.
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6 Concluding Remarks

The objectives set out at the beginning of this thesis were to investigate the benefits of using TADF
compounds as PCs with an additional interest in their use for photoredox/Lewis base dual catalysis.
Towards this goal, in chapter 2 Hyper2CzPN was synthesised and investigated as a bifunctional
ITU/photoredox catalyst. However, the two components when incorporated in the same molecule
proved to be incompatible and led to the decomposition of the catalyst under photocatalytic
conditions. Further investigation into ITU/photoredox dual catalysis using a separate ITU catalyst and
PC also pointed to an issue of incompatibility. However, subsequent investigations by others®®
showed that this catalytic system can be utilised effectively if a suitable radical precursor is identified
that quenches the PC faster than the ITU. Further work in this area should continue to explore this
new mode of dual catalysis to broaden the potential scope.

Investigations in chapter 3 focused on evaluating the benefits of using MR-TADF compounds as
photocatalysts as up to this point only D-A TADF compounds had been explored. This was achieved by
testing DiKTa and Mes3DiKTa in a variety of photocatalytic reactions that included reductive
guenching reactions, oxidative quenching reactions, DET reactions and dual catalytic reactions. The
product yields of these test reactions were then compared to the results when using a benchmark D-
A TADF photocatalyst, 4CzIPN. Further comparisons were made through the analysis of the rates of
reaction using the three different catalysts. Initial attempts to monitor a photocatalytic
decarboxylation proved challenging and the results from monitoring an oxidative hydroxylation were
inconclusive. However, the monitoring of an ATRA reaction using in-situ NMR techniques showed a
significant rate enhancement when using either DiKTa or MessDiKTa rather than 4CzIPN. Future work
on MR-TADF photocatalysis should investigate other MR-TADF emitters as potential PCs, particularly
those that are either highly photooxidising or photoreducing.

Having successfully demonstrated the utility of DiKTa as an excellent PC, it was then applied to the
development of a new NHC/photoredox catalysed synthesis of unsymmetric 1,4-diketones through a

three-component radical relay process. The optimized conditions combined aroyl fluorides, a-
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ketoacids and styrenes in the presence of DiKTa, azolium salt 1 and caesium carbonate to generate
the desired 1,4-diketones in moderate yields. Subsequent investigation of the scope was achieved by
varying the substituents of each starting material. Finally, Stern-Volmer analysis was performed to
support the proposed mechanism. Future work in this area should look to expand the scope of radical
precursors and also to investigate other ways of combining NHC intermediates with photocatalysis.

In chapter 5 of this thesis a photocatalytic method was developed, using the cheap and widely
available benzophenone organophotocatalyst, to perform the key [2+2] cycloaddition step in the
synthesis of dimethyl cubane-1,4-dicarboxylate. This allowed for the use of significantly lower energy
light (Aexc = 390 nm) than previously reported (Aexc = 311 nm),*®* which meant a simpler reaction set-
up could be used that does not require Hg lamps or specialist quartz glassware. Further work on this
reaction should improve the scale-up potential through the use of flow chemistry and also investigate

the use of other PCs to try and lower the necessary catalyst loading.
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7 Experimental

7.1 General Synthetic Procedures.

Flash column chromatography was carried out using silica gel (Silia-P from Silicycle, 60 A, 40-63 um).
Analytical thin-layer-chromatography (TLC) was performed with silica plates with aluminum backings
(250 um with F-254 indicator). TLC visualization was accomplished by 254/365 nm UV lamp. GCMS
analysis was conducted using a Shimadzu QP2010SE GC-MS equipped with a Shimadzu SH-Rtx-1
column (30 m x 0.25 mm). H, 3C and °F NMR spectra were recorded on a Bruker Advance
spectrometer (500 MHz for H, 125 MHz for 13C, 471 MHz for °F). The following abbreviations have
been used for multiplicity assignments: “s” for singlet, “d” for doublet, “t” for triplet, “q” for quartet,
“br” for broad, “m” for multiplet. *H and *C NMR spectra were referenced residual solvent peaks with
respect to TMS (6 = 0 ppm). Melting points were measured using open-ended capillaries on an
Electrothermal 1101D Mel-Temp apparatus and are uncorrected. High-resolution mass spectrometry
(HRMS) was performed by SIRCAMS at University of Edinburgh. Infra-red spectra were recorded on a
Shimadzu [RAffinity-1 Fourier transform IR spectrophotometer fitted with a Specac Quest ATR
accessory (diamond puck). Spectra were recorded of either thin films or solids, with characteristic
absorption wavenumbers (vmax) reported in cm™. Reactions involving moisture sensitive reagents
were carried out in flame or oven-dried glassware under an inert atmosphere (nitrogen) using
standard vacuum line techniques. Anhydrous solvents (MeCN, Et,O, CH,Cl,, THF and PhMe) were
obtained after passing through an alumina column (Mbraun SPS-800). Petrol is defined as petroleum
ether 40-60 °C. All other solvents and commercial reagents were used as received without further
purification unless otherwise stated.

Photophysical measurements. Optically dilute solutions of concentrations on the order of 10 or 10°®
M of the photocatalysts were prepared in spectroscopic or HPLC grade solvents for absorption and
emission analysis. Absorption spectra were recorded at room temperature on a Shimadzu UV-2600

double beam spectrophotometer with a 1 cm quartz cuvette. Molar absorptivity determination was
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verified by linear regression analysis of values obtained from five independent solutions at varying
concentrations with absorbance ranging from 5.11 x 10° to 1.18 x 10 M. Steady-state emission,
excitation spectra and time-resolved emission spectra were recorded at 298 K using an Edinburgh
Instruments F980 or a Perkin Elmer LS55 spectrofluorometer, equipped with a Hamamatsu R928
phototube or an Edinburgh Instruments FS5 spectrofluorometer. Samples were excited at the
wavelength specified for steady-state measurements and time-resolved measurements. Fitting of
time-resolved luminescence measurements: Time-resolved PL measurements were fitted to a sum of
exponentials decay model, with chi-squared (x2) values between 1 and 2, using the El FLS980,
Edinburgh FLS920 or Edinburgh FS5 software.

Electrochemistry measurements. Cyclic Voltammetry (CV) analysis was performed on an
Electrochemical Analyzer potentiostat model 620E from CH Instruments at a sweep rate of 100 mV/s.
Samples were prepared as solutions, which were degassed by sparging with solvent-saturated
nitrogen gas for 5 minutes prior to measurements. All measurements were performed using 0.1 M
solution of tetra-n-butylammonium hexafluorophosphate ([nBusN]PF¢]). An Ag/Ag* electrode was
used as the reference electrode while a platinum electrode and a platinum wire were used as the
working electrode and counter electrode, respectively. The redox potentials are reported relative to
a saturated calomel electrode (SCE) with a ferrocenium/ferrocene (Fc/Fc*) redox couple as the internal
standard.*

Photocatalytic Reactors. Three types of photocatalytic set-up were used throughout (Figure 7.1).

Which set-up is used is specified for each reaction.
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Figure 7.1 Different photocatalytic reaction set-ups used. (A) Asynt’s LightSyn lllumin8 photoreactor.
(B) Custom photoreactor made in-house. (C) Outside of a photoreactor.
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7.2 Experimental procedures and characterization for Chapter 2.
(4r,55)-4-(9H-carbazol-9-yl)-5-(2-(1-(3-(((2R,3S)-3-isopropyl-2-phenyl-3,4-dihydro-2 H-
benzo[4,5]thiazolo[3,2-a]pyrimidin-8-yl)oxy)propyl)-1H-1,2,3-triazol-4-yl)-9H-carbazol-9-
yl)phthalonitrile (Hyper2CzPN):

o
Ph N/"\S \\\\
N,
N °N

NC

Y5 8%
s

Based on a procedure reported by Neyyappadath et al.#” 102 (135 mg, 0.28 mmol. 1.0 equiv.), 86
(azide) (137 mg, 0.34 mmol, 1.2 equiv.) and Copper (l) lodide (5 mg, 0.028 mmol, 0.1 equiv.) were
added to a flame dried flask then evacuated and backfilled with nitrogen three times. Anhydrous THF
(5 mL) and iPr,NEt (0.17 mL, 0.98 mmol, 3.5 equiv.) were then added and the solution was stirred
under nitrogen at room temperature for 24 h. The reaction was quenched with H,0 (5 mL) and the
aqueous phase extracted with CHyCl, (3 x 10 mL). The organic layers were dried (Na;SO,) and
concentrated in vacuo. Purification by silica column chromatography (50% EtOAc/CH,Cl,) to afford
Hyper2CzPN as a yellow solid (185 mg, 74%)

Rf: 0.15 (50% EtOAc/CHCl,). Infra-red (v max, cm™): 2234 (C=N, w), 1622 (C=N, s), 1450, 748.*™H NMR
(400 MHz, CDCls) 6 (ppm): 0.83 (3H, d, J = 6.7 Hz, CHs3), 1.13 (3H, d, J = 6.4 Hz, CH3), 1.24 — 1.34 (1H,
m, CH(CHs),), 1.91 - 1.98 (1H, m, C(3)H), 2.43 (2H, p, J = 6.4 Hz, C(2)H.), 3.33 (1H, td, J = 11.4, 3.8 Hz,
C(4)H*H®), 3.79 — 3.86 (1H, m, C(4)H"H®), 4.00 (2H, dt, J = 9.5, 5.8 Hz, OC(1)H,), 4.52 — 4.58 (2H, m,
NC(3)H:), 4.93 (1H, d, J = 4.6 Hz, C(2)H), 6.72 (1H, d, J = 8.7 Hz, ArC(6)H), 6.76 — 6.84 (3H, m, ArH), 6.87
(1H, tdd, J = 7.2, 4.5, 1.2 Hz, ArH), 6.96 (1H, dd, J = 10.9, 2.5 Hz, ArH), 7.03 (1H, ddd, /= 8.9, 7.4, 1.8
Hz, ArH), 7.13 (1H, dd, J = 13.5, 1.3 Hz, ArH), 7.17 — 7.34 (10H, m, ArH), 7.45 (1H, t, J = 8.2 Hz, ArH),
7.57 (1H, ddd, J = 7.8, 5.8, 1.3 Hz, ArH), 7.73 (1H, d, J = 7.7 Hz, ArH), 7.80 (1H, d, J = 8.0 Hz, ArH), 7.87

,d, J=7.6 Hz, ArH), 8. ,d,J=12.6 Hz, ArH). z, 3) & (ppm): 20.
(1H, d, J = 7.6 Hz, ArH), 8.35 (2H, d, J = 12.6 Hz, ArH). *C{*H} NMR (126 MHz, CDCls) & (ppm): 20.0
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(CHs), 22.0 (CHs), 26.9 (CH(CHs);), 30.1 (C(2)Ha, app. d), 40.8 (C(3)H, app. d), 42.1 (C(4)H,), 47.1
(NC(3)H,, app d), 65.2 (OC(1)H,, app. d), 106.28 (ArC), 106.30 (ArC), 108.2 (ArC), 109.0 (ArC), 109.1
(ArC), 109.2 (ArC), 109.3 (ArC), 112.4 (ArC), 114.5 (ArC), 114.7 (ArC), 114.8 (ArC), 119.6 (ArC), 120.0
(ArC), 120.1 (ArC), 120.4 (ArC), 120.7 (ArC), 120.8 (ArC), 120.9 (ArC), 121.6 (ArC), 121.7 (ArC), 122.2
(ArC), 123.77 (ArC), 123.79 (ArC), 124.0 (ArC), 124.4 (ArC), 124.5 (ArC), 124.8 (ArC), 126.3 (ArC), 126.7
(ArC), 127.3 (ArC), 128.0 (ArC), 128.4 (ArC), 128.8 (ArC), 135.4 (ArC), 135.7 (ArC), 137.9 (ArC), 137.97
(ArC), 138.00 (ArC), 138.03 (ArC), 138.4 (ArC), 138.6 (ArC), 139.0 (ArC), 147.4 (ArC).

HRMS (ESI) Cs6HaaNoOS [M+H]* found 890.3358, theoretical 890.3384 (-2.9 ppm)
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4-(9H-carbazol-9-yl)-5-fluorophthalonitrile (CzFPN):

NG CN

&

F

Based on a procedure reported by Chen et al.®° carbazole (2.0 g, 12.0 mmol, 1.0 equiv.) was added to
a flame dried round bottom flask and then evacuated and backfilled with nitrogen three times.
Anhydrous THF (40 mL) was added followed by portionwise addition of NaH (0.96 g, 24.0 mmol, 60
wt%, 2.0 equiv.). The suspension was stirred at room temperature for 15 minutes. 4,5-
Difluorophthalonitrile (1.97 g, 12.0 mmol, 1.0 equiv.) was added. An immediate colour change from
white to red was observed. The reaction was stirred for a further 3 h. The mixture was then poured
onto cold H,0 (40 mL) and the aqueous phase extracted with CH,Cl, (3 x 20 mL). The organic layers
were combined, dried (Na;SOs) and concentrated in vacuo. Purification by silica column
chromatography (30% to 60% CH,Cl,/Pet. ether) afforded a mixture of CzFPN and 2CzPN.
Recrystallization from CHCI; afforded CzFPN as a pale green solid (1.36 g, 37%).

Mp 222-224 °C {Lit.2® 225 °C}. Rf: 0.20 (50% CH,Cl,/Pet. Ether). *H NMR (400 MHz, CDCls) & (ppm):
7.22 (2H, ddt, J = 8.2, 2.7, 0.9 Hz, ArH), 7.39 (2H, ddd, J = 8.2, 7.3, 1.0 Hz, ArH), 7.48 (2H, ddd, J = 8.3,
7.3, 1.3 Hz, ArH), 7.86 (1H, d, J = 9.0 Hz, ArH), 8.10 — 8.18 (3H, m, ArH); F NMR (376 MHz, CDCls) &
(ppm): — 103.4.

Data matches that previously reported.®®
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2-ethynyl-9H-carbazole (101):

N
O
Based on a procedure reported by Al-Balushi et /.8 KOH (0.57 mL, 0.57 mmol, 1 M in H,0, 1.5 equiv.)
was added to a solution of 2-((trimethylsilyl)ethynyl)-9H-carbazole (100 mg, 0.38 mmol, 1.0 equiv.) in
a mixture of THF:MeOH (4 mL, 4:1) and then stirred at room temperature for 1 h. The reaction was
then concentrated in vacuo. Purification by silica column chromatography (10% EtOAc/Pet. Ether)
afforded the desired product as a colourless solid (71 mg, 98%).
Mp 166-168 °C. Rf: 0.20 (5% EtOAc/Pet. Ether). *H NMR (400 MHz, CDCls) 6 (ppm): 3.13 (1H, s, C=C-
H), 7.23 - 7.29 (2H, m, NH & ArCH), 7.38 (1H, dd, J = 8.1, 1.3 Hz, ArCH), 7.44 (2H, dt, J = 4.0, 0.9 Hz,
ArCH), 7.59 (1H, dd, J=1.4, 0.7 Hz, ArCH), 8.01 (1H, dt, J = 8.0, 0.8 Hz, ArCH), 8.05—8.12 (2H, m, ArCH).

Data matches that previously reported.8®
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(2R,3S)-8-(3-azidopropoxy)-3-isopropyl-2-phenyl-3,4-dihydro-2H-benzo[4,5]thiazolo[3,2-
alpyrimidine (102):
/’/—N3

i-Pr N,@—O

PhIN\/)\S
Based on a procedure reported by Neyyappadath et al.%” potassium tert-butoxide was added to a
solution of 104HBr (850 mg, 2.10 mmol, 1.0 equiv.) in DMSO/THF (18 mL, 1:1) at 0 °C and stirred for
2 h. In a separate flame dried flask methane sulfonyl chloride (0.26 mL, 3.3 mmol, 1.6 equiv.) was
added to a solution of 3-azidopropan-1-ol (255 mg, 2.5 mmol, 1.2 equiv.) and triethylamine (1.4 mL,
10 mmol, 4.8 equiv.) in CH,Cl; (10 mL) at 0 °C. The solution was then allowed to warm to room
temperature and stirred for 30 minutes. The reaction was quenched with NaHCO3 (10 mL), and the
aqueous phase extracted with CH,Cl; (2 x 10 mL). The organic layers were combined, washed with H,O
(10 mL), dried (MgS04) and concentrated in vacuo to afford 3-azidopropyl methanesulfonate as a
crude product. 3-azidopropyl methanesulfonate was then transferred directly to the solution of
104HBr in DMSO/THF (1:1) and the reaction was left to stir for 16 h at room temperature. The
reaction was diluted with EtOAc (20 mL) and washed with brine (20 mL). The aqueous phase was then
extracted with EtOAc (2 x 20 mL). The combined organic phases were dried (MgS0,4) and concentrated
in vacuo. Purification through silica column chromatography (20% to 50% EtOAc/CH.Cl,) afforded the
desired product as a pale yellow solid (571 mg, 67%).
Mp 106-109 °C. Rf: 0.10 (30% EtOAc/Pet. Ether). Infra-red (v max, cm™): 2099 (N=N=N), 1610 (C=N),
1490,1260, 1206, 1037, 800. *H NMR (400 MHz, CDCls) & (ppm): 0.84 (3H, d, J = 6.7 Hz, CHs), 1.13 (3H,
d, J=6.5Hz, CHs), 1.24 - 1.34 (1H, m, CH(CHs),), 1.90-1.99 (1H, m, C(3)H), 2.02 — 2.09 (2H, m, C(2)H.),
3.32 (1H, t, J=11.5 Hz, C(4)H*H®), 3.53 (2H, t, J = 6.6 Hz, NC(3)H2), 3.83 (1H, ddd, J = 11.6, 5.3, 1.8 Hz,
C(4)HAHB), 4.03 (2H, t, J = 5.9 Hz, OC(1)H-), 4.90 (1H, dd, J = 4.5, 1.7 Hz, C(2)H), 6.71 (1H, d, J = 8.6 Hz,
ArC(6)H), 6.78 (1H, dd, J = 8.7, 2.5 Hz, ArC(7)H), 6.95 (1H, d, J = 2.5 Hz, ArC(9)H), 7.18 — 7.33 (5H, m,

PhCH); *C{*H} NMR (126 MHz, CDCls) & (ppm): 20.1 (CHs), 22.1 (CHs), 27.0 (CH(CHs)2), 28.9 (C(2)H2),
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40.9 (C(3)H), 42.1 (C(4)H2), 48.3 (NC(3)H2), 61.2 (C(2)H), 65.6 (OC(1)H,), 108.0 (ArC(6)H), 109.2
(ArC(9)H), 112.4 (ArC(7)H), 124.3 (ArC(5a)), 127.3 (PhC(4)H), 128.1 (PhC(3,5)H), 128.4 (PhC(2,6)H),
135.2 (ArC(9a)), 140.8 (Ph((1)), 154.4 (ArC(8)), 158.6 (C=N).

HRMS: Cy2H26NsOS (ESI) [M+H]*, found 408.1839, theoretical 408.1853 (— 3.4 ppm).
(2R,35)-8-hydroxy-3-isopropyl-2-phenyl-3,4-dihydro-2H-benzo[4,5]thiazolo[3,2-a]pyrimidin-1-ium
(104 ¢HBr):

,-_prI\/)N\ /@—OH

Ph” "N O
H®@

Br

Based on a procedure reported by Neyyappadath et a/.%’ BBr; (3 mL, 3 mmol, 1 M in CH,Cl,, 2 equiv.)
was added dropwise to a solution of 108 (500 mg, 1.48 mmol, 1 equiv.) in CH,Cl, (10 mL) at0°Cina
flame dried flask under nitrogen. The solution was stirred at 0 °C for 2 h then warmed to room
temperature and stirred for 16 h. The reaction was carefully quenched with MeOH (6 mL). Water (10
mL) was added, and the aqueous phase was extracted with CH,Cl, (3 x 10 mL). A precipitate formed
which was filtered and added to the combined organic layers after they were dried (MgS0,), the
suspension was then concentrated in vacuo to afford 104¢HBr as a colourless solid (567 mg, 93%).
Mp 190-192°C {Lit.*” 194-196 °C}. *H NMR (400 MHz, DMSO-ds) & (ppm): 0.80 (3H, d, J = 6.6 Hz, CHs),
1.08 (3H, d, /= 6.5 Hz, CH;), 1.17 — 1.28 (1H, m, CH(CHs),), 2.27 — 2.38 (1H, m, C(3)H), 3.64 —3.74 (1H,
m, C(4)H*H®), 4.40 (1H, dd, J = 13.4, 4.9 Hz, C(4)H*H®), 5.17 (1H, d, J = 4.7 Hz, C(2)H), 7.00 (1H, dd, J =
8.8, 2.5 Hz, C(7)H), 7.30-7.35 (2H, dd, J= 7.7, 1.9 Hz, PhC(2,6)H), 7.38 = 7.43 (3H, m, PhC(3,4,5)H), 7.45
(1H, d, ) = 2.4 Hz, ArC(9)H) 7.66 (1H, d, J = 8.9 Hz, ArC(6)H), 9.99 (1H, s, OH), 11.12 (1H, s, NH).

Data matches that previously reported.?’
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2-chloro-6-methoxybenzo[d]thiazole (106)

N
10
S OMe

Based on a procedure reported by Neyyappadath et /.8’ CuCl; (13.6 g, 100 mmol, 1.2 equiv.) was
added to a round bottomed flask and dried under vacuum at 110 °C for 1 h. After cooling to 40-50 °C,
MeCN (500 mL) and tert-butyl nitrite (15.0 mL, 126 mmol, 1.5 equiv.) were added, followed by a
suspension of 6-methoxybenzo[d]thiazol-2-amine (15.2 g, 84 mmol, 1.0 equiv.) in MeCN (15 mL),
which was added portionwise using a pipette (nitrogen gas evolution was observed as a froth). Upon
complete addition, the reaction was heated at 65 °C for 3 h. After the reaction cooled to room
temperature it was poured into 4 M HCI (200 mL) and extracted using Et,0 (2 x 200 mL). The organic
layers were combined, dried (MgS04) and concentrated in vacuo. Purification by silica column
chromatography (2.5% EtOAc/Pet. ether) afforded 2-chloro-6-methoxybenzo[d]thiazole as a
colourless solid (9.25 g, 55%).

Rf: 0.30 (2.5% EtOAc/Pet. ether).*'H NMR (400 MHz, CDCls) & (ppm): 3.87 (3H, s, OCHs), 7.07 (1H, dd,
J=9.0, 2.6 Hz, ArC(5)H), 7.23 (1H, d, J = 2.5 Hz, ArC(7)H), 7.82 (1H, d, J = 9.0 Hz, ArC(4)H).

Data matches that previously reported.1*2
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(2R,3S)-3-isopropyl-8-methoxy-2-phenyl-3,4-dihydro-2H-benzo[4,5]thiazolo[3,2-a]pyrimidine

(108):

i—PrI\N/Q'OMe
~
Ph N)\ S

Based on a procedure reported by Daniels et al.»** 106 (4.0 g, 20 mmol, 1 equiv.) was added to a
solution of (R)-2-((R)-amino(phenyl)methyl)-3-methylbutan-1-ol hydrochloride (4.81 g, 21 mmol, 1.05
equiv.) and i-Pr,NEt (10.45 mL, 60 mmol, 4 equiv.) in o-dichlorobenzene (7.5 mL, 2.0 m). The resulting
pale-yellow suspension was heated at reflux until completion. The resulting mixture was cooled to
room temperature, H,O (15 mL) was added, and the aqueous phase extracted with CH,Cl, (3 x 20 mL).
The organic layers were combined, washed with brine, dried (MgS04), and concentrated in vacuo to
afford the crude product which was triturated with hexane to afford the amino alcohol intermediate
as a brown solid which was used in the next step without further purification. To a slurry of crude
amino alcohol (5.43 g, 15.2 mmol, 1 equiv.) in anhydrous CH,Cl, (80 mL, 0.2 M) was added EtsN (8.47
mL, 60.8 mmol, 4 equiv.) and the reaction mixture was cooled to 0 °C. Methanesulfonyl chloride (1.53
mL, 19.8 mmol, 1.3 equiv.) was added and the reaction mixture was stirred at room temperature for
30 mins. Once complete consumption of the amino alcohol was observed, i-PrOH (1 mL) was added,
and the reaction was heated at reflux for 16 h. The reaction was quenched with 1 m ag. NaOH (20 mL)
and the biphasic mixture stirred vigorously for 30 mins. The aqueous layer was extracted with CH.Cl;
(3 x 20 mL). The organic layers were combined, washed with brine (50 mL), dried (MgS0O4) and
concentrated in vacuo to afford the crude product. Purification by silica column chromatography (20%
to 50% EtOAc/Pet. ether) afforded an off white solid that was recrystallised from 50% EtOAc/hexane
to give 108 as a colourless solid (2.05 g, 40%)

Mp 143-145°C{Lit.®” 139-141 °C}. Rf: 0.10 (20% EtOAc/Pet. ether). *H NMR (400 MHz, CDCl;) & (ppm):
0.84 (3H, d, J=6.7 Hz, CH3),1.13 (3H, d, /= 6.5 Hz, CH3), 1.23 — 1.35 (1H, m, CH(CH3)), 1.88 — 2.00 (1H,

m, C(3)H), 3.32 (1H, t, J = 11.5 Hz, C(4)H"H®), 3.81 (3H, s, OCHs), 3.82 — 3.85 (1H, m, C(4)H H®), 4.90
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(1H, dd, J = 4.5, 1.7 Hz, C(2)H), 6.71 (1H, d, J = 8.6 Hz, ArC(6)H), 6.78 (1H, dd, J = 8.7, 2.5 Hz, ArC(7)H),
6.95 (1H, d, J = 2.4 Hz, ArC(9)H), 7.18 — 7.33 (5H, m, PhCH).

Data matches that previously reported.?’
(2R,3S)-8-(allyloxy)-3-isopropyl-2-phenyl-3,4-dihydro-2H-benzo[4,5]thiazolo[3,2-a]pyrimidine
(109):

i-Pr,

Ph—e\\N
=
%SD\O/\/

Based on a procedure reported by Neyyappadath et al.%” potassium tert-butoxide was added to a
solution of 104¢HBr (50 mg, 0.12 mmol, 1.0 equiv.) in DMSO/THF (0.9 mL, 1:1) at 0 °C and stirred for
2 h. Then, 1,3-dibromopropane (19 ul, 0.18 mmol, 1.5 eqiuv.) was added and the reaction was left to
stir for 16 h at room temperature. The reaction was diluted with EtOAc (5 mL) and washed with brine
(5 mL). The aqueous phase was then extracted with EtOAc (2 x 5 mL). The combined organic phases
were dried (MgSQ4) and concentrated in vacuo. Characterisation of this crude mixture by 'H NMR
showed characteristic signals for a terminal alkene at 5.27 — 5.35 (1H, m, CH,HC=CH), 5.37 - 5.46 (1H,
m, CH,HC=CH,) and 5.98 - 6.11 (1H, m, CH,HC=CH,).

3-azidopropan-1-ol (110):

N7 " oH

3-Chloropropan-1-ol (4.23 g, 44.8 mmol, 1.0 equiv.) was added dropwise to a solution of sodium azide
(12.63 g, 179 mmol, 4.0 equiv.) in 70 mL H,0. The mixture was then heated to reflux and stirred
overnight. After the reaction cooled to room temperature it was extracted with CH,Cl; (3 x 70 mL).
The organic layers were combined, dried (Na,SO4) and concentrated in vacuo to afford 110 as a
colourless oil (3.61 g, 80%)

'H NMR (500 MHz, CDCls) & (ppm): 1.65 (1H, s, OH), 1.83 (2H, app. p, J = 6.3 Hz, C(2)H=), 3.45 (2H, t, J
=6.6 Hz, NC(3)H,), 3.75 (2H, t, J = 6.0 Hz, OC(1)H-); *C{*H} NMR (126 MHz, CDCls) & (ppm): 31.4 (C(2)),
48.5 (C(3)), 60.0 (C(1)).

Data matches that previously reported.'%
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2-((trimethylsilyl)ethynyl)-9H-carbazole (113):

N
Based on a procedure reported by Al-Balushi et al.®8 2-Bromo-9H-carbazole (500 mg, 2.0 mmol, 1.0
equiv.), Pd(PPhs)4 (125 mg, 0.1 mmol, 0.05 equiv.), Cul (25 mg, 0.05 mmol, 0.025 equiv.) were added
to a flame dried round bottom flask. The mixture was then evacuated and flushed with nitrogen three
times. Degassed triethylamine (26 mL) and trimethylsilylacetylene (0.44 mL, 3.0 mmol, 1.5 equiv.)
were added and the solution was heated to reflux and stirred for 16 h. The reaction was cooled to
room temperature and concentrated in vacuo. Purification by silica column chromatography (8%
EtOAc/Pet. ether) afforded 113 as a brown solid (477 mg, 89%).
Mp 222-223 °C. {Lit.2® 218 °C}. Rf: 0.20 (5% EtOAc/Pet. ether). 'H NMR (500 MHz, CDCls) & (ppm):
0.29 (9H, s, Si(CH3)s), 7.27 —7.23 (1H, m, ArCH), 7.36 (1H, dd, J = 8.0, 1.3 Hz, ArCH), 7.43 (2H, d, J=3.8
Hz, ArCH), 7.56 (1H, s, ArCH), 7.99 (1H, d, J = 8.0, ArCH), 8.09 — 8.02 (2H, m, NH & ArCH).

Data matches that previously reported.®
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(4r,5S)-4-(9H-carbazol-9-yl)-5-(2-ethynyl-9H-carbazol-9-yl)phthalonitrile (114):

NC  CN
B Q 9

¢

116 (239 mg, 0.43 mmol, 1.0 equiv.) was added to a flame dried round bottom flask then evacuated
and flushed with nitrogen three times. Anhydrous THF (5 mL) and tetrabutylammonium fluoride (0.47
ml, 0.47 mmol, 1 M in THF, 1.1 equiv.) were added, an immediate colour change from yellow to dark
green was observed. The reaction mixture was stirred at room temperature for 1 h. H,O (10 mL) was
added, and the aqueous phase extracted with CH,Cl; (3 x 10 mL). The organic layers were combined,
dried (MgS04) and concentrated in vacuo. Purification by silica column chromatography (60%
CH,Cl,/Pet. ether) afforded 114 as a yellow solid (145 mg, 70%).
Mp 240-244 °C (decomp.). Rf: 0.10 (50% CH,Cl,/Pet. ether). Infra-red (v max, cm™): 2235 (C=N, w),
1591, 1504, 1221. *H NMR (500 MHz, CDCls) & (ppm): 2.98 (1H, s, C=C-H), 6.99 — 7.16 (9H, m, ArH),
7.18 (1H, s, ArH), 7.23 (1H, dd, J = 8.0, 1.2 Hz, ArH), 7.71 (1H, d, J = 8.0 Hz, ArH), 7.74 — 7.84 (3H, m,
ArH), 8.32 (2H, d, J = 13.9 Hz, ArH).; 3C{*H} NMR (126 MHz, CDCls) & (ppm): 77.6 (C=C-H), 83.6 (C=C-
H), 109.0 (ArC), 109.0 (ArC), 109.2 (ArC), 113.0 (ArC), 114.6 (ArC), 114.9 (ArC), 115.2 (ArC), 119.8 (ArC),
120.4 (ArC), 120.59 (Ar(C), 120.62 (ArC), 120.8 (ArC), 121.8 (ArC), 122.0 (ArC), 122.1 (ArC), 123.8 (ArC),
124.3 (ArC), 124.4 (ArC), 124.7 (ArC), 125.7 (ArC), 126.2 (ArC), 126.6 (ArC), 127.0 (ArC), 135.5 (ArC),
135.7 (ArC), 137.8 (ArC), 138.0 (ArC), 138.2 (ArC), 138.5 (ArC), 138.9 (ArC).

HRMS (ESI) C3sH19N4 [M+H]* found 483.1597, theoretical 483.1604 (— 1.5 ppm).
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(4S,5r)-4-(2-bromo-9H-carbazol-9-yl)-5-(9H-carbazol-9-yl)phthalonitrile (115):

2-Bromo-9H-carbazole (246 mg, 1.0 mmol, 1.0 equiv.) was added to a flame dried round bottom flask
and then evacuated and flushed with nitrogen three times. Anhydrous THF (3.3 mL) was added
followed by portionwise addition of NaH (80 mg, 2.0 mmol, 60 wt%, 2.0 equiv.). The suspension was
stirred at room temperature for 15 minutes. CzFPN (311 g, 1.0 mmol, 1.0 equiv.) was added. An
immediate colour change from white to red was observed. The reaction was stirred for a further 3 h.
The mixture was then poured onto cold H,0 (5 mL) and the aqueous phase extracted with CH,Cl; (3 x
10 mL). The organic layers were combined, dried (Na,SO,4) and concentrated in vacuo. Purification by
silica column chromatography (30% to 60% CH,Cl,/Pet. ether) afforded 115 as a yellow solid (448 mg,
83%).

Mp 269-272 °C. Rf: 0.20 (50% CH,Cl,/Pet. ether). Infra-red (v max, cm™): 2237 (C=N, w), 1447, 752.
'H NMR (400 MHz, CDCl;) 6 (ppm): 6.79 (1H, dt, J = 8.3, 0.9 Hz, ArH), 6.84 — 6.89 (1H, m, ArH), 6.98
(1H, dd, J = 1.6, 0.5 Hz, ArH), 7.02 = 7.06 (1H, m, ArH), 7.14 (1H, dd, J = 8.3, 1.6 Hz, ArH), 7.19 - 7.33
(6H, m, ArH), 7.58 (1H, dd, J = 8.3, 0.5 Hz, ArH), 7.75 — 7.81 (2H, m, ArH), 7.88 (1H, dt, J = 7.5, 1.0 Hz,
ArH), 8.33 (2H, dd, J = 15.1, 0.4 Hz, ArH); 3C{*H} NMR (126 MHz, CDCl;) & (ppm): 108.7 (ArC), 108.9
(ArC), 109.0 (ArC), 112.5 (ArC), 114.39(ArC), 114.41 (ArC), 114.8 (ArC), 115.2 (ArC), 119.8 (Ar(), 120.4
(ArC), 120.6 (ArC), 120.7 (ArC), 121.2 (ArC), 121.6 (Ar(), 122.16 (ArC), 122.22 (Ar(), 122.9 (ArC), 123.7
(ArC), 124.2 (ArC), 124.4 (ArC), 124.7 (ArC), 125.9 (ArC), 126.8 (ArC), 126.9 (ArC), 135.3 (ArC), 135.6
(ArC), 137.7 (ArC), 137.8 (ArC), 138.3 (Ar(), 138.3 (ArC), 138.5 (ArC), 138.6 (ArC).

HRMS C3;H;,BrNsNa (ESI) [M+Na]* found 559.0522, theoretical 559.0529 (— 1.3 ppm).
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(4r,55)-4-(9H-carbazol-9-yl)-5-(2-((trimethylsilyl)ethynyl)-9H-carbazol-9-yl)phthalonitrile (116):

NC CN

e,
N N
s

115 (430 mg, 0.8 mmol, 1.0 equiv.), Pd(PPhs)s (48 mg, 0.04 mmol, 0.05 equiv.), Cul (25 mg, 0.02 mmol,

™S

0.025 equiv.) were added to a flame dried round bottom flask. The mixture was then evacuated and
flushed with nitrogen three times. In separate Schlenk flask THF/NEts (3:1) was sparged with nitrogen
for 15 minutes then added to the flask (14 mL). Then trimethylsilylacetylene (0.17 mL, 1.2 mmol, 1.5
equiv.) was added and the solution was heated to reflux and stirred for 16 h. The reaction was cooled
to room temperature and concentrated in vacuo. Purification by silica column chromatography (50%
CH,Cl,/Pet. ether) afforded 116 as a bright yellow solid (269 mg, 60%).

Mp 157-160 °C. Rf: 0.30 (50% CH,Cl,/Pet. ether). Infra-red (v max, cm™): 2235 (C=N, w), 2154 (C=C,
w), 1506, 748. 'H NMR (400 MHz, CDCls) & (ppm): 0.26 (9H, s, Si(CHs)3), 6.99 — 7.16 (10H, m, ArH), 7.22
(1H, dd, J=8.0, 1.3 Hz, ArH), 7.70 (1H, dd, J = 8.0, 0.7 Hz, ArH), 7.75 —7.85 (3H, m, ArH), 8.33 (2H, d, J
= 11.1 Hz, ArH); C{*H} NMR (126 MHz, CDCls) & (ppm): 0.1 (Si(CHs)3), 94.5(C=C-Si), 104.9(C=C-Si),
109.1 (ArC), 109.2 (ArC), 112.7 (ArC), 114.57 (ArC), 114.61 (ArC), 114.9 (ArC), 115.1 (ArC), 120.3 (ArC),
120.6 (ArC), 120.6 (ArC), 120.8 (ArC), 120.9 (ArC), 121.8 (ArC), 122.0 (ArC), 122.1 (ArC), 123.9 (ArC),
124.3 (ArC), 124.41 (ArC), 124.44 (ArC), 125.8 (ArC), 126.2 (ArC), 126.6 (ArC), 126.9 (ArC), 135.5 (ArC),
135.7 (ArC), 137.8 (Ar(), 138.1 (ArC), 138.2 (ArC), 138.2 (Ar(), 138.5 (Ar(), 139.0 (ArC).

HRMS (ESI) C37H26N4NaSi [M+Na]* found 577.1811, theoretical 577.1819 (— 1.4 ppm).
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4-(9H-carbazol-9-yl)-5-(2-(1-(3-phenoxypropyl)-1H-1,2,3-triazol-4-yl)-9H-carbazol-9-
yl)phthalonitrile (117):

N NG CN

PhO/\/\'\r_\\N Q

aslsY

g

Based on a procedure reported by Neyyappadath et a/.” 102 (97 mg, 0.2 mmol. 1.0 equiv.) and copper
(1) iodide (3.8 mg, 0.02 mmol, 0.1 equiv.) were added to a flame dried flask then evacuated and flushed
with nitrogen three times. (3-Azidopropoxy)benzene (53 mg, 0.3 mmol, 1.5 equiv.), anhydrous THF (4
mL) and iPr;NEt (0.12 mL, 0.7 mmol, 3.5 equiv.) were then added and the solution was stirred under
nitrogen at room temperature for 24 h. The reaction was quenched with H,0 (5 mL) and the aqueous
phase extracted with CH,Cl, (3 x 10 mL). The combined organic phases were dried (Na;SO,) and
concentrated in vacuo. Purification by silica column chromatography (0% to 20% EtOAc/CHCl,) to
afford 117 as a yellow solid (97 mg, 73%)
Mp 130-133 °C. Rf: 0.25 (20% EtOAc/CH,Cl,). Infra-red (v max, cm™): 2232 (C=N, w), 1595, 1506, 1221.
H NMR (500 MHz, CDCls) & (ppm): 2.42 (2H, p, J = 6.4 Hz, C(2)H,), 3.94 — 4.05 (2H, m, OC(3)H,), 4.48
—4.61 (2H, m, NC(1)H.), 6.67 (1H, s, ArH), 6.74 (1H, d, J= 8.3 Hz, ArH), 6.82 (1H, t, /= 7.7 Hz, ArH), 6.94
(2H, d, J = 8.5 Hz, ArH), 6.97 — 7.04 (2H, m, ArH), 7.16 — 7.22 (1H, m, ArH), 7.24 — 7.38 (8H, m, ArH),
7.58 (1H, d, J = 8.2 Hz, ArH), 7.71 (1H, d, J = 7.7 Hz, ArH), 7.78 (2H, d, J = 8.0 Hz, ArH), 7.88 (1H, d, J =
7.6 Hz, ArH), 8.34 (1H, d, J = 11.6 Hz, ArH); 3C{*H} NMR (126 MHz, CDCl;) & (ppm): 30.1 (C(2)H,), 47.1
(NC(1)H.,), 63.9 (OC(3)H,), 106.3 (ArC), 108.9 (ArC), 109.0 (ArC), 109.3 (ArC), 114.5 (ArC), 114.6 (ArC),
114.7 (ArC), 119.6 (ArC), 120.3 (ArC), 120.4 (ArC), 120.72 (ArC), 120.74 (ArC), 121.01, 121.29, 121.66,
121.69, 122.19, 123.73, 123.85, 124.47, 124.90, 126.19, 126.35, 126.76, 128.80, 129.70, 135.33,
135.61, 137.85, 137.89, 137.94, 138.33, 138.55, 139.01, 147.28, 158.45.

HRMS (ESI) C43H30N70 [M+H]* found 660.2497, theoretical 660.2506 (— 1.4 ppm).
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2-phenylbenzo[d]imidazo[2,1-b]thiazole (118):
Ph\F\
N§<N

BTM (25.2 mg, 0.1 mmol, 1.0 equiv.) and 4CzIPN (1.6 mg, 0.002 mmol, 0.02 equiv.) were added to a
vial. In a separate Schlenk flask CH,Cl, was sparged with nitrogen for 10 minutes then added to the
vial (1 mL). The solution was then irradiated with 456 nm LEDs using photoreactor set-up B for 16 h
and then concentrated in vacuo. Purification by silica column chromatography (20% EtOAc/Pet. Ether)
gave 118 as a colourless solid.

Mp 136-140 °C {Lit.'® 142-146}. Rf: 0.15 (20% EtOAc/Pet. ether). *H NMR (400 MHz, CDCls) & (ppm):
7.28—-7.37 (2H, m, m-PhH), 7.40 — 7.48 (3H, m, 0,p-PhH), 7.60 (1H, ddd, J = 8.0 Hz, 1.3 Hz, 0.6 Hz, ArH),
7.70 (1H, ddd, J = 8.0 Hz, 1.2 Hz, 0.6 Hz, ArH), 7.86 —7.90 (2H, m, ArH), 7.97 (1H, s, NC(3)H).

Data matches that previously reported.'®

((benzyloxy)carbonyl)proline (23):

HO,C O
4

L-Proline (5.0 g, 43.5 mmol, 1.0 equiv.), NaHCO3 (18.26 g, 217.4 mmol, 5.0 equiv.) and water (240 mL)
were added to a round bottom flask and cooled to 0 °C. Benzyl chloroformate (6.8 mL, 47.8 mmol, 1.1
equiv.) was then added dropwise and the reaction stirred at room temperature for 16 h. The pH of
the reaction mixture was adjusted to 2 using dilute hydrochloric acid. The reaction was extracted with
EtOAc (3 x 50 mL). The organic layers were combined, washed with brine (50 mL), dried (Na>S0.) and
concentrated in vacuo. Purification using silica column chromatography (25% to 50% EtOAc/Pet.
Ether) gave 23 as a viscous oil that later solidified to a colourless solid (8.36 g, 77%).

Mp 77-81°C {Lit.**® 78 °C}. Rf: 0.10 (20% EtOAc/Pet. ether). *"H NMR (400 MHz, CDCls) § (ppm): 1.80 —
2.31 (4H, m, C(2)H, + C(3)H-), 3.40 — 3.66 (2H, m, C(1)H-), 4.35 (1H, m, C(2)H), 5.08 — 5.19 (2H, m,
OCH,), 7.22 —7.37 (5H, m, PhH).

Data matches that previously reported.%
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diethyl 2-(1-((benzyloxy)carbonyl)pyrrolidin-2-yl)succinate (121):
6 CO,Et

(0]
Et0,¢" 5,
, NJ\O/\Ph

2 1

Based on a procedure reported by Speckmeier et al.** ((Benzyloxy)carbonyl)proline (37.4 mg, 0.15
mmol, 1.0 equiv.), KzHPO4 (31.4 mg, 0.18 mmol, 1.1 equiv.), 4CzIPN (2.4 mg, 0.003 mmol, 0.02 equiv.),
diethyl maleate (25 pL, 0.17 mmol, 1.1 equiv.) and acetonitrile (3.75 mL) were added to a vial then
sparged with nitrogen for 10 minutes. The reaction was stirred under 456 nm irradiation at room
temperature for 20 h using photoreactor set-up B. Water (5 mL) was added then the mixture was
extracted with CH,Cl; (3 x 5 mL). The organic phases were combined, dried (Na;S0O.) and concentrated
in vacuo. Purification by silica column chromatography (10% to 20% EtOAc/Pet. Ether) afforded 121
as a pale-yellow oil (44 mg, 76%).

R: 0.2 (20% EtOAc/Pet. Ether). *"H NMR (500 MHz, CDCls) 6 (ppm): 1.21 — 1.31 (6H, m, OCH,CHs), 1.75
—2.00 (4H, m, C(2)H2+ C(3)H,), 2.26 — 2.55 (1H, m, C(6)H"HE), 2.69 — 2.86 (1H, m, C(6)H"H®), 3.21 —
3.36 (1H, m, C(5)H), 3.47 — 3.75 (2H, m, NC(1)H,), 4.06 — 4.20 (4H, OCH,CHs), 4.31 — 4.36 (1H, m,
NC(4)H), 5.07 =5.27 (2H, OCH,Ph), 7.30 — 7.45 (5H, m, PhH).

GCMS C11H2004 [M]* found 377.3, theoretical 377.2, retention time = 10.5 min.

Data matches that previously reported.*
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7.3 Experimental procedures and characterization for Chapter 3.

PC (2 mol%) R
)CJ)\ (\CozEt K;HPO, (1.1 equw.L H\C%Et
R” "OH COEt  \ieeN, 3, =440nm  CO,E

23 120 n,16 h 121
1.2 equiv.
Me
(=cog
AN
(szz Me)\COZH Me”™ “CO,H
23a 23b 23c

(Ex=095V) (Ex=131V)  (Eox=125V)
General Procedure A
Based on a procedure reported by Speckmeier et al.** carboxylic acid (0.15 mmol, 1.0 equiv.), K2HPO,
(31.4 mg, 0.17 mmol, 1.1 equiv.), photocatalyst (3.0 pumol, 0.02 equiv.) and diethyl maleate (27 pL,
0.18 mmol, 1.2 equiv.) were added to a vial in the photoreactor then evacuated and backfilled with
nitrogen three times. In a separate Schlenk flask acetonitrile was sparged for 10 minutes and then
added to the reaction vial (3 mL). The reaction was then stirred under 440 nm irradiation at room
temperature for 16 h using photoreactor set-up A. Water (5 mL) was added then the mixture was
extracted with CH,Cl; (3 x 5 mL). The organic phases were combined and dried (Na;SO.) then
concentrated in vacuo. Purification by silica column chromatography EtOAc/Pet. Ether afforded the

desired products.

PC NCbz
CO.H (\C%Et K;HPO, (1.1 equiv.)
N >
Cb CO,Et
z 2 MeCN, Leye = 440 Nm CO,Et
i, 16 h CO.Et
23a 120 121a

1.2 equiv.
General Procedure B
A stock solution of the photocatalyst (0.5 mM) was prepared in acetonitrile and diluted to the
appropriate concentrations for each catalyst loading (1 mol%, 0.5 mol%, 0.25 mol% and 0.1 mol%).
The diluted solution was then added to a Schlenk flask and degassed via three freeze-pump-thaw
cycles. ((Benzyloxy)carbonyl)proline (37.4 mg, 0.15 mmol, 1.0 equiv.), K;HPO4 (31.4 mg, 0.17 mmol,

1.1 equiv.) and diethyl maleate (27 uL, 0.18 mmol, 1.2 equiv.) were added to three vials in the
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photoreactor then evacuated and backfilled with nitrogen three times. The photocatalyst solution was
added (3 mL) and the solution stirred under 440 nm irradiation at room temperature for 16 h using
photoreactor set-up A. Then 0.5 mL of a stock solution of 1,3,5-trimethoxybenzene in acetonitrile (0.1
M) was added and the solution stirred for 5 minutes. A sample was taken and concentrated in vacuo
then dissolved in CDCl; to obtain an NMR yield.

PC (1 mol%)

DCE or DMF/H,0
BocHN R
P —_—
X BocHNNF /Y\
- X
136 138 hexc =440 nm 141
(2.0 equiv.) 16 h
0 EtO,C.__CO,Et
|
C4Fg” Y
o Ph)J\/ Br Br
136a 136b 136¢

(Ey*9=-142V)  (Ef=-121V) (E9=-141V)

General Procedure C
Based on a procedure reported by Pirtsch et al.}1° tert-butyl allyl carbamate (39.3 mg, 0.25 mmol, 1.0
equiv.), alkyl halide (0.50 mmol, 2.0 equiv.) and the photocatalyst (2.5 umol, 0.01 equiv.) were added
to a vial in the photoreactor then evacuated and backfilled with nitrogen three times. In a separate
Schlenk flask a DMF/H,0 (1:2) solution was sparged for 10 minutes and then added to the reaction
vial (0.6 mL). The reaction was then stirred under 440 nm irradiation at room temperature for 16 h
using photoreactor set-up A. Water (5 mL) and EtOAc (5 mL) were added, and the mixture was
extracted with EtOAc (3 x 5 mL). The organic phases were combined and dried (Na,SO4) then
concentrated in vacuo. Purification by silica column chromatography EtOAc/Pet. Ether afforded the
desired products.

General Procedure D
Based on a procedure reported by Pirtsch et al. tert-butyl allyl carbamate (47.2 mg, 0.30 mmol, 1.0
equiv.), alkyl halide (0.60 mmol, 2.0 equiv.) and the photocatalyst (3.0 umol, 0.01 equiv.) were added
to a vial in the photoreactor then evacuated and backfilled with nitrogen three times. In a separate
Schlenk flask DCE was sparged for 10 minutes and then added to the reaction vial (1.5 mL). The

reaction was then stirred under 440 nm irradiation at room temperature for 16 h using photoreactor
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set-up A. The reaction was then transferred to a round-bottom flask and concentrated in vacuo.
Purification by silica column chromatography EtOAc/Pet. Ether afforded the desired product.

PC (0.7 mol%)
R~ MeCN, Agye = 440 nm= (\R

R
R
R =Ph, 18 16 h R = Ph, 144
= CO,i-Pr, 22 = CO,i-Pr, 145

Ph~pn i-Prozc\/\COZi-Pr

18,E1=2.2¢eV 22, Er=2.7¢eV
General Procedure E

Based on a procedure reported by Lu et al.** the alkene (0.40 mmol) and the photocatalyst (2.8 umol)
were added to a vial in the photoreactor then evacuated and backfilled with nitrogen three times. In
a separate Schlenk flask acetonitrile was sparged for 20 minutes and then added to the reaction vial
(2 mL). The reaction was then stirred under 440nm irradiation at room temperature for 16 h using
photoreactor set-up A. The reaction mixture was then transferred to a round-bottom flask and
concentrated in vacuo. Purification by silica column chromatography EtOAc/Pet. Ether afforded the

desired products.

NiCl,eDME (10 mol%)
r Cs,CO3 (1.5 equiv.) CbzN

B
PC (2.5 mol%), Aexc = 440 nm
D—CO2H DMF, 16 h, rt >
N

Cbz N=
CN /_': \ 7/

23a 14 15 mol% 148
(1.5 equiv.)

General Procedure F
Based on a procedure reported by Luo et al.** 4-bromobenzonitrile (27.3 mg, 0.15 mmol, 1.0 equiv.),
N-Cbz-L-proline (56.1 mg, 0.225 mmol, 1.5 equiv.), Cs,CO5 (73.3 mg, 0.225 mmol, 1.5 equiv.), 2,2’-
bipyridine (3.5 mg, 0.0225 mmol, 0.15 equiv.), NiCl,eDME (3.3 mg, 0.015 mmol, 0.10 equiv.) and the
photocatalyst (3.75 umol, 0.01 equiv.) were all added to a vial in the photoreactor and evacuated then
backfilled with nitrogen three times. In a separate Schlenk flask DMF was sparged for 10 minutes with
nitrogen and then added to the reaction vial (3.5 mL). The reaction was then stirred under 440nm
irradiation at room temperature for 16 h using photoreactor set-up A. Water (5 mL) and EtOAc (5 mL)

151



were added, and the mixture was extracted with EtOAc (3 x 5 mL). The organic phases were combined
and dried (Na;SO,) then concentrated in vacuo. Purification by silica column chromatography

EtOAc/Pet. Ether afforded the desired product.

HSCH,CO,Me (20 mol%)
PC (5 mol%)
E13N >
N N

MeCN/H,0 (5:1) N

Boc hexe = 440 nm, 1t, 3 h
150 (3.0 equiv.) 152

General Procedure G

Based on a procedure reported by Constantin et al.!*® 4-iodo-N-boc-piperidine (46.7 mg, 0.15 mmol,
1.0 equiv.) and the photocatalyst (7.50 umol, 0.05 equiv.) were added to a vial in the photoreactor
and evacuated then backfilled with nitrogen three times. In a separate Schlenk flask a solution of
triethylamine (62.7 ul, 0.45 mmol, 3.0 equiv.), acetonitrile (1.25 mL) and water (0.25 mL) was degassed
via three freeze-pump-thaw cycles then transferred to the vial in the photoreactor. In a separate vial
methyl thioglycolate (2.7 ul, 30 umol. 0.2 equiv.) was sparged with nitrogen for 5 minutes before being
added to the vial in the photoreactor. The reaction was then stirred under 440nm irradiation at room
temperature for 4 h using photoreactor set-up A. Then 0.5 mL of a stock solution of 1,3,5-
trimethoxybenzene in acetonitrile (0.1 M) was added and the solution stirred for 5 minutes. A sample
was taken and concentrated in vacuo then dissolved in CDCl; to obtain an NMR vyield. A reference
197

sample was prepared for comparison from piperidine using a known literature procedure.

Sample Preparation for Kinetics Experiments:

PC (5 mol%)
2,6-lutidine (20 mol%)

/©/\COZH PhSSPh (1.0 equiv.) . /©/Me
MeO DCE, Aexc = 440 nm, rt MeO

155 156

Based on a procedure reported by Cassani et al.®° 4-methoxyphenylacetic acid (74.8 mg, 0.45 mmol,
1.0 equiv.), the photocatalyst (22.5 umol, 0.05 equiv.), diphenyl disulfide (98.2 mg, 0.45 mmol, 1.0
equiv.) and biphenyl (17.3 mg, 0.11 mmol, 0.25 equiv.) were added to a Schlenk flask and evacuated

then backfilled with nitrogen three times. Then 2,6-lutidine (10.4 ul, 90 umol, 0.2 equiv.) and DCE (9.0
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mL) were added, and the reaction mixture was sparged with nitrogen for 10 minutes. The reaction
mixture was stirred until homogeneous then 4 mL portions were added to two separate vials in the
photoreactor. The reactions were then stirred under 440 nm irradiation at room temperature using
photoreactor set-up A, with samples taken regularly for GCMS analysis.

PC (1 mol%)
DIPEA (5.0 equiv.)

B(OH), OH
©/ CD3CN/D,0O (4:1) ©/
Aexc = 427 nm

157 rt, air 158

Based on a procedure reported by Pitre et al.}** phenylboronic acid (73.2 mg, 0.60 mmol, 1.0 equiv.),
photocatalyst (6 umol, 0.01 equiv.), DIPEA (0.52 mL, 3.0 mmol, 5.0 equiv.), CDsCN (8.0 mL) and D,0
(2.0 mL) were added to a schlenk a flask open to air and stirred under 427 nm irradiation at room
temperature using photoreactor set-up B with samples taken regularly for *H NMR analysis.

PC (1 mol%)

CD,CI
i BociNT~F 272 5 BocHN” Y CuFe
- |
136a 138 hexc = ;55 nm 141
(2.0 equiv.)

tert-Butyl allyl carbamate (70.1 mg, 0.45 mmol, 1.0 equiv.), 1,4-bis(trimethylsilyl)benzene (25.0 mg,
0.113 mmol, 0.25 equiv.) and the photocatalyst (4.5 umol, 0.01 equiv.) were added to a vial and sealed
with a septum then evacuated and backfilled with nitrogen three times. Then nonafluoro-1-
iodobutane (0.15 mL, 0.90 mmol, 2.0 equiv.) was added. In a separate Schlenk flask CD,Cl, was sparged
for 15 minutes with DCM saturated nitrogen and then added to the vial (2.25 mL). The solution was
stirred until complete dissolution then 0.45 mL transferred into an NMR tube. The coaxial insert is
then quickly inserted, secured with parafilm and both wrapped in aluminium foil to block ambient
light. The optical fibre is then inserted into the coaxial insert and secured in place with parafilm. Finally,

the NMR loop and light source are turned on simultaneously.
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Photodecomposition Study:

PC (2 mol%)

KoHPO,4 (1.1 equiv.
Q—CO2H 2 4 a ; Decomposition
Cbz MeCN, Lexc = 440 nm
rt, 45 min

Following general procedure A with compound 23a but in the absence of diethyl maleate and before
and after 45 minutes of irradiation an asborbance measurement is taken.

Aqueous Photocatalysis:
169 (1 mol%)
xCOH KOH (5.0 equiv.) ©/\
O/\/ haxc = 440 nm COH
H,0, rt, 16 h (2):(B)
24:76 (+ 2)

Based on a procedure reported by Bertrams et al.*! cinnamic acid (14.8 mg, 0.10 mmol, 1.0 equiv.)
and 169 (1.02 mg, 1.0 pmol, 1 mol%) were added to a vial in the photoreactor then evacuated and
backfilled with nitrogen three times. In a separate schlenk flask a potassium hydroxide solution (0.1
M, 5 mL) was sparged with nitrogen for 15 minutes then added to the vial. Then, the reaction miture
was stirred at room temperature under 440 nm irradiation for 16 h. The reaction mixture was then

concentrated in vacuo and *H NMR analysis was used to determine the (2):(E) ratio.

169 (1 mol%)
NaHAsc (1.33 equiv.) Me_ OH O

(6]
Me >
KoHPO,4 (1.0 equiv.) HO Me

KH,PO4 (1.0 equiv.)
hexc = 440 nm, D,O, 1t, 16 h ’17}5

Based on a procedure reported by Bertrams et al.}*! acetophenone (8.8 ul, 75 umol, 1.0 equiv.),
NaHAsc (19.8 mg, 0.10 mmol, 1.33 equiv.), 169 (0.8 mg, 0.75 umol, 1 mol%), KzHPO,4 (13.1 mg, 75.0
pmol, 1.0 equiv.), KH,PO4 (10.2 mg, 75.0 umol, 1.0 equiv.) and D,0 (5 mL) were added to a vial and
sparged with nitrogen for 15 minutes. The reaction mixture was then stirred under 456 nm irradiation
at room temperature using photoreactor set-up B for 16 h. Then an aliquot was taken for *H NMR

analysis.
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[Ru(bpy)sIClz (2.5 mol%) "X A

| N herc =440 M P | 7
NZ i, H,0, 72 h
® S} , H20,
4 Cl ®N2®BF4 F F
178 177 With [Ru(bpy)=ICly: 1:1.7 (p:0), 52%
(5.0 equiv.) Without [Ru(bpy)g]CIZ 1:1.7 (pZO), 41%

Based on a procedure reported by Xue et al.**® 177 (63.0 mg, 0.30 mmol, 1.0 equiv.), 178 (173 mg,
0.15 mmol, 5.0 equiv.) and [Ru(bpy)s]Cl.#6H,0 (5.6 mg, 7.5 umol, 2.5 mol%) were added to a vial in
the photoreactor then evacuated and backfilled with nitrogen three times. In a separate schlenk flask,
water was sparged with nitrogen for 15 minutes then added to the vial (1.0 mL). The reaction mixture
was then stirred under 440 nm irradiation at room temperature for 72 h using photoreactor set-up A.
Then the reaction was diluted with 5% ageous sodium hydrogen carbonate (10 mL) and extracted with
CH.Cl; (3 x 10 mL). The organic layers were combined, washed with a saturated brine solution, dried
(NayS04) and concentrated in vacuo. °F NMR analysis of the crude material with the addition of 1,3,5-

trifluorobenzene (10.3 ul, 0.1 mmol, 0.33 equiv.) as an internal standard allowed for NMR yields to be

collected.
Me 169 (10 mol%) (0]
Aaye = 440 nm, air
©)\C02H exc » ©)\Me
rt, D,O, 24 h
179
6% (1)

Based on a procedure reported by Xu et al.}*” 169 (6.1 mg, 6.0 umol, 10 mol%) and D,0 (2.0 mL) were
added to a vial. Separately 2-phenylpropanoic acid (9.0 mg, 60 umol, 1.0 equiv.) was dissolved in
MeCN (50 pL) and then added to the vial. Then the reaction mixture was stirred open to air under 440
nm irradiation for 24 h using photoreactor set-up A. Then sodium acetate (4.9 mg, 60 umol, 1.0 equiv.)

was added as an internal standard to allow for NMR yields to be collected.

155



diethyl 2-(1-((benzyloxy)carbonyl)pyrrolidin-2-yl)succinate (121a):

NCbz

CO,Et
CO,Et

Synthesised using general procedure A.

Oil. Rg: 0.2 (20% EtOAc/Pet. Ether). 'H NMR (500 MHz, CDCls) & (ppm): 1.21 — 1.31 (6H, m, OCH,CHs),
1.75—2.00 (4H, m, C(2)H. + C(3)H2), 2.26 — 2.55 (1H, m, C(6)H*HB), 2.69 — 2.86 (1H, m, C(6)H"H?), 3.21
—3.36 (1H, m, C(5)H), 3.47 — 3.75 (2H, m, NC(1)H.), 4.06 — 4.20 (4H, OCH,CHs), 4.31 — 4.36 (1H, m,
NC(4)H), 5.07 — 5.27 (2H, OCH-Ph), 7.30 — 7.45 (5H, m, PhH).

GCMS C11H2004 [M]* found 377.3, theoretical 377.2, retention time = 10.5 min.

Data matches that previously reported.*

diethyl 2-isopropylsuccinate (121b):

Me Me

KVLCOZEt

CO,Et

Synthesised using general procedure A.

Oil. Rg: 0.15 (10% EtOAc/Pet. Ether). Infra-red (v max, cm™): 2964 (C-H), 1732 (C=0). 'H NMR (500
MHz, CDCls) & (ppm): 0.92 (3H, d, J = 6.9 Hz, (CH;)*CH(CH3)®), 0.94 (3H, d, J = 6.9 Hz, (CH3)"CH(CH,)®),
1.25 (6H, dt, J = 7.7 Hz, 7.1 Hz, OCH,CHs), 1.99 (1H, m, (CH3)*CH(CHs)®?), 2.35 — 2.45 (1H, m, CH*CH®),
2.66 —2.77 (2H, m, CHACH® + CH,CH), 4.09 — 4.18 (4H, m, OCH,CHs). 3C{*H} NMR (126 MHz, CDCl;) &
(ppm): 14.1 (OCH,CHs), 14.2 (OCH,CHs), 19.6 (CH(CH3),, 20.0 (CH(CHs)2, 30.1 (CH(CH3)2), 33.2 (C(3)CH>),
47.5 (C(2)CH), 60.3 (OCH,CHs), 60.5 (OCH,CHs), 172.5 (COOEt), 174.3 (COOE).

HRMS (El) C11H2004 [M]* found 216.1361, theoretical 216.1356 (+2.3 ppm).
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diethyl 2-ethylsuccinate (121c):
Me

CO,Et
CO,Et

Synthesised using general procedure A.

Mixture with diethyl succinate and diethyl maleate. Rs: 0.10 (10% EtOAc/Pet. Ether). 'H NMR (500
MHz, CDCls) & (ppm): 0.92 (3H, t, J = 7.5 Hz, CH,CHs), 1.25 (6H, m, OCH,CHs) 1.53 — 1.71 (2H, m,
CH,CHs), 2.41 (1H, dd, J = 15.9 Hz, 4.6 Hz, CHACH®), 2.66 — 2.81 (2H, m, CHACH® + CH,CH), 4.09 — 4.17
(4H, m, OCH,CHjs).

GCMS C11H»004 [M+H]* found 203.2, theoretical 203.1, retention time = 4.5 min.

Data matches that previously reported.'*®

tert-butyl (4,4,5,5,6,6,7,7,7-nonafluoro-2-iodoheptyl)carbamate (136a):

F F
CF3
BocHN F

Synthesised using general procedure D.

Brown solid. Mp 67-69 °C {Lit.?®° 68-70 °C} Ry: 0.60 (40% EtOAc/Pet. Ether). *H NMR (400 MHz, CDCl;)
& (ppm): 1.46 (9H, s, OC(CHs)s), 2.69 — 2.95 (2H, m, CF,CH-), 3.41 — 3.52 (1H, m, NHCH"CH®), 3.54 —
3.66 (1H, m, NHCHACH®), 4.31 — 4.43 (1H, m, CH,CIHCH,), 4.96 (1H, s, NH). *°F NMR (376 MHz, CDCls)
6 (ppm): -125.81 —- 125.95 (2F, m), -124.57 (2F g, J = 9.4 Hz), -113.32 (1F, t, J = 13.5 Hz), - 113.75 (1F,
t,J=13.5 Hz), -81.03 —-80.93 (3F, m).

Data matches that previously reported.!°
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tert-butyl (2-bromo-5-oxo0-5-phenylpentyl)carbamate (136b):

O

BocHN/Y\)J\Ph

Br
Synthesised using general procedure C.
Colourless Solid. Mp 112-114 °C Ry: 0.40 (40% EtOAc/Pet. Ether). 'H NMR (400 MHz, CDCl;) 6 (ppm):
1.45 (9H, s, OC(CHs)s), 2.11 — 2.29 (1H, m, C(O)CH*HB), 2.31 — 2.42 (1H, m, C(O)CH*H®) 3.10 — 3.36 (2H,
m, C(O)CH,CH,), 3.44 — 3.57 (1H, m, NHCH"H®), 3.58 — 3.69 (1H, m, NHCH”H®), 4.17-4.36 (1H, m,
NHCH,CHBr), 5.03 (1H, s, NH), 7.48 (2H, td, J 7.6, 1.4, m-PhH), 7.55 — 7.61 (1H, m, p-PhH), 7.96 — 8.00
(2H, m, o-PhH).
Data matches that previously reported.!*?

diethyl 2-(2-bromo-3-((tert-butoxycarbonyl)amino)propyl)malonate (136c):

B 1_CO,Et
BocHN 2

Br CO.Et

Synthesised using general procedure C.

Yellow oil. Rf: 0.40 (20% EtOAc/Pet. Ether). *H NMR (400 MHz, CDCl:) & (ppm): 1.27 (6H, app. td,
OCH,CHs, J = 7.1 Hz, 2.3 Hz), 1.44 (9H, C(CHs)3 s), 2.27 (1H, ddd, C(2)H*H®, J = 14.9 Hz, 10.1 Hz, 5.1 Hz),
2.47 (1H, ddd, C(2)H*H® J = 14.9 Hz, 9.5 Hz, 3.7 Hz), 3.42 — 3.60 (2H, C(1)H + C(4)H*H® m), 3.74 (1H,
dd, C(4)H*H®, J=9.5 Hz, 5.0 Hz), 4.12 (1H, q, C(3)H, J = 7.1 Hz), 4.17 — 4.27 (4H, OCH,CHs, m), 4.97 (1H,
NH, br s). 3C{*H} NMR (126 MHz, CDCl;) & (ppm): 14.0 (OCH,CHs), 14.1 (OCH,CHs), 28.3 (CCHs), 34.6
(C(2)CHz), 47.1 (C(3)CHBTr), 50.2 (C(1)CH), 53.3 (C(4)CH2), 61.76 (OCH.) , 61.83 (OCH>), 79.9 (OC(CHs)3),
155.6 (C(O)NH), 168.5 (COOEt), 168.9 (COOEt).

Data matches that previously reported.*°
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(2)-Stilbene (144):

(\Ph
Ph

Synthesised using general procedure E.

Colourless oil. Rf: 0.3 (Hexane). 'H NMR (400 MHz, CDCl3) 6 (ppm): 6.61 (2H, s, HC=CH), 7.16 — 7.29
(10H, m, ArH).

GCMS Cy1H004 [M]* found 180.2, theoretical 180.1, retention time = 5.7 min.

Data matches that previously reported.*

Diisopropyl Fumarate (145):

(\COgPr
COQiPr

Synthesised using general procedure E.

Colourless oil. Rf: 0.2 (20% EtOAc/Pet. Ether). 'H NMR (400 MHz, CDCl3) 6 (ppm): 1.29 (12H, d,
CH(CHs),, J =6.3 Hz), 5.12 (2H, p, CH(CHs). J = 6.3 Hz), 6.18 (2H, s, HC=CH).

GCMS C11H»004 [M+H]* found 201.2, theoretical 200.1, retention time = 4.4 min.

Data matches that previously reported.?!

benzyl 2-(4-cyanophenyl)pyrrolidine-1-carboxylate (148):

5 4

1CbzN 3

CN
Synthesised using general procedure F.
Yellow oil. Rf: 0.2 (30% EtOAc/Pet. Ether). *H NMR (400 MHz, CDCl3) & (ppm): 1.78 — 1.87 (1H, m,
C(4)HAH®), 1.87 — 1.98 (2H, m, C(3)H H® + C(4)H"H®), 2.30 — 2.47 (1H, m, C(3)HAH®), 3.60 — 3.76 (2H, m,
C(5)H:), 4.81 — 4.95 (1H, m, C(2)H), 4.95 — 5.21 (2H, m, CO,CH-), 6.89 (1H, d, J = 7.2 Hz, ArH), 7.15 -
7.25 (3H, m, ArH), 7.27 — 7.40 (3H, m, ArH), 7.51 — 7.63 (2H, m, ArH).
GCMS C11H2004 [M]* found 306.3, theoretical 306.1, retention time = 10.7 min.

Data matches that previously reported.1
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tert-butyl piperidine-1-carboxylate (152):

®

Boc
Synthesised using general procedure G.
Colourless oil. Rf: 0.2 (10% EtOAc/Pet. Ether) *H NMR (400 MHz, CDCls) 6 (ppm): 1.45 (9H, s. (CHs)s),
1.47 = 1.59 (6H, m, CH2CH,CH,CH>CH5), 3.31 - 3.41 (4 H, m, CH:NCH,).
GCMS Cy1H004 [M]* found 185.2, theoretical 185.1, retention time = 4.4 min.

Data matches that previously reported.®’
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Dimethyl 2,2'-(phenylazanediyl)dibenzoate (12):

MeO___O | Oy OMe

Based on a procedure reported by Hall et al.%” aniline (2.28 mL, 25.0 mmol, 1.0 equiv.), methyl 2-
iodobenzoate (11.0 mL, 75.0 mmol, 3.0 equiv.), copper powder (477 mg, 7.5 mmol, 0.3 equiv.), copper
(1) iodide (333 mg, 1.75 mmol, 0.07 equiv.), K,CO5 (10.4 g, 75.0 mmol, 3.0 equiv.) and anhydrous di-n-
butyl ether (25 mL) were added to a 3-neck flask under nitrogen. The reaction mixture was heated to
reflux and stirred for 3 days. After cooling to room temperature, the reaction mixture was filtered
through a pad of celite and washed through with CH,Cl,. The filtrate was then washed with water (3
x 50 mL). The organic layer was then dried (Na,SO4) and concentrated in vacuo. Purification by silica
column chromatography (5% NEts, 15% EtOAc, 80% Hexane) afforded the desired product as a
colourless solid (5.9 g, 65%).

Mp 139-141 °C {Lit.>” 143-145 °C}. Re: 0.1 (20% EtOAc/Hexane). '"H NMR (400 MHz, CDCls) & (ppm):
3.41 (6H, s, OCHs), 6.76 — 6.82 (2H, m, ArH), 6.88 (1H, t, J = 7.3 Hz, ArH), 7.18 (6H, dddd, J = 16.0 Hz,
8.6 Hz, 7.7 Hz, 1.5 Hz, ArH), 7.44 (2H, ddd, J = 8.3 Hz, 7.3 Hz, 1.7 Hz, ArH), 7.68 (2H, dd, J = 7.7 Hz, 1.7
Hz, ArH).

Data matches that previously reported.?”
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Based on a procedure reported by Hall et a/.3” 12 (1.80 g, 3.7 mmol, 1.0 equiv.), sodium hydroxide (739
mg, 18.5 mmol, 5.0 equiv.), EtOH (7.5 mL) and Water (7.5 mL) were added to a round bottom flask.
The reaction mixture was then heated to reflux and stirred for 4 h. After cooling to room temperature
the pH was adjusted to 1 by addition of dilute hydrochloric acid. The diacid precipitated from the
solution and was collected through vacuum filtration then washed thoroughly with water and dried
under vacuum. This solid was then suspended in CH,Cl; (45 mL) under a nitrogen atmosphere. To the
reaction mixture were added thionyl chloride (0.54 mL, 7.4 mmol, 2.0 equiv.) and DMF (several drops).
The reaction mixture was then heated to reflux and stirred for 3 h. After the reaction cooled to room
temperature, under a positive flow of nitrogen, aluminium chloride (4.93 g, 37 mmol, 10.0 equiv.) was
added portionwise. The reaction mixture was then heated to reflux and stirred for 16 h. After the
reaction mixture cooled to room temperature the reaction was quenched by dropwise addition of
water with vigorous stirring. The resulting mixture was extracted with CH,Cl, (3 x 50 mL). The organic
fractions were combined and then concentrated in vacuo. The resulting yellow solid was then washed
with MeOH and hexane to afford the desired product as a yellow solid (512 mg, 62%).

Mp 260-262 °C {Lit.*” 257-260 °C}. R¢: 0.5 (50% EtOAc/Hexane). '"H NMR (500 MHz, CDCls) & (ppm):
7.50 (2H, t, J=7.5 Hz, ArH), 7.65 (1H, t, J = 7.6 Hz, ArH), 7.70 (2H, t, J = 7.9 Hz), 8.14 (2H, d, J = 8.5 Hz),
8.50 (2H, d, J = 7.8 Hz), 8.75 (2H, d, J = 8.0 Hz).

Data matches that previously reported.®”
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Dimethyl 2,2'-((4-iodophenyl)azanediyl)dibenzoate (165):

MeO___O | Oy OMe

Based on a procedure reported by Sun et a/.3112 (2.0 g, 5.5 mmol, 1.0 equiv.) and MeCN (35 mL) were
added to a round-bottom flask and stirred until mostly dissolved. Then N-iodosuccinimide (1.5g, 6.6
mmol, 1.2 equiv.) dissolved in MeCN (15 mL) was added dropwise. The reaction was stirred at room
temperature for 16 h then quenched with 0.1 M sodium hydroxide (10 mL) and extracted with CH,Cl,
(30 mL). The organic layer was separated and washed with water (3 x 30 mL) then dried (MgS0,) and
concentrated in vacuo. Purification by silica column chromatography (10% EtOAc/Hexane) afforded
the desired product as a colourless solid (2.3 g, 84%).

Mp 133-134 °C {Lit.3* 130-131 °C}. Rs: 0.1 (20% EtOAc/Hexane). 'H NMR (400 MHz, CDCl3) & (ppm):
3.45 (6H, s, OCHs), 6.46 — 6.52 (2H, m, ArH), 7.16 — 7.23 (4H, m, ArH), 7.37 — 7.46 (4H, m, ArH), 7.69
(2H, dd, J = 8.2 Hz, 1.7 Hz, ArH).

Data matches that previously reported.®!
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3-lodoquinolino[3,2,1-de]acridine-5,9-dione (162):

Based on a procedure reported by Sun et al.3! 165 (1.80 g, 3.7 mmol, 1.0 equiv.), sodium hydroxide
(739 mg, 18.5 mmol, 5.0 equiv.), EtOH (7.5 mL) and Water (7.5 mL) were added to a round bottom
flask. The reaction mixture was then heated to reflux and stirred for 16 h. After cooling to room
temperature the pH was adjusted to 1 by addition of dilute hydrochloric acid. The diacid precipitated
from the solution and was collected through vacuum filtration then washed thoroughly with water
and dried under vacuum. This solid was then suspended in CH,Cl, (45 mL) under a nitrogen
atmosphere. To the reaction mixture were added oxalyl chloride (0.54 mL, 7.4 mmol, 2.0 equiv.) and
DMF (several drops). The reaction mixture was then heated to reflux and stirred for 3 h. After the
reaction cooled to room temperature, under a positive flow of nitrogen, aluminium chloride (4.93 g,
37 mmol, 10.0 equiv.) was added portionwise. The reaction mixture was then heated to reflux and
stirred for 4 h. After the reaction mixture cooled to room temperature the reaction was quenched by
dropwise addition of water with vigorous stirring. The resulting mixture was extracted with CHCl, (3
x 50 mL). The organic fractions were combined, dried (Na,SO4) and then concentrated in vacuo. The
resulting yellow-brown solid was then washed with hexane and purified further using silica column
chromatography (50% EtOAc/Hexane).

Mp 280 °C (decomp.) {Lit.13? 284-285 °C}. Rs: 0.50 (50% EtOAc/Hexane). *H NMR (400 MHz, CDCls) &
(ppm): 7.47 —7.56 (1H, m, ArH), 7.63 —7.75 (2H, m, ArH), 7.88 —7.99 (2H, m, ArH), 8.03 —8.09 (1H, m,
ArH), 8.49 (1H, dd, J = 8.0 Hz, 1.7Hz, ArH), 8.74 (2H, ddd, J = 8.2 Hz, 7.6 Hz, 1.7 Hz), 8.80 (1H, d, /= 2.1
Hz, ArH).

Data matches that previously reported.®!
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4-Boronobenzoic acid (166):

COLH

B(OH),
Based on a procedure reported by Dong et al.*? 4-(methylphenyl)boronic acid (6.80 g, 50.0 mmol, 1.0
equiv.) and 1 M sodium hydroxide (150 mL) were added to a mixture of KMnO, (23.8 g, 150.0 mmol,
3.0 equiv.) and tetrabutyl ammonium bromide (1.0 g, 4 mmol, 0.06 equiv.) in water (500 mL). The
reaction mixture was stirred at room temperature for 24 h. Then EtOH (100 mL) was added, and the
reaction mixture was stirred for 1 h. The reaction mixture was then filtered, and the pH of the filtrate
adjusted to 1 using concentrated hydrochloric acid. The resulting precipitate was collected through
vacuum filtration and dried under vacuum to afford the desired product as a colourless solid (6.1 g,
73%).
Mp 216-218 °C {Lit.?*> 219-220 °C}. *H NMR (400 MHz, DMSO-ds) 6 (ppm): 7.85 — 7.91 (4H, m, ArH),
8.27 (2H, s, B(OH)3), 12.93 (1H, s, CO,H).
Data matches that previously reported.?%2

(4-(Methoxycarbonyl)phenyl)boronic acid (164):

CO,Me

B(OH),

Based on a procedure reported by Kiihl et a/.*3 thionyl chloride (2.0 mL, 27.0 mmol, 3.0 equiv.) was
added dropwise to a solution of 166 (1.5 g, 9.0 mmol, 1.0 equiv.) in dry MeOH (40 mL) at 0 °C. The
reaction mixture was then heated to 50 °C and stirred for 5 h. After the reaction mixture cooled to
room temperature it was concentrated in vacuo and purified through recrystallization (MeOH) to
afford the desired compound as a colourless solid (1.5 g, 92%).

Mp 234-237 °C{Lit.2*® 232-233 °C}. 'H NMR (400 MHz, DMSO- ds) & (ppm): 3.85 (3H, s, CO,CHs), 7.88
—7.93 (4H, m, ArH).

Data matches that previously reported.?®
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Methyl 4-(5,9-dioxo-5,9-dihydroquinolino[3,2,1-de]acridin-3-yl)benzoate (168):

162 (42.3 mg, 0.10 mmol, 1.0 equiv.), 164 (36.0 mg, 0.20 mmol, 2.0 equiv.) and Pd(PPhs), (5.8 mg, 5
pmol, 0.05 equiv.) were added to a Schlenk flask and evacuated then back filled with nitrogen three
times. Then Na,COs (2 M, 0.15 mL) and DMF (2.5 mL) were added. The reaction mixture was then
heated to 120 °C and stirred for 48 h. After the reaction mixture cooled to room temperature it was
diluted with CH,Cl, (20 mL) and washed with water (20 mL). The aqueous layers were then extracted
with CH,Cl; (3 x 15 mL). The organic layers were combined and dried (Na;SO4) then concentrated in
vacuo. The resulting yellow solid was washed with EtOAc to afford the desired product as a yellow
solid (32 mg, 74%).

Mp 298-299 °C. *H NMR (500 MHz, CD.Cl,) & (ppm): 3.94 (3H, s, CO.CHs), 7.53 (1 H, ddd, J = 8.0 Hz,
7.1Hz, 0.9 Hz), 7.67 (1H, t, J = 7.6 Hz, ArH), 7.76 (1H, ddd, J = 8.7 Hz, 7.1 Hz, 1.7 Hz, ArH), 7.84 - 7.88
(2H, m, ArH), 8.01 (1H, dd, J = 8.8 Hz, 2.4 Hz, ArH), 8.13 — 8.20 (3H, m, ArH), 8.25 (1H, d, J = 8.8 Hz,
ArH), 8.46 (1H, dd, J = 7.9 Hz, 1.7 Hz, ArH), 8.69 — 8.75 (3H, m, ArH). 3C{*H} NMR (126 MHz, CD,Cl,) &
(ppm): 52.1 (CO,CHs), 120.4 (ArC), 121.2 (ArC), 123.5 (Ar(), 123.6 (ArC), 123.7 (ArC), 125.3 (ArC), 125.6
(ArC), 126.5, 126.7 (ArC), 126.9 (ArC), 127.5 (ArC), 129.7 (ArC), 130.2 (ArC), 131.3 (ArC), 132.0 (ArC),
132.6 (ArC), 132.7 (ArC), 132.9 (ArC), 136.5 (ArC), 139.5 (ArC), 139.8 (Ar(), 143.2 (ArC), 178.3 (C=0).

HRMS (ESI) C2sH1sNO4 [M+H]* found 432.1214, theoretical 432.1236 (-5.1 ppm).
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4-(5,9-Dioxo-5,9-dihydroquinolino[3,2,1-de]acridin-3-yl)benzoic acid (161):

168 (0.75 g, 1.74 mmol, 1.0 equiv.) and potassium hydroxide (5.0 g, 90 mmol, excess) were suspended
in THF/MeOH (1:1, 180 mL). The reaction mixture was heated to reflux and stirred for 2 h. After the
reaction cooled to room temperature the pH was adjusted to 1 using dilute hydrochloric acid. The
resulting orange precipitate was collected through gravity filtration on filter paper then dried in air
overnight to afford the desired compound as an orange solid (0.68 g, 94%).

Mp 340 °C (decomp.). *H NMR (500 MHz, CD30D) & (ppm): 7.58 (1H, ddd, J = 7.9 Hz, 7.1, 0.9, ArH),
7.74 (1H,t,J = 7.6 Hz, ArH), 7.79 — 7.82 (2H, m, ArH), 7.84 (1H, ddd, J = 8.7 Hz, 7.1 Hz, 1.7 Hz, ArH),
8.09 — 8.13 (2H, m, ArH), 8.15 (1H, dd, J = 8.9 Hz, 2.4 Hz, ArH), 8.32 (2H, dd, J = 10.2 Hz, 8.7 Hz, ArH),
8.45(1H,dd,J=8.0Hz, 1.6 Hz, ArH), 8.70 (1H, d, J = 2.3 Hz, ArH), 8.74 (2H, ddd, J = 8.7 Hz, 7.6 Hz, 1.7
Hz, ArH).*C{*H} NMR (126 MHz, CD;0D) & (ppm): 120.7 (ArC), 121.3 (ArC), 123.5 (ArC), 124.4 (ArC),
125.2 (ArC), 125.9 (ArC), 126.9 (ArC), 129.8 (ArC), 131.5 (ArC), 132.5 (ArC), 132.6 (Ar(), 133.1 (ArC). A
limited number of resonances were observed in the 3C NMR due to the poor solubility of this
compound.

HRMS (ESI) C2;H1sNOsNa [M+Na]* found 440.0893, theoretical 440.0899 (-1.4 ppm).
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4-(5,9-Dioxo0-5,9-dihydroquinolino[3,2,1-de]acridin-3-yl)-N-hexylbenzamide (167):

161 (41.7 mg, 0.10 mmol, 1.0 equiv.), HOBt (30.6 mg, 0.20 mmol, 2.0 equiv.), hexan-1-amine (29.1 pl,
0.22 mmol, 2.2 equiv.) and DMF (5.0 mL) were all added to a round bottom flask and cooled to 0 °C.
Then EDCI (39.3 mg, 0.21 mmol, 2.1 equiv.) was added portionwise and the reaction mixture was
stirred for 1 h. The reaction mixture was then allowed to warm to room temperature and stirred for
16 h. The resulting yellow precipitate was collected using vacuum filtration and washed with water
and EtOAc to afford the desired product as a yellow solid (46.0 mg, 92%).

Mp 207-209 °C. *H NMR (500 MHz, CD.Cl,) 6 (ppm): 0.89 —0.93 (3H, m, CHs), 1.35 (4H, dp, J = 7.3 Hz,
3.2 Hz, CH,CH,CH3s), 1.39 — 1.45 (2H, m, HNCH,CH,CH-), 1.61 — 1.68 (2H, m, HNCH,CH-), 3.43 — 3.48
(2H, m, HNCH,), 6.32 (1H, t,J = 5.7 Hz, HN), 7.51 (1H, ddd, J = 8.0 Hz, 7.1 Hz, 0.9 Hz), 7.65 (1H, t, /= 7.6
Hz), 7.74 (1H, ddd, J = 8.7 Hz, 7.1 Hz, 1.7 Hz), 7.80 — 7.84 (2H, m), 7.85 —7.90 (2H, m), 7.97 (1H, dd, J =
8.8 Hz, 2.4 Hz), 8.16 (1H, d, J=8.5Hz),8.21 (1 H, d, 8.8),8.44 (1 H, dd, /7.9, 1.7),8.67 —8.71 (3 H,
m).23C{*H} NMR (126 MHz, CD,Cl;) & (ppm): 13.8 (CHs), 22.6 (CH,CHs), 26.7 (CH,CH,CHs), 29.7
(CH,CH,CH,CH3), 31.6 (HNCH,CH>), 40.1 (HNCH,), 120.4 (ArC), 121.1 (ArC), 123.4 (ArC), 123.5 (ArC),
123.6 (ArC), 125.3 (ArC), 126.4 (ArC), 126.6 (ArC), 126.9 (ArC), 127.5 (ArC), 127.6 (ArC), 131.2 (ArC),
132.6 (ArC), 132.7 (ArC), 132.8 (ArC), 134.4 (ArC), 136.5 (ArC), 139.2 (ArC), 139.3 (ArC), 139.7 (ArC),
141.5 (ArC), 166.6 (CO,NH), 178.3 (C=0).

HRMS (ESI) C2;H1sNOsNa [M+Na]* found 501.2173, theoretical 501.2178 (-1.0 ppm).
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MSN-DiKTa/SBA-DiKTa:

:87Si\/\/N

O

C
e
2

161 (1.0 equiv.) was dissolved in DMF (10 mL per 50 mg of MS-AP). Then DMAP (3.1 equiv.) and EDC

yoddns

(3.4 equiv.) were added, and the mixture was stirred at room temperature for 15 minutes. Finally, the
MS-AP (1.0 equivalent in N) was added, and the reaction was stirred for 24 h. Then, the crude solid
was collected through vacuum filtration and washed with DMF three times, EtOAc three times and
Et,O three times. The resulting material was dried under vacuum for 24 h to afford the desired
products.

MSN-DiKTa: 0.295 mmol DiKTa/g of material.

SBA-DiKTa: 0.307 mmol DiKTa/g of material.
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dimethyl 6,6'-((4-bromophenyl)azanediyl)bis(3-bromobenzoate) (172):

Br

MeO __O [ Oy OMe

Br Br

Based on a procedure reported by Hall et a/.3” 12 (3.0 g, 8.3 mmol, 1.0 equiv.) and CH,Cl, (75 mL) were
added to a round bottom flask and cooled to 0 °C. Bromine (1.3 mL, 25.0 mmol, 3.0 equiv.) was added
dropwise and the reaction was stirred at 0 °C for 1 h. Then a 10% sodium hydroxide solution (50 mL)
was added. The organic layer was separated, washed with water (3 x 50), dried (Na,SO4) and
concentrated in vacuo. Purification by hexane trituration afforded the desired product as a pale yellow
solid (4.1 g, 82%).

Mp 132-133 °C {Lit.*” 134-136 °C}. Rs: 0.4 (10% EtOAc/Hexane) 'H NMR (400 MHz, CDCls) 6 (ppm):
3.46 (6H, s, CO,CHs), 6.57 — 6.62 (2H, m, ArH), 7.05 (2H, d, J = 8.6 Hz, ArH), 7.22 —7.25 (2H, m, ArH),
7.53 (2H, dd, J = 8.6 Hz, 2.5 Hz, ArH), 7.81 (2H, d, J = 2.4 Hz, ArH).

Data matches that previously reported.?”
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BrsDiKTa:

Based on a procedure reported by Hall et al.3” 172 (1.80 g, 3.7 mmol, 1.0 equiv.), sodium hydroxide
(739 mg, 18.5 mmol, 5.0 equiv.), EtOH (7.5 mL) and Water (7.5 mL) were added to a round bottom
flask. The reaction mixture was then heated to reflux and stirred for 16 h. After cooling to room
temperature the pH was adjusted to 1 by addition of dilute hydrochloric acid. The diacid precipitated
from the solution and was collected through vacuum filtration then washed thoroughly with water
and dried under vacuum. This solid was then suspended in CH,Cl, (45 mL) under a nitrogen
atmosphere. To the reaction mixture were added oxalyl chloride (0.54 mL, 7.4 mmol, 2.0 equiv.) and
DMF (several drops). The reaction mixture was then heated to reflux and stirred for 3 h. After the
reaction cooled to room temperature, under a positive flow of nitrogen, aluminium chloride (4.93 g,
37 mmol, 10.0 equiv.) was added portionwise. The reaction mixture was then heated to reflux and
stirred for 4 h. After the reaction mixture cooled to room temperature the reaction was quenched by
dropwise addition of water with vigorous stirring. The resulting mixture was diluted with CHCl, (100
mL), and the organic layer extracted. The remaining aqueous layer was extracted further with CH,Cl,
(3 x 50 mL) to transfer the insoluble yellow product completely into the organic layer. The organic
fractions were combined and then concentrated in vacuo but not to dryness. The resulting suspension
was filtered, and the yellow solid was then washed with methanol and hexane to afford the desired
product as a yellow solid (0.85g, 38%).

Mp 361-364 °C (decomp.) {Lit.?” 364 °C (decomp.)}. *H NMR (500 MHz, CDCl3) & (ppm): 7.83 (2H, dd, J
=9.0 Hz, 2.4 Hz, ArH), 7.97 (1H, d, J=9.0 Hz, ArH), 8.62 (1H, d, J = 2.4 Hz, ArH), 8.83 (1H, s, ArH).

Data matches that previously reported.?”
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MessDiKTa:

Based on a procedure reported by Hall et al.3” Br;DiKTa (0.3 g, 0.56 mmol, 1.0 equiv.), mesitylboronic
acid (0.55 g, 3.4 mmol, 6.0 equiv.), benzene (16 mL) and sodium hydroxide (4.8 mL, 2 m) were added
to a three-necked flask. The reaction mixture was sparged with nitrogen for 20 minutes. Then, under
a positive flow of nitrogen, Pd(PPhs)4 (97.4 mg, 84 umol, 0.15 equiv.) was added and the solution was
heated to reflux and stirred for 16 h. After the reaction had cooled to room temperature it was diluted
with EtOAc (100 mL). The organic layer was washed with water (3 x 50 mL), dried (Na;SO4) and
concentrated in vacuo. Purification by silica column chromatography (10% EtOAc/Hexane) and a
subsequent trituration with MeOH, afforded the desired product as a yellow solid (175 mg, 48%).
Mp 240-243 °C {Lit.>” 249 °C}. Rs: 0.5 (10% EtOAc/Hexane). *H NMR (400 MHz, CDCl;) & (ppm): 2.01 —
2.15 (18H, m, 0-CHs), 2.34 — 2.39 (9H, m, p-CHs), 6.99 (6H, d, J = 5.9 Hz ArH), 7.55 (2H, dd, J = 8.7 Hz,
2.1 Hz, ArH), 8.32 —8.35 (4H, m, ArH), 8.60 (2H, s, ArH).

Data matches that previously reported.*’
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Hexamethyl 5,5',5"-(5,9-dioxo-5,9-dihydroquinolino[3,2,1-de]acridine-3,7,11-triyl)triisophthalate

(173):

CO,Me CO,Me

Based on a procedure reported by Ye et al.1** dimethyl 5-bromoisophthalate (5.0 g, 18.3 mmol, 1.0
equiv.), B2Pin2 (5.6 g, 22.0 mmol, 1.2 equiv.), potassium acetate (5.4 g, 54.9 mmol, 3.0 equiv.) and DMF
(100 mL) were added to a two-neck flask under nitrogen. Pd(dppf)Cl. (536 mg, 0.73 mmol, 0.04 equiv.)
was then added and the reaction mixture was heated to reflux and stirred for 24 h. After the reaction
mixture cooled to room temperature it was quenched with saturated aqueous ammonium chloride
and extracted with CH,Cl, (3 x 100 mL). The organic layers were then combined, dried (Na,SO,4) and
concentrated in vacuo. Purification by silica column chromatography (5% EtOAc/Hexane) afforded the
desired product as a colourless solid, which was then taken onto the next step without further
characterization.

Br3DiKTa (200.0 mg, 0.37 mmol, 1.0 equiv.), 170 (395.7 mg, 1.4 mmol, 3.3 equiv.) and Pd(PPhs)4 (43.3
mg, 37.5 umol, 0.10 equiv.) were added to a Schlenk flask and evacuated then back filled with nitrogen
three times. Then Na,CO; (0.75 M, 5 mL, 10.0 equiv.) and THF (15 mL) were added. The reaction
mixture was then heated to reflux and stirred for 24 h. After the reaction mixture cooled to room
temperature it was diluted with CH.Cl, (20 mL) and washed with water (20 mL). The aqueous layer
was then extracted with CH,Cl, (3 x 15 mL). The organic layers were combined and dried (Na,SO,) then
concentrated in vacuo. The resulting yellow solid was washed with EtOAc to afford the desired product
as a yellow solid (260 mg, 79%).

Mp 385-387 °C (decomp.). *H NMR (400 MHz, CDCl;) & (ppm): 4.03 (18H, s, CO,CHs), 8.07 (2H, dd, J =
8.8 Hz, 2.4 Hz, ArH), 8.32 (2H, d, J = 8.8 Hz, ArH), 8.61 (4H, d, J = 1.6 Hz, ArH), 8.67 (2H, d, J = 1.6 Hz,
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ArH), 8.74 (3H, dt, /= 8.1 Hz, 1.6 Hz, ArH), 8.82 (2H, d, J = 2.3 Hz, ArH), 9.07 (2H, s, ArH); *C NMR data
could not be obtained due to poor solubility of this compound.

HRMS (ESI) C2;H1sNOsNa [M+Na]* found 874.2130, theoretical 874.2136 (-0.7 ppm).
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Sodium 5,5',5"'-(5,9-dioxo-5,9-dihydroquinolino[3,2,1-de]acridine-3,7,11-triyl)triisophthalate (169):

COsNa COsNa

173 (80 mg, 92 umol, 1.0 equiv.), sodium hydroxide (2 mL, 2 M, excess), THF (4 mL) and MeOH (4 mL)
were added to a round bottom flask. The reaction mixture was heated to reflux and stirred for 16 h.
The resulting orange precipitate was collected through vacuum filtration and washed thoroughly with
THF and MeOH to afford the desired product as an orange solid (84 mg, 99%).

Mp 275-280 °C (decomp.). 'H NMR (500 MHz, D-O) & (ppm): 8.12 — 8.50 (15H, m, ArH), 8.66 — 8.72
(1H, m), 9.04 (1H, s (br)); *3C NMR data could not be obtained due to poor solubility of this compound.

HRMS (ESI) C4sH1sNNagO14 [M+H]* found 922.0108, theoretical 922.0087 (+2.3 ppm).
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7.3.1 Cost Comparison of DiKTa and 4CzIPN

4CzIPN:

.H. NaH Fj%;gl THF, it 16h OQ N CNN
O O F CN O O N>>:§CN O

Chemical Equivalents Mass/ g Cost/ £
Carbazole 5 1.67 0.47
NaH 7.5 0.6 0.29
Tetrafluoroisophthalonitrile | 1 0.4 5.44
4CzIPN - 1.5 6.2

Total cost / g = (0.47+0.29+5.44)/1.5 = £4.13

Total cost / mmol = (4.13*788.27)/1000 = £3.26

3250g bottle from Sigma. ®100g bottle from Sigma. °5g bottle from Fluorochem. Prices as of
12/05/2022.

DiKTa:

-

> N
Cu (0.3 equiv.) Cul (0.07 equiv.) ©/
K,CO3 (3 equiv.)

Bu,O, reflux, 3 days 65 %

COzMe
© | MeO,C CO,Me

NaOH (5 equiv.) (i) Oxalyl Chloride (2 equiv.)
MeO,C COMe  H,0:EtOH (1:1) DMF (cat.) CH,Cl,, reflux, 3 h

N _— >
©/ reflux, 4 hours (ii) AICI3 (10 equiv.), relux 4 h

62 %, 3 steps
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First step:

Chemical Equivalents Mass/ g Cost/ £
Aniline 1 2.33 0.08%
Cu (powder) 0.3 0.48 0.07°
cu(l)! 0.07 0.33 0.06°
K,COs (anhydrous) 3 10.4 0.31¢
Bu,O (anhydrous) Solvent 19.3 2.53¢
Methyl 2-iodobenzoate | 3 19.7 3.94f
Diester - 5.9 6.99

Total cost / g = (0.08+0.07+0.06+0.31+2.53+3.94)/5.9=£1.18 / g

Total cost / mmol = (1.18*361.4)/1000 = £0.43 / mmol

3500g bottle from TCI Chemicals. °100g bottle from Alfa Aesar. <100g bottle from Fluorochem. 9500g
bottle from Alfa Aesar. ¢1L bottle from Sigma. ©250g bottle from CarboSynth. Prices as of 12/05/2022.

Second Step:

Chemical Equivalent Mass/ g Cost/ £
Diester 1 1.0 1.18°
NaOH 5 0.55 0.02°
Oxalyl Chloride 2 0.70 0.24¢
Aluminium Chloride 10 3.69 0.18¢
DiKTa - 0.51 1.62

Total cost/g = (1.18+0.02+0.24+0.18)/0.51 = £3.18 / g

Total cost/mmol = (2.31*297.31)/1000 = £0.94 / mmol

3Calculated above. "500g bottle from Alfa Aesar. €100g bottle from TCI Chemicals. 9500g bottle from
TCl Chemicals. Prices as of 12/05/2022.
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7.4 Experimental procedures and characterization for Chapter 4.

Azolium salts 1,204 2,205 3,205 4,205 g 204 g 204 7 206 g 207 9 9208 ysed in this section were prepared in-
house using standard literature methods. Azolium salt 10 was purchased from Sigma Aldrich and used
without further purification.

General Procedure A — optimization

Base
PC (2 mol%)
0O 0 azolium salt (20 mol%), Light source ]
Solvent, rt, 20 h Ph
Ph)LF PR Ph)H(OH > PhM
0 Ph O

To an oven dried vial was added a base, a photocatalyst, phenylglyoxylic acid and an azolium salt. The
vial was then evacuated and backfilled with nitrogen three times. Benzoyl fluoride and styrene were
then added. In a separate oven dried Schlenk flask anhydrous solvent was sparged for 10 minutes and
then added to the reaction vial and the vial was sealed further with parafilm. The reaction was then
stirred under 427 nm irradiation using photoreactor set-up B at room temperature for 20 h. After the
reactions were completed, the products were analysed by 'H NMR spectroscopy with 1,3,5-

trimethoxybenzene as an internal standard.

0 azolium salt 1
)J\ (20 mol%)
Ph” F o] DiKTa (2 mol%) e
204, ph)]\n/OH Cs,CO3 (2.0 equiv.) PhM Fh
N 0 CH,Cl, (0.1 M) R O
Aexe = 427 nm
205 218-226
rt, 20 h

General Procedure B — variation of the alkene.
To an oven dried vial was added Cs,COs (65.2 mg, 0.20 mmol, 2.0 equiv.), DiKTa (0.6 mg, 2 umol, 2.0
mol%), phenylglyoxylic acid (22.5 mg, 0.15 mmol, 1.5 equiv.) and azolium salt 1 (7.4 mg, 0.020 mmol,
20 mol%). The vial was then evacuated and backfilled with nitrogen three times. Benzoyl fluoride (43.5
uL, 0.40 mmol, 4.0 equiv.) and an alkene (0.10 mmol, 1.0 equiv.) were then injected. In a separate dry
Schlenk flask anhydrous CH,Cl, was sparged for 10 minutes and was then added to the reaction vial
(1.0 mL) and the vial was sealed further with parafilm. The reaction was then stirred under 427 nm

irradiation using photoreactor set-up B at room temperature for 20 h. The reaction was then
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evaporated to dryness and THF (4 mL) and NaOH (2 mL, 2 m) were added. The resulting solution was
stirred at 70 °C for 2 h. NaOH (5 mL, 2 M) was added, and the resulting mixture was extracted with
CHCl; (3 x 5 mL). The organic phases were combined and dried (MgS04) then concentrated in vacuo.
Purification by silica chromatography EtOAc/Hexane afforded the desired products.
General Procedure C— variation of the alkene without hydrolysis step.

To an oven dried vial was added Cs,COs (65.2 mg, 0.20 mmol, 2.0 equiv.), DiKTa (0.6 mg, 2 umol, 2.0
mol%), phenylglyoxylic acid (22.5 mg, 0.15 mmol, 1.5 equiv.) and azolium salt 1 (7.4 mg, 0.020 mmol,
20 mol%). The vial was then evacuated and backfilled with nitrogen three times. Benzoyl fluoride (43.5
pL, 0.40 mmol, 4.0 equiv.) and an alkene (0.10 mmol, 1.0 equiv.) were then injected. In a separate dry
Schlenk flask anhydrous CH,Cl; was sparged for 10 minutes and then 1.0 mL was added to the reaction
vial and the vial was sealed further with parafilm. The reaction was then stirred under 427 nm
irradiation using photoreactor set-up B at room temperature for 20 h. NaOH (5 mL, 2 m) was added,
and the resulting mixture was extracted with CH,Cl, (3 x 5 mL). The organic phases were combined
and dried (MgS0Q4) then concentrated in vacuo. Purification by silica chromatography EtOAc/Hexane

afforded the desired products.

azolium salt 1

9 (20 mol%)
Ar)J\F 0 DiKTa (2 mol%) 0
+ Ph OH Cs,CO3 (2.0 equiv.)' Ar Ph
PR 0 CH,Cl, (0.1 M) Ph O
=427
19 205 hexc oh nm 233-241

General Procedure D — variation of the aroyl fluoride.
To an oven dried vial was added Cs,COs (65.2 mg, 0.20 mmol, 2.0 equiv.), DiKTa (0.6 mg, 2 umol, 2.0
mol%), phenylglyoxylic acid (22.5 mg, 0.15 mmol, 1.5 equiv.), azolium salt 1 (7.4 mg, 0.020 mmol, 20
mol%) and, if solid, aroyl fluoride (0.40 mmol, 4.0 equiv.). The vial was then evacuated and backfilled
with nitrogen three times. Aroyl fluoride (0.40 mmol, 4.0 equiv.), if liquid, and styrene (11.5 uL, 0.10
mmol, 1.0 equiv.) were then injected. In a separate dry Schlenk flask anhydrous CH.Cl; was sparged
for 10 minutes and then 1.0 mL was added to the reaction vial and the vial was sealed further with

parafilm. The reaction was then stirred under 427 nm irradiation using photoreactor set-up B at room
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temperature for 20 h. NaOH (5 mL, 2 M) was added, and the resulting mixture was extracted with
CH,Cl; (3 x 5 mL). The organic phases were combined and dried (MgS0,) then concentrated in vacuo.

Purification by silica chromatography EtOAc/Hexane afforded the desired products.

0 azolium salt 1
)j\ (20 mol%)
F (0] DiKTa (2 mol%) (0]

204 + R OH CszCO3(2.0equiv.)' Ph

Aexc = 427 nm
i, 20 h 245-252

Ph

General Procedure E — variation of the a-keto acid.
To an oven dried vial was added Cs,COs (65.2 mg, 0.20 mmol, 2.0 equiv.), DiKTa (0.6 mg, 2 umol, 2.0
mol%), a-keto acid (0.15 mmol, 1.5 equiv.), and azolium salt 1 (7.4 mg, 0.020 mmol, 20 mol%). The vial
was then evacuated and backfilled with nitrogen three times. Benzoyl fluoride (43.5 pL, 0.40 mmol,
4.0 equiv.) and styrene (11.5 pL, 0.10 mmol, 1.0 equiv.) were then injected. In a separate dry Schlenk
flask anhydrous CH,Cl, was sparged for 10 minutes and then 1.0 mL was added to the reaction vial
and the vial was sealed further with parafilm. The reaction was then stirred under 427 nm irradiation
using photoreactor set-up B at room temperature for 20 h. NaOH (5 mL, 2 M) was added, and the
resulting mixture was extracted with CH,Cl, (3 x 5 mL). The organic phases were combined and dried
(MgS0.) then concentrated in vacuo. Purification by silica chromatography EtOAc/Hexane afforded

the desired products.

o)
)J\ azolium salt 1 (15 mol%)
Ph” F 0 [Ir(ppY) o(dtbbpy)](PF ) (1.5 mol%) o
+ Ph)H(OH Cs,C05 (2.0 equiv.), CgHaMe (0.05 M) Ph)WPh
N 0 Aexc = 427 nm, rt, 20 h R O

General Procedure F — [Ir(ppy).(dtbbpy)](PFs) catalysed conditions for symmetrical 1,4-
diones.%®
To an oven dried vial was added Cs,COs (130 mg, 0.40 mmol, 2.0 equiv.), [Ir(ppy)2(dtbbpy)](PFs) (2.7
mg, 3 umol, 1.5 mol%), phenylglyoxylic acid (60.0 mg, 0.40 mmol, 2.0 equiv.) and azolium salt 1 (11.1
mg, 0.030 mmol, 15 mol%). The vial was then evacuated and backfilled with nitrogen three times.

Benzoy! fluoride (43.5 pL, 0.40 mmol, 2.0 equiv.), and an alkene (0.20 mmol, 1.0 equiv.) were then
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injected. In a separate dry Schlenk flask anhydrous toluene was sparged for 10 minutes and then 4.0
mL was added to the reaction vial and the vial was sealed further with parafilm. The reaction was then
stirred under 456 nm irradiation using photoreactor set-up B at room temperature for 20 h. NaOH (5
mL, 2 M) was added, and the resulting mixture was extracted with CH,Cl; (3 x 5 mL). The organic phases
were combined and dried (MgS0,) then concentrated in vacuo. Purification by silica chromatography

EtOAc/Hexane afforded the desired products.

0
JJ\ azolium salt 1 (15 mol%)
AT F 0 [Ir(ppy)2(dtbbpy))(PFe) (1.5 mol%) o
+ RJ\H/OH Cs,CO;5 (2.0 equiv.), PhMe (0.05 M) Ar*JWR
AN 0 hexc =427 nm, rt, 20 h A2 O

General Procedure G — [Ir(ppy):(dtbbpy)](PFs) catalysed conditions for unsymmetrical 1,4-
diones.*®®
To an oven dried vial was added Cs,COs (130 mg, 0.40 mmol, 2.0 equiv.), [Ir(ppy)z(dtbbpy)](PFe) (2.7
mg, 3 umol, 1.5 mol%), a-keto acid (0.60 mmol, 3.0 equiv.), azolium salt 1 (11.1 mg, 0.030 mmol, 15
mol%) and, if solid, aroyl fluoride (0.60 mmol, 3.0 equiv.). The vial was then evacuated and backfilled
with nitrogen three times. Aroyl fluoride (0.60 mmol, 3.0 equiv.), if liquid, and styrene (23 uL, 0.20
mmol, 1.0 equiv.) were then injected. In a separate dry Schlenk flask anhydrous toluene was sparged
for 10 minutes and then 4.0 mL was added to the reaction vial and the vial was sealed further with
parafilm. The reaction was then stirred under 456 nm irradiation using photoreactor set-up B at room
temperature for 20 h. NaOH (5 mL, 2 M) was added, and the resulting mixture was extracted with
CH,Cl; (3 x 5 mL). The organic phases were combined and dried (MgS0,) then concentrated in vacuo.
Purification by silica chromatography EtOAc/Hexane afforded the desired products.

General Procedure H — Synthesis of Acyl Fluorides
Based on a procedure reported by Wang et al.'’° 18-crown-6 (198 mg, 0.75 mmol, 0.05 equiv.),
potassium fluoride (8.71g, 150.0 mmol, 10.0 equiv.) and an acyl chloride (15.0 mmol, 1.0 equiv.) were

added to an oven-dried Schlenk flask under nitrogen. Then THF (75 mL) was added, and the reaction

was heated to 50 °C then stirred for 20 h. The reaction mixture was cooled to room temperature and
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filtered. The residue was washed with THF, and the filtrate was concentrated in vacuo. Purification

through bulb to bulb distillation afforded the desired acyl fluorides.

SeO, (1.5 equiv.) o

(o] Pyridine, 110 °C, 1 h
Py 4 > )k[]/OH
Ar

Ar Me then 90 °C, 4 h then HCI (aq) o

General Procedure | — synthesis of aryl a-ketoacids.
Based on a procedure reported by Wadhwa et al.}’* selenium dioxide (1.7 g, 15 mmol, 1.5 equiv.) and
an acetophenone (10 mmol, 1.0 equiv.) were added to an oven-dried Schlenk flask which was then
evacuated and back filled with nitrogen three times. Then pyridine (30 mL) was added, and the
reaction mixture was heated to 110 °C and stirred for 1 h. Then the reaction mixture was allowed to
cool to 90 °C and stirred for a further 4 h. After cooling to room temperature the reaction mixture was
filtered through a pad of celite. The pH of the filtrate was then adjusted to 1 using dilute hydrochloric
acid and extracted with EtOAc (2 x 30 mL). The organic layers were combined, washed with brine (20
mL), dried (Na;SO.) and concentrated in vacuo. Purification through silica column chromatography

(EtOAc/Hexane) afforded the desired a-ketoacid products.
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2-Phenyl-1,4-diphenylbutane-1,4-dione (182):

o}

=)
Ph n

Synthesised using general procedure B to give 18.2 mg of 182 (58%) after silica column
chromatography (3% EtOAc/Hexane).

Colourless solid. Mp 121-124 °C {Lit. Mp?®® 124-126 °C}. 'H NMR (500 MHz, CDCl;) & (ppm): 3.34 (1H,
dd, J = 18.0 Hz, 3.6 Hz, CHCH*HB), 4.25 (1H, dd, J = 18.0 Hz, 10.1 Hz, CHCH”H®), 5.35 (1H, dd, J = 10.1
Hz, 3.7 Hz, CHCHAH®), 7.23 — 7.28 (1H, m, ArH), 7.34 (2H, dd, J = 8.5 Hz, 6.8 Hz, ArH), 7.37 — 7.55 (7H,
m, ArH), 7.56 — 7.61 (1H, m, ArH), 7.98 — 8.04 (2H, m, ArH), 8.05 — 8.09 (2H, m, ArH); 3C{*H} NMR (126
MHz, CDCl;) & (ppm): 43.9 (CHCH>), 48.7 (CHCH,), 127.4 (ArC), 128.2 (ArC), 128.3 (ArC), 128.5 (ArC),
128.6 (ArC), 129.0 (ArC), 129.2 (ArC), 130.0 (ArC), 132.9 (ArC), 133.3 (ArC), 136.4 (ArC), 138.6 (ArC),
198.1 (€=0), 198.9 (C=0). HPLC: chiralcel OD-H (97:3 hexane:IPA, flow rate 1.0 mL min, 211 nm, 30°C)
tr (major): 14.0 min tg (minor): 15.6 min, 53:47 er.

Data matches that previously reported.?*°
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2-(4-Bromophenyl)-1,4-diphenylbutane-1,4-dione (218):

0

Ph
Ph

Br
Synthesised using general procedure B to give 17.6 mg of 218 (45%) after silica column
chromatography (3% EtOAc/Hexane).
Colourless solid. Mp 123-126 °C. *H NMR (500 MHz, CDCls) 6 (ppm): 3.30 (1H, dd, J = 18.0 Hz, 4.0 Hz,
CHCH"HB), 4.16 (1H, dd, J = 18.0 Hz, 9.7 Hz, CHCHAH®), 5.30 (1H, dd, J = 9.7 Hz, 4.0 Hz, CHCHAH®), 7.22
—7.26 (2H, m, ArH), 7.38 — 7.48 (6H, m, ArH), 7.49 — 7.54 (1H, m, ArH), 7.54 — 7.59 (1H, m, ArH), 7.95
—8.04 (4H, m, ArH).
13C{H} NMR (126 MHz, CDCl;) & (ppm): 43.6 (CHCH,), 48.1 (CHCH,), 121.4 (ArC), 128.2 (ArC), 128.60
(ArC), 128.62 (ArC), 128.9 (ArC), 130.0 (ArC), 132.3 (ArC), 133.1 (ArC), 133.3 (ArC), 136.3 (ArC), 136.4
(ArC), 137.7 (Ar(), 197.7 (C=0), 198.6 (C=0).

Data matches that previously reported.6*
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2-(4-Fluorophenyl)-1,4-diphenylbutane-1,4-dione (219):

0

Ph
Ph

E
Synthesised using general procedure B to give 15.3 mg of 219 (46%) after silica column
chromatography (3% EtOAc/Hexane).

Colourless solid. Mp 113-116 °C. *H NMR (500 MHz, CDCls) 6 (ppm): 3.31 (1H, dd, J = 18.0 Hz, 4.0 Hz,
CHCH*HB), 4.17 (1H, dd, J = 18.0 Hz, 9.8 Hz, CHCH*H®), 5.32 (1H, dd, J = 9.8 Hz, 3.9 Hz, CHCH”H®), 6.97
—7.04 (2H, m, ArH), 7.31-7.36 (2H, m, ArH), 7.39 — 7.48 (4H, m, ArH), 7.49 — 7.54 (1H, m, ArH), 7.94
— 8.06 (4H, m, ArH); °F NMR (471 MHz, CDCls) & (ppm): -114.9; *C{*H} NMR (126 MHz, CDCls) &
(ppm): 43.8 (CHCH,), 47.8 (CHCH,), 116.1 (d, J = 21.5 Hz, ArC), 128.2 (ArC), 128.60 (ArC), 128.64 (ArC),
128.9 (ArC), 129.8 (d, J = 8.1 Hz, ArC), 133.1 (ArC), 133.4 (ArC), 134.3 (d, J = 3.1 Hz, Ar(),136.3 (ArC),
136.4 (ArC), 162.1 (d, J = 245.8 Hz, Ar(), 197.9 (C=0), 198.9 (C=0).

Data matches that previously reported.6*
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1,4-Diphenyl-2-(4-(trifluoromethyl)phenyl)butane-1,4-dione (220):

o]
Ph

Ph

CF,
Synthesised using general procedure B to give 16.0 mg of 220 (42%) after silica column
chromatography (3% EtOAc/Hexane).
Colourless oil. *H NMR (500 MHz, CDCl3) & (ppm): 3.36 (1H, dd, J = 18.0 Hz, 4.0 Hz, CHCH"H®), 4.24
(1H, dd, J = 18.0 Hz, 9.8 Hz, CHCH*H®), 5.44 (1H, dd, J = 9.7 Hz, 4.0 Hz, CHCH"H®), 7.43 — 7.51 (4H, m,
ArH), 7.54 (3H, dd, J = 9.6 Hz, 7.8 Hz, ArH), 7.57 — 7.62 (3H, m, ArH), 7.99 — 8.03 (2H, m, ArH), 8.03 —
8.07 (2H, m, ArH); F NMR (471 MHz, CDCls) 6 (ppm): -62.6; *C{*H} NMR (126 MHz, CDCls) § (ppm):
43.7 (CHCH,), 48.3 (CHCH,), 123.9 (q, J = 272.4 Hz CF3) 126.1 (q, J = 3.5 Hz, ArC), 128.2 (ArC), 128.66
(ArC), 128.68 (ArC), 128.71 (ArC), 128.9 (ArC), 129.7 (q, J = 32.7 Hz, ArC) (ArC), 133.3 (ArC), 133.5 (ArC),
136.1 (ArC), 136.2 (ArC), 142.7 (ArC), 197.7 (C=0), 198.6 (C=0).

Data matches that previously reported.?1°

186



1,4-Diphenyl-2-(pyridin-2-yl)butane-1,4-dione (221):

o}

=)
Ph n

Synthesised using general procedure B to give 17.4 mg of 221 (55%) after silica column
chromatography (30% EtOAc/Hexane).

Yellow oil. *H NMR (500 MHz, CDCls) & (ppm): 3.54 (1H, dd, J = 18.0 Hz, 4.1 Hz, CHCHHE), 4.26 (1H,
dd, J = 18.0 Hz, 9.6 Hz, CHCHAHE), 5.60 (1H, dd, J = 9.6 Hz, 4.1 Hz, CHCH”HE), 7.17 (1H, ddd, J = 7.6 Hz,
4.9 Hz, 1.1 Hz, ArH), 7.38 (1H, d, J = 7.7 Hz, ArH), 7.42 — 7.50 (4H, m, ArH), 7.51 — 7.56 (1H, m, ArH),
7.56 — 7.61 (1H, m, ArH), 7.64 (1H, td, J = 7.7 Hz, 1.8 Hz, ArH), 8.00 — 8.06 (2H, m, ArH), 8.10 — 8.14
(2H, m, ArH), 8,59 (1H, q, J = 1.7 Hz, ArH); 3C{*H} NMR (126 MHz, CDCls) & (ppm): 42.2 (CHCH,), 51.3
(CHCHy), 122.2 (ArC), 123.0 (ArC), 128.2 (ArC), 128.57 (ArC), 128.58 (ArC), 129.1 (ArC), 133.0 (ArC),
133.3 (ArC), 136.4 (ArC), 137.1 (ArC), 150.0 (ArC), 158.5 (Ar(), 197.8 (C=0), 198.0 (C=0).

Data matches that previously reported.'>®
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1,4-Diphenyl-2-(p-tolyl)butane-1,4-dione (222):

0

Ph
Ph

Me
Synthesised using general procedure B to give 18.7 mg of 222 (57%) after silica column
chromatography (3% EtOAc/Hexane).
Colourless oil. *H NMR (500 MHz, CDCl3) & (ppm): 2.31 (3H, s, CHs), 3.31 (1H, dd, J = 18.0 Hz, 3.7 Hz,
CHCH"HB), 4.22 (1H, dd, J = 18.0 Hz, 10.0 Hz, CHCHAHB), 5.32 (1H, dd, J = 10.7 Hz, 3.7 Hz, CHCHAHB),
7.14 (2H, d, J = 7.8 Hz, ArH), 7.25 - 7.28 (2H, m, ArH), 7.40 — 7.54 (5H, m, ArH), 7.56 — 7.60 (1H, m,
ArH), 7.99 — 8.02 (2H, m, ArH), 8.04 — 8.07 (2H, m, ArH); 3C{*H} NMR (126 MHz, CDCls) § (ppm): 21.1
(CHs), 43.9 (CHCH,), 48.3 (CHCH,), 128.1 (Ar(), 128.2 (Ar(), 128.5 (ArC), 128.6 (ArC), 128.9 (ArC), 129.9
(ArC), 132.9 (ArC), 133.2 (ArC), 135.6 (ArC), 136.5 (ArC), 137.1 (ArC), 198.2 (C=0), 199.0 (C=0).
Data matches that previously reported.®
2-(4-(Tert-butyl)phenyl)-1,4-diphenylbutane-1,4-dione (223):

o]

Ph
Ph

t-Bu
Synthesised using general procedure B to give 15.9 mg of 223 (43%) after silica column
chromatography (3% EtOAc/Hexane).
Colourless solid. Mp 106-109 °C. 'H NMR (500 MHz, CDCls) 6 (ppm): 1.30 (9H, s, C(CHs)s), 3.33 (1H,
dd, J = 18.1 Hz, 3.6 Hz, CHCH*H®), 4.24 (1H, dd, J = 18.1 Hz, 10.2 Hz, CHCH"H®), 5.33 (1H, dd, J = 10.3
Hz, 3.6 Hz, CHCHAHB), 7.29 — 7.37 (4H, m, ArH), 7.39 — 7.61 (6H, m, ArH), 7.97 — 8.05 (2H, m, ArH), 8.05
—8.11 (2H, m, ArH); C{*H} NMR (126 MHz, CDCls) & (ppm): 31.3 (CHs), 34.5 (C(CHs)3) 44.0 (CHCHa),
48.1 (CHCH,), 126.1 (ArC), 127.8 (ArC), 128.2 (ArC), 128.5 (ArC), 128.6 (ArC), 129.0 (ArC), 132.8 (ArC),
133.2 (ArC), 135.4 (ArC), 136.5 (ArC), 136.6 (ArC), 150.2 (ArC) 198.2 (C=0), 199.0 (C=0).
Data matches that previously reported.'>®
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2-(4-(Chloromethyl)phenyl)-1,4-diphenylbutane-1,4-dione (224):

0

Ph Ph

Cl

Synthesised using general procedure C to give 14.9 mg of 224 (41%) after silica column
chromatography (3% EtOAc/Hexane).

Colourless solid. Mp 155-160 °C. *H NMR (500 MHz, CDCls) 6 (ppm): 3.33 (1H, dd, J = 18.1 Hz, 3.8 Hz,
CHCH"HB), 4.23 (1H, dd, J = 18.0 Hz, 10.0 Hz, CHCH*H®), 4.55 (2H, s, CH,Cl), 5.37 (1H, dd, J = 10.0 Hz,
3.8 Hz, CHCHAH®), 7.34 — 7.42 (4H, m, ArH), 7.50 — 7.56 (1H, m, ArH), 7.56 — 7.64 (1H, m, ArH), 7.98 —
8.03 (2H, m, ArH), 8.03 —8.07 (2H, m, ArH); *C{*H} NMR (126 MHz, CDCls) 6 (ppm): 43.8 (CHCH,), 45.8
(CH,Cl), 48.3 (CHCH,), 128.2 (ArC), 128.60 (ArC), 128.63 (ArC), 128.9 (ArC), 129.5 (ArC), 133.1 (ArC),
133.4 (ArC), 136.3 (ArC), 136.4 (ArC), 136.6 (ArC), 138.9 (Ar(), 197.9 (C=0), 198.7 (C=0).

Data matches that previously reported.'>®
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1,4-Diphenyl-2-(o-tolyl)butane-1,4-dione (225):

0

p
Ph h

Me (0]

Synthesised using general procedure B to give 12.8 mg of 225 (39%) after silica column
chromatography (3% EtOAc/Hexane).

Colourless oil. *H NMR (500 MHz, CDCl3) 6 (ppm): 2.57 (3H, s), 3.12 (1H, dd, / = 18.0 Hz, 2.9 Hz,
CHCH”H®), 4.18 (1H, dd, J = 18.0 Hz, 10.6 Hz, CHCH”H®), 5.49 (1H, dd, J = 10.5 Hz, 2.9 Hz, CHCHAH®),
7.12(1H,d,J=2.9 Hz, ArH), 7.17 (1H, ddd, J = 7.5 Hz, 5,4 Hz, 3.4 Hz, ArH), 7.27 (2H, d, J = 13.6 Hz, ArH),
7.40 (2H, t, J = 7.7 Hz, ArH), 7.49 (3H, dt, J = 9.2 Hz, 7.4 Hz, ArH), 7.57-7.61 (1H, m, ArH), 7.90 — 7.95
(2H, m, ArH), 8.01 — 8.05 (2H, m, ArH); *C{*H} NMR (126 MHz, CDCls) & (ppm): 19.8 (CHs), 42.5
(CHCHy), 45.2 (CHCH,), 126.9 (ArC), 127.4 (ArC), 127.5 (ArC), 128.2 (ArC), 128.5 (ArC), 128.6 (ArC),
128.7 (ArC), 131.3 (ArC), 132.8 (ArC), 133.3 (ArC), 135.1 (ArC), 136.5 (ArC), 136.6 (ArC), 137.2 (ArC),
198.2 (€=0), 199.5 (C=0).

Data matches that previously reported.%
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2-(4-Methoxyphenyl)-1,4-diphenylbutane-1,4-dione (226):

0

Ph Ph

OMe

Synthesised using general procedure B to give 8.9 mg of 226 (26%) and general procedure F to give
40.0 mg of 15 (58%) after silica column chromatography (3% EtOAc/Hexane).

Colourless solid. Mp 134-137 °C {Lit. Mp?'! 138-139 °C}. 'H NMR (500 MHz, CDCl;) & (ppm): 3.29 (1H,
dd, J = 18.0 Hz, 3.8 Hz, CHCH"H®), 3.76 (3H, s, OCHs), 4.18 (1H, dd, J = 18.0 Hz, 10.0 Hz, CHCH"H®), 5.28
(1H, dd, J = 9.9 Hz, 3.8 Hz, CHCH"H®), 6.82 — 6.87 (2H, m, ArH), 7.26 — 7.29 (2H, m, ArH), 7.38 — 7.51
(5H, m, ArH), 7.52 = 7.58 (1H, m, ArH), 7.96 — 8.01 (2H, m, ArH), 8.01 — 8.05 (2H, m, ArH); *3C{*H} NMR
(126 MHz, CDCls) & (ppm): 43.9 (CHCH,), 47.8 (CHCH,), 55.3 (OCH3), 114.6 (ArC), 128.2 (ArC), 128.5
(ArC), 128.6 (ArC), 128.9 (ArC), 129.3 (ArC), 130.5 (Ar(), 132.9 (ArC), 133.3 (ArC), 136.48 (Ar(C), 136.51
(ArC), 158.8 (Ar(), 198.3 (€=0), 199.1 (C=0).

Data matches that previously reported.6*
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1-([1,1'-Biphenyl]-4-yl)-2,4-diphenylbutane-1,4-dione (233):
o)
Ph

Ph
Ph ©

Synthesised using general procedure D to give 20.7 mg of 233 (53%) after silica column
chromatography (3% EtOAc/Hexane).

Colourless solid. Mp 196-199 °C {Lit. Mp?*2 200 °C}. 'H NMR (500 MHz, CDCl3) & (ppm): 3.33 (1H, dd, J
=18.0 Hz, 3.7 Hz, CHCH"HB), 4.25 (1H, dd, J = 18.0 Hz, 10.1 Hz, CHCH*H®), 5.36 (1H, dd, J= 10.1 Hz, 3.6
Hz, CHCHAHB), 7.21 — 7.25 (1H, m, ArH), 7.33 (2H, dd, J = 8.5 Hz, 6.8 Hz, ArH), 7.37 — 7.42 (3H, m, ArH),
7.42 — 7.49 (4H, m, ArH), 7.54 — 7.61 (3H, m, ArH), 7.61 — 7.65 (2H, m, ArH), 7.97 — 8.02 (2H, m, ArH),
8.09 — 8.14 (2H, m, ArH); 3C{*H} NMR (126 MHz, CDCls) & (ppm): 43.9 (CHCH,), 48.7 (CHCH,), 122.6
(ArC), 127.3 (ArC), 127.4 (ArC), 128.1 (ArC), 128.2 (ArC), 128.3 (ArC), 128.6 (ArC), 128.9 (ArC), 129.3
(ArC), 129.5 (ArC), 133.3 (ArC), 135.1 (ArC), 136.5 (ArC), 138.7 (ArC), 140.0 (ArC), 143.3 (ArC), 145.6
(ArC), 198.1 (C=0), 198.5 (C=0).

Data matches that previously reported.’
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1-(Naphthalen-2-yl)-2,4-diphenylbutane-1,4-dione (234):

Ph
T T

Synthesised using general procedure D to give 14.9 mg of 234 (41%) after silica column
chromatography (3% EtOAc/Hexane).

Colourless oil. *H NMR (500 MHz, CDCls) 6 (ppm): 3.37 (1H, dd, J = 18.1 Hz, 3.7 Hz, CHCH"H®), 4.28
(1H, dd, J = 18.0 Hz, 10.0 Hz, CHCHAH®), 5.50 (1H, dd, J = 10.0 Hz, 3.7 Hz, CHCH"HB), 7.22 (1H, t, /= 7.7
Hz, ArH), 7.32 (2H, t, J = 7.6 Hz, ArH), 7.38 — 7.60 (7H, m, ArH), 7.80 — 7.87 (2H, m, ArH), 7.93 (1H, d, J
= 8.0 Hz, ArH) 7.99 — 8.05 (2H, m, ArH), 8.07 (1H, dd, J = 8.7 Hz, 1.8 Hz, ArH), 8.61 (1H, d, J = 1.7 Hz,
ArH); C{*H} NMR (126 MHz, CDCls) & (ppm): 43.9 (CHCH,), 48.8 (CHCH,), 124.7 (ArC), 126.6 (ArC),
127.4 (ArC), 127.7 (ArC), 128.2 (ArC), 128.3 (ArC), 128.36 (ArC), 128.39 (ArC), 128.6 (ArC), 129.3 (ArC),
129.7 (ArC), 130.8 (ArC), 132.5 (ArC), 133.3 (ArC), 133.8 (ArC), 135.5 (ArC), 136.5 (ArC), 138.8 (ArC),
198.2 (C=0), 198.9 (C=0).

Data matches that previously reported.'>”
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1-(Naphthalen-1-yl)-2,4-diphenylbutane-1,4-dione (235):

0]

Ph
! Ph O

Synthesised using general procedure D to give 9.8 mg of 235 (27%) after silica column chromatography
(3% EtOAc/Hexane).

Colourless solid. Mp 129-132 °C. *H NMR (500 MHz, CDCls) 6 (ppm): 3.38 (1H, dd, J = 18.0 Hz, 3.4 Hz,
CHCH"HB), 4.40 (1H, dd, J = 18.0 Hz, 10.5 Hz, CHCHAHB), 5.35 (1H, dd, J = 10.5 Hz, 3.4 Hz, CHCHAHB),
7.19-7.25(1H, m, ArH), 7.31 (2H, d, J = 7.6 Hz, ArH), 7.37 = 7.42 (2H, m, ArH), 7.50 (5H, dddd, /= 9.4
Hz, 7.4 Hz, 3.2 Hz, 1.6 Hz, ArH), 7.59 — 7.63 (1H, m, ArH) 7.83 (1H, dd, J = 8.3 Hz, 1.6 Hz, ArH), 7.95 (1H,
d, J=8.2 Hz, ArH), 8.03 —8.09 (2H, m, ArH), 8.20 (1H, dd, J = 7.2 Hz, 1.2 Hz, ArH), 8.36 (1H, dd, J =8.3
Hz, 1.6 Hz, ArH); 3C{*H} NMR (126 MHz, CDCls) & (ppm): 43.5 (CHCH,), 52.3 (CHCH,), 124.4 (ArC),
125.7 (ArC), 126.2 (ArC), 127.5 (ArC), 127.6 (ArC), 127.7 (ArC), 128.19 (ArC), 128.21 (ArC), 128.3 (ArC),
128.7 (ArC), 129.1 (ArC), 130.7 (ArC), 132.3 (Ar(), 133.3 (Ar(), 133.8 (ArC), 136.4 (ArC), 136.6 (ArC),
137.9 (ArC), 198.3 (€=0), 202.4 (C=0).

HRMS (ESI) C26H210; [M+H]* found 365.1548, theoretical 365.1536 (+ 3.3 ppm)
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1-(4-Fluorophenyl)-2,4-diphenylbutane-1,4-dione (236):

O
Ph

Ph
. 0

Synthesised using general procedure D to give 17.0 mg of 236 (51%) after silica column
chromatography (3% EtOAc/Hexane).

Colourless oil. TH NMR (500 MHz, CDCls) 6 (ppm): 3.33 (1H, dd, J = 18.1 Hz, 3.5 Hz, CHCH"H®), 4.24
(1H, dd, J = 18.1 Hz, 10.2 Hz, CHCH"H®), 5.29 (1H, dd, J = 10.2 Hz, 3.5 Hz, CHCH”H®), 7.05 - 7.09 (2H, m,
ArH), 7.22 — 7.26 (1H, m, ArH), 7.30 — 7.37 (4H, m, ArH), 7.43 — 7.48 (2H, m, ArH), 7.53 = 7.59 (1H, m,
ArH), 7.96 — 8.00 (2H, m, ArH), 8.04 — 8.08 (2H, m, ArH); °F NMR (471 MHz, CDCls) & (ppm): -105.4;
3C{*H} NMR (126 MHz, CDCl5) & (ppm): 43.9 (CHCH,), 48.7 (CHCH,), 115.6 (d, J = 21.8 Hz, ArC), 127.5
(ArC), 128.2 (d, J = 2.6 Hz, ArC), 128.6 (ArC), 129.3 (ArC), 131.6 (d, J = 9.2 Hz, ArC), 133.4 (ArC), 136.3
(ArC), 138.4 (ArC), 165.6 (d, J = 254.3 Hz, ArC), 197.4 (C=0), 198.1 (C=0).

Data matches that previously reported.’
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1-(4-Chlorophenyl)-2,4-diphenylbutane-1,4-dione (237):
o)
Ph

al Ph O

Synthesised using general procedure D to give 17.1 mg of 237 (49%) after silica column
chromatography (3% EtOAc/Hexane).

Yellow oil. 'H NMR (500 MHz, CDCls) & (ppm): 3.31 (1H, dd, J = 18.1 Hz, 3.6 Hz, CHCHHE), 4.21 (1H,
dd, J = 18.1 Hz, 10.2 Hz, CHCH"H®), 5.26 (1H, dd, J = 10.2 Hz, 3.6 Hz, CHCH"H®), 7.31 — 7.35 (4H, m,
ArH), 7.35 — 7.39 (2H, m, ArH), 7.41 — 7.48 (3H, m, ArH), 7.53 — 7.60 (2H, m, ArH), 7.94 — 8.00 (4H, m,
ArH); 3C{'H} NMR (126 MHz, CDCls) & (ppm): 43.9 (CHCH.), 48.8 (CHCH,), 127.6 (ArC), 128.2 (ArC),
128.6 (ArC), 128.9 (ArC), 129.3 (ArC), 130.4 (d, J = 9.2 Hz, ArC), 133.4 (ArC), 134.8 (ArC), 136.3 (ArC),
138.3 (ArC), 139.3 (ArC), 197.8 (C=0), 198.0 (C=0).

Data matches that previously reported.??

1-(4-Bromophenyl)-2,4-diphenylbutane-1,4-dione (238):

(0]
Ph

Ph
Br ©

Synthesised using general procedure D to give 9.8 mg of 238 (25%) and general procedure G to give
30.7 mg of 21 (58%) after silica column chromatography (3% EtOAc/Hexane).

Colourless foam. 'H NMR (500 MHz, CDCls) & (ppm): 3.31 (1H, dd, J = 18.1 Hz, 3.5 Hz, CHCH"H®), 4.21
(1H, dd, J = 18.1 Hz, 10.2 Hz, CHCHAH®), 5.24 (1H, dd, J = 10.2 Hz, 3.5 Hz, CHCH"H®), 7.24 (1H, dd, J =
5.9 Hz, 2.9 Hz, ArH), 7.28 — 7.35 (4H, m, ArH), 7.45 (2H, t, J = 7.7 Hz, ArH), 7.55 (3H, dd, J = 8.5 Hz, 6.7
Hz ArH), 7.86 — 7.92 (2H, m, ArH), 7.94 — 8.02 (2H, m, ArH); 3C{*H} NMR (126 MHz, CDCls) & (ppm):
43.9 (CHCH,), 48.8 (CHCH,), 127.6 (ArC), 128.2 (ArC), 128.6 (ArC), 129.3 (ArC), 130.5 (ArC), 131.9 (ArC),
133.4 (ArC), 135.2 (ArC), 136.3 (ArC), 138.2 (ArC), 139.3 (ArC), 197.98 (C=0), 198.02 (C=0).

Data matches that previously reported.?**
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1-(4-lodophenyl)-2,4-diphenylbutane-1,4-dione (239):
0
Ph

| Ph O

Synthesised using general procedure D to give 8.8 mg of 239 (20%) and general procedure G to give
44.0 mg of 22 (50%) after silica column chromatography (3% EtOAc/Hexane).

Colourless solid. Mp 107-109 °C *H NMR (500 MHz, CDCls) & (ppm): 3.33 (1H, dd, J = 18.1 Hz, 3.6 Hz,
CHCH"H®), 4.23 (1H, dd, J = 18.1 Hz, 10.2 Hz, CHCH"H®), 5.26 (1H, dd, J = 10.2 Hz, 3.6 Hz, CHCH"H?®),
7.24—7.30 (3H, m, ArH), 7.34 (2H, d, J = 1.8 Hz, ArH), 7.47 (2H, dd, J = 8.4 Hz, 7.1 Hz, ArH), 7.55 — 7.63
(1H, m, ArH), 7.71-7.82 (4H, m, ArH) 7.96 —8.03 (2H, m, ArH); *C{*H} NMR (126 MHz, CDCls) & (ppm):
43.9 (CHCH,), 48.7 (CHCH>), 101.0 (ArC), 127.6 (ArC), 128.2 (ArC), 128.6 (ArC), 129.3 (ArC), 130.3 (ArC),
133.4 (ArC), 135.7 (ArC), 136.3 (ArC), 137.9 (ArC), 197.8 (C=0), 198.0 (C=0).

HRMS (ESI) C2;H1510, [M+H]* found 441.0336, theoretical 441.0346 (— 2.3 ppm)

1-(4-Methoxyphenyl)-2,4-diphenylbutane-1,4-dione (240):

o}
Ph

Ph O
MeO

Synthesised using general procedure D to give 19.6 mg of 240 (57%) after silica column
chromatography (3% EtOAc/Hexane).

Colourless oil. *H NMR (500 MHz, CDCls) 6 (ppm): 3.30 (1H, dd, J = 18.0 Hz, 3.8 Hz, CHCH"HE), 3.84
(3H, s, OCHs), 4.23 (1H, dd, J = 18.0 Hz, 10.0 Hz, CHCH"H®), 5.32 (1H, dd, J = 10.0 Hz, 3.8 Hz, CHCH"H®),
6.87 — 6.93 (2H, m, ArH), 7.21 — 7.28 (1H, m, ArH), 7.33 (2H, ddd, J = 7.8 Hz, 6.7 Hz, 1.2 Hz, ArH), 7.37
—7.42 (2H, m, ArH), 7.44 —7.50 (2H, m, ArH) 7.54 — 7.62 (1H, m, ArH), 7.99 — 8.03 (2H, m, ArH), 8.03 —
8.08 (2H, m, ArH). 3C{*H} NMR (126 MHz, CDCl;) & (ppm): 43.8 (CHCH,), 48.4 (CHCH,), 55.4 (OCHs),
113.7 (ArC), 127.3 (ArC), 128.2 (ArC), 128.6 (ArC), 129.2 (ArC), 129.4 (ArC), 131.3 (ArC), 133.2 (ArC),
136.6 (ArC), 139.2 (ArC), 163.4 (ArC), 197.3 (C=0), 198.2 (C=0).

Data matches that previously reported.?*®
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1-(4-(Tert-butyl)phenyl)-2,4-diphenylbutane-1,4-dione (241):
o)
Ph

Ph O
t-Bu

Synthesised using general procedure D to give 13.3 mg of 241 (36%) after silica column
chromatography (3% EtOAc/Hexane).
Colourless solid. Mp 116-118 °C. 'H NMR (500 MHz, CDCls) & (ppm): 1.30 (9H, s, C(CHs)s) 3.30 (1H, dd,
J =18.0 Hz, 3.7 Hz, CHCH"H®), 4.22 (1H, dd, J = 18.0 Hz, 10.1 Hz, CHCH*H®), 5.33 (1H, dd, J = 10.1 Hz,
3.7 Hz, CHCHAHB), 7.19 — 7.26 (1H, m, ArH), 7.32 (2H, ddd, J = 7.8 Hz, 6.8 Hz, 1.2 Hz, ArH), 7.36 — 7.47
(6H, m, ArH), 7.52 — 7.58 (1H, m, ArH), 7.95 — 8.01 (4H, m, ArH); *C{*"H} NMR (126 MHz, CDCls) &
(ppm): 31.1 (CH3), 35.1 (C(CHs)s), 44.0 (CHCH,), 48.5 (CHCH,), 125.5 (ArC), 127.3 (ArC), 128.2 (ArC),
128.3 (ArC), 128.6 (ArC), 128.9 (ArC), 129.2 (ArC), 133.3 (Ar(), 133.8 (ArC), 136.5 (ArC), 138.9 (ArC),
156.6 (ArC), 198.2 (€=0), 198.5 (C=0).
Data matches that previously reported.’
1,2-Diphenyl-4-(p-tolyl)butane-1,4-dione (245):
o Me
PhW
Ph O
Synthesised using general procedure E to give 9.8 mg of 245 (30%) and general procedure G to give
32.8 mg of 25 (50%) after silica column chromatography (3% EtOAc/Hexane).
Colourless oil. 'H NMR (500 MHz, CDCls) & (ppm): 2.40 (3H, s, CHs) 3.29 (1H, dd, J = 18.0 Hz, 3.6 Hz,
CHCH*HB), 4.19 (1H, dd, J = 18.0 Hz, 10.0 Hz, CHCHAHB), 5.32 (1H, dd, J = 10.1 Hz, 3.7 Hz, CHCHAHB),
7.21—7.26 (3H, m, ArH), 7.28 — 7.34 (2H, m, ArH), 7.34 — 7.43 (4H, m, ArH), 7.46 — 7.52 (1H, m, ArH),
7.86—7.90 (2H, m, ArH), 8.02 — 8.05 (2H, m, ArH); 3C{*H} NMR (126 MHz, CDCl;) & (ppm): 21.7 (CHs),
43.8 (CHCH,), 48.7 (CHCHy), 127.3 (ArC), 128.27 (ArC), 128.31 (ArC), 128.5 (ArC), 129.0 (ArC), 129.2
(ArC), 129.3 (ArC), 132.9 (ArC), 134.0 (ArC), 136.5 (ArC), 138.7 (Ar(), 144.1 (ArC), 198.2 (C=0), 198.5
(c=0).

Data matches that previously reported.?*®
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4-(4-Bromophenyl)-1,2-diphenylbutane-1,4-dione (246):

0 Br
Ph

Ph O
Synthesised using general procedure E to give 10.6 mg of 246 (27%) and general procedure G to give
42.5 mg of 26 (54%) after silica column chromatography (3% EtOAc/Hexane).
Colourless oil. *H NMR (500 MHz, CDCls) 6 (ppm): 3.24 (1H, dd, J = 18.0 Hz, 3.7 Hz, CHCH"H®), 4.16
(1H, dd, J = 18.0 Hz, 10.0 Hz, CHCH”H®), 5.31 (1H, dd, J = 10.0 Hz, 3.7 Hz, CHCH”H®), 7.21—7.26 (1H, m,
ArH), 7.28 — 7.37 (4H, m, ArH), 7.38 — 7.42 (2H, m, ArH), 7.46 — 7.51 (1H, m, ArH), 7.57 —= 7.61 (2H, m,
ArH), 7.82 — 7.86 (2H, m, ArH), 8.00 — 8.03 (2H, m, ArH); *C{*H} NMR (126 MHz, CDCls) & (ppm): 43.8
(CHCH,), 48.8 (CHCH,), 127.5 (ArC), 128.2 (ArC), 128.6 (ArC), 129.0 (ArC), 129.3 (ArC), 129.7 (ArC),
131.9 (ArC), 133.0 (ArC), 135.2 (ArC), 136.3 (ArC), 138.5 (ArC), 197.2 (C=0), 198.8 (C=0).
Data matches that previously reported.?*®
4-(4-Methoxyphenyl)-1,2-diphenylbutane-1,4-dione (247):

M
0 OMe
Ph

Ph O

Synthesised using general procedure E to give 7.6 mg of 247 (22%) and general procedure G to give
30.3 mg of 27 (44%) after silica column chromatography (3% EtOAc/Hexane).

Colourless foam. 'H NMR (500 MHz, CDCls) & (ppm): 3.27 (1H, dd, J = 17.8 Hz, 3.7 Hz, CHCH"H®), 3.86
(3H, s, OCHs), 4.17 (1H, dd, J = 17.8 Hz, 10.1 Hz, CHCH"H®), 5.32 (1H, dd, J = 10.1 Hz, 3.7 Hz, CHCHAH®),
6.88 — 6.94 (2H, m, ArH), 7.20 — 7.25 (1H, m, ArH), 7.28 — 7.34 (2H, m, ArH), 7.34 — 7.43 (4H, m, ArH),
7.46 — 7.51 (1H, m, ArH), 7.94 — 7.98 (2H, m, ArH), 8.02 — 8.05 (2H, m, ArH); *C{*H} NMR (126 MHz,
CDCls) 6 (ppm): 43.6 (CHCH,), 48.7 (CHCH,), 55.5 (OCHs), 113.7 (ArC), 127.3 (ArC), 128.3 (Ar(), 128.5
(ArC), 129.0 (ArC), 129.2 (ArC), 129.6 (ArC), 130.5 (ArC), 132.9 (ArC), 136.5 (ArC), 138.8 (ArC), 163.6
(ArC), 196.6 (C=0), 199.1 (C=0).

Data matches that previously reported.?Y’
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4-(4-Fluorophenyl)-1,2-diphenylbutane-1,4-dione (248):

o F

PhW

Ph O

Synthesised using general procedure E to give 7.3 mg of 248 (22%) and general procedure G to give
47.2 mg of 28 (71%) after silica column chromatography (3% EtOAc/Hexane).

Colourless oil. *H NMR (500 MHz, CDCls) 6 (ppm): 3.26 (1H, dd, J = 17.9 Hz, 3.7 Hz, CHCH"H®), 4.18
(1H, dd, J=17.9 Hz, 10.1 Hz, CHCHAH®), 5.31 (1H, dd, J = 10.1 Hz, 3.7 Hz, CHCH"HB), 7.12 (2H, t, /= 8.6
Hz, ArH), 7.21 - 7.25 (1H, m, ArH), 7.29 — 7.37 (4H, m, ArH), 7.38 — 7.42 (2H, m, ArH), 7.47 — 7.52 (1H,
m, ArH), 7.98 — 8.05 (4H, m, ArH); °F NMR (471 MHz, CDCls) & (ppm): -104.9; 3C{*H} NMR (126 MHz,
CDCl;) & (ppm): 43.8 (CHCH,), 48.8 (CHCH,), 115.6 (d, J = 21.9 Hz, ArC) 127.5 (ArC), 128.2 (ArC), 128.6
(ArC), 129.0 (ArC), 129.3 (ArC), 130.8 (d, J = 9.4 Hz, ArC), 133.0 (ArC), 136.3 (ArC), 138.5 (ArC), 165.9
(d, J = 254.2 Hz, ArC), 198.2 (C=0), 198.5 (C=0).

Data matches that previously reported.?Y’
1,2-Diphenyl-4-(4-(trifluoromethyl)phenyl)butane-1,4-dione (249):

F
0 CFs
Ph

Ph O

Synthesised using general procedure E to give 6.5 mg of 249 (17%) and general procedure G to give
22.2 mg of 29 (29%) after silica column chromatography (3% EtOAc/Hexane).

Yellow Oil. *H NMR (500 MHz, CDCls) & (ppm): 3.31 (1H, dd, J = 18.0 Hz, 3.7 Hz, CHCH"H®), 4.25 (1H,
dd, J = 18.0 Hz, 10.1 Hz, CHCH”H®), 5.35 (1H, dd, J = 10.1 Hz, 3.6 Hz, CHCHAH®), 7.24 — 7.28 (1H, m,
ArH), 7.33 — 7.40 (4H, m, ArH), 7.43 (2H, t, J = 7.7 Hz, ArH), 7.50 — 7.55 (1H, m, ArH), 7.73 — 7.78 (2H,
m, ArH), 8.03 —8.07 (2H, m, ArH), 8.10 — 8.14 (2H, m, ArH); F NMR (471 MHz, CDCls) 6 (ppm): -63.1;
13C{H} NMR (126 MHz, CDCls) 6 (ppm): 44.1 (CHCH>), 48.8 (CHCH,), 123.5 (q, J = 272.4 Hz, CF3), 125.7
(g, 4 =3.9 Hz, ArC), 127.6 (ArC), 128.2 (ArC), 128.5 (ArC), 128.6 (ArC), 129.0 (ArC), 129.3 (ArC), 133.1
(ArC), 134.6 (q,J = 32.6 Hz, ArC), 136.2 (Ar(), 138.3 (ArC), 139.1.6 (ArC), 197.3 (C=0), 198.7 (C=0).

Data matches that previously reported.'>”
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1,2-Diphenylpentane-1,4-dione (250):
o]
Ph)H/\n/MS
Ph O
Synthesised using general procedure E to give 11.4 mg of 250 (45%) after silica column
chromatography (10% EtOAc/Hexane).
Yellow oil. *H NMR (400 MHz, CDCls) 6 (ppm): 2.19 (3H, s, CHs) 2.76 (1H, dd, J = 18.0 Hz, 4.0 Hz,
CHCH"H®), 3.61 (1H, dd, J = 18.0 Hz, 10.1 Hz, CHCH*H®), 5.11 (1H, dd, J = 10.1 Hz, 4.0 Hz, CHCH"H?),
7.20 (1H, ddd, J= 8.1 Hz, 4.6 Hz, 2.4 Hz, ArH), 7.26 —7.31 (4H, m, ArH), 7.37 (2H, dd, J = 8.3 Hz, 6.9 Hz,
ArH), 7.44 —7.50 (1H, m, ArH), 7.94 — 7.98 (2H, m, ArH); 3C{*H} NMR (126 MHz, CDCls) & (ppm): 30.0
(CHs), 48.1 (CHCH,), 48.8 (CHCH,), 127.3 (ArC), 128.1 (ArC), 128.4 (ArC), 128.9 (ArC), 129.2 (ArC), 132.9

(ArC), 138.6 (ArC), 198.9 (C=0), 206.7 (C=0).

Data matches that previously reported.?®
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4-Cyclopentyl-1-phenyl-2-(pyridin-2-yl)butane-1,4-dione (251):

Synthesised using general procedure E to give 12.3 mg of 251 (40%) after silica column
chromatography (20% EtOAc/Hexane).

Yellow oil. Infra-Red (v max, cm™): 2955.0 (C-H), 2868.2 (C-H), 1707.0 (C=0), 1683.9 (C=0). 'H NMR
(400 MHz, CDCl5) 6 (ppm): 1.51 — 1.89 (8H, m, CH,CH,CH-CH,), 2.87 — 3.01 (2H, m, CH,CHCH, +
C(3)H*H?®), 3.66 (1H, dd, J = 17.9 Hz, 9.9 Hz, C(3)H*H®), 5.37 (1H, dd, J = 9.8 Hz, 4.2 Hz, C(2)H), 7.11 (1H,
ddd, J = 7.6 Hz, 4.9 Hz, 1.2 Hz, ArH), 7.23 = 7.26 (1H, m, ArH), 7.35 — 7.41 (2H, m, ArH), 7.45 — 7.50 (1H,
m, ArH), 7.58 (1H, td, J = 7.7 Hz, 1.8 Hz, ArH), 8.00 — 8.05 (2H, m, ArH); *C{*H} NMR (126 MHz, CDCls)
6 (ppm): 26.0 (CH,CH,CH,CH>), 26.1 (CH>CH,CH,CH,), 28.8 (CH,CH,CH,CH,), 44.9 (C(3)), 51.1 (C(2)),
51.2 (CH,CHCHy), 122.1 (ArC), 122.9 (ArC), 128.5 (ArC), 129.0 (ArC), 133.0 (ArC), 136.4 (ArC), 137.1
(ArC), 150.0 (ArC), 158.5 (ArC), 198.9 (C=0), 206.7 (C=0).

HRMS (ESI) C0H2:0,NNa [M+Na]* found 330.1459, theoretical 330.1465 (— 1.8 ppm)
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4,4-dimethyl-1,2-diphenylpentan-1-one (252):

O

Ph t-Bu

Synthesised using general procedure E to give 14.0 mg of 252 (53%) after silica column
chromatography (3% EtOAc/Hexane).

Colourless solid. 'H NMR (400 MHz, CDCl3) 6§ (ppm): 0.89 (9H, s, C(CHs)s), 1.56 — 1.61 (1H, m, C(3)H"H®) 2.63
(1H, dd, J = 14.0 Hz, 8.9 Hz, C(3)HACH®), 4.73 (1H, dd, J = 8.9 Hz, 3.3 Hz, C(2)H), 7.15 — 7.20 (1H, m, ArH), 7.24 —
7.29 (2H, m, ArH), 7.30 — 7.35 (2H, m, ArH), 7.39 — 7.45 (2H, m, ArH), 7.48 — 7.53 (1H, m, ArH), 7.98 — 8.03 (2H,
m, ArH); 3C{*H} NMR (126 MHz, CDCls) & (ppm): 29.8 (C(CHs)s, 31.2 (C(CHs)), 47.6 (C(3)), 49.6 (C(2)), 126.8
(ArC), 128.1 (ArC), 128.6 (ArC), 128.9 (ArC), 129.5 (ArC), 132.8 (ArC), 137.0 (ArC), 141.1 (ArC), 200.0 (C=0).

Data matches that previously reported.?*®
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[1,1'-Biphenyl]-4-carbonyl fluoride (266):

ﬁLF
Ph

Synthesised using general procedure H.

Colourless solid. *H NMR (400 MHz, CDCls) 6 (ppm): 7.41 —7.54 (3H, m, ArH), 7.62 — 7.66 (2H, m, ArH),
7.72=7.77 (2H, m, ArH), 8.09 — 8.15 (2H, m, ArH); 1*F NMR (376 MHz, CDCls) & (ppm): 18.1.

Data matches that previously reported.??

2-Naphthoyl fluoride (267):

F

Synthesised using general procedure H.
Colourless solid. *H NMR (400 MHz, CDCls) 6§ (ppm): 7.62 (1H, ddd, J = 8.1 Hz, 6.9 Hz, 1.3 Hz, ArH), 7.69
(1H, ddd, J = 8.2 Hz, 6.9 Hz, 1.3 Hz, ArH), 7.90 — 8.03 (4H, m, ArH), 8.63 — 8.65 (1H, m, ArH); *°*F NMR
(376 MHz, CDCls) 6 (ppm): 18.1.
Data matches that previously reported.??°
1-Naphthoyl fluoride (268):
O 0

O F
Synthesised using general procedure H.
Colourless solid. *H NMR (400 MHz, CDCls) 6 (ppm): 7.58 (1H, dd, J = 8.2 Hz, 7.4 Hz, ArH), 7.69 (1H,
ddd, J = 8.2 Hz, 6.9 Hz, 1.3 Hz, ArH), 7.90 — 8.03 (4H, m, ArH), 8.63 — 8.65 (1H, m, ArH); **F NMR (376

MHz, CDCl3) 6 (ppm): 29.9.

Data matches that previously reported.??°
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4-Chlorobenzoyl fluoride (269):

Synthesised using general procedure H.

Colourless solid. *H NMR (400 MHz, CDCls) 6 (ppm): 7.50 — 7.59 (2H, m, C(3)H), 7.97 — 8.06 (2H, m,
C(2)H); °F NMR (376 MHz, CDCls) & (ppm): 29.9.

Data matches that previously reported.??

4-Bromobenzoyl fluoride (270):
0

o
Br
Synthesised using general procedure H.
Colourless solid. *H NMR (400 MHz, CDCls) 6 (ppm): 7.61 — 7.81 (2H, m, C(3)H), 7.81 — 8.00 (2H, m,
C(2)H); **F NMR (376 MHz, CDCl3) 6 (ppm): 18.4.
d.221

Data matches that previously reporte

4-lodobenzoyl fluoride (271):

o

Synthesised using general procedure H.
Colourless solid. 'H NMR (400 MHz, CDCls) 6 (ppm): 7.70 — 7.78 (2H, m, C(3)H), 7.87 — 7.95 (2H, m,
C(2)H); F NMR (376 MHz, CDCl3) 6 (ppm): 18.4.

Data matches that previously reported.??°
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4-Methoxybenzoyl fluoride (272):

O

jon
MeO

Synthesised using general procedure H.

Colourless oil. 'H NMR (400 MHz, CDCls) 6 (ppm): 3.92 (3H, s, OCHs), 6.95 — 7.09 (2H, m, C(3)H), 7.99
—8.06 (2H, m, C(2)H); **F NMR (376 MHz, CDCls) & (ppm): 16.0.

Data matches that previously reported.??

4-(tert-butyl)benzoyl fluoride (273):

(e}
o
t-Bu

Synthesised using general procedure H.

Colourless solid. 'H NMR (400 MHz, CDCls) 6 (ppm): 1.35 (9H, s, C(CHs)s), 7.54 (2H, dd, J = 8.6 Hz, 1.4
Hz, (C(3)H), 7.98 (2H, d, J = 8.5 Hz, C(2)H); *°F NMR (376 MHz, CDCls) & (ppm): 17.7.

d.2

Data matches that previously reporte

4-Cyanobenzoyl fluoride (274):

O)LF
NC

Synthesised using general procedure H.
Colourless solid. *H NMR (400 MHz, CDCls) & (ppm): 7.67 —7.92 (2H, m, C(3)H), 8.17 (2H, d, J = 8.4 Hz,
C(2)H); °F NMR (376 MHz, CDCls) & (ppm): 20.2.

Data matches that previously reported.??
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Cyclohexanecarbonyl fluoride (275):
O
on
Synthesised using general procedure H.
Colourless oil. *H NMR (400 MHz, CDCls) & (ppm): 1.23 — 1.34 (3H, m, CH,), 1.45 — 1.62 (2H, m, CH,),
1.62 (1H, m, CH,), 1.62 - 1.72 (1H, m, CH,), 1.75 - 1.80 (2H, m, CH,), 1.95 — 2.02 (2H, m, CH.), 2.47 —
2.54 (1H, m, CH); F NMR (376 MHz, CDCl;) & (ppm): 36.7.
d.220

Data matches that previously reporte

2-Furanoyl fluoride (276):

o)
o
\ |

Synthesised using general procedure H.

Colourless oil. *H NMR (400 MHz, CDCls) 6 (ppm): 6.65 (1H, ddd, J = 3.6 Hz, 1.8 Hz, 0.8 Hz, C(4)H), 7.45
(1H, dd, J = 3.7 Hz, 0.8 Hz, C(3)H), 7.77 (1H, ddd, J = 2.5 Hz, 1.7 Hz, 0.8 Hz, C(4)H)

19 NMR (376 MHz, CDCls) 6 (ppm): 15.4.

Data matches that previously reported.??*

2-Ox0-2-(p-tolyl)acetic acid (277):

mOH
Me’ ©

Synthesised according to general procedure I.

Colourless solid. Mp 97-99 °C {Lit.??* 97-99 °C}. *H NMR (500 MHz, CDCl3) 6 (ppm): 2.46 (3H, s, CHs),
7.34 (2H, d, J = 8.1 Hz, ArC(3)H), 8.28 (2H, d, J = 8.0 Hz, ArC(2)H); *C{*H} NMR (126 MHz, CDCl;) &
(ppm): 22.1 (CHs), 129.2 (ArC), 129.8 (Ar(), 131.7 (ArC), 147.4 (ArC), 161.3 (C(O)OH), 183.6 (C=0)).

Data matches that previously reported.?%
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2-(4-Bromophenyl)-2-oxoacetic acid (278):

/©)H(OH
Br ©

Synthesised according to general procedure I.

Colourless solid. Mp 97-99 °C {Lit. Mp?*’ 100-102 °C}. *H NMR (500 MHz, CDCls) 6 (ppm): 7.66 — 7.70
(2H, m, ArC(3)H), 8.20 — 8.24 (2H, m, ArC(2)H); *C{:H} NMR (126 MHz, CDCls) & (ppm): 130.5 (ArC),
131.6 (ArC), 132.4 (ArC), 132.7 (ArC), 161.1 (C(O)OH), 183.8 (C=0)).

Data matches that previously reported.??®

2-(4-Methoxyphenyl)-2-oxoacetic acid (279):

(0]
mOH
O
MeO

Synthesised according to general procedure I.
Colourless solid. Mp 74-76 °C {Lit. Mp*® 79-81 °C}. *H NMR (500 MHz, CDCls) 6 (ppm): 3.91 (3H, s,
OCHs), 6.95 — 7.00 (2H, m, ArC(3)H), 8.33 — 8.39 (2H, m, ArC(2)H); *C{*H} NMR (126 MHz, CDCls) &
(ppm): 55.7 (OCHs), 114.4 (ArC), 124.9 (ArC), 162.6 (C(O)OH), 165.6 (ArC), 183.0 (C=0).
Data matches that previously reported.?
2-(4-Fluorophenyl)-2-oxoacetic acid (280):

o}

OH

Y
Synthesised according to general procedure I.
Colourless solid. Mp 95-97 °C {Lit. Mp??® 95-96 °C}. *H NMR (500 MHz, CDCl3) 6 (ppm): 7.14 —7.25 (2H,
m, ArC(3)H), 8.41 —8.49 (2H, m, ArC(2)H); °F NMR (471 MHz, CDCls) & (ppm): -99.2; *C{*H} NMR (126
MHz, CDCls) & (ppm): 116.5 (d, J = 22.3 Hz, ArC), 128.2 (ArC), 134.6 (d, J = 10.0 Hz, ArC), 163.8 (d, J =
662.7 Hz, ArC), 168.5 (C(O)OH), 182.4 (C=0).

Data matches that previously reported.?
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2-ox0-2-(4-(trifluoromethyl)phenyl)acetic acid (281):

0
mOH
(0]

Synthesised according to general procedure I.

Colourless solid. Mp 56-59 °C {Lit. Mp?%’ 53-55 °C}. *H NMR (400 MHz, CDCl3) & (ppm): 7.81 (2H,d, J =
8.3 Hz, ArC(3)H), 8.42 (2H, d, J = 8.2 Hz, ArC(2)H), 8.90 (1H, s, OH); 3C{*H} NMR (126 MHz, CDCl;) &
(ppm): 123.2 (q, J = 273.0 Hz, CF3), 126.0 (q, J = 3.7 Hz), 131.5 (ArC), 134.4 (ArC), 136.5 (q, J = 33.0 Hz),
161.8 (C(O)OH), 183.6 (C=0).

Data matches that previously reported.??*
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2-cyclopentyl-2-oxoacetic acid (282):

(0]
o

Diethyl oxalate (2.0 g, 13.7 mmol, 1.0 equiv.) and THF (30 mL) were added to an oven-dried schlenk
flask under nitrogen and cooled to -78 °C. Then cyclopentyl magnesium chloride (8.2 mL, 2 m, 16.4
mmol, 1.2 equiv.) was added dropwise. The reaction mixture was then stirred for 1 h before being
allowed to warm to room temperature. Then the reaction mixture was poured on to ice water and
extracted with Et,0 (3 x 20 mL). The organic layers were combined, dried (Na>SO4) and concentrated
in vacuo. The resulting crude material was then dissolved in EtOH (30 mL) and water (30 mL). Sodium
hydroxide (1.1 g, 27.4 mmol, 2.0 equiv.) is added to the solution and the reaction mixture is stirred at
room temperature for 24 h. Then the pH of the reaction is adjusted to 1 using dilute hydrochloric acid
and extracted with EtOAc (3 x 30 mL). The organic layers were combined, dried (Na,SO.) and
concentrated in vacuo. Purification through silica column chromatography (10% to 30%
EtOAc/Hexane) afforded the desired product as a pale yellow oil (0.40 g, 21%).

'H NMR (500 MHz, CDCls) & (ppm): 1.65 — 1.75 (4H, m, CH,), 1.77 — 1.88 (2H, m, CH,), 1.95 — 2.05 (2H,
m, CH2), 3.69 (1H, tt, J=9.0 Hz, 6.9 Hz); 3C{*H} NMR (126 MHz, CDCls) & (ppm): 26.2 (CH,) 28.8 (CH,),
45.6 (CH), 159.9 (C(0)OH), 197.7 (C=0).

Data matches that previously reported.?*
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7.5 Experimental procedures and characterization for Chapter 5.

General Method A - BCl; catalysed [2+2] cycloaddition
endo-2,4-Dibromodicyclo-pentadiene-8-oxane-1-one (31.8 mg, 0.1 mmol, 1.0 equiv.) was added to an
oven dried vial. The vial was sealed and evacuated then back filled with nitrogen three times. In a
separate Schlenk flask anhydrous CH,Cl, was sparged with nitrogen for 10 minutes then added to the
vial (1.9 mL). Then BCl; (0.1 mL, 1 m, 1.0 equiv.) was added. The reaction mixture was stirred under
370 nm irradiation at room temperature for 20 h using photoreactor set-up B. The reaction mixture
was quenched with distilled water (5 mL) then extracted with DCM (3 x 5 mL). The organic phases
were combined, dried with MgSQ,, filtered, and concentrated under vacuum to afford crude product.

General Method B — optimization of benzophenone catalysed [2+2] cycloaddition
256 or 257 (1.0 equiv.) and benzophenone were added to a Schlenk flask or vial and sealed. Solvent
was added and the solution was sparged with nitrogen for 15 minutes. The flask or vial was then stirred
under 370 or 390 nm irradiation at room temperature using photoreactor set-up B or C. The progress
of the reaction was monitored by taking an aliquot and submitting it to 'H NMR analysis and
conversions were calculated using the same methods as Collin and Linclau.!8

Theoretical Calculations
Calculations were performed with Gaussian16, Revision C.01,%! employing either pure or hybrid levels
of DFT using the 6-31G(d,p)**? basis set with a variety of functionals; B3LYP, PBEO and BLYP.%3372% An
ultrafine integration grid (99 radial shells with 590 angular points per shell) was used. Implicit solvation
was used at both the optimisation and single point steps using the Polarizable Continuum Model
(PCM),2%72%8 employing parameters for DCM (g = 8.93).2392% Corrections for dispersion were also
included for optimisation and single point calculations using the Grimme DFT-D3 correction with Becke
Johnson dampening.?*>2%3 Calculations were submitted and processed using an in-house developed
software, Silico, which incorporates a number of publicly available software libraries, including: cclib?*

for parsing of result files and Open Babel?*/Pybel®*® for file interconversion.
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1,4—-dioxaspiro[4.4]nonane (283):

o __0O

O

Based on a procedure reported by Collin et al.®® DOWEX® 50WX8 200-400 cation exchange resin (0.60
g) was washed with MeOH and dired under vacuum then added to a round bottom flask with
cyclopentanone (50.0 mL, 0.56 mol, 1.0 equiv.), ethylene glycol (40.0 mL, 0.72 mol, 1.3 equiv.) and
anhydrous benzene (100 mL). The reaction mixture was then heated to reflux under a Dean-Stark
apparatus and stirred for 30 h. After the reaction cooled to room temperature it was washed with 4%
sodium hydroxide (2 x 50 mL) and brine (2 x 100 mL) then dired (MgS0,). Purification through
distillation afforded 283 as a colourless oil with some trace ethylene glycol and cyclopentanone
impurities (41.5g, 52%).

'H NMR (400 MHz, CDCls) & (ppm): 1.71 — 1.65 (m, 4H, CH,CH,CH,CH,), 1.80 — 1.75 (m, 4H,
CH-CH>CHCH-), 3.90 (s, 4H, OCH,CH,0); *C{*H} NMR (101 MHz, CDCls) & (ppm): 118.5 (OCO), 64.2
(OCH,CH,0), 35.9 (CH,CH,CH,CH,), 23.6 (CH2CH,CH,CH,).

Data matches that previously reported.8
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endo-2,4-dibromodicyclopentadiene-1,8—dione bisethylene ketal (254):

('3/7\OBr

1 310

4Br

(-

Based on a procedure reported by Collin et al.® 283 (20.0 g, 156 mmol, 1.0 equiv.) and anhydrous
1,4-dioxane (125 mL) were added to an oven-dried three-neck flask and sparged with nitrogen for 15
minutes then cooled to 0 °C. Bromine (28.1 mL, 0.55 mol, 3.5 equiv.) was added using a dropping
funnel over 2 h, then the reaction mixture was stirred at room temperature for 20 h. A 4% sodium
hydroxide trap was linked to the reaction to trap any HBr. Then a solution of sodium hydroxide (48.7
g, 1.2 mol, 7.8 equiv.) in methanol (250 mL) was added using a dropping funnel over 2 h and the
reaction mixture was heated to reflux and stirred for 24 h. After the reaction cooled to room
temperature it was poured onto rapidly stirring ice water (750 mL). The resulting precipitate was
collected through vacuum filtration and washed with ice water (100 mL) then dried under vacuum to
afford 254 as a beige solid (37.5 g, 59%).
Mp: 164-165 °C {Lit:*” 174-176 °C). 'H NMR (400 MHz, CDCls) & (ppm): 2.72 (1H, td, J = 4.7, 0.7 Hz,
C(6)H), 3.08 (1H, dd, J = 7.4, 4.7 Hz, C(6)H), 3.50 (1H, dd, J = 7.4, 2.5 Hz, C(3)H), 4.04 — 3.87 (4H, m,
OCH,CH,0), 4.26 — 4.11 (4H, m, OCH.CH-0), 5.84 (1H, dd, J=6.4, 1.3 Hz, C(1)H), 6.07 (1H,d,J=2.5
Hz, C(10)H), 6.19 (1H, dd, J = 6.4, 3.6 Hz, C(4)H); 3C NMR (101 MHz, CDCI;) 6 (ppm): 47.3 (C(5)), 49.6
(C(6)), 55.8 (C(3)), 65.3 (OCH.CH,0), 65.4 (OCH,CH,0), 66.3 (OCH,CH,0), 66.5 (OCH,CH,0), 67.8 (C(2)),
115.7(C(2)), 126.1 (C(7)), 128.1 (C(8)), 132.6 (C(4)), 133.1 (C(1)), 134.6 (C(10)).
GCMS Cy14H14Br20,4 [M]* found: 406.0, theoretical: 406.1, retention time = 8.9 min.

Data matches that previously reported.®
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(3a'R,4'S,7'S,7a'S)-2',4'-dibromo-3a',4',7',7a'-tetrahydro-1'H-spiro[[1,3]dioxolane-2,8'-
[4,7]methanoinden]-1'-one (257):

Y%
0 Br
1 3 10

5
4 8YgeBr

Based on a procedure reported by Chapman et al.®* 254 (300 mg, 0.74 mmol, 1.0 equiv.) and THF (3
mL) were added to a round bottom flask. Hydrochloric acid (0.30 mL, conc., 4.9 equiv.) was added
dropwise and the reaction was stirred at room temperature for 18 h. The reaction mixture was then
poured onto a 10% solution of NaHCO3 (20 mL) and left at room temperature for 1 h. The resulting
precipitate was collected through vacuum filtration and washed with water then dried under vacuum.
Purification through recrystallization (toluene) afforded 257 as a beige solid (186 mg, 69%)

Mp: 172-174 °C {Lit.?®? 171-172 °C}. 'H NMR (400 MHz, CDCls) & (ppm): 3.05 — 3.11 (1H, m, C(6)H),
3.20 (1H, t, J = 5.4 Hz, C(5)H), 3.63 —3.67 (1H, m, C(3)H), 3.93 — 4.00 (1H, m, OCH,CH-0), 4.02 - 4.09
(1H, m, OCH,CH-0), 4.15 - 4.29 (2H, m, OCH.CH-0), 5.93 (1H, dd, J 6.5, 1.4, C(1)H), 6.01 (1H, dd, J 6.5,
3.6, C(4)H), 7.63 (1H, dd, J 2.9, 0.7, C(10)H).

Data matches that previously reported.!8?
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endo-2,4-dibromodicyclo-pentadiene-1,8-dione (256):

Based on a procedure reported by Collin et al.® H,50,4 (113 mL, 2.1 mol, excess) was added to a round
bottom flask and cooled to 0 °C. Then 254 (37.5 g, 92.8 mmol, 1.0 equiv.) was added portionwise and
the reaction mixture was stirred at room temperature for 30 h. The reaction mixture was then poured
onto rapidly stirring ice water (300 mL). The resulting beige precipitate was collected through vacuum
filtration and washed with ice water (100 mL) and dried under vacuum. Purification through
recrystallization (50% EtOAc/Hexane) afforded the desired product as a colourless solid (15.0 g, 51%)
Mp: 154-155 °C {Lit.*®? 154-155 °C}. *H NMR (400 MHz, CDCls) & (ppm): 3.20 (1H, dd, J = 6.4, 5.0 Hz,
C(6)H), 3.52 (1H, dd, J = 6.9, 3.0 Hz, C(3)H), 3.59 (1H, ddd, J = 5.2, 3.9, 0.6 Hz, C(5)H), 6.25 (1H, dt, J=
6.9, 0.8 Hz, C(1)H), 6.36 (1H, dd, J = 6.9, 3.9 Hz, C(4)H), 7.67 (1H, d, J = 3.1 Hz, C(10)H); *C NMR (101
MHz, CDCls) 6 (ppm): 44.1 (C(6)), 47.3 (C(5)), 49.0 (C(3)), 60.4 (C(9)), 129.9 (C(9)), 133.9 (C(4)), 134.2
(€C(1)), 156.5 (€(10)), 192.5 (C(7)), 197.1 (C(8)).

Data matches that previously reported.8
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Dimethyl 1,4-cubanedicarboxylate (253):

COoMe

MeO,C
256 (328 mg, 1.0 mmol, 1 equiv.) and benzophenone (91.0 mg, 0.5 mmol, 0.5 equiv.) were added to a
Schlenk flask. The flask was sealed with a suba-seal and MeCN (10 mL) was added, and the solution
was sparged with nitrogen for 15 minutes. The reaction was stirred under 390 nm irradiation at room
temperature using photoreactor set-up C for 24 hours then concentrated in vacuo. The crude product
was used without further purification.

The crude materials of six runs were combined and suspended in water (10 mL). NaOH solution (10
mL, 26% w/v solution) was added to the brown suspension and the reaction was refluxed vigorously
for 16 h. After the reaction cooled to room temperature the pH was adjusted to 1 using conc.
hydrochloric acid. The solution was filtered and washed with ice-cold water. In our hands, the 1,4-
cubanedicarboxylic acid did not precipitate out and filtration simply removed benzophenone. The
filtrate was then concentrated in vacuo to yield a dark brown solid. This material was then suspended
in methanol and filtered to remove some of the salts. This filtrate was then concentrated in vacuo and
thoroughly dried to yield a brown solid which was used without further purification.

Crude 1,4-cubanedicarboxylic acid (ca. 6.0 mmol) was dissolved in methanol (30 mL) and conc.
hydrochloric acid (0.89 mL, 10.8 mmol, 1.8 equiv.) was added to the reaction mixture. The reaction
was then refluxed for 16 h under a nitrogen atmosphere. After the reaction cooled to room
temperature the reaction was concentrated in vacuo to obtain a brown solid, which was then
dissolved in CH,Cl,(30 mL). Water (30 mL) was added, and the aqueous phase was extracted with DCM
(3 x 30 mL). The organic phases were combined, washed with brine (30 mL), dried (Na;SO4), and
concentrated in vacuo to afford the crude product. Purification through silica column chromatography
(20% EtOAc/Hexane) afforded 253 as a colourless solid 0.27 g (20%). Mp: 160-164 °C {Lit:!8* 164-165
°C}. 'H NMR (400 MHz, CDCls) & (ppm): 3.71 (s, 6H, OCHs), 4.23 (s, 6H, CH); *C{*H} NMR (126 MHz,
CDCl3) 6 (ppm): 47.1 (CH), 51.7 (OCHs), 55.8 (CCOOCH3), 172.0 (C=0).
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Data matches that previously reported.®

4-(methoxycarbonyl)cubane-1-carboxylic acid (262):

COoMe

HO,C

Based on a procedure reported by Eaton et a/.*® 253 (0.25 g, 1.14 mmol, 1.0 equiv.) and THF (10 mL)
were added to a round bottom flask. NaOH (2.3 m, 0.5 mL, 1.0 equiv.) in MeOH was added dropwise
and the reaction was stirred at room temperature for 24 h. Then the reaction was concentrated in
vacuo and suspended in water. Extraction with CH,Cl; (3 x 10 mL) yielded unreacted 253 (0.11 g, 44%).
The aqueous phase was acidified with 2 M HCl to a pH of 1 and extracted with CH.Cl, (3 x 10 mL). The
organic layers were combined, washed with brine (1 x 10 mL), dried (Na,SO4) and concentrated in
vacuo to afford 262 as a colourless solid (0.12 g, 50%)

Mp: 180-182 °C {Lit:'® 182-183 °C}. *'H NMR (400 MHz, DMSO) & (ppm): 3.62 (s, 3H, OCHs), 4.16 —4.12
(m, 6H, CH), 12.41 (s, 1H, COOH); *C{*H} NMR (126 MHz, DMSO) & (ppm): 46.55 (CH), 46.58 (CH), 51.8
(OCHs), 55.5 (€COO0), 56.0 (CCOO), 172.2 (€=0), 172.7 (C=0).

Data matches that previously reported.!8®
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