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Abstract

The resurgence of photocatalysis has propelled the development of a variety of
novel synthetic reactions powered by visible light. However, the majority of
photocatalysts typically used in these reactions are homogenous dyes or
expensive organometallic complexes, which have issues with cost, and
recyclability which hinders large-scale applications. The following work first
summarizes the recent developments in modern photoredox catalysis, along with
some advances in high throughput experiments. This thesis then describes the
use of a high-throughput screening strategy to discover a covalent triazine
framework, CTF-2, as heterogeneous organic photocatalyst for a variety of
reactions, including conjugate addition, metallaphotoredox arylation,
metallaphotoredox alkylation, dehydrogenative arylation, and fluorination. Finally,
progress towards a fully-autonomous workflow for photochemical reaction

optimization using mobile robots is highlighted.



Chapter Summaries:

Chapter 1 overviews homogeneous photocatalysis using transition metal
complexes, organic dyes, heterogeneous photocatalysis, and summarizes some
recent advances in high throughput experimentation (HTE) and applications of

robotic platforms for discovery and optimization.

Chapter 2 describes a discovery workflow for the discovery of novel
heterogeneous organic photoredox catalysis for synthetic chemistry. Using a
combination of pre-selected photoactive cores, we created polymeric analogues
of these cores, and benchmarked them using robotic platforms against a variety
of reactions with synthetic utility. While many reactions were unsuccessfully
catalysed by any of the polymers we synthesized, we were able to discover active
photocatalysts a variety of reactions including C-H trifluoromethylation, beta
ketone functionalization, decarboxylative metallaphotoredox arylation, and
decarboxylative conjugate addition. We found that CTF-2, a stable covalent
triazine framework (CTF) material, was able to catalyse 3 different reactions
performed by the iridium catalyst Ir[(dFCFsppy)2(dtbbpy)][PFs].

Chapter 3 explores the substrate and reaction scope of CTF-2 for a variety of
reactions. In total, we demonstrated 24 examples of decarboxylative conjugate
addition, and successfully applied CTF-2 for a decarboxylative alkylation,
arylation, fluorination, and further applied it to a dehydrogenative arylation
reaction. We then used CTF-2 for a transition-metal-free synthesis of the
antidepressant Rolipram. Recycling experiments showed that CTF-2 was
photostable and catalysed decarboxylative conjugate addition in 3 recycling

experiments, showing no appreciable loss in catalytic performance.



Chapter 4 expands upon our use of robotic platforms and describes the progress
towards an autonomous platform for closed loop optimization in photocatalytic
reactions using a KUKA mobile robot. Using ISynth platforms, several
photoreactors, and LC-MS, we integrate these in our optimization workflow, and
demonstrate a full loop of vial transfer, photoreactor vial placement, and LC-MS
analysis. We also screen materials for catalysing dehydrogenative arylation, and
find that dibenzo[b,d]thiophene 5,5-dioxide containing polymers are active

photocatalysts for this reaction, and provided higher yields than CTF-2.

Chapter 5 presents the overall conclusions of the thesis and presents

suggestions and directions for future work.
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Chapter 1

Introduction



Transition Metal Photoredox Catalysis

The pressing drive for sustainable chemical synthesis has driven the
development of multiple methods for green and efficient synthesis. Among those
that have generated significant interest is photoredox catalysis,* which has seen
a resurgence over the past decade. Historically, photochemical reactions have
tended to rely on the use of ultraviolet (UV) light involving specialized
photoreactors, which come with significant associated challenges?. The safety
concerns associated with using UV light, along with its general lack of selectivity

has hindered the widespread use of the technique.

In recent years, significant progress has been made to address these challenges.
Rather than relying exclusively on UV irradiation, seminal work by Macmillan,3
Yoon,* Stephenson,® showed that the use of photosensitizing transition metal
complexes containing precious metal cores could drive reactions using visible
light using house-hold light bulbs or cheap light-emitting diode (LED) arrays.
These transition metal complexes have long lived excited states that can engage
in single electron transfer (SET) and can be used highly efficiently with low

catalyst loadings.

Removing the barriers of potentially hazardous and expensive UV photoreactors
has significantly contributed to the accessibility of synthetic photochemistry,
demonstrating a wide variety of chemical reactions using mild conditions.® The
availability of standardized and commercial photoreactors has,’ in addition, made
great strides towards improving the reproducibility of the technique, and allowed

for standardized protocols.
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Figure 1-1: Commonly used precious metal photoredox catalysts

A recently reported procedure using transition metal photoredox catalysts was
the coupling of dicyanobenzene with tertiary amines developed by Macmillan and
co-workers (Scheme 1-1).8 In this reaction, the photoredox catalyst Ir(ppy)s 1.7 is
excited to *Ir(ppy)s 1.8 following irradiation. 1.8 subsequently reduces
dicyanobenzene (1.9) and yields oxidized Ir'V(ppy)s (1.11) as a result.
Intermediate 1.11 is then reduced by the tertiary amine 1.12. Oxidized 1.13
couples with intermediate 1.10 and is followed by cyanide elimination — forming
the final product 1.16. The reaction, however, was largely limited to N-aryl
amines, but was very efficient, requiring < 1 mol % catalyst in many cases, and
was powered by a standard CFL bulb — obviating the need for costly UV-

photoreactors.

12
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Scheme 1-1: Mechanism of photocatalytic C-H arylation of tertiary arylamines.

Another significant advantage of photoredox catalysis has been its ability to
catalyse reactions in tandem with other modes of catalysis, such as organic
catalysts, enzymes,® and other transition metals for metallaphotoredox catalysis,

allowing for broad reactivity.

O Ph
R
0
A NHAc A
P 11e =
N (R) T(RIP (:) 1%) ] oY P
(1eq) - Mo’ 7o 118  NHAc
[Ir(dF(CF3)ppy),(dtbopy)][PFe] (2 mol%)
117 EtOAc, rt., 14 hr 93%, 96% e.e
Blue LEDs
o)
O Ph R = ‘TFN
R.
o) o}
NHAc
\ (15 eq) N
~
N (R)-TRIP (5 mol%) NP
(1 eq) Nal (20 mol %), PPh3 (20 mol%) =
Dioxane, r.t., 20 hr 118 NHAc
117
456 nm LED 93%. 95% e.e

Scheme 1-2: Enantioselective Minisci addition with iridium and charge-transfer complexes
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Phipps and co-workers have adapted chiral phosphoric acids as a co-catalyst
with an iridium catalyst for enantioselective Minisci addition. The TRIP co-catalyst
both serves as an acid for activating the heteroarene for addition, as well as
controlling the stereochemistry of the addition products (Scheme 1-2).1° This
reaction has also recently been catalysed by a combination of Nal/PPhs as a

photoactive charge transfer complex, in place of the iridium catalyst.'!

Macmillan recently developed a platform for the beta functionalization of ketones
and aldehydes (Scheme 1-3). Selective beta reactivity of a ketone or aldehyde is
challenging due to the inert nature of the C-H bond, and typical approaches often
rely on the use of directing groups'?. Using simple cyclic amines as co-catalysts,
Macmillan was able to selectively generate radicals on this beta position and
leverage it for a variety of reactions, 13-17including arylation, ketone addition, and

Michael addition.

O O

CN Ir(ppy)s (1 mol%)
Azepane (20 mol%)
NC
)

DABCO (5 eq)
HOACc (20 mol%), H,O (3 eq)

(5 eq) (Teq DMPU, rt., 98 hr 129
1.20 1.21 26W CFL 889%
0 o Ir(ppy)s (1 mol%) 0
)J\ Azepane (20 mol%)
Ph™ "Ph DABCO (5 eq), LiAsFg (1 eq) OH
HOAc (20 mol%), H,O (3 eq) Ph
(5 eq) (1eq) DMPU, r.t., 24 hr Ph
1.20 1.23 26W CFL 1.24
81%
o 0
P [r(ppy)(dtbbpy)I[PFe] (5 moi%)
)I\ Azepane (20 mol%) H
Ph” "H DABCO (1 eq) Neph
HOAc (20 mol%
(5 eq) (1 eq) OMPUL 1. 48 o
1.20 1.25 Blue LEDs 1.26
57%

Scheme 1-3: Direct beta-functionalization of ketones with various acceptors.
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Merging cross-coupling and photocatalysts has demonstrated promise,
particularly in C-C bond forming reactions.*® In one of the first such examples,
Macmillan used a combination of an iridium photocatalyst, and a nickel co-
catalyst to develop a decarboxylative cross -coupling reactions of carboxylic
acids and aryl halides (Scheme 1-4).19 In the proposed mechanism, the excited
iridium photocatalyst (1.28) oxidizes the carboxylic acid substrate (1.29). Alkyl
radical 1.30 is then captured by nickel species 1.33 to form 1.34, which then
undergoes reductive elimination to yield the decarboxylative C-C coupling
product 1.35.

This dual decarboxylative/metal cross coupling approach has been further
extended to C-C alkylation.?® Nickel cross-coupling methods are attractive, due

to their low cost and high abundance of the metal, in comparison to metals such

as palladium.
1.30 A—N)\@\
Boc
U, 1.35
b
Boc
N OH 3 Alk— NI L,

L, Ni» —I |
Ar

1.29 1.36

—

zZ

. WCl

|
=

* Il 1.28
Ir NN 1.30
g~ Cl
| (L Je
: N
Boc
|
‘ i
LnNi(U) L, Ni ZAr
It 1.32 1.33

1.27

Scheme 1-4: Decarboxylative metallaphotoredox arylation using iridium and nickel cocatalysts.
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While iridium and ruthenium complexes have undoubtedly been the most
prominent transition metal photocatalysts, other metals have been applied.
Macmillan reported on the use of a tetrabutylammonium decatungstate (TBADT)
photocatalyst and nickel catalyst combination for direct C-H arylation of aliphatic
compounds such as cyclohexane (Scheme 1-5).?! Decatungstate has also been
used by the Noel group??22 for direct functionalization of hydrocarbons, such as
methane, and propane in conjugate addition reactions. Decatungstate is reported
to work through hydrogen atom transfer (HAT), directly activating the strong C-H

bond, and forming the alkyl radical.

O = CFs

N._ _Br |
NS
| N (5 eQ) N
F,c” N7 TBADT (1 mol%)
(1eq) NiBr,(dtbbpy), (5 mol%)
1.37 1.38
" K3PO4 (1 A eq), 6‘60/
MeCN, 35 °C, 12hr o
390 nm LED
N CH, (20 eq) CN
CN TBADT (5 mol%) CN
(1eq) MeCN:H,0 (7:1), r.t, 6h
1.39 365 nm LED 1.40

42%

Scheme 1-5: Direct C-H Functionalization of aliphatic substrates using tungsten polyoxometalate
photocatalysts.

The scope of transition metal catalysed photoredox catalysts has seen enormous
advances in recent years, but there are significant drawbacks. First, the cost of
these catalysts is often prohibitively high due to their precious metal core. This
has no doubt hindered large scale industrial applications in synthetic
photochemistry, and the first commercial application of these catalysts has only
very recently been reported.?* In addition, iridium and ruthenium are among the
rarest naturally occurring elements and are finite resources that are also in
demand in various other industries,?® raising questions about long-term
sustainability. Lastly, many of these catalysts have little practical recyclability, and
concerns regarding the environmental and social impact of metal mining have

been well documented.26
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Homogeneous Organic Photoredox Catalysis

Several organic molecules have also been applied as photocatalysts as
alternatives to iridium and ruthenium.?’-3° Developed by Nicewicz and co-
workers, acridinium photocatalysts 3! have catalysed a host of arene oxidizing
reactions (Scheme 1-6), including cyanation, amination, and substitution.32-34
Remarkably, while acridiniums were originally developed as oxidizing catalysts,
Nicewicz and co-workers recently discovered that Mes-Acr-Ph could also act as
a potent reductant, with potentials comparable to elemental lithium. While
acridiniums are no doubt far more sustainable than using complexes such as
Ir(ppy)s, the purchase cost of photocatalysts such as Mes-Acr-Ph are also high,
comparable to the cost of iridium-based catalysts. In addition, these dyes are
synthetically elaborate, requiring non-trivial synthesis, and sensitive
organometallic reagents in some cases, which could Ilimit large scale

applications.
H
N
W
OMe

OMe (2 eq)
Mes-Acr-Ph (5 mol%) Q
TEMPO (20 mol %)

DCE, 0, 33°C,20hr /1
(1 eq) 455 nm LED =N

1.41 1.42
88% O

|/\NH Q
4 eq) /N NEZ
(\/) tBu N tBu
Mes-Acr-Ph (5 mol%) N ;
BF,
DCE:TFE (1:1), 33°C, 24 hr
(1eq) 455 nm LED
1.41 1.43 Mes-Acr-Ph
39%
OPh Me;SiCN (1.5 eq) OPh

Mes-Acr-Ph (5 mol%)

MeCN:pH 9 buffer (10:1)
(1eq) O,, 455 nm LED

1.41

NC
1.44

69%

Scheme 1-6: Functionalization of arenes using acridinium photocatalysts.
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Commercially available dyes such as Eosin Y have been successfully used for a
variety of reactions (Scheme 1-7).36-3° Kénig and co-workers utilized Eosin Y for
arylation of diazonium salts,*® along with alkyl halide reduction, and
enantioselective aldehyde alkylation, demonstrating that they could be combined

with complementary modes of catalysis — similar to ruthenium photocatalysts.*

n

0]

N,BF, (10°eq)
Eosin Y (1 mol%) / \
DMSO, 20° C, 2hr o
(1eq) 530 nm LED
1.45 1.46 O
60% CO,Na

Br Y Br

0 0 oa)
Eosin Y (2.5 mol%) © Br © Br OH
Hantzch ester (1.1 eq)

EosinY
Br DIPEA (2 eq) H
1e DMF, r.t. 18 hr,
(1 eq) 530 nm LED 1.48
1.47 100%

Scheme 1-7: Arylation and dehalogenation reactions catalysed by Eosin Y

Miyake and co-workers have reported on using several*>-4’ phenoxazine and
phenazine based photocatalysts as exceptionally reductive photocatalysts
(Figure 1-2). Initially developed as replacements for iridium photocatalysts in
atom transfer radical addition polymerizations,*“> they have been used for

various transformations in synthetic photochemistry.

N
! ! L)
0 CL )
Phenoxazine Phenothiazine Phenazine

1.49 1.50 1.51

Figure 1-2: Phenoxazine, phenothiazine, and phenazine photocatalyst cores.
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Glorious and co-workers used a reductive phenazine photocatalyst to convert
feedstock carboxylic acid derivatives for decarboxylative olefination in alkene
synthesis.*® Phenazine, and phenoxazine catalysts are far more sustainable than
precious metal counterparts — and could present cost effective alternatives,

although their applications have still been limited.

Another widely used dye is a carbazole based catalyst 4CzIPN. Zhang and co-
workers used 4CzIPN for decarboxylative arylation, using the organic
photocatalyst as a direct replacement for Irf[(dFCFsppy)z(dtbbpy)][PFe]*°. Other
known applications of 4CzIPN include Minisci reactions,®® decarboxylative
cyclopropane synthesis,*! and desilylative reactions (Scheme 1-8).52 The broad
scope of reactions possible from this one catalyst highlights its promise as an

inexpensive transition metal catalyst replacement.

|
©/(1 eq)

4CzIPN (2.5 mol%)

O\.\//O NiCl,(glyme) (10 mol%)

N . o N

1 OH 2,2"-bpy (15 mol%) 1
N

Cs,CO5(1.5e
(15 eq) 2V 20 hr,q) 1.53

NC CN
152 26W CFL 720/0 O
O
gt &y <@
Cl B(pin) O
0] (1.5eq) { \ Q
N > N B(pin) 4CzIPN
| OH 4CzIPN (1 mol%) !
Boc Cs,CO;5 (2 eq) Boc
(1eq) DMF, 50 °C, 20 hr 1.54

Scheme 1-8: Decarboxylative reactions catalysed by 4CzIPN.
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Heterogeneous Photoredox Catalysis for Organic Synthesis

While remarkable progress has been made in the development of organic dyes
as replacements for transition metal photocatalysts, there are still outstanding
challenges associated with them. Many of these dyes are synthetically elaborate,
requiring lengthy synthesis, and often approach the cost of transition metal
complexes. In addition, like their transition metal counterparts, organic dyes are
difficult to practically recycle and typically require higher catalyst loadings. A
solution to some of these issues would be with heterogeneous photoredox
catalysts. Heterogeneous photocatalysts are easily separated from reaction
mixtures, and could also be more chemically resistant, allowing for catalyst
recycling.

Heterogeneous photocatalysts have been widely explored for applications such
as hydrogen evolution,3-62 and CO:2 reduction,®3-%¢ but their use in synthetic
organic photochemistry has been limited and is still in its infancy. While many
reactions that have been performed using transition metal complexes have been
substituted using organic dyes, many reactions have never been performed using

a heterogeneous photocatalyst before.67-74

Carbon Nitrides

Many successful applications utilizing visible light have centred around carbon
nitride’>"°® a cheap and scalable organic polymer that has seen successful
applications in a variety of reactions. Kénig and co-workers successfully used
mesoporous carbon nitride (mpg-CN) in a host of reactions (Scheme 1-9),%
including arene trifluoromethylation, metallaphotoredox amination, and arene
halogenation. The polymer was successfully recovered from reaction mixtures
and recycled 4 times in different reactions and maintained comparable yields to

unused carbon nitride in each of different reactions.

20



/@H CFSONa (14eq) /@ic'%
mpg-CN (6 mg /0.1 mmol)
~o o~ oJs] (6 mg ) ~o o

DMSO, r.t., 22 hr
1.57 air, 455 nm LED 1.58
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Br N
/©/ DABCO (2.2eq) /©/ <
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DMSO, r.t., 20 hr

81%

1.59

Scheme 1-9: Functionalization of arenes using mesoporous carbon nitride

Likewise, Seeberger and co-workers used a modified carbon nitride (CN-OA-m)
for the esterification of aryl halides (Scheme 1-10),” in combination with a
homogeneous nickel cocatalyst, whilst also demonstrating that the polymer could
be recycled multiple times. While the ester products were formed in good yields,

no formation of the decarboxylative C-C coupling product was observed.

N
Boc-Pro-OH (1.5 eq) OYQ
NiCl,(dtbbpy) (10 mol%) )
/©/| BIPA (3 eq) /@/
CN-OA-m (3.3 mg/ ml
Me0,C OS2I M) MeO,C

DMSQO, 40° C, 14 hr

1.61 White LEDs 1.62
92%
Boc-Pro-OH (1.5 eq) Boc
NiCl,(dtbbpy) (10 mol%) N
BIPA (3 eq)
MeO,C CN-OA-m (3.3 mg / ml) MeO,C
DMSO, 40° C, 14 hr
1.61 White LEDs 1.63

Scheme 1-10: Metallaphotoredox esterification of aryl halides using modified
carbon nitride.
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Recently, Reisner and co-workers demonstrated the metallaphotoredox
etherification of aryl halides using carbon nitride (Scheme 1-11).8! Notably,
Reisner and co-workers showed that the nickel co-catalyst (Ni-mpg-CN) can be
integrated with carbon nitride for a unified catalyst for aryl halide esterification,
obviating the need for a homogeneous nickel catalyst, or the requirement of a
ligand for the nickel cocatalyst. Reisner and co-workers have further applied this
integrated photocatalyst for the amination of aryl halides using sodium azide®?
and showed that the Ni/CN catalyst was easily recycled and retained catalytic

activity.
| b
Ni-mpg-CN
Br (2.5 mg /0.1 mmol) ° N~ JN\
o >~ O N7 N7 N
MeOH, 40 °C, 18 hr R )\\ )\\ [ .
1.64 447 nm LED 1.66 \)N\ N N )N\’
86% N7 lN @ N7 lN
)\N)\N N)\N)\N

Br NaN3 (5 eq)
Qr ELN (2 eq) We o W7
NC Ni-mpg-CN \N)\\N NN SN S
(2.5 mg /0.1 mmol) NC )

1.67 MeOH:H,0 (5:1), 60 °C

1.68 i-mba-
24hr, 447 nm LED Ni-mpg-CN

84%

Scheme 1-11: Metallaphotoredox amination and etherification of aryl halides using an integrated nickel-carbon
nitride photocatalyst.

Carbon nitride has been used for decarboxylative reactions by a number of
groups. Rueping and co-workers used graphitic carbon nitride for Michael
addition reactions of N-aryl glycines under visible light (Scheme 1-12).82 They
also applied g-CsNa4 for desilylative conjugate addition and arylation. Recycling
the catalyst 7 times, the polymer maintained good catalytic activity, and was also
applied for a gram scale synthesis in flow. Seeberger and co-workers reported
on the decarboxylative fluorination of phenoxyacetic carboxylic acids using a
modified carbon nitride.®* This reaction was also performed in flow, with the

modified carbon nitride forming a stable suspension.
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(1.3 eq) MeOH, r.t, Blue LEDs
172 0
1.71 79%

Scheme 1-12: Desilylative and decarboxylative conjugate addition of N-Aryl amines
using graphitic carbon nitride.

Cai and co-workers recently used a potassium doped carbon nitride (CN-K) for
decarboxylative addition of several carboxylic acids (Scheme 1-13),%5 and Wang
and co-workers have used boron carbon nitride (BCN) for decarboxylative
arylation and amination of aryl several acetic acids. In both reports, the modified

carbon nitride polymer catalyst was easily recovered and recycled.86

0
CO,H cyclohexenone (1 eq)
0 CN-K (1 mg / mL) _
NaOH (2 eq), H,0 (20 eq)
MeCN, r.t., 465 nm LED o
(2 eq) 1.73
1.73 760/0
I
H N OH
CO,H N, N
E//N (2 eq)
BCN (5 mg /0.1 ) \
mg /0.1 mmo
Q 4-OH-TEMPO (1eq) | o
(1eq) DCE, rt., 20 hr 175 4-OH-TEMPO
420 nm LED '
1.74 520/0

Scheme 1-13: Decarboxylative functionalization using potassium doped carbon nitride and
boron carbon nitride.

23



Benzothiadiazole Polymers

Distinct from carbon nitrides, other conjugated polymers have been applied for
photoredox catalysis. Various groups used benzothiadiazole containing polymers
for a host of different reactions.®’” Using a carbazole-benzothiadiazole polymer
under air, Zhang and co-workers were able to selectively oxidize aryl sulfides to
sulfoxides (Scheme 1-14),88 without the use of external oxidant such as hydrogen
peroxide. Notably, they also immobilized the benzothiadiazole polymer onto a
column and performed the photocatalysis in flow. Benzothiadiazole polymers
have also been used for conversion of arylboronic esters into phenols,® and
halogenation of arenes.®® The ability of benzothiadiazole based polymers to
catalyse several of these reactions demonstrates the potential of organic

polymers to enable a broad range of synthetic chemistry.

0
1]
/©/S\ B-(Boc-CB),-BT (5 mg / mmol) /©/S\
R air, MeCN (1 mL / min), r.t. R
460 nm LED
1.77

1.76

99%

Scheme 1-14: Selective oxidation of aryl sulfides using a benzothiadiazole-carbazole
polymer.

24



Similarly, the Zhang group has also used a triethynylbenzene-benzothiadiazole
polymer for highly enantioselective alkylation of aldehydes, and alkyl halide
reduction (Scheme 1-15).°! The B-Bt polymer was also successfully immobilized
on a column and used under flow conditions. Recycling experiments showed that
the polymer retained its photocatalytic activity over 5 cycles, and
enantioselectivity of the products were retained. This also demonstrates that
organic polymer photocatalysts can work in tandem with other catalysts, chiral
amines in this case. Stereoselective synthesis of molecules with recyclable

polymers is a promising approach for sustainable synthesis.

o) B-BT (200 mg / mmol) O
Br DIPEA (2 eq) H
Hantzsch ester (1.1 eq)
H DMF (0.5 mL / min), r.t. H
1.78 2 hr, 420 nm LED 1.79
>99%
x
o EtO,C~ "CO.Et (1eq) o)
PO B-BT (200 mg/mmol) |~~~ N
H 1.81 (20 mol%)
(2 eq) I~
1.80 Lutidine (2 eq) EtO,C CO,Et
’ DMF (0.5 mL / min), r.t.
5 hr, 420 nm LED 1.82
>99%
89% e.e

Scheme 1-15: Alkyl dehalogenation, and enantioselective alkylation of aldehydes using
benzothiadiazole / triethynylbenzene photocatalysts.
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Covalent Triazine Frameworks

Covalent Triazine Frameworks (CTFs), a specific class of conjugated polymer,
have been leveraged for metal-free organic photosynthesis in multiple reports.
Zhang and co-workers have used CTFs for production benzophosphole oxide
(Scheme 1-16),°2 using an asymmetric CTF, which showed superior performance
over its symmetric counterparts, demonstrating the benefits of being able to tune
the properties of the materials at the molecular level. The polymerization of the
asymmetric monomer, led to the presence of a non-uniform covalent triazine
framework with 4 possible triazine units (M1 — M4) that could be formed from the

polymerization.

Savateev and co-workers have reported on the applications of CTFs for
metallaphotoredox amination (Scheme 1-17),°° and arene halogenation.
However, the substrates successful for bromination were limited to electron rich
arenes, and electron deficient arenes for metallaphotoredox amination. CTF
materials have also been used as highly photostable catalysts for hydrogen
evolution,®% and hydrogen peroxide production. CTFs can also be prepared
without palladium cross coupling, unlike other polymer photocatalysts, though
polycondensation,®® or ionothermal synthesis,'® and can be a large advantage
in sensitive applications such as pharmaceutical synthesis, where metal leaching

is a concern.
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Scheme 1-16: Benzophosphole oxide synthesis using symmetric and asymmetric CTFs.

27



H PYT (4 mg /0.6 mmol) _ Br
HBr (48 wt. %), ~0

MeO™ 1759) 0, (1 atm) MeCN, rt., o7o,
1.85 461 nm LED °
1.86

)

(1.8 eq)

Br
/©/ PHT (12 mg / 0.05 mmol) /©/
NC "~ NC

NiBry(glyme) (5 mol%)

"

(1 eq) DABCO (2.2 eq) 89%
1.67 DMA, r.t., 168 hr 1.87
625 nm LED
N%\lN
| X N)\@\(
~.R N .-
I
N?Z IN Z
4 | SN R |
~_ _N N N N
“/ R N NS ™
N__N N__N N__N
AR R =
P N | BN N \N | AN
Z N R~
| AN
N__N N7 |N
NS <
Z R N)\
™ ! N
| N
N__N
R =N: PYT
R = CH: PHT

Scheme 1-17: Arene halogenation and metallaphotoredox amination using CTF polymers.



Dye Integration

©i)\1 RB-CMP-2 (5 mol%)
\© air, MeNO,, r.t., 12 hr N
60W bulb
OoN

1.88 1.89

Scheme 1-18: Synthesis of Rose Bengal conjugated polymer and application towards
photocatalytic Aza-Henry reaction.

Integration of dyes into polymer backbones, or the creation of heterogeneous

analogues of molecular dyes has been explored by several groups. The Cooper

group reported the synthesis of Rose Bengal based polymers (Scheme 1-18),101

through the reaction with triethynyl benzene, producing conjugated microporous

polymers that were active for the Aza-Henry reaction of tetrahydroisoquinolines.

This was also similarly applied for construction of Eosin Y based polymers,1° for

the same reaction. This Eosin based polymer has also been successfully utilized

for photocatalytic CO2 reduction.03
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Vilela and co-workers have also used this approach by incorporating 4,4-difluoro-
4-bora-3a,4a-diaza-s-indacene (BODIPY) into polymers (Scheme 1-19),%* for
oxidation of terpinene to ascaridole. BODIPY has been reported as a
photosensitizing catalyst for several reactions.'® Using a post-synthetic
modification strategy, Vilela and co-workers installed a BODIPY moiety onto a
resin. The functionalized polymers then underwent a second maodification,
through chlorination, and the resultant polymers showed greater performance
compared to the to the non-chlorinated polymers. The resultant polymers were

stable after 96 hours of irradiation.

n
DMAP (10 mol%)
o~ ~cl NEt3 (2 eq)
(1 eq) DCM, r.t., 19 hr
1.90
PS-Est-BDP
PS-Est-BDP (5 mol%) (0]
> |
air (CHCI; saturated) 0
CHCl3, 72 hr
500 nm LED
1.91 1.92

58%
Scheme 1-19: Post-synthetic modification and installation of a BODIPY
polymer photocatalyst, and application in ascaridole synthesis.

In a similar approach, Vilela and co-workers co-polymerized a photoactive
benzothiadiazole unit with styrene,'% creating a polymer photosensitizer for
oxidation of terpinene. Notably, they found that efficiencies were comparable
between irradiation with direct sunlight and 420 nm LED irradiation. Undoubtedly,
using natural sunlight would be a major advantage compared to having to

construct or purchase photoreactor setups.
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Ir, Ni@Phen-COF

Figure 1-3: Dual iridium and nickel COF as a unified material for heterogeneous metallaphotoredox catalysis.
Porous, crystalline covalent organic frameworks (COFs) have also been applied
for a variety of photocatalytic applications. Aleman and co-workers have very
recently reported on the synthesis of a porous, crystalline, dual-metal COF
(Figure 1-3),197 containing both nickel and iridium centres. This bimetallic COF
resulted in a singular, recyclable, material that could be applied for
metallaphotoredox reactions, without the addition of external ligands.
Ir,Ni@Phen-COF was successful in catalysing several reactions including
decarboxylative arylation, and arylation of trifluoroborates. The material was

recycled 8 times, and showed consistent catalytic properties, and retained its
31



crystallinity and porosity. A very similar approach was also recently used by
Banerjee and co-workers,% who also used an iridium and nickel loaded COF for
metallaphotoredox amination of aryl halides, and again showed catalytic retention
over 10 cycles. Likewise, Pieber and co-workers have constructed acridine based

COF materials for metallaphotoredox amination.19°

While these successful reports of organic heterogeneous photoredox catalysts
have successfully demonstrated the promise of robust materials as replacements
for transition metals, there are several challenges that these materials
themselves face in aiding the wider adoption of photochemistry. Materials should
be readily scalable to use in practical applications. Any potential applications of
polymers as photocatalysts on industrial scale, for example, would require
reproducible, sustainable, cost-effective synthesis methods. COF materials, for

example, are infrequently synthesized on gram scale.

Aside from organic materials, transition metal semiconductor materials have also
been explored. TiO2, which has been studied for decades as a catalyst for
photochemical hydrogen production,''° has been applied to a variety of reactions.
Pt/TiO2 catalysts have been used for hydrodecarboxylation by Wang ! and co-
workers, functionalizing fatty acids into alkanes. Nocera and co-workers have
recently demonstrated decarboxylative conjugate addition of carboxylic acids
using TiOz to electron deficient Michael acceptors.''? Remarkably, TiO2 was also
able to catalyse photodecarboxylation of acetic acid, enabling direct methyl group
installation (Scheme 1-20), without the use of Grignard or other organometallic
reagents. Nocera also demonstrated direct functionalization of the
pharmaceutical Gemfibrozil. A significant drawback in using TiO2, however, is that
it has poor absorbance in visible light, requiring UV irradiation, which adds
additional complexity and cost, although strategies such as dye sensitization

could potentially mitigate this issue.13
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Scheme 1-20: Decarboxylative conjugate addition of carboxylic acids using TiO2 in near-visible light.

Xiao and co-workers meanwhile have successfully applied CdS for photocatalytic
amination and etherification, in combination with a homogeneous nickel
catalyst.1* Similarly, Weix and co-workers utilized CdSe quantum dots (QDs) for
direct beta alkylation of aldehydes (Scheme 1-21),'5 beta amino-alkylation of
cyclic ketones, and aryl dehalogenation mimicking the performance of the iridium

catalysts used by Macmillan.
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T
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93%

Scheme 1-21: Beta alkylation and reductive dehalogenation of aryl halides
using CdSe quantum dots.

High Throughput Experimentation and Discovery

The demand, and necessity, for faster and more efficient discovery processes
has driven the rise of high throughput experimentation (HTE) in various sectors.
In the pharmaceutical industry, this has become standard procedure, where large
number of trial molecules and analogues are tested in parallel, and synthetic
routes are optimized.}*6-1® The emergence of new technologies, and
standardization of lab equipment has helped accelerate discovery. For example,
96 well plates, autosamplers, and standardized vial sizes have all aided
researchers in easily translating samples to different equipment and analytical
techniques. Stevens and co-workers recently used an impressive high throughput
approach to optimize the synthesis of the API branebrutinib (Figure 1-4),11% which
was initially produced in discovery stage using an 8-step synthesis, and was a

major limitation for production in clinical trials.
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Figure 1-4: HTE for parallel solvent/base screening for amide bond formation.

Figure reproduced from literature. 119

Using high throughput experimentation, they optimized the various steps in the
production of the API, in parallel, running thousands of reactions, and shortened
the synthetic route to 4 steps. The optimized synthetic route was then

successfully scaled up to a kilogram scale.
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High-throughput experimentation has also been leveraged for additive discovery
in organic synthesis. Macmillan and co-workers recently used a phenotypic
approach to improve their reported photocatalytic decarboxylative arylation
reaction,?® which has been limited, particularly, by slow decarboxylation in
substrates without an adjacent heteroatom, and was unamenable to further
improvement using traditional optimization. Using HTE, Macmillan and co-
workers investigated additives for the cross coupling of non-activated carboxylic
acids with aryl halide partners for a total of 3840 reactions (Figure 1-5). While
most additives resulted in no improvement or poisoned the reaction, phthalimide

was unexpectedly found to be highly beneficial.
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N e 444 os N0
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Additive
complex aryl halides HTE Evaluation of Reaction Assessment & Analysis 5-membered imides
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Figure 1-5: Phenotypic screening for reaction additive discovery using high-throughput experimentation. Figure
reproduced from literature. 120

Investigation of phthalimide addition over a broad range of carboxylic acids and
aryl bromides (384 of each) demonstrated that inclusion of phthalimide
significantly improved decarboxylative coupling product formation in most cases,
significantly improving the scope of the reaction. Investigations revealed that the
inclusion of phthalimide limited the amount of dehalogenation by-product, and
dramatically improved the yields of non-activated carboxylic acid substrates,

substantially enhancing the scope of the reaction.
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Advances in machine learning, and other data driven approaches to chemistry
have seen progress in recent years, coupled with increased access to more
computational power.*?1122 The Doyle group recently applied Bayesian reaction
optimization to demonstrate the power of data driven approaches,'?® showing that
the optimizer yielded better performance than humans in optimizing reaction
parameters. Similarly, Aspuru-Guzik and co-workers recently used a combination
of ChemSpeed platform containing an in-line HPLC, and an optimizer for closed
loop optimization of a reaction.?* By performing HTE inside a well plate and
analysing yields with inline HPLC (Figure 1-6).

ML Algorithm +
ChemOS

Phoenics / Gryffin algorithm

P
——— %
== 2
| Q
T
Online HPLC Chemspeed SWING
Agilent 1100 experiments performed in

96-well plate

Figure 1-6: Autonomous reaction optimization using inline HPLC for HTE analysis. Figure reproduced from
literature. 124
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The Cooper group has extensively used high-throughput experimentation for the
discovery of new materials. Using a combination of computational pre-screening
and experimentation with robotic platforms, Cooper and co-workers synthesized
170 polymers (Figure 1-7) and used HTE to evaluate them for photocatalytic
water splitting.1?> Through this workflow, a new polymer, P64, was discovered to
be highly active for sacrificial hydrogen evolution, maintaining catalytic

performance over 30 hours of irradiation.

Material synthesis
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. % @i 2

Br-Q-er ijoﬁo—s‘oi_’ Og ';a‘a" —_ G _.._!l()_( )_]_“
f éaé -a%ei Crude product

Sample preparation for
polycondensation

L

Starting materials

Microwave reaction Polymer purification

Photocatalysis performance evaluation

J—
— “H(|_ang
]
L A8/ NOEp
Gas traces Gas analysis Photolysis Sample preparation for High-throughput polymers

photocatalysis

Figure 1-7: High-Throughput discovery of polymers for photocatalytic water splitting. Figure reproduced from
literature. 125

Cooper and co-workers have applied the use of mobile robotics towards
optimization of hydrogen evolution,'?® using a KUKA platform to search for
optimal conditions for sacrificial water splitting using a polymer photocatalyst.
After days of unattended operation, the platform discovered a combination of
components several times more active than the initial formulation over a total of
688 experiments (Figure 1-8). Multivariate exploration of reaction space can no
doubt offer benefits over traditional approaches such as one-variable-at-a-time or
factorial design of experiments. Binary and ternary mixtures of reaction
parameters, such as solvents for example, are often not explored for optimization
due to practical constraints and could offer improved yields over using any one

solvent alone.
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Figure 1-8: HTE using a mobile robot for optimization of hydrogen
evolution. Figure reproduced from literature. 128

Conclusions and Outlook:

The resurgence of modern photocatalysis has enabled the development of
reactions with mild conditions, and allowed for unique reaction pathways. The
ability to use inexpensive LEDs with visible light emission, over UV reactors, has
drastically improved accessibility. However, its full potential is hindered by the
prohibitive cost of commonly used precious metal transition metal complexes, or
synthetically elaborate dyes. While much progress has been made in creating
recyclable photocatalysts many reactions have never been catalysed by a
heterogeneous photocatalyst. The development of sustainable catalysts will no
doubt aid its wider adoption, particularly in industrial settings. HTE has seen great
success in accelerating discovery, and these techniques could be translated to

synthetic photochemistry.
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Introduction

As discussed in Chapter 1 — there are significant challenges associated with
photoredox catalysis, such as the elaborate synthetic steps required to access
many of the organic photoredox catalysts, and the cost of the transition metal
complexes, along with their precious earth metal cores — which makes them
difficult to scale for uses such as in large scale industrial production.

We recognized that heterogeneous photoredox -catalysts could offer an
alternative to this and could provide stable, recyclable, organic materials that
could be scaled up, and could be significantly cheaper than iridium photoredox
catalysts. However, development of these heterogeneous catalysts is still very
limited, and many reactions that are catalysed by a homogeneous photocatalyst
have no heterogeneous counterpart, and many of the reported examples of
heterogeneous photoredox catalysis have limited synthetic applicability —
particularly in C-C bond formation.

With few examples to start our search, we developed a strategy for targeted high
throughput discovery of novel photoredox catalysts augmented through the use
of robotic platforms. The Cooper group has previously reported on the synthesis
of microporous polymers through the heterogenization of organic molecular dye
Rose Bengal, for Aza-Henry reaction of tetrahydroisoquinolines,? and this has
been also applied to the dye Eosin Y3. Building upon this work, we envisioned a
strategy for discovery of new photocatalysts based on creating polymeric

analogues of photoactive small molecules.
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Figure 2-1: Photoactive cores and co-polymerization partners targeted for discovery of
photocatalysts.

We began by identifying small organic molecules that were active in
homogeneous photocatalysis, whether in organic synthesis, or in other
applications such as water splitting. We identified xanthenes, phenoxazine,
anthraquinone, triazines, and thioxanthones, among others, as starting points to
create our initial pool of polymers to screen (Figure 2-1). We also created our
workflow for high-throughput screening of novel photocatalysts, screening our
pool of polymer candidates against known reactions that are traditionally
catalysed by transition metal complexes.
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Figure 2-2: High-Throughput workflow for photocatalyst discovery.

Using Chemspeed platforms, we would utilize the robotic dispensing capabilities
in order to dispense stock solutions of various reagents into vials charged with all
our trial polymer candidates, along with any insoluble reagent under an inert
nitrogen atmosphere (Figure 2-2). From there vials would be crimp sealed and
manually transferred out of the Chemspeed. The vials are then irradiated using
broad spectrum white LEDs for several days, using rollers for agitation of the
reactions. After irradiation (3 days) the samples would then be diluted, and then
reformatting into autosampler vials, using the same robotic liquid handling
capabilities. The reformatted vials could then be directly analysed by GC-MS in
order to compare the performance of the polymers and determine whether there
was any catalytic product formation. Using the combination of rollers and LED

irradiation, our capacity was up to 48 reactions in parallel.

55



Following the detection of a successful polymer hit for a valuable reaction
catalysed by a specific homogeneous photocatalyst, we could then proceed to
take this result and then begin to optimize it further, if necessary, to develop the
reaction so that we could obtain an appropriate substrate scope. From there, we
would also test it against various other reactions that were catalysed by that same
homogeneous photocatalyst. In an ideal scenario, we would discover a polymer
that would be a heterogeneous equivalent to a commonly used transition metal
photocatalyst and would be able to catalyse multiple reactions performed by that

same transition metal photocatalyst.

Results and Discussion

Polymer Synthesis

Our group has previously used similar approaches? for the discovery of linear
polymer photocatalysts for hydrogen evolution and have found that photocatalytic
performance cannot be fully rationalized by any single property. The performance
is found to be correlated to a combination of multiple factors, including ionization
potential, optical gap, electron affinity, and transmission. We made a strategic
choice to perform reaction screening on our polymers with minimal
characterization. This would maximize the reactions that we could screen with
our trial polymer candidates and minimize the precursor and polymer synthesis
required. Fourier-Transform infrared spectroscopy (FT-IR) could identify the
presence of key functional groups and consumption of starting material, where
applicable. Meanwhile, UV-visible absorption spectroscopy (diffuse reflectance)
would infer the synthesis of a conjugated material that absorbs in visible light,
which is critical given that we exclusively irradiated with visible light, with broad
spectrum white LEDs. Polymers that showed promise and were taken further for

optimization and scope exploration would then be further characterized.
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We first began our synthesis of the trial polymer candidates by converting several
dyes that are known to photocatalyze different reactions directly into polymers in
one step (Scheme 2-1). 4CzIPN is a widely utilized homogeneous photocatalyst
that has been used in a host of reactions,® and we used Scholl coupling to
polymerize it using FeCls. Similarly, Rose Bengal and Eosin®-° are known to be
organic photocatalysts, and we created polymer analogues of them using
Sonogashira coupling with triethynyl benzene.

DCM, r.t, 3d

N: (;N O FeCly (8 eq) N:@
i

(1eq) poly-4CzIPN

N
(1.3 eq)

AN

Pd(PPh3),Cl, (2 mol%)
Cul (5 mol%)
Et;N/DMF (1:1)
80 °C, 3d

RB TrE

o)
2 2N
Br. O O Br (1.3 eq)
HO (0) OH

Pd(PPh3),Cl, (4 mol%)

Br Br Cul (10 mol%)
(1 eq) EtzN/DMF (1:1)
23 80 °C, 3d

EY TrE

Scheme 2-1: Synthesis of xanthene and 4CzIPN based polymers
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UV-Visible absorption spectrum of RB-TrE and EY-TrE (Figure 2-3)
demonstrated that the polymeric material broadly absorbed in visible light from
400-800 nm. In comparison, both Eosin Y and Rose Bengal dyes are known to
have comparatively narrow absorption windows and do not absorb strongly near
400 nm*%1! indicating the impact of the extended conjugation of the polymeric
material. UV-Visible absorption spectra of poly-4CzIPN polymer was unable to
be measured due to insufficient material and was not resynthesized due to
generally poor performance in all tested photoredox reactions. However, this
polymer has been previously synthesized by Zhang and co-workers!? and known

to absorb in visible light.
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Figure 2-3: UV-Visible absorption spectra of xanthene based polymers.

FT-IR
spectra (Figure 2-4) of RB-TrE and EY-TrE showed bands corresponding to the
carbonyl peaks at 1770 cm™, while no significant presence of alkyne C-H
stretching bands near ~3300 cm™ from the triethynylbenzene monomer was
observed, indicating its absence in the insoluble, polymeric, material. Alkyne C=C
stretching was not readily visible, although aromatic C=C bands were visible near
1600 cm. Poly-4CzIPN meanwhile showed strong aromatic C=C peaks at 1445
cm* and C-H bending signals at 741 cm™.
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Figure 2-4: FT-IR spectra of poly-4CzIPN and xanthene polymers.

Our next polymer core of interest was N-phenyl phenoxazine. Phenoxazines
have been successfully used as replacements for iridium and ruthenium
photoredox catalysts as highly reducing organic molecules,'®%* whose redox
potentials can exceed that of the iridium catalysts. Our hope was that the polymer
analogues would be mimic reactions catalysed by reducing photocatalysts such
as Ir(ppy)s. Installation of the phenyl group on phenoxazine was easily performed
to yield 2.4. From there dibromo intermediate 2.5 could be synthesized, which
was then converted to boronate ester 2.6, albeit only in modest 34% vyield
(Scheme 2-2).
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Using the phenoxazine core, we synthesized a series of trial polymers using
relevant coupling partners. We selected coupling partners based on a
combination of synthetic accessibility, and relevance towards applications in
photocatalysis. We first synthesized simple POX Ph using Suzuki coupling of 2.5
(Scheme 2-2), followed by the triazine polymer POX TAZ (Scheme 2-3) and
alkyne polymer POX TrE (Scheme 2-4).

@ NBS (2.1 eq) @
©: j@ CHCIy/AcOH /@:ND\
rt,3h
Br (0] Br
(1 eq)
2457% 2.596%

B,Pin, (3.2 eq),
/@: :©\ Pd(dppf)Cl; (10 mol%) /©:N:©\
KOAC (8 eq), (pin)B O B(pin)

dioxane, reflux, 1d
(1 eq)

2.5 2.6 34%

/©/B(OH)2
(HO),B
(1eq)
N N
/@: :@\ Pd(PPhs)s (5 mol%) ©: O
Br o Br K2CO0s(aq) g 0 O

DMF, 80° C, 3d
(1 eq)

25

POX Ph

Scheme 2-2: Synthesis of POX polymer precursors and POX Ph
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Scheme 2-3: Synthesis of POX TAZ polymer
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Br J: j: o I j\ Br Pd(PPh3)Cl, (4 mol%)

Cul (10 mol%)
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Q.
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Scheme 2-4: Synthesis of POX TrE polymer
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ede¥es B oulo B
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Scheme 2-5: Sythesis of POX SO2, POX BTZ, and POX BPy polymers

We then used boronate ester 2.6 for Suzuki polymerization with a variety of aryl
bromide coupling partners (Scheme 2-5). For example, dibenzothiophene 5,5-
dioxide (sulphone) based polymers have been successfully used for efficient
sacrificial hydrogen evolution.’>-1" Benzothiadiazole polymers have been
successfully used for various photochemical reactions, and we wondered

whether their inclusion could be beneficial.

UV-Visible spectra of the phenoxazine polymers (Figure 2-5) revealed that all the
materials broadly absorbed in visible light. In comparison, polymer core 2.4
absorbs poorly at similar wavelengths,'® and the broad absorbance is a
consequence of the extended conjugation. POX-BTZ, a dark purple material,
absorbed strongly at 600 nm, and could potentially be a viable catalyst with red-

light instead of typically used high-energy blue LED irradiation.
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Figure 2-5: UV-Visible absorption spectra of phenoxazine based polymers

FT-IR spectra of the phenoxazine polymers (Figure 2-6) showed strong peaks
consistent with the expected aromatic C=C stretches of the phenoxazine core
and their aromatic coupling partners. Notably, the FT-IR spectrum of POX-SO:2
had strong signals at 1153 cm™ and 1302 cm?, which is likely indicative of the
sulphone moiety. POX TAZ showed a strong band near 1500 cm™ and 1350 cm-

1, which are characteristic in triazine rings.®
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Figure 2-6: FT-IR spectra of phenoxazine based polymers.

The next major class of photoactive cores we were interested in targeting were
aryl ketones. Anthraquinones,?%?! acridones,?? and thioxanthones have all been
successfully used as homogeneous photocatalysts, particularly as hydrogen
atom transfer (HAT) reagents or triplet energy transfer photocatalysts?3, and we
were hopeful that this reactivity would be preserved in a heterogeneous polymer
form. Borylation of commercially available dibromo anthraquinone proceeded
smoothly (Scheme 2-6) and allowed for the production of a number of candidate

polymers from monomer 2.8 (Scheme 2-7).

O O

Br B(pin)
CLXT” srmase oL
Br = (pin)B

Pd(dppf)Cl, (10 mol%)

o KOACc, dioxane o
(1eq) 85 °C, 2d 2.8
2.7 56%

Scheme 2-6: Borylation of 2,6 dibromo anthraquinone.
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Blpin) AQO S02
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AQO SO2
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Scheme 2-7: Synthesis of anthraquinone polymers.
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Similar to the phenoxazine based polymers, we also used dibromide 2.7 in Suzuki
and Sonogashira polymerization to synthesize AQO Ph and AQO TrE polymers
respectively (Scheme 2-8)

0] (HO),B
Br
L -
Br Pd(PPh3)4 (5 mol%)

O K2003(aq)’ DMF
80 °C, 3d
(1eq)
2.7
AN =

o)
PO —__—
Br Pd(
o)

PPh)Cl, (4 mol%),
Cul (10 mol%)
(1 eq) Et;N, DMF (1:1)
27 80 °C, 3d

AQO TrE

Scheme 2-8: Synthesis of AQO Ph and AQO TrE polymers.

66



The anthraquinone-based polymers all displayed broad visible light absorption
from 400 — 800 nm (Figure 2-7). Anthraquinone does not absorb in visible light,
and UV-irradiation is often used when utilizing aryl ketones as homogeneous
photocatalysts, 24 and it is possible that the conjugated analogues may be able

to function efficiently in visible light instead.

— AQO-Ph
— AQO-TrE
— AQO-Bpy
— AQO-S02
AQO-Phen
AQO-Taz

1
TN
M\

0.5

Absorbance

N

400 600 800
Wavelength (nm)

Figure 2-7: UV-Visible absorption spectra of anthraquinone based polymers.

FT-IR spectra of the anthraquinone polymers (Figure 2-8) showed consistent
peaks near 1670 cm™ and 1580 cm™, corresponding to the C=0 and C=C
stretching vibrations respectively. Similar to POX-SOz2, the FT-IR spectrum of
AQO-SO: displayed a peak at 1142 cm™ which likely corresponds to the
stretching vibration of the sulphone moiety. AQO-TAZ also showed a strong

absorption band at 1503 cm™, indicative of the triazine ring*®.
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Figure 2-8: FT-IR spectra of anthraquinone based polymers.

Using acridone monomer 2.9, we similarly synthesized NMeA Ph and NMeA TrE
polymers using Suzuki and Sonogashira coupling respectively (Scheme 2-9)
Thioxanthone proved difficult to brominate in good yields, and we instead
proceeded to use it directly to produce a hyper-crosslinked polymer (HCP), which

has successfully been used as a radical initiator previously (Scheme 2-9).2°
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Scheme 2-9: Synthesis of N-Methyl acridone and thioxanthone polymers.
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Figure 2-9: UV-Visible absorption spectra of N-Methyl acridone and Thioxanthone polymers.

Solid state UV-visible absorption spectra of TXO-HCP, NMeA-Ph, and NMeA-TrE
(Figure 2-9) revealed that each of the polymers were capable of absorbing in
visible light. Despite neither the thioxanthone nor triphenylmethane monomers
having no significant absorption in visible light, the hyper-crosslinked polymer
TXO-HCP showed significant absorption in visible light, despite not being a fully
conjugated polymer. Absorption of visible light by NMeA-Ph fell sharply at
wavelengths longer than 450 nm, which could possibly be an indication that

photocatalytic performance may be inefficient with 500 — 800 nm irradiation.
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Figure 2-10:FT-IR spectra of thioxanthone and N-Methyl acridone polymers.

FT-IR spectra of TXO-HCP, NMeA-Ph, and NMeA-TrE (Figure 2-10) displayed
bands near 1630 cm, followed by strong signals at 1580 cmt, and 1480 cm™
which could correlate to the stretching of the carbonyl and aromatic C=C moieties
respectively. Bands near 800 cm™ corresponding to aryl C-H bending were

clearly visible with all 3 polymers.

We also synthesized some miscellaneous polymers such as CTF-2, TAA, and Cz
which have been successfully used in hydrogen evolution and are easily scalable
(Scheme 2-10). CTF-2, is an active hydrogen evolution catalyst, is synthetically

accessible, synthesized in one step from commercially available materials.?®
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Scheme 2-10: Synthesis of TAA, CTF-2, and Cz polymers.

UV-visible absorption spectra of TAA and Cz polymers (Figure 2-11) revealed
that they had sharp decreases in absorption after 400 nm and 450 nm
respectively, suggesting that both polymers may be inefficient without blue/purple
LED irradiation, and compared the AQO and POX polymers narrow absorbed
from 400-800 nm. CTF-2 also absorbed in visible light, as a result of the triflic
acid catalysed polymerization. In comparison, monomer 2.13 does not absorb in
visible light.?”
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Figure 2-11: UV-Visible absorption spectra of Cz, CTF-2, and TAA polymers.
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Figure 2-12:FT-IR spectra of Cz, TAA, and CTF-2 polymers.
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The FT-IR spectrum (Figure 2-12) of Cz displayed bands at 1658 cm™, and 1238
cm* which likely correlates to N-H bending and C-N stretching respectively. Cz,
CTF-2, and TAA all displayed aromatic C-H bending signals near 800 cm™, as
expected. No nitrile stretching band near 2250 cm™ was observed in the FT-IR
spectrum of CTF-2, suggesting that negligible amounts of if the dicarbonitrile
monomer remained in the polymer. FT-IR spectrum of CTF-2 also displayed the
expected strong absorption bands near 1500 and 1350 cm, which are indicative

of the triazine ring.

Internally, we also discovered that dicyanopyridine derivatives are active for
photocatalytic hydrogen evolution, and we synthesized polymer versions of these
to explore whether they would be active for organic photochemistry (Scheme 2-
11). Using monomers 2.15 and 2.16 we constructed polymer analogues using

triazine and benzene coupling partners.
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Scheme 2-11: Synthesis of dicyanopyridine polymers.
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Figure 2-13: UV-Visible absorption spectra of cyanopyridine polymers.

UV-Visible absorption spectra of all 3 cyanopyridine polymers (Figure 2-13) show
significant falloffs in absorption after 450 nm, again suggesting that high-energy
visible light irradiation might be critical for any photocatalytic activity.
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Figure 2-14: FT-IR spectra of cyanopyridine polymers.
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XBCN118, 117, and 120 all displayed bands near 2250 cm in their FT-IR spectra
(Figure 2-14), corresponding to the dicyanopyridine core, along with aromatic
C=C stretching, while weak bands at ~3000 cm™ could be attributed to C-H

stretching vibrations.

High-Throughput Photocatalyst Discovery

With our initial library of polymers synthesized, we started testing on these
candidate materials using our discovery process. 10 mL crimp seal headspace
vials were loaded with polymer, and any insoluble reagents, and were placed
inside either a ChemSpeed 1Synth or Swing platform along with nitrogen sparged
stock solutions of the organic reagents in septa screw top vials, and the robotic
platform was closed, and purged with nitrogen for ~2 hours. The degassed stock
solutions were then dispensed to each vial, and the vials were subsequently
crimp sealed. The vials were manually transferred to our photoreactor setup and
were irradiated for 3 days using a 400W white LED floodlight along with fan
cooling. The vials were then transferred back to the ChemSpeed platform, and
were diluted with ethyl acetate, and an aliquot of each was reformatted to a GC-
MS filter vial. The GC-MS vials were then queued on the autosampler of a GC-
MS instrument, and was directly analysed by GC-MS. In each case, blank
reaction was performed to see the conversion in the absence of an exogeneous

photocatalyst.
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Direct C-H Trifluoromethylation

The method for C-H trifluoromethylation of arenes and heteroarenes (Scheme 2-
12) was previously reported by MacMillan and co-workers,?® using a Ru(Phen)Cl:
photocatalyst. Direct trifluoromethylation is particularly valuable in avenues such
as medicinal or pharmaceutical chemistry. The mono- and di-trifluoromethylated
products of dimethyl pyrazine were easily observed by GC-MS. Unfortunately,
the mono- and di- trifluoromethylated products were unable to be completely
separated through analytical GC, and accurate distributions of both species were

unable to be calculated.

Surprisingly, we found that in the trifluoromethylation reaction resulted in 33%
conversion without any catalyst (Figure 2-15). This could be because of
photocatalytic degradation of the trifluoromethylating agent to the trifluoromethyl
radical. Several polymers were able to successfully catalyse this reaction —
although we noted that polymers containing triethynyl benzene inhibited the
reaction. The best performing polymer for this reaction, was POX-SO2, which
showed 83% GC-MS conversion from starting material. During our studies,
however, a report by Kénig and co-workers demonstrated an efficient method for
C-H trifluoromethylation using polymeric carbon nitride in high yields.?® Given that
carbon nitride is a cheap, scalable, material that can be synthesized without metal
coupling, we determined that it was unlikely to find a heterogeneous material that
would offer substantial improvements and we discontinued further work on this

reaction.

(1eq) (4 eq) MeCN, r.t, 3d
217 2.18 White LEDs

)i j\ O // Polymer (5 mg / 0.1 mmol) No-CFs FsC Ny CFs
F,¢’ Cl KaHPO, (2 eq) )IN/JV\ ' /\[ /Jv\
N
2.19 2.20

Scheme 2-12: Polymer catalysed C-H trifluoromethylation of heteroarenes.
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Polymer Conversion / %

Blank 33
CTF -2 (ST) 51
TAA 45
POX TrE trace
POX TAZ 42
EY - TrE trace
poly-4CzIPN 71
NMeA - Ph 70
POX — Ph 62
POX - SO2 83
POX -BTZ 73
POX - Bpy 73
NMeA - TrE trace
Cz 42
RB - TrE trace

Figure 2-15: Screening results for C-H trifluoromethylation of heteroarenes. Combination of mono- and di-
trifluoromethylation products. Conversions based on dimethylpyrazine starting material.
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Beta Ketone Addition of Carbonyls:
MacMillan and co-workers have reported on the direct beta addition of ketones

(Scheme 2-13), using a combination of a photocatalyst and amine catalyst,°
enabling functionalization of a typically inert species. The photocatalyst used in
for this reaction is [Ir(ppy)2(dtbbpy)][PFs]. From screening our library of polymers,
we found that NMeA-Ph was particularly active for this reaction (Figure 2-16),
enabling 52% conversion, while TAA, and NMeA-TrE were also successful. No

conversion was observed in the absence of a photocatalyst.

o) Polymer (5 mg / 0.1 mmol) O
'e) Azepane (20 mol%)
AcOH (20 mol%), H,0 (2 eq)
+ AL - OH
ij Ph™ Ph DABCO (2 &q)
DMPU, r.t, 3d phoh
(5 eq) (1eq) White LEDs
2.21 2.22 2.23

Scheme 2-13: Polymer catalyzed regioselective addition of aryl ketones to cyclic ketones.

Polymer Conversion / %

Blank 0
CTF-2(ST) 0
TAA 36
EY - TrE trace
POX TrE 12
POX TAZ 17
poly-4CzIPN 0
NMeA — Ph 52
POX - Ph 22
POX - SO2 14
POX -BTZ 5
POX - Bpy 14
NMeA - TrE 28
Cz trace
RB - TrE 0

Figure 2-16: Screening results for ketone addition to carbonyls. Conversions based

relative to benzophenone starting material.



Decarboxylative Metallaphotoredox Arylation:

MacMillan and co-workers have successfully combined nickel cross-coupling
catalysts in tandem with iridium photoredox catalysis for sp® arylation of
carboxylic acids (Scheme 2-14).3! Carboxylic acids are relatively stable,
inexpensive, and widely available — both commercially and in nature — and are
attractive starting material, and an organic polymer able to catalyse this reaction
could be valuable as a scalable material to convert feedstock chemicals. This
reaction was originally reported with iridium catalyst
[Ir(dF(CF3)ppy)2(dtbbpy)][PFs], which has been widely used in a variety of
photoredox reactions, and we were ideally looking for a polymer that would be
able to be able to mimic its capabilities. From our screening results (Figure 2-17),
while a few polymers such as CTF-2 and NMeA-TrE were able to successfully
catalyse this decarboxylative arylation reaction, the conversions were very low
(trace — 7% GC-MS yield), and several polymers appeared to produce large

amounts of the dehalogenation side product instead.

As a benchmark, [Ir(dF(CF3)ppy)2z(dtbbpy)][PFs] (2 mol% loading) under identical
conditions in our photoreactor setup yielded 54% GC-MS yield (vs biphenyl) of
the decarboxylative arylation product. Our hypothesis is that our pool of polymers
struggled to perform the key oxidation of the carboxylic acid substrate to form the
alkyl radical which is necessary to drive the arylation reaction.
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Scheme 2-14: Polymer catalysed metallaphotoredox decarboxylative arylation
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Figure 2-17: Screening results for metallaphotoredox decarboxylative arylation.
GC-MS yields vs biphenyl.



Direct C-H Arylation of Tertiary Amines

Another reaction developed by the MacMillan group was the direct C-H arylation
of tertiary arylamines with aryl cyanides (Scheme 2-15), which MacMillan
discovered with high throughput screening.3?> Alpha arylamines are widely
present in many biologically relevant molecules, and a metal free synthesis
method could prove valuable. The iridium photocatalyst originally used for this
reaction was Ir(ppy)s, a reducing photocatalyst. From our screening results
(Figure 2-18), we found, surprisingly, that the reaction appeared to show
substantial product formation in the absence of any photocatalyst. This is possibly
due to the formation of electron donor-acceptor (EDA) complexes that could
initiate this reaction in the absence of any photocatalyst. Some of the polymers
that we tested significantly improved the performance of the reaction, compared
to the blank reaction. Polymers containing the phenoxazine (POX) core and
NMeA — Ph showed > 60% GC-MS yield, while some polymers inhibited the
reaction almost completely.

Recently, Jin and co-workers reported the ability to perform this reaction in the
absence of an external photocatalyst, using a combination of blue LED
irradiation and Cs2COs to generate the arylated product in 43% vyield,
corroborating our findings. The attribute the reactivity to the formation of EDA
complexes. While some polymers that we screened showed improved
performance under white LED irradiation, the absence of any external catalyst at
all is inherently superior, and blue LEDs are widely available. We recognized that
any polymer photocatalyst we discovered for this reaction would be unlikely to
yield substantial improvement over this reported procedure, and subsequently,

we discontinued further work on developing this reaction.
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Scheme 2-15: Polymer catalyzed C-H arylation of tertiary arylamines.

Polymer GC-MS Yield / %

Blank 20
CTF 2 (ST) 8
TAA 33
EY TrE 6
NMeA - Ph 60
POX Ph 63
POX SO2 65
POX BTZ 24
POX Bpy 63
NMeA - TrE 8
Cz 18
RB TrE trace
TXO HCP 24
AQO Ph trace
AQO TrE trace
AQO Bpy 0
AQO Phen trace
AQO SO2 0
AQO TAZ 0
XBCN-117 trace
XBCN-118 26
XBCN-120 18

Figure 2-18: Screening results of direct C-H arylation of tertiary arylamines. GC-
MS yields vs biphenyl.
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Metallaphotoredox C-H arylation of Tertiary Amines

The MacMillan group has also used [Ir(dF(CF3)ppy)2(dtbbpy)][PFs] for the direct
C-H arylation of arylamines (Scheme 2-16).3! Using our general screening
approach, as described above — only two polymers showed yielded higher than
trace product formation, CTF-2, and NMeA-Ph. This was disappointing, as we
had hoped that the anthraquinone polymers would be capable of performing
hydrogen abstraction and forming the requisite alkyl radical. We were surprised
to see as well, that [Ir(dF(CFs)ppy)z(dtbbpy)][PFs] only gave 15% GC-MS vyield
(Figure 2-19), suggesting that there are significant improvements that could be
made to our photoreactor station. In comparison, Macmillan and co-workers
reported 84% isolated yield for this substrate. with  No product formation was
observed in the blank reaction, unlike the C-H arylation reaction of dimethylaniline

with dicyanobenzene
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Scheme 2-16: Polymer catalysed metallaphotoredox C-H arylation of tertiary arylamines.

Polymer GC-MS Yield / %

Blank 0
CTF-2(ST) 6
TAA 0
EY - TrE 0
NMeA — Ph 5
POX - Ph 0
POX - SO2 trace
POX -BTZ 0
POX - Bpy 0
NMeA - TrE trace
Cz 0
RB - TrE 0
TXO HCP 0
AQO Ph 0
AQO TrE 0
AQO Bpy 0
AQO Phen 0
AQO SOz 0
AQO TAZ 0
[Ir(dF(CF3)ppy)2(dtbbpy)][PFe] 15
(2 mol%)

Figure 2-19: Screening results for metallaphotoredox C-H arylation of tertiary
arylamines. GC-MS yields vs biphenyl.

86



Decarboxylative Conjugate Addition

Another decarboxylative reaction reported by MacMillan that we studied was the
simple 1,4 conjugate addition reaction of carboxylic acids with Michael acceptors
(Scheme 2-17).%* Applying our method for screening photocatalysts, we found
that several polymers showed some product formation, AQO Phen, AQO Ph and
CTF-2 (Figure 2-20). While the yields were low compared to the iridium catalyst
as a benchmark, under identical conditions, it was a good starting point — and a
valuable C-C bond forming reaction that has seen limited exploration with
heterogeneous photocatalysts. We deselected AQO-Phen and chose CTF-2 for
further study.

CTF-2 can be synthesized without the use of palladium cross coupling, and in
high yields from commercial materials. Furthermore, CTF-2 did show some
activity in our screening of decarboxylative arylation (Figure 2-17), and the direct
C-H metallaphotoredox arylation (Figure 2-19) while AQO-Phen showed only
trace or no product formation in those reactions. Given that CTF-2 catalysed 3
different photochemical reactions performed by [Ir(dF(CF3)ppy)z(dtbbpy)][PFs],
albeit in low yields, we hoped that CTF-2 would be able mimic the broad catalytic
properties of this widely used photocatalyst in higher yields following further

optimization and improvement.

Chapter 3 will focus on the development of this reaction.

87



CO,H

CO,Et CO,Et
\/\ Polymer (5 mg /0.1 mmol)
+ CO,Et CO,Et
KoHPO, (1.2 eq)

(1eq) (1 eq) DMF, r.t, 3d
2.32 2.33 White LEDs 2.34

Scheme 2-17: Polymer catalysed decarboxylative conjugate addition

Polymer GC-MS Yield

CTF-2 (M) 19
CTF-2 (ST) 5
EY TrE 0
POX Ph 0
POX SO2 0
POX BTZ 0
POX Bpy trace
NMeA - TrE trace
RB TrE 0
TXO HCP trace
AQO Ph 6
AQO TrE trace
AQO Bpy 0
AQO Phen 17
AQO SO2 trace
AQO TAZ trace
Ir[(dFCFsppy)(dtbbpy)][PFs] 83
(2 mol%)

Figure 2-20: Screening results for decarboxylative conjugate addition. GC-MS yields vs biphenyl
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Unsuccessful Reactions

o Polymer (5 mg /0.1 mmol)
L/ S~
N D | D
I
2

(iPr)3SiSH (30 mol% eq) D,O
(50 eq), NMP r.t., 3d, White LEDs

2.35 36
H
N,N Polymer (5 mg /0.1 mmol)
+
\ TEMPO (1 eq), DCM N
r.t., 3d, White LEDs N’
(2 eq) (1 eq) /)
2.37 2.38 2.39
CF,
O Q Polymer (5 mg / 0.1 mmol) F3C©_O
By NiCly(glyme) (5 mol%)
(5 eq) (1 eq) dtbbpy (5 mol%)
2.40 2.25 K3PO4 (1 eq), MeCN, r.t, 3d 2.41
White LEDs
(0]
/\)J\H o Ph” >N" " Ph
2.42 Polymer (5 mg /0.1 mmol) \‘/
(1.1 eq) + \)J\O Propionic acid (20 mol%) g
+ 4\ Hantzsch ester (1.5 eq) o
o~ mol. sieves, DCM
Ph™ °N” “Ph rt., 3d, White LEDs 0
H 2.44 245
2.43 (1.1 eq)
(1 eq)
Ox O
o O Polymer (5 mg /0.1 mmol)
H)J\/\pent + \)J\ - > Q
o~ iProNH (20 mol%), DABCO (5 eq) H )
TFA (20 mol%) H,0 (3 eq) pen
(3 eq) (1eq) ;
DME, r.t., 3d, White LEDs
2.46 2.47 2.48

Scheme 2-18: Reactions that showed no product formation in any of the polymers screened

While several of the reactions that we tested were successfully catalysed by

some of the polymers in our initial pool, other reactions3>-3° were unsuccessful in

forming any product using all the polymers that we tested (Scheme 2-18). Several

of these reactions are already challenging to perform using transition metal
photocatalysts. For several of these reactions, biphasic reaction mixtures,
heterogeneous bases, or insoluble additives may create additional barriers for

heterogeneous photocatalysts.
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Conclusions

In summary, we developed a high throughput automation-augmented strategy for
the discovery of novel heterogeneous organic photocatalysts. Using the robotic
dispensing capabilities of ChemSpeed platforms, parallel sample irradiation,
coupled with direct GC-MS analysis of reaction mixtures, we were able to test
materials synthesized for several relevant photocatalytic reactions. With the

photoreactor station we used for this workflow, we can run 48 samples in parallel.

This type of high-throughput process does have some distinct disadvantages,
however. While it is relatively simple to screen whether a reaction has succeeded
or not, it does not provide much insight into why it is successful (or unsuccessful).
We also did not perform in depth characterization on deselected candidate

polymers until they taken forward for further study.

In addition, GC-MS analysis is not compatible with substrates that have high
boiling points, or are prone to decomposition at elevated temperatures, and this
may limit the variety of reactions compatible. HPLC methods might be better
suited in these cases, although this could necessitate lengthy method
development. For comparison, little method development was required for our
GC-MS analysis, beyond extending the run time at elevated temperatures in one

case.

From our results, we discovered that CTF-2, a covalent triazine framework, was
a promising material for decarboxylative conjugate addition, and potentially for
other decarboxylative reactions as well. Chapter 3 will focus on the optimization,
development, and substrate scope of decarboxylative Michael addition reaction,
and other related reactions.
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Experimental

Monomer Synthesis
ACzIPN (2.1)

Carbazole (1.67 g, 10.0 mmol, 5 eq) is dissolved in dry THF

NG N N (40 mL), followed by addition of sodium hydride (60%
7 N]?E mineral oil dispersion) (0.6 g, 15 mmol, 7.5 eq). After 30
N Q minutes of stirring, tetrafluoroisophtalonitrile (0.40 g. 2
mmol, 1 eq) is added, and the reaction is stirred at room
temperature overnight. The reaction mixture is quenched with water,
concentrated under reduced pressure, and filtered. The crude material is washed
with ethanol, recrystallized from chloroform/acetone, and further purified by
column chromatography in (DCM/hexane) to yield the product as a yellow powder
(713 mg, 45% yield). Procedure was performed from reported methods. Data was

consistent with previously reported values.#94!

1H NMR (400 MHz, CDCl3) & 8.26 — 8.20 (m, 2H), 7.77 — 7.65 (m, 8H), 7.55 —
7.46 (m, 2H), 7.36 — 7.30 (M, 2H), 7.25 — 7.19 (m, 4H), 7.14 — 7.03 (m, 8H), 6.89
—6.78 (M, 4H), 6.68 — 6.59 (M, 2H).

13C NMR (101 MHz, CDCls) d 145.36, 144.76, 140.12, 138.32, 137.10, 134.89,
127.11, 125.92, 125.10, 124.89, 124.68, 123.99, 122.54, 122.08, 121.55, 121.13,
120.57, 119.79, 116.50, 111.76, 110.09, 109.61, 109.56.
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10-phenyl phenoxazine (2.4)

© Phenoxazine (2.00 g, 10.9 mmol, 1 eq), copper powder (90 mg,
N 1.42 mmol, 13 mol %) iodobenzene (1.62 mL, 14.4 mmol, 1.3 eq)
©:o:© and potassium carbonate (1.52 g, 11.0 mmol, 1 eq) are placed
under nitrogen and heated to reflux for 3 days. The reaction mixture is cooled,
diluted with DCM, washed with dilute HCI, water, dried, and concentrated under
reduced pressure. The crude product is purified by column chromatography
(DCM/hexane) to yield the product as a white powder (1.61 g, 57% yield).
Procedure was adapted from literature.#?-44 Data was consistent with previously
reported values.

IH NMR (400 MHz, CDCl3) & 7.63 — 7.57 (m, 2H), 7.51 — 7.45 (m, 1H), 7.38 —
7.33 (m, 2H), 6.70 (dd, J = 7.8, 1.7 Hz, 2H), 6.72-6.56 (m, 6H), 5.91 (dd, J = 7.8,
1.6 Hz, 2H).

13C NMR (101 MHz, CDCls) d 144.06, 139.10, 134.57, 131.18, 130.96, 128.62,
123.35, 121.38, 115.52, 113.36.

3,7 dibromo-10H-phenyl phenoxazine (2.5)

dissolved in a solution of DCM/Acetic acid (100 mL, 1:1),
QND\ followed by the slow addition of NBS (2.88 g, 16.2 mmol,
Br o) Br 2.1 eq)over 15 minutes. The reaction mixture is stirred for

3 hours, diluted with DCM, and washed with saturated NaHCO3, water, brine, and

© N-phenyl phenoxazine (2.00 g. 7.72 mmol, 1 eq) is

concentrated under reduced pressure. The crude product is purified by column
chromatography (DCM/Hexane) to yield the product as white crystals (3.08 g, 96

% vyield). Procedure was performed as in literature. 13

IH NMR (400 MHz, CDCl3) & 7.63 — 7.56 (m, 2H), 7.51 — 7.45 (m, 1H), 7.31 —
7.26 (m, 2H), 6.80 (d, J = 2.2 Hz, 2H), 6.68 (dd, J = 8.6, 2.2 Hz, 2H), 5.75 (d, J =
8.5 Hz, 2H).

13C NMR (101 MHz, CDCls) d 144.12, 138.14, 133.29, 131.36, 130.37, 129.01,
126.27, 118.63, 114.41, 112.84.
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10-phenyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-

phenoxazine (2.6)

@ 3,7 dibromo-10H-phenyl phenoxazine (3.00 g, 7.19

mmol, 1 eq), potassium acetate (5.84 g, 59.5 mmol,

N
o /@[ :@\ o 8 eq), bispinacolato diboron (5.86 g, 23.1 mmol, 3.2
>§r§ © 27Z< eq), and Pd(dppf)Cl2 (0.528 g, 0.721 mmol, 0.1 eq)

are suspended in dioxane (72 ml) and heated to
reflux overnight under nitrogen. The reaction mixture is cooled and filtered
through alumina eluting with ether. The crude solution is concentrated under
reduced pressure and purified via column chromatography (DCM/Hexane),
recrystallized, filtered and washed with hexane to yield the title compound as pale
brown crystals (1.23 g, 34 % vyield). Procedure adapted from a reported

procedure. 4°

'H NMR (400 MHz, CDCI3) & 7.64 — 7.55 (m, 2H), 7.52 — 7.46 (m, 1H), 7.33 -
7.27 (m, 2H), 7.07 (d, J = 1.3 Hz, 2H), 7.02 (dd, J = 7.9, 1.3 Hz, 2H), 5.85 (d, J
= 7.9 Hz, 2H), 1.30 (s, 24H).

13C NMR (101 MHz, CDCls) & 143.66, 138.30, 136.59, 131.12, 130.49, 130.44,
128.74, 121.16, 112.75, 83.58, 24.80.

HRMS (+ESI): m/z calculated for [M+H]*: 512.2774; found: 512.2787

2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene-9,10-dione
(2.8)

o O/g< Dibromoanthraquinone (3.00 g, 8.20 mmol, 1 eq),

é\o potassium acetate (2.95 g, 30.0 mmol, 3.7 eq),

O\? O‘O bispinacolato diboron (5.21 g, 20.5 mmol, 2.5 eq),
>§(O © and Pd(dppf)Cl2 (603 mg, 0.82 mmol, 0.1 eq) are

suspended in dioxane (50 mL) and heated to 85 °C for 2 days. The reaction
mixture is diluted with DCM, filtered through silica, washed with water, brine,
concentrated, purified via column chromatography (DCM/EtOAc), and washed
with hexane to yield the product as a pale brown solid (2.12 g, 56 % vyield).

Procedure adapted from literature.*®
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IH NMR (400 MHz, CDCl3) & 8.74 (d, J = 0.6 Hz, 2H), 8.30 (dd, J = 7.7, 0.5 Hz,
2H), 8.20 (dd, J = 7.7, 1.2 Hz, 2H), 1.38 (s, 24H).

13C NMR (101 MHz, CDCls) d 183.42, 140.12, 135.17, 133.78, 132.55, 126.23,
84.58, 24.92.

Data is consistent with literature values. 47

3,7-dibromodibenzo[b,d]thiophene 5,5-dioxide (2.50)

O 0
\\S// \\S//
NBS (2 e
(2eq) > Br Br
H2804, r.t., 1d
2.49 2.50

34%
Dibenzo[b,d]thiophene 5,5-dioxide (4.60 g, 21.3 mmol, 1 eq) is dissolved in

concentrated sulphuric acid (100 mL), followed by addition of NBS (7.50 g, 42.1
mmol, 2 eq). The reaction mixture was stirred overnight, slowly added to ice,
filtered, and washed with water. The crude material was recrystallized from
chloroform to yield the compound as white crystals. (2.72 g, 34% yield).
Procedure was adapted from literature.*® Data was consistent with previously
reported values.

1H NMR (400 MHz, CDCls) 5 7.95 — 7.91 (m, 2H), 7.77 (dd, J = 8.2, 1.8 Hz, 2H),
7.63 (d, J =8.2 Hz, 2H).

13C NMR (101 MHz, CDCI3) & 139.05, 137.29, 129.74, 125.74, 124.75, 123.06.
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2,4,6-tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1,3,5-

triazine (2.52)
g 7S
BrQerBr Q/Nﬁ/@
NS

NN
B,Pin, (5.2 eq)
N__N Pd(dppf),Cls (8 mol%)

KOAc, THF, 80 °C, 1d

B

N

(o}
: s
2.51 2.52

80%

2,4,6-tris(4-bromophenyl)-1,3,5-triazine (2g, 3.66 mmol, 1 eq), B2Pin2 (4.84 g,
19.1 mmol, 5.2 eq), Pd(dppf)2Cl2 (218 mg, 0.30 mmol, 8 %), and KOAc (1.68 g,
17.1 mmol, 4.7 eq), were suspended in THF and heated overnight at 80 °C. The
reaction mixture was cooled, diluted with water, filtered, and washed with hot
acetonitrile to yield the product as a grey solid (2.02 g, 80% yield). Procedure was
adapted from a reported procedure in the literature. %°

IH NMR (400 MHz, CDCls) 8 8.68 (d, J = 8.0 Hz, 6H), 7.94 (d, J = 7.8 Hz, 6H), 1.33 (s,
36H).

13C NMR (101 MHz, CDClz) d 171.94, 138.71, 135.15, 128.23, 84.23, 25.08.

Polymer Synthesis

TAA

Tris(4-bromophenyl) amine (1.00 g, 2.07 mmol, 1 eq),
O N O benzene-1,4-diboronic acid (0.516 g, 3.11 mmol, 1.5

O eq), Pd(PPhs)4 (32 mg, 0.028 mmol, 1.4%), and K2CO3

solution (2M, 7.5 ml, 15 mmol) are suspended in DMF

(40 ml) and heated for 4 days at 80 °C under nitrogen.

| The reaction mixture is cooled, diluted with water, and

filtered. The filtered material is washed with water, chloroform, methanol,

acetone, and dried in a vacuum oven to yield the polymer as a pale green powder
(754 mg)
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poly-4CzIPN

4CzIPN (0.100 g, 0.127 mmol, 1 eq) and FeCls (164 mg,
1.0 mmol, 8 eq) are combined in DCM (30 ml) and stirred
N:Tﬁ%ﬁ? O - for 3 days at room temperature. Methanol (20 ml) is added,
u and the reaction mixture is stirred for 1 hour, followed by
addition of excess conc. HCI and stirred for 2 hours. The
reaction mixture is filtered and washed with water and THF followed by drying in

a vacuum oven to yield the polymer as a yellow solid (76.9 mg). Procedure was

adapted from literature.*®

Cz

Dibromocarbazole (1.00 g, 3.08 mmol, 1 eq) benzene-1,4-
O H diboronic acid (0.511 g, 3.08 mmol, 1 eq), Pd(PPhs)s (46.5 mg,
0.040 mmol, 1.3 %) , and K2COs solution (2M, 9.2 mL) are

Q suspended in DMF (46 ml) and heated to reflux for 3 days. The

filtered material is washed with water, chloroform, methanol,

acetone, and dried in a vacuum oven to yield the polymer as a grey powder.
Procedure adapted from literature.*®

Eosin Y (1.00 g, 1.54 mmol, 1 eq),
triethynyl benzene (0.308 g, 2.05 mmol,
1.33 eq), Cul (29 mg, 0.154 mmol, 0.1
eq), Pd(PPh3)Cl2 (43.4 mg, 0.0612
mmol, 4%), and EtsN (15 mL) was
suspended in DMF (15 mL) and heated

to 80 °C under nitrogen for 3 days. The reaction mixture was cooled, diluted with

water (100 mL), and filtered. The filtered material was washed with water (100
mL), chloroform (100 mL), methanol (100 mL), acetone (100 mL), and dried in a
vacuum oven to yield EY-TrE polymer as a red powder (576 mg). This procedure

was adapted from literature.®
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POX Ph

2,7 dibromo N-phenyl phenoxazine (0.300 g, 0.719 mmol, 1
© eq), benzene-1,4-diboronic acid (0.119 g, 0.719 mmol, 1 eq),

) Ji:[: Pd(PPhs)s (42 mg, 0.036 mmol, 5%), and aqueous 2M
O .. K2COs solution (2.5 mL) were suspended in DMF (15 mL)

- ~and heated for 3 days at 80 °C under nitrogen. The reaction

mixture was cooled, diluted with water (100 mL), and filtered. The filtered material
was washed with water (100 mL), chloroform (100 mL), methanol (100 mL),
acetone (100 mL), and dried in a vacuum oven to yield the polymer as a green

powder (144 mg).

CTF -2 (ST)

1
—T

Trifluoromethanesulfonic acid (2.83 ml, 32 mmol, 8 eq) is

? diluted in chloroform (5 ml) under nitrogen. Biphenyl
©/NL:N)N\© dicarbonitrile (0.814 g, 4 mmol, 1 eq) is dissolved in
\ / chloroform (40 ml) and added dropwise (2 mL/ min) and
stirred for 3 days under nitrogen. The reaction mixture is neutralized with
ammonia solution, stirred for 1 hour, and filtered. The filtered solid is washed with
dichloromethane, water, acetone, and methanol and dried in a vacuum oven to

yield CTF-2 as a pale-yellow powder (613 mg). Procedure followed as in

literature. 26
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Rose Bengal (763 mg, 0.75 mmol, 0.75
eq), triethynyl benzene (0.150 mg 1.0
mmol, 1 eq), Cul (10 mg, 0.05 mmol, 5%),
™ triethylamine (5 mL) and Pd(PPhs3)2Cl2 (15
mg, 0.021 mmol, 2%) were suspended in
DMF (5 mL) and heated heated for 3 days

at 80 °C under nitrogen. The reaction mixture was cooled, diluted with water (100

mL), and filtered. The filtered material was washed with water (100 mL),
chloroform (100 mL), methanol (100 mL), acetone (100 mL), and dried in a
vacuum oven to yield the polymer as a red powder (620 mg). This procedure was

adapted from literature.?

POX SO2

© 10-phenyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-
N dioxaborolan-2-yl)-10H-phenoxazine (0.275 g, 0.587
- @EO O Os mmol, 1 eq) 3,7-dibromodibenzolb,d]thiophene 5,5-

dioxide (0.201 g, 0.587 mmol, 1 eq), Pd(PPhs)s, (34
mé, 0.0294 mmol, 53/0) and aqueous 2M K2COs solution (2.1 mL) were
suspended in DMF (12 mL) and heated to 80 °C for 3 days under nitrogen. The

reaction mixture was cooled, diluted with water (100 mL), and filtered. The filtered
material was washed with water (100 mL), chloroform (100 mL), methanol (100
mL), acetone (100 mL), and dried in a vacuum oven to yield the polymer as an

orange powder (219 mg).
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POX TrE

®
J

)

2,7 dibromo N-phenyl phenoxazine (100
mg, 0.240 mmol, 1 eq), triethynyl benzene
(54 mg, 0.360 mmol, 1.5 eq), Cul (4.8 mg,
0.025 mmol, 10%), Pd(PPhs)2Cl2 (7.2 mg,
0.0103 mmol, 4%), and triethylamine (4
ml) are suspended in DMF (4 ml) and
heated to 80C for 3 days under nitrogen.
The filtered material is washed with water,

chloroform, methanol, acetone, and dried

in a vacuum oven to yield the polymer is a brown solid (37.2 mg).

POX TAZ

@EFN/

2,7 dibromo N-phenyl phenoxazine (100
mg, 0.240 mmol, 1 eq), 2,4,6-tris[4-

(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl]-1,3,5-triazine
(110 mg, 0.160 mmol, 0.66 eq),
Pd(PPhs)4 (5 mg, 0.004 mmol, 1.7%)
and K2COs solution (2M, 0.72 mL) are
suspended in DMF (3 ml) and heated to
80 °C for 3 days under nitrogen.. The

filtered material is washed with water, chloroform, methanol, acetone, and dried

in a vacuum oven to yield the polymer as an orange solid (31.5 mg).
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POX General Procedure A

10-phenyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-

phenoxazine (0.3 g, 0.587 mmol, 1 eq), bromide coupling partner, Pd(PPh3)4 (34
mg, 0.0294 mmol, 5%), and aqueous 2M K2COs solution (2.1 mL) were
suspended in DMF (12 mL), degassed, and heated at 80 °C for 3 days under
nitrogen followed by dilution with water (100 mL) and filtration. The filtered
material was washed thoroughly with water (100 mL), chloroform (100 mL),
methanol (100 mL), acetone (100 mL), and dried in a vacuum oven to yield the

respective polymer.

POX BTZ

:

o

s-N _J

Synthesized using POX general procedure A using 4,7-
dibromobenzolc][1,2,5]thiadiazole (174 mg, 0.587 mmol, 1 eq) to yield the

polymer as a dark purple powder (228 mg).

POX Bpy

e
et

Synthesized using POX general procedure A using 4,4'-dibromo-2,2'-bipyridine
(184 mg, 0.587 mmol, 1 eq) to yield the polymer as a brown powder (155 mg).

100



AQO General Procedure A

2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene-9,10-dione

(0.300 g, 0.652 mmol, 1 eq), bromide coupling partner, Pd(PPhs)4 (38 mg, 0.0327
mmol, 5%), and aqueous 2M K2COs solution (2.5 mL) were suspended in DMF
(12 mL), degassed, and heated at 80 °C for 3 days under nitrogen, followed by
dilution with water and filtration. The filtered material is washed thoroughly with
water (100 mL), chloroform (100 mL), methanol (100 mL), acetone (100 mL), and

dried in a vacuum oven to yield the respective polymer.

AQO Bpy

Synthesized using AQO general procedure A using
i 4,4 dibromo bipyridine (0.208 g, 0.652 mmol, 1 eq)
to yield the polymer as a black powder (131 mg).

Synthesized using AQO general procedure A 3,7-
dibromodibenzo[b,d]thiophene 5,5-dioxide (0.244 g,
0.652 mmol, 1 eq) to yield the polymer as a brown

powder (281 mg).
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AQO TAZ

Synthesized using AQO general procedure
A using tris(4-bromophenyl) triazine (0.237
g, 0.652 mmol, 1 eq) to yield the polymer as
a brown powder (293 mg).

AQO Phen

Synthesized using AQO general procedure A
using 3,8-dibromo-1,10-phenanthroline (0.220 g,
0.652 mmol, 1 eq) to yield the polymer as a black

powder (47.4 mg).

2,6 Dibromoanthraquinone (1.00 g, 2.73 mmol, 1 eq),
benzene-1,4-diboronic acid (0.454 g, 2.74 mmol, 1
eq), Pd(PPhs3)s (158 mg, 0.137 mmol, 5%), and
aqueous 2M K2COs solution (9 mL) were suspended
in DMF (30 mL) and heated at 80 °C for 3 days under
nitrogen. The filtered material was washed with water (100 mL), chloroform (100

mL), methanol (100 mL), acetone (100 mL), and dried in a vacuum oven to yield

the polymer as a brown powder (799 mg).
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Dibromoanthraquinone (1.00 g, 2.73 mmol, 1
eq), triethynyl benzene (0.273 g, 1.82 mmol,
0.66 eq), Cul (53 mg, 0.28 mmol, 0.1 eq),
Pd(PPh3)2Cl2 (84 mg, 0.120 mmol, 4%), and
EtsN (15 mL) were suspended in DMF (15
mL) and heated at 80 °C for 3 days under
nitrogen. The filtered material was washed
with water (100 mL), chloroform (100 mL),
methanol (100 mL), acetone (100 mL), and dried in a vacuum oven to yield the

polymer as a brown powder (848 mg).

NMeA Ph
— —  Dibromo N-Methyl acridone (0.50 g, 1.36 mmol, 1 eq),
o] O ~ benzene-1,4-diboronic acid (0.226 g, 1.36 mmol, 1 eq),
h O O Pd(PPhs)4 (40 mg, 0.03 mmol, 2.6%), and aqueous 2M
']‘ K2COs solution (4 mL) were suspended in DMF (20
B | mL)and heated at 80 °C for 3 days under nitrogen. The

filtered material was washed with water (100 mL), chloroform (100 mL), methanol
(100 mL), acetone (100 mL), and dried in a vacuum oven to yield the polymer as

a dark green powder (169 mg).
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NMeA TrE

Dibromo N-Methyl acridone (0.3 g, 0.817
mmol), triethynyl benzene (82 mg, 0.545
mmol), Pd(PPhs)s (25 mg, 0.022 mmol, 2.7%),
Cul (18 mg, 0.12 mmol, 15%), DMF (7.5 mL),
and triethylamine (7.5 mL) were combined and
heated at 80 °C under nitrogen for 3 days. The

reaction mixture was diluted with water,

filtered, and washed with water (100 mL),
chloroform (100 mL), methanol (100 mL), and
acetone (100 mL) to yield a brown powder (262 mg).

TXO HCP

O S

Thioxanthone (1 g, 4.72 mmol, 1 eq), triphenylmethane (1.22 g, 5.0 mmol, 1.1
eq), dimethoxymethane (2.66 g, 35 mmol, 7.4 eq), and FeCls (5.67 g, 35 mmol,
4.7 eq) were suspended in dichloroethane (20 mL) and refluxed for 3 days. The
reaction mixture was cooled, filtered washed with water (100 mL), methanol (100
mL), and further purified using Soxhlet extraction using methanol to yield the
hyper crosslinked polymer as a black solid (1.93 g). This procedure was adapted

from literature.?®
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XBCN General Procedure A

4-([1,1'-biphenyl]-4-yl)-2,6-bis(4-bromophenyl)pyridine-3,5-dicarbonitrile (0.3 g,
0.508 mmol 1 eq), coupling partner (1 eq), Pd(PPhz)4 (30 mg, 0.0254 mmol 5
mol%), K2COs (2.1 mL, 2M) are suspended in DMF (10 mL) and heated for 4
days under nitrogen at 80 °C. The filtered material was washed with water (100
mL), chloroform (100 mL), methanol (100 mL), acetone (100 mL), and dried in a

vacuum oven to yield the respective polymer

XBCN117

Performed using XBCN General Procedure A to yield
the polymer as a green solid (220 mg).

Performed using XBCN General Procedure A, but
using 4-([1,1'-biphenyl]-3-yl)-2,6-bis(4-
bromophenyl)pyridine-3,5-dicarbonitrile as the
coupling partner to yield the polymer as a green solid
(242 mq)
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XBCN120

Performed using XBCN General
Procedure A to yield the polymer as

a grey solid (328 mg) with a minor

modification — 0.66 eq of the
boronate ester coupling partner was

used instead.

General Photoredox Screening Procedure

Polymers (5 mg) were weighed into vials along with any inorganic bases or
insoluble additives. Separately, a homogeneous stock solution of reagents and
co-catalysts, if any, was prepared, sonicated, and degassed with nitrogen. Equal
amounts of the stock solution were dispensed into the vials, which were crimped
under nitrogen. The vials were irradiated for 3 days, then diluted with an ethyl
acetate and filtered for GC-MS analysis. Reactions were run on 0.1 mmol scale,
and at 0.2 M concentration except for some reactions, which were run at 0.1 M

due to poor solubility of reagents.
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Chapter 3

Covalent Triazine Frameworks for

Organic Photoredox Catalysis
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Introduction

In Chapter 2, we used a high-throughput strategy to discover CTF-2 as a
promising heterogeneous organic photoredox catalyst for decarboxylative
conjugate addition of carboxylic acids. Previously, this reaction has been
performed in visible light using the iridium catalyst
[Ir(dF(CF3)ppy)2(dtbbpy)][PFs],? or using homogeneous organic dyes such as
4CzIPN?2 or acridiniums,* which are capable of driving alkyl radical formation

through photocatalytic decarboxylation.

There are several distinct advantages for using carboxylic acids in organic
synthesis that motivated us. Carboxylic acids are chemically stable, inexpensive,
widely available from commercial sources, non-toxic, and are ubiquitous in nature
— or can be synthesized from conversion of feedstock chemicals, making them

promising candidates as sustainable carbon sources.

Compared to synthetic handles such as halides,® the by-product of the of the
reaction, carbon dioxide, is benign. Direct activation of carboxylic acids®’ is also
preferred to using redox active ester derivatives,2° which requires stoichiometric
amounts of activating agents or coupling reagents, resulting in low atom
economy, or with costly agents such as HATU (1-[Bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate).*?

Ultimately, efficient photodecarboxylative reactions could help deliver
environmentally friendly synthetic routes. CO2 reduction is an active area of
research,'? and it could be applied to producing carboxylic acid building blocks,
either through direct carboxylation, or indirectly from carbon monoxide?!3.
Biosynthesis and fermentation of building blocks such as amino acids are widely
utilized in industry,'4> and these techniques could potentially be applied to

produce these sustainable carbon sources.6
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Results and Discussion

CTF-2 Synthesis and Characterization.

From our discovery workflow in Chapter 2, we found that CTF-2 could catalyse
the decarboxylative conjugate addition of cyclohexanecarboxylic with diethyl
ethylidenemalonate.

CO,H
CO,Et CTF-2M CO,Et
_ (5 mg /0.1 mmol)
* CO,Et CO,Et
K,HPO, (1.2 eq)
(1 eq) (1 eq) DMF, rt, 3d 20%
3.1 3.2 White LEDs 3.3

Scheme 3-1: Discovery hit for decarboxylative conjugate addition with CTF-2(M).

While the initial result was promising (Scheme 3-1), the yield of the conjugate
addition reaction was low, and we proceeded to optimize this result so that we
could investigate the scope of this reaction. We first found that utilizing CTF-2
synthesized through microwave heating in triflic acid at 150 °C provided
substantially higher vyields (Figure 2-20) than CTF-2 synthesized with
solvothermal synthesis in chloroform at room temperature. As a result of these
observations, we switched our general synthesis method for CTF-2 from to high-
temperature microwave synthesis!’ (Scheme 3-2).
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Scheme 3-2: Microwave synthesis of CTF-2.

We then proceeded to characterize CTF-2. The FT-IR spectrum of CTF-2 powder
(Figure 3-1) showed no nitrile bands at 2250 cm™, suggesting complete
incorporation of the monomer into the extended framework. In addition,
characteristic triazine bands?*® at around 1500 cm and 1350 cm™* were observed
as expected. Due to the insolubility of CTF-2 in all compatible solvents, gel
permeation chromatography (GPC) analysis was not possible to determine molar
weight of the polymer or degree of polymerization. However, the recovered mass
from the polymerization is near quantitative, suggesting virtually complete
conversion of the monomer 3.4.

I T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3-1: FT-IR spectrum of CTF-2 powder
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The UV-visible absorption spectrum of CTF-2 (Figure 3-2) revealed that it broadly
absorbed visible light from 400 — 800 nm which is in contrast to monomer 3.4%°
and is a consequence of the acid-catalysed trimerization forming the extended

covalent framework and supports our observations that it is an active catalyst in

visible light.
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Figure 3-2: UV-visible absorption spectrum of CTF-2

From the UV-visible spectrum, a Tauc plot (Figure 3-3) was constructed
(assuming direct transition) to calculate estimate the optical band gap which was
found 2.7 eV, which is similar to that of graphitic carbon nitride.?® We also
attempted to perform electrochemical characterization of CTF-2, to determine
redox potentials, however we were significantly hindered by the dispersibility of
CTF-2, which did generally not form stable suspensions, was insoluble common
laboratory solvents, and had very low conductivity. While we were able to deposit
CTF-2 on to carbon paper electrodes with the assistance of Nafion, the measured
current following cyclic voltammetry (CV) measurements in acetonitrile were low
and showed overlap with background current from the carbon paper in
acetonitrile, and we were not able to obtain unambiguous, reproducible results.
DFT calculations on CTF-2 have been previously reported and calculated by our

group,®® and give an indication of the redox window of CTF-2 in lieu of
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experimental CV data - giving an ionization potential (IP) value of +1.69 V and an
electron

affinity (EA) wvalue of -168 V vs the standard hydrogen
electrode (SHE) at pH 7. Conversion to the saturated calomel
electrode (SCE) gives IP = +1.45V and EA = -1.92 V. These potential values are
in line with the required potentials to oxidize cyclohexanecarboxylic acid (Ei2 =
+1.16 V vs SCE)?

(Ahv)'?

0 T v r -
2 3 <
Energy (eV)

Figure 3-3: Tauc plot for CTF-2 assuming direct transition.

We then further examined the photophysical properties of CTF-2 using solid-state
fluorescence spectroscopy to observe the excitation and emission spectra
(Figure 3-4), revealing an excitation maximum at 401 nm, and an emission
maximum of 452 nm. While CTF-2 was photochemically active with broad
spectrum white LED irradiation, we hypothesized that targeted irradiation near

400 nm could improve yields.
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Figure 3-4: Excitation (red) and emission (blue) spectrum of CTF-2 powder.

From here, we investigated the fluorescence lifetime of CTF-2 using time
correlated single photon counting (TCSPC) with 390 nm laser excitation. TCSPC
experiments on CTF-2 in powder form revealed average weighted tavg values of
1.65 ns and 0.65 ns for intensity and amplitude respectively after fitting was
performed as a sum of 3 exponential terms (Figure 3-5 and 3-6). These
fluorescence lifetime values are generally in line with other covalent triazine
frameworks synthesized by our group, which are typically < 10 ns. In comparison,
homogeneous organic photocatalysts have also reported nanosecond
fluorescence lifetimes. In contrast, however, transition metal photocatalysts are

often reported to have excited state lifetimes of several microseconds.?!

Parameter B: B2 Bs t1 t2 i3 A
Value 10659 1226 83 0.43 1.98 8.51
1.856
Error 99 55 8 0.00594 | 0.0639 | 0.385

tavg (INtensity): 1.65 ns (+ 0.092)
tavg (@mp): 0.65 ns (+ 0.012)
x2=1.22

Figure 3-5: Fitting parameters for TCSPC experiments as a sum of 3 exponential terms.
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Figure 3-6: TCSPC lifetime analysis for CTF-2 powder (above) and residual for fitting (below)

From here, we then turned our attention to investigate the crystallinity and surface
area of CTF-2. Powder X-ray diffraction measurements of the polymer (Figure 3-
7) revealed that microwave synthesized CTF-2 is an amorphous material, with no
long-range order. Nitrogen sorption analysis of CTF-2 (Figure 3-8) showed that it
is an essentially non-porous material, with little to nitrogen uptake and a

calculated BET surface area of 25 m?g.
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Figure 3-7: pXRD pattern for CTF-2 powder.

Both results are unexpected, since CTF-2 has been previously reported?? to be a
porous, with a surface area of 560 m? g, and slightly crystalline material'’ when
synthesized using triflic acid with microwave heating. We reattempted the
microwave synthesis several times to obtain porous CTF-2, and rigorously
purified the dicarbonitrile monomer prior to synthesis. Despite multiple attempts,
we were unable to reproduce these previously reported results. However, it is
evident that high surface area and crystallinity are not essential properties,
although they might offer enhanced performance. In practical terms, however,
this was beneficial for our high throughput workflow and made CTF-2 amenable
for parallel optimization, since the polymerization was highly reproducible, and
CTF-2 was able to be consistently synthesized in gram scale without concern for
the crystallinity or surface area. In contrast, scaling materials such as COFs are
challenging, and can be difficult to reproducibly synthesize these materials on

gram scale, while retaining their crystallinity and high surface area.
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Figure 3-8: Sorption (filled circles) and desorption (unfilled circles) for CTF-2. BET surface area was calculated
to be 25 m2g-1

We then examined the morphology and of CTF-2. SEM imaging of ball milled
CTF-2 (Figure 3-9) which largely showed irregular, non-uniform micrometre sized
particles with no observable uniform or regular morphologies. There were
however, several nanometre sized domains with roughly spherical particles,
which is likely a result of the ball milling process, which has been reported to
decrease particle size in CTFs.?? Due to the very low dispersibility of CTF-2
before ball milling, we were unable to perform SEM imaging to compare
morphologies before and after ball milling. Throughout our experiments, we found
that the ball milling of CTF-2 had no observable impact on its performance in
photocatalysis and was not required for catalysis. As a result, it is unlikely that
the morphology of CTF-2 plays a major role in its role as a heterogeneous
photoredox catalyst.
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Figure 3-9: SEM images of ball-milled CTF-2. Clockwise from top left: 50 micrometre scale bar, 5 micrometre scale
bar, 500 nm scale bar, and 1 micrometre scale bar.

Finally, we then examined the metal content of CTF-2 using Inductively Coupled
Plasma Optical Emission spectroscopy (ICP-OES). While we intentionally
avoided routes to CTF-2 involving metal catalysts such as palladium, we also
wished to rule out any potential influence of trace metal content. ICP-OES
analysis examining Co, Cu, Fe, Ir, Ni, Pd, Pt, and Ru content of CTF-2 following
digestion in nitric acid revealed that the content of the tested metals were below
detection limits or in very low (sub ppm) concentrations (Figure 3-10). Copper
and iron were present up to 0.07 mg Lt in the CTF-2 sample, but these trace
amounts are unlikely to be responsible for catalysis. In Chapter 2, we tested
several polymers that had been synthesized using Cul, and FeCls as catalysts
(NMeA-TrE, and TXO-HCP respectively) which had poor performance in
photocatalytic decarboxylative conjugate addition.
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Date Time Label Element Label (nm) Conc %RSD Unadjusted Conc
06/05/2022 15:20:31 CTF-2 Ram conc. Co (228.615 nm) 0.00 (mg/L) >100.00 0.00 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Co (230.786 nm) 0.00 (mg/L) 7717 0.00 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Co (231.160 nm) 0.00 (mg/L) 47.89 0.00 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Co (237.863 nm) 0.00 (mg/L) 31.28 0.00 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Cu (213.598 nm) 0.06 (mg/L) 1.24 0.06 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Cu (223.009 nm) 0.07 (mglL) 171 0.07 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Cu (224.700 nm) 0.06 (mg/L) 143 0.06 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Cu (327.395 nm) 0.07 (mg/L) 1.10 0.07 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Fe (234.350 nm) 0.07 (mg/L) 0.68 0.07 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Fe (238.204 nm) 0.07 (mg/L) 0.34 0.07 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Fe (239.563 nm) 0.07 (mg/L) 0.99 0.07 (mgiL)
Date Time Label Element Label (nm) Conc %RSD Unadjusted Conc
06/05/2022 15:20:31 CTF-2 Ram conc. Fe (259.940 nm) 0.07 (mg/L) 0.50 0.07 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Ir (212.681 nm) 0.00 (mg/L) 95.30 0.00 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Ir (236.804 nm) 0.00 u (mglL) >100.00 0.00 u (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Ir (254.397 nm) 0.02 (mg/L) 25.88 0.02 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Ni (216.555 nm) 0.02 (mg/L) 218 0.02 (mgiL)
06/05/2022 15:20:31 CTF-2 Ram conc. Ni (222.486 nm) 0.02 (mgiL) 8.06 0.02 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Ni (227.021 nm) 0.02 (mg/L) 0.20 0.02 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Ni (230.299 nm) 0.02 (mg/L) 0.42 0.02 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Pd (229.651 nm) 0.01 (mg/L) 11.10 0.01 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Pd (248.892 nm) 0.00 (mgiL) 52.15 0.00 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Pd (340.458 nm) 0.00 (mg/L) 65.31 0.00 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Pd (351.694 nm) 0.00 (mg/L) 41.95 0.00 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Pt (217.468 nm) 0.01 (mg/L) 11.91 0.01 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Pt (273.396 nm) 0.00 u (mglL) >100.00 0.00 u (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Pt (299.796 nm) 0.00 u (mg/L) 48.21 0.00 u (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Ru (240.272 nm) 0.00 u (mglL) > 100.00 0.00 u (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Ru (267.876 nm) 0.00 (mg/L) 5.79 0.00 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Ru (269.213 nm) 0.00 (mg/L) 57.73 0.00 (mg/L)
06/05/2022 15:20:31 CTF-2 Ram conc. Ru (349.894 nm) 0.00 u (mg/L) 41.99 0.00 u (mg/L)

Figure 3-10: ICP-OES analysis results of CTF-2.
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High-Throughput Optimization

Our attention then turned to optimizing the solvents and base for the
decarboxylative conjugate addition of cyclohexanecarboxylic acid with diethyl
ethylidenemalonate, seeking to improve the yields from our discovery workflow.
Using our ChemSpeed platform, we screened a variety of solvents and bases in
parallel, using GC-MS to evaluate performance of the reaction, as in our
discovery workflow. Stock solutions of the substrates in each solvent were

dispensed under nitrogen to vials charged with polymer and the respective base.

EtOAc MeCN MeOH DMSO
(None) trace 4 2
K2HPO4 27 28 15
NaOH 7 6 8
Cs2CO3 4 trace
DABCO trace 0
0 - trace
DBU trace 0
Lutidine 5 2
0 - trace
TEOA trace 0
TMG 7 trace
BTTP 0 0

Figure 3-11: Optimization for decarboxylative conjugate addition with CTF-2 under
white LED irradiation. GC-MS yields vs biphenyl standard.
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Our screening results (Figure 3-11) showed that a combination of MeCN, and
K2HPO4 yielded slightly superior results to our initial conditions, while most other
conditions inhibited the reaction. This was an improvement, but still far below the
performance of the iridium photocatalyst. We then turned our attention to the light
source. While CTF-2 absorbs well in the visible light region, we hypothesized that
focused irradiation near the excitation maximum might improve yields and
switched our light source to Blue LEDs using a commercial SynLED parallel
photoreactor. We also switched the carboxylic acid substrate used in our
screening to tetrahydrofuran-2-carboxylic acid (Scheme 3-3), reasoning that the
adjacent heteroatom might enable better radical stabilization, and consequently,

result in higher yields of the conjugate addition product

5 /0.1 |
o~ ~CO,H \/\ (5mg mmol) o) CO,Et
CO,Et
Base, Solvent,
3.5 3.2 rt., 3d, 465 nm LED 3.6

Scheme 3-3: Base and solvent screening for decarboxylative conjugate addition of tetrahydofuran-
2-carboxylic acid.
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EtOAc | MeOH | DMSO | MeCN
(None) 7 22 59 38
K2HPO4 28 69 81
Cs2CO3 9 trace trace
DABCO 8 trace 4
DBU 13 0 trace trace
K3PO4 0 trace 0 trace
TEOA 35 trace trace
TMG 9 23 8
BTTP trace 0 trace

Ir[(dFCFsppy)2(dtbbpy)][PFe]

92
(2 mol%) @
Blank Experiment 0
(no catalyst) @
tris-biphenyl triazine @ 0
Carbon Nitride (g-C3sN4) ® 13

Figure 3-12: High-throughput optimization of decarboxylative conjugate addition of tetrahydrofuran-2-carboxylic
acid. (a) — Performed in MeCN with K;HPO, base.
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Decarboxylative Conjugate Addition

We were delighted to observe that under blue LED irradiation, and using
tetrahydrofuran-2-carboxylic acid, CTF-2 afforded the conjugate addition product
at 81% GC-MS yield (Figure 3-12). In comparison, under identical conditions,
Ir[(dFCF3ppy)2(dtbbpy)][PFs] (2 mol %) yielded in the conjugate addition product
in 92% GC-MS yield. We performed a blank experiment to ensure that CTF-2
was required for catalysis, and similarly tested tris-biphenyl triazine. Under

identical conditions, g-CsN4 yielded only 13% of the decarboxylative addition

product.
Carboxylic acid scope
CO,Et CTF-2 CO,Et
j\ (24 mg / 0.2 mmol) R
+ @ TCO,Et > CO,Et
R” “OH 2 KoHPO, (1.2 eq) e 2
MeCN, r.t, 2d
1 1-2 L
(1eq) ( eq) 465nm LED
CO,Et CO,Et CO,Et
/Nﬂ\(kCogEt N CO,Et N CO,Et
Boc Boc Boc
3.7 80% 3.8 82% 3.9 74%
F
CO,Et CO,Et CO,Et
N CO,Et 5\1 CO,Et O CO,Et
Boc Boc
3.10 59% 311 72% 3.12 70%
CO,Et R
Boc ? NH  CO,Et Ox-NH  CO,E
N CO,Et
H/\(l\ 2 CO,Et CO,Et
3.13 42% 3.14 61% 3.15 49%
E|500
N
l}l CO,Et CO,Et CO,Et
Boc Ph
3.16 60% 3.17 22% 3.18 46%

Scheme 3-4: Carboxylic acid scope of CTF-2 catalysed decarboxylative conjugate addition.
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With our improved conditions, we probed the carboxylic acid scope for this
reaction using CTF-2. 4, 5, 6, and 7-member heterocyclic carboxylic acids were
smoothly functionalized (Scheme 3-4). We were also pleased to see that
unprotected lactams underwent conjugate addition, providing modular
construction of these pharmaceutically relevant structures, along with protected
piperazine. While cyclic carboxylic acids with an adjacent heteroatom were the
most successful, substrates such as cyclohexane carboxylic acid also underwent

conversion, although in modest yields.

We also attempted to demonstrate the functionalization of some pharmaceutically
relevant molecules using CTF-2 as a photocatalyst (Figure 3-13), however these
were unsuccessful, providing starting material (3.19), hydrodecarboxylation
(3.20), or decomposition (3.21) in each case. Efforts to use acetic acid (3.22) as
a methyl radical source, similar to the work reported by Nocera using TiO2,2% were
also unsuccessful, resulting in no methylation of the Michael acceptor. Substrates
3.19 and 3.22 may have been hindered by slow radical decarboxylation, while
sulbactam (3.21) might have possibly undergone ring-opening side-reactions

following radical decarboxylation.

Cl
o}
H
H = N
N_ -~ o}
A Y ~ /
o=~_o0 " 0o © OH
OH
3.19 3.20 0
H® o

3.21 3.22

Figure 3-13: Unsuccessful carboxylic acid substrates for decarboxylative
conjugate addition.
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Showing the utility of CTF-2 in the functionalization of various carboxylic acids,
we then explored the Michael acceptor scope for this reaction (Scheme 3-5). A
variety of Michael acceptors proved suitable for this reaction, including diethyl
benzylidenemalonate, which was compatible 4,5, and 6-member heterocyclic
carboxylic acids along with unprotected L-pyroglutamic acid. We also
successfully used acyclic Boc-Gly-OH to synthesize 3.28, which is a precursor to

the pharmaceutical phenibut.

Michael acceptor scope

— Y CTF-2 Y
DY O (24 mg / 0.2 mmol) R
L\x/\( + %\EWG - EWG
OH X K,HPO, (1.2 - 2 eq) X
DMF, r.t, 2d
(1-2 eq) (1-2 eq) 465nm LED
CO,Et CO,Et CO,Et
5 N CO,Et N CO,Et N CO,Et
oc Boc Boc
3.23 62% 3.24 84% 3.25 73%
CO,Et 2 CO,Et
NH CO,Et
Boc.
o CO,Et >N CO,Et
CO,Et H
3.26 59% 3.27 52% 3.28 37%
CO,Et CO,Et
N CO,Et N CO,Et
Boc Boc CO,Me
|
lp; COxMe
_0
3.29 72% 3.30 65% 3.3158%
O\/\B(pin) O\ﬁso Ph [_)\;Z _
N N 2 N B(pin)
Boc Cbz I|30c
3.32 58% 3.33 26% 3.34 43%

Scheme 3-5: Michael acceptor scope for decarboxylative conjugate addition.
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Dimethyl maleate, vinylboronic acid pinacol ester, and phenyl vinyl sulphone
were also successful, yielding the conjugate addition products in modest to good
yields. Given that we were successful in producing boronate ester 3.32, we
wondered if CTF-2 could catalyse cascade reactions, and we applied it for the
synthesis of cyclopropanes reported by Aggarwal.?* Applying CTF-2, we
successfully produced the strained product (3.34) in 43% yield.

Cl
Cl
L de™ . 7~B(pin)
'}l - 0 B(pin) '}l
Boc Boc
3.35 3.36 3.37
+e”
SET
reduction
Cl
w i . © O\/@ i
,\Il B(pin) \ B(pin)
Boc éoc
3.34 3.38

Scheme 3-6: Mechanism of radical cyclization cascade for synthesis of
product 3.34.

In the proposed mechanism (Scheme 3-6) reported by Aggarwal and co-workers,
this cascade reaction is initiated by photodecarboxylative formation of radical
3.35, which then undergoes addition Michael acceptor 3.36 to form intermediate
3.37. From here, single electron transfer (S.E.T) reduction of intermediate 3.37
forms anion 3.38, which rapidly undergoes 3-exo-tet cyclization to form the
cyclopropane product 3.34. In our system, with CTF-2 as a heterogeneous
photocatalyst, we believe that CTF-2 generates alkyl radical 3.35 through
oxidative decarboxylation, and then reduces intermediate 3.37 through
sequential S.E.T events.
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We also attempted conjugate addition on a variety of other Michael acceptors
(Figure 3-14), however, these were unsuccessful, providing complex mixtures
(3.39 and 3.40) of products or starting material (3.41 and 3.42) instead of the
desired conjugate addition product. It is possible that unproductive polymerization
side reactions may be taking place in the case of 3.39 and 3.40. Michael
acceptors 3.41 and 3.42 are known to be suitable coupling partners for
decarboxylative conjugate addition, as reported by MacMillan?, when using the
iridium catalyst Ir[(dFCFsppy)2(dtbbpy)][PFs]. It is plausible that CTF-2 is unable
to efficiently reduce radical intermediates such as 3.37 unless it is sufficiently

stabilized as in the case of diethyl ethylidenemalonate (3.2).

N NC: _CN
3.39 3.40
O
~
0 0]
\)J\O/
3.41 3.42

Figure 3-14: Unsuccessful Michael acceptor coupling partners.

In several cases, the diastereomeric ratios of the conjugate addition products
were unable to be unambiguously determined due to the presence of rotamers
and complex, overlapping peaks. However, the diastereomeric ratio of some
products were identified by NMR: 3.7 (1:1), 3.12 (1:1.3), 3.14 (1:1), 3.15 (1:1) and
3.26 (1:1.1). These values are consistent with the diastereomeric ratios reported?
by MacMillan and co-workers using a homogeneous iridium catalyst, who
reported a range of 1:1 — 1:1.5, showing no significant influence from the use of
CTF-2 in place a homogeneous catalyst. In the future, it could be worth exploring
if the use of chiral, porous photocatalysts could enhance the diasteroselectivity

of the conjugate addition product formation.
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Unfortunately, the isolated yields of conjugate addition products synthesized with
CTF-2 were consistently lower than those reported by MacMillan in co-workers.
Cyclic, secondary, carboxylic acids with an adjacent heteroatom, such as 3.8
and 3.12 were competitive with good yields of 84% and 70% (compared to 97%
and 92% with an iridium catalyst). However, tertiary carboxylic acids without an
adjacent heteroatom (3.17) and primary carboxylic acids (3.13) had far lower
yields with CTF-2 compared with reported values: 22% vs 93% and 42% vs 94%
yield for products 3.17 and 3.13 respectively. This suggests that the radical
stability seems to greatly impact the yield. Notably, we observed that several
carboxylic acid substrates that resulted in low yields often had turbid reaction
mixtures during irradiation, which likely had a detrimental effect on the irradiation

of the photocatalyst, resulting in lower yields.
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CTF-2 Reaction Scope

N

. o 0
Br 3.44 51%2

N

Bz/
3.4341%

CTF-2 (24 mg / 0.2 mmol)
NiCly(glyme) (10 mol%)
l]\ dtbbpy (15 mol%)
R'" “OH Cs,CO3 (1.5 eq), DMF,
r.t, 1d 420 nm LED

CTF-2
(24 mg / 0.2 mmol)

SelectFluor (3 eq)

Na,HPO, (2 eq) (1-1.5 eq)
MeCN/H,0 (1:1), r.t.,
2.d, 420 nm LED Cl
(1eq)
CTF-2 (24 mg / 0.2 mmol)

NiCly(glyme) (10 mol%)
dOMeBpy (10 mol%)

MeCN, r.t, 3d
420 nm LED
OL/Q
N
Boc
3.45 54 %

Scheme 3-7: Decarboxylative reaction scope of CTF-2.
Having successfully explored the scope of CTF-2 on a variety of conjugate
addition reactions, we then explored the scope of reactions that could be
performed with CTF-2 (Scheme 3-7). Decarboxylative radical formation has been
leveraged for a variety of reactions and we hypothesized that, similar to the
iridium catalysts, we could substitute CTF-2 for a range of reactions. Using the
reported literature conditions but substituting CTF-2 in place of the iridium
catalyst, a variety of decarboxylative reactions were performed. CTF-2 provided

the decarboxylative fluorination product 3.43 in 41% yield,?®
Boc

o Boc CTF-2 @
ﬁ (24 mg /0.2 mmol) N
+ .~
N Co(dmgH),(DMAP)CI (4 mol%)
H

AcOH (20 mol%)
DABCO (1.5 eq)

(1eq) (1eq) MeCN, r.t, 2d
420 nm LED
3.46 3.47 ) ) 3.48
Dehydrogenative Arylation 65%

Scheme 3-8: Dehydrogenative arylation using CTF-2 as a heterogeneous photocatalyst.
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decarboxylative arylation product?® 3.44 in 51% yield (GC-MS vs biphenyl), and
decarboxylative alkylation product?’ 3.45 in 54% yield. Demonstrating that CTF-
2 is compatible with nickel cross-coupling catalysis, we wondered whether it
would be possible to apply it in tandem with other cross coupling catalysts, such
as cobalt. The Leonori group recently developed a dehydrogenative arylation
strategy involving a cobalt dehydrogenation catalyst in tandem with an iridium co-
catalyst.?® Applying CTF-2 with the reported conditions, but with CTF-2 in place
of the iridium catalyst (Scheme 3-8), we were able to successfully produce the
dehydrogenative arylation product 3.48 in 65% vyield. To the best of our
knowledge, this is the first time that metallaphotoredox decarboxylative arylation,
alkylation, and dehydrogenative arylation have been performed with a fully

organic polymer catalyst.

CO,H
2 CTF-2 H
fj (24 mg / 0.2 mmol) AN
N Co(dmgH),PyClI (10 mol%) N
o Cs,CO3 (1.2 eq)
DME:H,0 (18:1), r.t, 1d O
465 nm LED
3.49 3.50

Scheme 3-9: Attempted decarboxylative olefination reaction with CTF-2.

We also attempted to apply CTF-2 for the decarboxylative olefination reaction
procedure developed by Ritter which also utilized the same iridium catalyst
(Scheme 3-9).2° Unfortunately, this did not appear to produce any of the olefin
product. A major challenge for this reaction was the required solvent combination
of H2O/DME, which resulted in aggregation of CTF-2, and little to no dispersion
of the material in the reaction mixture, providing no conversion. Attempts to
perform this reaction in other solvents to improve the dispersibility were
unsuccessful. Given that both cobalt catalysed dehydrogenation and
decarboxylation have been independently performed by CTF-2, we are hopeful
that this reaction will be successfully catalysed by CTF-2, or another
heterogeneous photocatalyst, in the future. After demonstrating the reaction

scope and the substrate scope for decarboxylative conjugate addition, we then
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decided to demonstrate a potential application for CTF-2 photoredox catalysis in
pharmaceutical synthesis (Scheme 3-10). Inspired by the synthesis of pregabalin
by MacMillan,> we developed a route to the antidepressant Rolipram.
Traditionally, the synthesis of rolipram has involved toxic cyanide reagents

followed by hydrogenation,® or the use of nitromethane3%:32,

BocHN
CTF-2 (0] CO,
G/O AN COEt (24 mg / 0.2 mmol) G/ COEE
- t
CO,Et Boc-Gly-OH (1 eq) MeO 2
MeO KoHPO, (2 eq) 3.52
3.51 DMF, r.t, 2d 429
synthesised in 2 steps from 465 nm LED
[ illin in 58% yield
Isovanillin in o yie 1. KOH, Hzo
reflux, 1d
2. conc. HCI, rt
0
HO,C 0
NH NH
0 B Toluene, reflux, 1d o
65% yield
MeO 3.54 over 2 steps MeO 353
(+) Rolipram

Scheme 3-10: Synthesis of antidepressant rolipram using CTF-2 for key C-C bond forming step.

Starting from isovanillin, we synthesized cyclopentyl derivative, followed by
condensation with diethyl malonate to produce Michael acceptor (3.51) in 62%
yield. Using CTF-2 as the key C-C bond forming step, reacting (3.51) with Boc-
Gly-OH resulted in intermediate (3.52) in 42% yield. From here, we were able to
directly convert the conjugate addition product to Rolipram (3.54) in 65% vyield
over 2 steps. Using Boc-Gly-OH, we were able to obviate the need for
hydrogenation or cyanide reagents. While it is unlikely to be a cost-competitive
route, it can offer a relatively mild alternative, and avoids the need for any

transition metals and hazardous reagents such as nitromethane or cyanides.
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Formation of the decarboxylative arylation product 3.44 is commendable since it
demonstrates distinct properties of CTF-2 in comparison to other polymer
photocatalysts such as carbon nitrides. A report by Seeberger and co-workers
studying a variety of carbon nitrides demonstrated that they exclusively produced

the ester product,3 rather than the decarboxylative C-C bond forming product.

o) CO,Et
CO,H CTF-2
CO,Et (24 mg /0.2 mmol) 3.3 0%
= KoHPO,4 (1.2 eq)
© COE MeCN, r.t, 1d
(1 eq) (1 eq) 465 nm LED O\ !
3.1 3.2 o
3.55

Detected by GC-MS

Scheme 3-11: Radical trap experiment for CTF-2 catalysed conjugate addition.

To further probe the mechanism of CTF-2 photocatalysis, we conducted
mechanistic experiments using the radical trap (2,2,6,6-Tetramethylpiperidin-1-
yhoxyl (TEMPO). Performing the decarboxylative conjugate addition of
cyclohexanecarboxylic acid with diethyl ethylidenemalonate in the presence of
TEMPO, no formation of the conjugate addition product was observed by GC-MS
(Scheme 3-11). Instead, the TEMPO adduct of the cyclohexyl radical (3.55) was
observed, suggesting that CTF-2 based photoredox catalysis undergoes a radical
pathway, similar to iridium catalysts. Further experiments, and in-detailed
experiments are required, but we have proposed a plausible mechanism for CTF-
2 catalysed decarboxylative conjugate addition (Scheme 3-12). Upon irradiation
with visible light, the electron hole in the valence band of CTF-2 can oxidize
carboxylate (1) to form the alkyl (II), which then undergoes radical addition to form
intermediate (lIl), which is then reduced by the charge band of CTF-2, to form the
conjugate addition product (IV).
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Proposed Mechanism
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Scheme 3-12: Proposed mechanism for decarboxylative conjugate addition using CTF-2.

The use of structurally similar motifs to induce decarboxylative transformations
has been previously described in homogeneous systems. Yoshimi has previously
reported the use of biphenyl in combination with dicyanoarenes for
decarboxylative transformations under UV irradiation.3* Mechanistic experiments
by Orr-Ewing and co-workers® on photocatalyzed decarboxylation using a
combination of phenanthrene and dicyanobenzene under UV irradiation have
indicated that photoexcited phenanthrene was oxidized by dicyanobenzene, and
subsequently reduced by SET from the deprotonated carboxylic acid. It is
plausible that CTF-2 might work under similar mechanism under visible light, with
the triazine unit of the framework oxidizing the biphenyl unit,3® which
subsequently oxidizes the carboxylate. The reduced triazine moiety might then

reduce intermediate (IlI) completing the catalytic cycle.3’
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Further experiments to evidence this mechanism are required, however. To
investigate this, fluorescence quenching experiments could be performed, by
observing the quenching (or lack of) in the fluorescence of CTF-2 following
addition of the diethyl ethylidenemalonate, and the carboxylic acid in separate
experiments. From our proposed mechanism, addition of the carboxylate should
result in fluorescence quenching, while the addition of the Michael acceptor
should have no effect. Unfortunately, we were only unable to perform
fluorescence spectroscopy of CTF-2 in solid state, as we were unable to suspend
CTF-2 in a compatible solvent.

Similarly, transient absorption spectroscopy might also be able to differentiate
between an electron-transfer mechanism and an energy transfer process. By
observing the change in excitation lifetime in the presence and absence of a
qguencher, oxidative electron transfer would result in accelerated lifetime decay,
along with a return to a non-zero baseline. In comparison, an energy transfer
process would return to a zero baseline. This could however be complicated by
the fact that CTF-2 is a, irregular, non-uniform material with short excited-state
lifetimes, compared to homogeneous organometallic catalysts with well-defined
electronic states and long excited state lifetimes. Finally, cyclic voltammetry
would also be able to provide experimental redox potentials, which should be in

line with those required to oxidize carboxylate (I) and reduce intermediate (llI).
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Recycling Experiments

One of the primary motivators for exploring heterogeneous polymers as
replacements for transition metal complexes and organic dyes are their potential
stability and recyclability. CTF-2 is a photostable polymer that has previously
been demonstrated in our group to maintain photocatalytic activity for extended
periods of time in hydrogen evolution.?? Triazines themselves are known to be
highly photostable. For example, tris-biphenyl triazine is an ingredient in sun-

cream formulations as a UV-filter due to its high photostability.38

Exploring the reusability of CTF-2, we performed several recycling experiments
to probe the performance of the polymer. Following a decarboxylative conjugate
reaction between Boc-Proline and diethyl ethylidenemalonate to produce product
(3.8), the polymer was recycled by decantation of the diluted reaction mixture,
and the polymer was subsequently washed repeatedly with water/acetone
mixture and dried under a vacuum oven in the reaction vial and reused in the
same vial. The higher density of CTF-2 allowed for trivial recovery of the insoluble
polymer. Recycling experiments after several days demonstrated that CTF-2
showed consistent photocatalytic performance. We performed 4 cycles of CTF-2
photocatalysis utilizing our optimized conditions (Figure 3-15), and there was no
loss of catalytic performance in the material over time. Over the course of the 4
cycles, this totalled ~192 hours of blue LED irradiation on the same sample of
CTF-2.
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Figure 3-15: NMR yields for CTF-2 recycling experiments for synthesis of product 3.8
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Figure 3-16: NMR traces of reaction mixtures of CTF-2 catalysed decarboxylative conjugate addition. A) purified
Boc-Proline conjugate addition product; B) First cycle; C) Second cycle; D) NMR spectra of dried CTF-2 from cycle 2
rinsed with CDCI3, to ensure no residual conjugate addition product; E) Third cycle; F) Fourth cycle
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Figure 3-17: NMR plot of Cycle 1. Biphenyl signal from 7.34 - 7.28 ppm assumed to be 2 protons - Boc-Proline
conjugate addition product signal from 3.17 - 3.02 ppm assumed to be 1 proton. Isolated yield for this reaction
was 82%. All spectra were referenced to residual chloroform at 7.26 ppm in all cases

The trivial recovery, separation and high photostability of the catalyst are a
significant benefit over iridium complexes or organic dyes, which are prone to
degradation. These properties are an asset over transition metal complexes,
where separation of dyes and their decomposition products from target molecules

could cause issues, or in situations where metal toxicity is a concern.

Figure 3-18: CTF-2 settling in reaction mixtures for recovery and reuse.
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Figure 3-19: FT-IR spectrum of CTF-2 powder after photocatalysis (conjugate addition - 1 cycle)

Investigating the FT-IR spectrum of recovered CTF-2 powder following catalysis
(Figure 3-19), no substantial change was observed compared to the pristine
material (Figure 3-1) with strong bands corresponding to the triazine ring still
present at 1500 cm™* and 1350 cmt. No nitrile bands were observed, suggesting
that the framework did not undergo depolymerization, and this is consistent with
our previous work using CTF-2 as a hydrogen evolution catalyst, and the reported

photostability of triazines.
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Conclusions

In summary, this chapter has demonstrated the performance and capability of
CTF-2 to catalyse decarboxylative photochemical reactions, along with
dehydrogenative aniline synthesis. We have shown that CTF- 2 can be easily
synthesized on large scale and could be used in recycling experiments for 4 total
cycles without loss of catalytic discovery. To the best of our knowledge, this is the
first time an organic polymer has been capable of performing decarboxylative
arylation, alkylation, and dehydrogenative arylation. While the efficiency and
yields of CTF-2 catalysis are lower than iridium complexes and homogeneous
organic dyes,?! it is still a significant accomplishment. The substantially lower
cost, heterogeneous nature, photostability makes CTF-2 an attractive material.
From our characterization experiments, we found that CTF-2 synthesized using
this microwave method is a non-porous, amorphous material, and clearly neither

of these properties are critical for effective catalysis.

These results have motivated further work on sustainable decarboxylative
photocatalysis. While the decarboxylative olefination reaction reported by Ritter
was unsuccessful with CTF-2 — the compatibility of CTF-2 to work in tandem with
cobalt dehydrogenation catalysts is promising and we aim to develop methods
for decarboxylative olefin synthesis, using CTF-2 or other heterogeneous
polymers. Selective conversion of bio-renewable fatty acids into linear olefins
using robust photocatalysts such as CTF-2 could allow for milder, low
temperature alternatives to traditional production methods such as ethylene

polymerization®® or steam cracking.*°

More broadly, we were also motivated to search for a wider range of reactions to
be catalysed by heterogeneous organic polymers. Having shown that CTF-2 is
compatible with nickel and cobalt co-catalysts, it may be possible to find polymers
able of acting in tandem with copper-cocatalysts,*! or potentially even enzymes*?
for highly enantioselective syntheses (Scheme 3-13). Given the stable nature of
triazine polymers, it may be possible to find reaction conditions, particularly in
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agueous environments, where polymers might be capable of outperforming
transition metal complexes or organic dyes. We are also interested in developing
metal doped or integrated polymers for unified heterogeneous metallaphotoredox
catalysts,*344 which could potentially obviate the need for costly and synthetically

elaborate external ligands in some synthetic routes.

Organic Polymer
amine cat., thiol cat.

----------------------------- > ,
LK-ADH Lysate, NADP ©
iPrOH / pH 7.5 buffer
3.45 Blue LEDs 3.46

Scheme 3-13: Possible polymer and enzyme co-catalysed dynamic kinetic resolution for
sustainable enantioselective production of chemicals.

Integrating these CTF-2, or other suitable polymers, into flow reactors ¥4’ is a
goal for us in the future to improve the yields and efficiencies. One of the primary
disadvantages of heterogeneous photocatalysts is their decreased light
penetration in reaction mixtures. While heterogeneous polymers might be
scalable, suitably scaled reaction vessels and lights sources may not be easily

accessible and could present significant engineering challenges.

By amplifying the irradiated surface area in flow reactors, polymer photocatalysts
could provide substantial improvements to batch reactors. However, there are
practical obstacles, such as potential blockages, and finding ways of adequately
suspending polymers such as CTF-2 that have yet to be addressed, although
there have been several reports in successfully using polymers such as carbon

nitride in flow reactors for metallaphotoredox amination.*8
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Experimental

Reagents were purchased from Sigma Aldrich, Fluorochem, Alfa Aesar,
Carbosynth, or TCI Chemicals and used were used without further purification
unless otherwise specified. Chromatographic purification was performed on
either using silica gel, or automated using prepacked columns on a Biotage
Isolera purification system using gradient elution. Thin layer chromatography
(TLC) plates were visualized using a combination of Ninhydrin stain, potassium
permanganate, and UV fluorescence quenching as needed.

Photocatalysis experiments were performed using 400 W white LED floodlights
for photocatalyst discovery experiments with rollers for agitation. Upscaled
reactions for purifications were performed on either a SynLED Parallel
Photoreactor (2742680 — Sigma Aldrich UK), a PennOC Photoreactor with 420
nm irradiation at 100 % LED intensity, or using Kessil PR160L lights (max

intensity, 3 cm distance from vial).

GC-MS analysis was performed on an Agilent 7890B GC system equipped with
an Agilent 5977B Mass Spectrum Detector. UV-Vis measurements of polymer
samples (powder form) were performed on Cary-5000 UV-VIS-NIR

Spectrometer.

Automated dispensing of stock solutions was performed using liquid dispensing
capabilities of a ChemSpeed Swing or I1Synth platform, along with automated
crimp sealing under nitrogen atmosphere. 'H and **C NMR experiments were
performed on a Bruker 400 MHz NMR instrument. Spectroscopic measurements
are referenced to residual solvent signals at 7.26 ppm and 77.16 ppm,

respectively, in CDCls, and processed in MestReNova.
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Mass Spectrometry was performed by the University of Liverpool Analytical
Services, or on a Waters Xevo G2-XS QToF. Excitation, emission, and lifetime
experiments were performed on an Edinburgh Instruments Fluorescence Lifetime

Spectrometer, with exponential fitting.

Powder X-Ray diffraction measurements were performed on a Panalytical
Empyrean diffractometer equipped with a high throughput screening XYZ stage,
an X-ray focusing mirror and a P1Xcel

detector with Cu Ko radiation.

Surface area measurements were performed on a Micromeritics ASAP 2020
Surface Area and Porosity Analyzer. IR spectra were recorded using a Bruker
Tensor 27 FT-IR spectrometer with neat samples for novel products, or as
powders for polymers. ICP-OES measurements were performed by the
University of Liverpool Analytical Services following microwave digestion of CTF-
2 in nitric acid.
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Synthesis of CTF-2

[1,1'-biphenyl]-4,4'-dicarbonitrile (400 mg) was added to a microwave vial
containing a stirrer bar. Triflic Acid (2.4 mL) was added in one portion and the vial
was crimp sealed. The vial was heated at 150 °C in a Biotage Microwave Reactor
for 2 hours and allowed to cool to room temperature. The vial was decapped, and
the reaction mixture was quenched by slow addition (highly exothermic) of
ammonia solution in water (100 mL, 3M) followed by stirring for 2 hours. The
polymer was filtered and washed with water, acetone, and methanol. The washed
polymer was roughly ground with a pestle and mortar and further purified by
Soxhlet extraction with chloroform (overnight) and methanol (overnight) to
remove any residual starting material or soluble oligomers. The purified material
was further ground to a finer powder and dried in a vacuum oven at 180 °C to
remove any traces of triflic acid to yield an orange-brown CTF-2 (794 mg, 99%
yield, monomer basis— combination of 2 batches). CHN Analysis: Calculated %
— C (82.30%), H (3.90%), N (13.70%); Analysis % - C (78.22%), H (3.95%), N
(11.48%)

In general, multiple batches of 400 mg scale were queued on the microwave
reactor's autosampler and combined after the microwave heating for
convenience. Through the course of our studies, over 10 grams of CTF-2 was
synthesized in this way. CTF-2 can also be synthesized without a microwave, by
heating the above-described reaction mixture in a sand-bath for 3 days at 150 °C,
however this resulted in lower yields of the framework, and for convenience, CTF-

2 was synthesized in the microwave reactor.

CTF-2 synthesized at 50 — 130 °C was also performed analogously to the
procedure above, and likewise resulted in non-porous polymeric material with a
similar UV-Visible absorption spectra (Figure 3-20) compared to batches
synthesized at 150 °C. Sorption experiments for these polymers were performed

by Dr. Alex James.
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Figure 3-20: Normalized UV-Visible spectra of CTF-2 synthesized at increasing microwave temperatures.
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Radical Trap Experiment
Cyclohexanecarboxylic acid, diethyl ethylidenemalonate, CTF-2, potassium

phosphate dibasic, and TEMPO (2 eq) were combined as according to General

Procedure A and irradiated for 2 days. The reaction mixture was diluted with ethyl

acetate and directly analysed by GC-MS. The data for the radical trap experiment

of cyclohexanecarboxylic acid was consistent with previous reports.*
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Figure 3-21: GC trace for decarboxylative conjugate addition in of cyclohexanecarboxylic acid in the presence of
TEMPO. Adduct eluted at 10.1 mins, marked with X.
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Figure 3-22: GC-MS Spectrum of TEMPO adduct of decarboxylated cyclohexanecarboxylic acid.
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Product Characterization

General Procedure A — Decarboxylative Conjugate Addition Scope

CTF-2 (24 mg), carboxylic acid (0.20 mmol, 1 eq), Michael acceptor (0.4 mmol,
2 eq) and K2HPO4 (42 mg, 0.24 mmol, 1.2 eq) were combined in a 4 mL vial
containing a stirrer bar. The vial was sealed with a septa screw cap and
anhydrous acetonitrile (1 mL) was added. The reaction mixture was degassed by
sparging with nitrogen and irradiated for 2 days with a SynLed Parallel
photoreactor. The reaction mixtures were diluted repeatedly with ethyl acetate (4
mL x 3), and separated from the heterogeneous components by centrifugation,
filtration, or decantation. The organic layers were then dried, concentrated, and
purified by automated column chromatography in EtOAc or Et20 with hexane or

petroleum ether gradients, or 5% MeOH in DCM for polar compounds.

In some cases, reactions were performed in DMF due to the turbidity of the
reaction mixture in acetonitrile after extended irradiation. In this case, the reaction
vails were diluted with ethyl acetate (4 mL x 3), allowing for the polymer to settle
to the bottom of the vial, extracted from water (20 mL), dried, concentrated under
vacuum, and purified as above. In general, we found that carboxylic acid
substrates containing secondary amines or lactams tended to have turbid
reaction mixtures that adversely affected performance, presumably due to the
poor light penetration that is already diminished by using a heterogeneous

photocatalyst.
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Diethyl 2-(1-(1-(tert-butoxycarbonyl)azetidin-2-yl)ethyl)malonate (3.7)

CO,Et
N CO,Et
B% 2

Performed according to General Procedure A to yield a colourless oil as an

inseparable mixture of rotamers and diastereomers (55.2 mg, 80% vyield).

1H NMR (400 MHz, CDCls) & 4.34 — 4.25 (m, 1H), 4.21 — 4.10 (m, 4H), 3.84 —
3.74 (m, 1H), 3.73 — 3.64 (m, 1H), 3.60 (d, J = 9.3 Hz, 0.5H), 3.37 (br s, 1H), 2.81
—2.69 (M, 0.5H), 2.63 — 2.52 (m, 0.5H), 2.31 — 2.19 (m, 0.5H), 2.18 — 2.07 (m,
0.5H), 1.98 — 1.87 (m, 1H), 1.42 (d, J = 2.2 Hz, 9H), 1.27 — 1.22 (m, 6H), 1.04 (d,
J=7.0 Hz, 1.5H),0.99 (d, J = 7.0 Hz, 1.5H).

13C NMR (101 MHz, CDCls) d 168.95, 168.93, 168.76, 168.49, 157.16, 156.84,
79.84, 79.63, 64.50, 64.16, 61.37, 61.34, 61.32, 61.25, 54.25, 53.98, 46.66,
37.46, 36.35, 28.49, 28.46, 19.70, 18.36, 14.20, 14.17, 14.16, 14.13, 12.36,
11.08.

HRMS (ESI+): Found M+Na*: 366.1905, C17H20NNaOs* requires 366.1887

FT-IR (cm?): 2978, 2939, 1729, 1696, 1364, 1133, 1030

Diethyl 2-(1-(1-(tert-butoxycarbonyl)pyrrolidin-2-yl)ethyl)malonate (3.8)

CO,Et
5\1 CO,Et
Boc

Performed according to General Procedure A to yield a pale-yellow oil as an
inseparable mixture of rotamers and diastereomers (58.8 mg, 82% yield).

Spectroscopic data was consistent with previously reported values.?

IH NMR (400 MHz, CDCl3) & 4.25 — 4.09 (m, 4H), 4.06 — 3.20 (m, 3H), 3.19 —
3.03 (m, 1H), 2.80 — 2.42 (m, 1H), 2.06 — 1.60 (m, 4H), 1.56 — 1.33 (m, 9H), 1.28
—1.21 (m, 6H), 0.97 — 0.82 (m, 3H).
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13C NMR (101 MHz, CDCls) d 169.06, 168.53, 155.53, 154.99, 79.94, 79.35,
61.41, 61.28, 60.65, 60.39, 55.70, 54.91, 54.44, 54.19, 47.83, 47.29, 47.00,
37.17, 36.91, 28.60, 24.43, 23.96, 23.65, 23.45, 14.22, 13.57.

HRMS (ESI+): Found M+Na*: 380.2047, C1sH31NNaOs* requires 380.2044

13C NMR spectrum for this sample was processed with apodization in

MestReNova (Exponential Function — 6.9Hz) for improved visual clarity.

Diethyl 2-(1-(1-(tert-butoxycarbonyl)piperidin-2-yl)ethyl)malonate (3.9)

CO,Et
N CO,Et
B

ocC
Performed according to General Procedure A to yield the product as a colorless
oil as an inseparable mixture of rotamers and diastereomers (54.7 mg, 74 %).

Spectroscopic data was consistent with previously reported values.?

1H NMR (400 MHz, CDCl3) & 4.25 — 3.98 (m, 6H), 3.41 (d, J = 4.5 Hz, 1H), 2.79
—2.61 (m, 2H), 1.81 — 1.65 (m, 1H), 1.64 — 1.45 (m, 5H), 1.42 (s, 9H), 1.29 — 1.22
(m, 6H), 1.05 (d, J = 6.9 Hz, 1.4H), 0.98 (d, J = 6.9 Hz, 1.6H).

13C NMR (101 MHz, CDCls) d 169.91, 169.29, 168.57, 168.29, 155.22, 155.20,
79.54, 79.43, 61.53, 61.43, 61.21, 60.95, 53.44, 53.20, 32.03, 31.77, 28.54,
28.50, 26.24, 26.15, 25.43, 19.09, 18.94, 14.25, 14.18, 14.15, 13.84, 12.95.

HRMS (ESI+): Found M+Na*: 394.2232, C19H33NNaOs" requires 394.2200
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Diethyl 2-(1-(1-(tert-butoxycarbonyl)azepan-2-yl)ethyl)malonate (3.10)

CO,Et
\
Boc

Performed according to General Procedure A in DMF and with 1.3 eq acceptor
to yield a colourless oil as an inseparable mixture of rotamers and diastereomers
(45.5 mg, 59% yield).

1H NMR (400 MHz, CDCl3) & 4.29 — 3.91 (m, 5H), 3.83 — 3.55 (m, 1H), 3.46 (d, J
= 2.1 Hz, 0.3H), 3.46 (d, J = 2.8 Hz, 0.4H), 3.35 (d, J = 7.9 Hz, 0.4H), 2.73 — 2.56
(m, 1H), 2.44 (s, 0.2H), 2.37 — 2.00 (m, 1.7H),1.88 — 1.65 (m, 2.3H), 1.64 - 1.52
(m, 1.7), 1.46 (s, 2H), 1,43 (s, 7H), 1.39 — 1.12 (m, 9H), 1.00 (d, J = 6.9 Hz, 0.8H),
0.96 (t, J = 6.5 Hz, 1.3H), 0.91 (d, J = 7.0 Hz, 0.8H).

13C NMR (101 MHz, CDCls) d 169.52, 169.30, 169.17, 169.14, 169.08, 168.97,
168.80, 168.50, 168.21, 156.77, 156.56, 156.08, 155.59, 79.89, 79.75, 79.25,
79.10, 61.62, 61.49, 61.41, 61.25, 61.22, 61.18, 60.99, 58.49, 57.26, 56.27,
54.84, 54.43, 54.40, 53.89, 43.58, 42.79, 38.49, 38.40, 38.34, 38.22, 33.19,
32.83, 32.78, 32.37, 30.20, 29.94, 29.20, 28.60, 28.56, 28.45, 28.02, 27.66,
25.41, 25.29, 24.84, 14.40, 14.33, 14.21, 14.18, 14.13, 14.09, 13.16, 12.73.

HRMS (ESI+): Found M+Na*: 408.2359, C20HssNNaOs* requires 408.2357;
Found [M-Boc+H]*: 286.2013, C15H2sNO4* requires 286.2013

FT-IR (cm1): 2976, 2929, 1729, 1686, 1366, 1158, 1028
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Diethyl2-(1-((4S)-1-(tert-butoxycarbonyl)-4-fluoropyrrolidin-2-
ylethyl)malonate (3.11)
F
CO,Et

’\1 CO,Et
Boc

Performed according to General Procedure A in DMF with 1.3 eq acceptor to yield
a yellow oil as an inseparable mixture of rotamers and diastereomers (54.0 mg,
72% yield).

1H NMR (400 MHz, CDCls) & 5.28 — 5.20 (m, 0.21H), 5.19 — 5.07 (m, 0.46H), 5.06
—4.98 (M, 0.25H), 4.33 — 3.64 (M, 6H), 3.61 — 2.54 (M, 3H), 2.42 — 1.74 (m, 2H),
1.45 (s, 9H), 1.28 — 1.19 (m, 6H), 1.06 — 0.76 (m, 3H).

13C NMR (101 MHz, CDCls) d 169.13, 168.84, 168.68, 168.62, 168.28, 168.14,
155.54, 154.93, 92.85, 92.34, 91.16, 90.62, 80.67, 80.52, 80.03, 61.62, 61.40,
61.28, 60.27, 59.34, 58.89, 57.92, 55.82, 55.42, 55.00, 54.77, 54.53, 54.37,
53.76, 53.46, 37.90, 36.21, 35.52, 35.25, 35.11, 34.91, 28.50, 14.39, 14.19,
13.44, 10.98.

F NMR (376 MHz, CDCls) & -169.37, -170.20, -170.46, -171.03, -176.78, -
177.29, -177.51.

HRMS (ESI+): Found M+Na*: 398.1955, C1sH3oFNNaOs* requires 398.1949
FT-IR (cmt): 2980, 1729, 1691, 1387, 1366, 1160, 1030

13C NMR spectrum for this sample was processed with apodization in

MestReNova (Exponential Function - 5Hz) for improved visual clarity.
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Diethyl 2-(1-(tetrahydrofuran-2-yl)ethyl)malonate (3.12)

CO,Et
o CO,Et
Performed according to General Procedure A to yield a colourless oil as an

inseparable mixture of diastereomers (35.9 mg, 70% vyield). Spectroscopic data

was consistent with reported values. ?

1H NMR (400 MHz, CDCl3) & 4.21 — 4.13 (m, 4H), 3.87 — 3.65 (m, 3H), 3.59 (d, J
= 6.4 Hz, 0.56H), 3.41 (d, J = 8.6 Hz, 0.42H), 2.53 — 2.42 (m, 0.44H), 2.34 — 2.22
(m, 0.55H), 2.04 — 1.76 (m, 3H), 1.65 — 1.48 (m, 1H), 1.28 — 1.22 (m, 6H), 0.97
(dd, J = 6.9, 5.4 Hz, 3H)

13C NMR (101 MHz, CDCls) & 169.46, 169.02, 168.98, 168.92, 81.40, 80.50,
68.45, 67.89, 61.36, 61.30, 61.22, 61.13, 55.08, 54.56, 39.22, 37.50, 30.12,
28.60, 26.11, 25.99, 14.26, 14.22, 14.18, 13.61, 12.45.

HRMS (ESI+): Found M+Na*: 281.1375, C13H22NNaOs* requires 281.1359

Diethyl 2-(1-((tert-butoxycarbonyl)amino)propan-2-yl)malonate (3.13)

CO,Et

Boc-.
°°~N CO,Et
H

Performed according to General Procedure A to yield a colourless oil as a mixture
of rotamers (26.5 mg, 42 % yield). Spectroscopic data was consistent with

reported values.?

1H NMR (400 MHz, CDCl3) 8 4.72 (br s, 1H), 4.23 — 4.14 (m, 4H), 3.29 (d, J = 7.5
Hz, 1H), 3.22 — 3.09 (m, 2H), 2.48 — 2.40 (m, 1H), 1.42 (s, 9H), 1.26 (t, J = 7.2,
6H), 1.00 (d, J = 7.0 Hz, 3H).

13C NMR (101 MHz, CDCls) 5 168.90, 168.68, 156.07, 79.36, 61.53, 61.47, 55.17,
44.33, 34.23, 28.50, 15.65, 14.21, 14.19.

HRMS (ESI+): Found M+Na*: 340.1750, C1sH27NNaOs* requires 340.1731
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Diethyl 2-(1-(5-oxopyrrolidin-2-yl)ethyl)malonate (3.14)
o) H
N"  CO,Et
CO,Et

Performed according to General Procedure A in DMF to yield the product as a
pale-yellow oil as an inseparable mixture of diastereomers (33.2 mg, 61% yield).

1H NMR (400 MHz, CDCls) 8 6.27 (s, 1H), 6.17 (s, 0.4H), 4.24 — 4.15 (m, 0.5H),
3.82 — 3.71 (m, 0.5H), 3.66 — 3.54 (m, 0.5H), 3.37 (d, J = 6.1 Hz, 0.5H), 3.34 (d,
J=7.1Hz, 0.5H), 2.45 — 2.13 (m, 4H), 1.86 — 1.73 (m, 1H), 1.26 (td, J = 7.1, 1.4
Hz, 6H), 1.00 (t, J = 6.8 Hz, 3H).

13C NMR (101 MHz, CDCls) d 178.23, 178.00, 168.96, 168.49, 168.41, 168.38,
61.88, 61.80, 61.75, 61.72, 56.56, 56.26, 55.12, 54.27, 38.46, 38.05, 30.11,
29.83, 25.21, 24.46, 14.19, 14.17, 14.14, 13.04, 12.13.

HRMS (ESI+): Found M+Na*: 294.1318, Ci13H21NNaOs" requires 294.1312

FT-IR (cm™): 3127, 2980, 1725, 1690, 1267, 1152, 1028, 731

Diethyl 2-(1-(4-oxoazetidin-2-yl)ethyl)malonate (3.15)

OxNH CO,Et
WCOZB

Performed according to General Procedure A in DMF to yield a pale-yellow oll
as an inseparable mixture of diastereomers (25.3 mg, 49%).

IH NMR (400 MHz, CDCl3) & 6.04 (s, 1H), 4.26 — 4.14 (m, 4H), 3.80-3.72 (m,
0.5H), 3.69 — 3.63 (m, 0.5H), 3.37 (d, J = 5.6 Hz, 0.5H), 3.32 (d, J = 6.6 Hz, 0.5H),
3.07 — 2.96 (m, 1H), 2.74 — 2.61 (m, 1H), 2.53 - 2.44 (m, 0.5H), 2.44 — 2.35 (m,
0.5H), 1.27 (t, J = 7.1 Hz, 6H), 1.05 (d, J = 6.9 Hz, 3H).

13C NMR (101 MHz, CDCls) d 168.67, 168.41, 168.38, 168.27, 167.55, 167.37,
61.84, 61.79, 61.78, 61.76, 54.96, 54.62, 50.45, 50.12, 42.38, 41.74, 38.32,

36.48, 14.22, 14.18, 14.15, 13.36, 12.79.
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HRMS (ESI+): Found M+Na*: 280.1159, C12H19NNaOs" requires 280.1155

FT-IR (cm™): 3260, 2980, 1723, 1177, 1154, 1028, 730

Di-tert-butyl 2-(3-ethoxy-2-(ethoxycarbonyl)-3-oxo-1-
phenylpropyl)piperazine-1,4 dicarboxylate (3.16)

?oc

N
S8

N CO,Et
Boc Ph

Performed according to General Procedure A in DMF with 1 eq acceptor to yield

the product as a white paste as an inseparable mixture of rotamers and

diastereomers (65.2 mg, 61 %).

1H NMR (400 MHz, CDCl3) 8 7.35 — 7.05 (m, 5H), 4.71 (s, 0.28H), 4.54 (s, 0.26H),
4.31 (s, 0.34H), 4.23 — 3.56 (m, 8H), 3.45 (d, J = 13.3 Hz, 1H), 3.30 — 2.26 (m,
3H), 1.55 — 1.22 (m, 17H), 1.17 (t, J = 7.2 Hz, 3H), 1.11 — 0.87 (m, 1.66H), 0.84
—0.65 (m, 2.51H).

13C NMR (101 MHz, CDCl3) d 168.41, 168.25, 168.14, 167.84, 167.66, 155.49,
155.10, 154.90, 154.55, 138.51, 136.85, 130.18, 129.51, 128.60, 127.97, 127.81,
127.67, 127.33, 80.99, 80.63, 80.04, 62.06, 61.69, 61.50, 61.34, 61.23, 56.02,
55.13, 54.38, 52.02, 45.53, 44.72, 44.17, 43.91, 43.39, 42.86, 42.50, 40.24,
39.43, 38.61, 37.78, 28.56, 28.46, 28.34, 14.12, 13.93, 13.62.

HRMS (ESI+): Found M+Na*557.2841, C2sH42N2NaOs* requires 557.2833

FT-IR (cmY): 2977, 2933, 1731, 1690, 1364, 1160, 1098, 701

13C NMR spectrum for this sample was processed with apodization in
MestReNova (Exponential Function — 5.8Hz) for improved visual clarity.
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Diethyl 2-(1-((3r,5r,7r)-adamantan-1-yl)ethyl)malonate (3.17)

CO,Et

CO,Et

Performed according to General Procedure A to yield a colourless oil (13.9 mg,

22% yield). Spectroscopic data was consistent with previously reported values. ?

IH NMR: (400 MHz, CDCl3) & 4.22 — 4.13 (m, 4H), 3.56 (d, J = 5.2 Hz, 1H), 2.11
—2.02 (m, 1H), 1.96 (s, 3H), 1.72 — 1.64 (m, 3H), 1.64 — 1.57 (m, 3H), 1.56 — 1.45
(m, 6H), 1.26 (td, J = 7.1, 5.9 Hz, 6H), 0.98 (d, J = 7.3 Hz, 3H).

13C NMR (101 MHz, CDClI3) 5 170.54, 169.94, 61.46, 61.02, 51.99, 43.23, 39.51,
37.17, 35.38, 28.76, 14.22, 14.18, 10.53.

HRMS (ESI+): Found M+Na*: 345.2049 C19H30NaO4* requires 345.2036

Diethyl 2-(1-cyclohexylethyl)malonate (3.18)

CO,Et
CO,Et

Performed as in General Procedure A to yield a colourless oil (25.1 mg, 46%

yield). Spectroscopic data was consistent with previously reported values.?

1H NMR (400 MHz, CDCls) & 4.24 — 4.12 (m, 4H), 3.38 (d, J = 9.2 Hz, 1H), 2.22
—2.11 (m, 1H), 1.77 — 1.68 (m, 2H), 1.67 — 1.54 (m, 3H), 1.28 — 1.08 (m, 11H),
0.99 — 0.90 (m, 1H), 0.89 (d, J = 7.0 Hz, 3H).

13C NMR (101 MHz, CDCI3) 5 169.45, 169.19, 61.26, 61.18, 55.95, 40.39,
38.69, 31.65, 27.54, 26.86, 26.67, 26.60, 14.25, 13.03.

HRMS (ESI+): Found M+Na*: 293.1729, CisH26NaO4* requires 293.1723
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Diethyl  2-((1-(tert-butoxycarbonyl)azetidin-2-yl)(phenyl)methyl)malonate
(3.23)

CO,Et

N CO,Et
Boc/ 2

Performed according to General Procedure A with 1 eq acceptor in DMF to yield
a colourless oil as an inseparable mixture of diastereomers and rotamers (50.2
mg, 62% yield).

1H NMR (400 MHz, CDCl3) & 7.26 — 7.10 (m, 5H), 4.63 — 4.52 (m, 0.4H), 4.50 —
4.38 (m, 0.6H), 4.27 (d, J = 11.8 Hz, 0.4H), 4.21 — 4.07 (m, 2H), 4.01 — 3.89 (m,
1.1H), 3.83 — 3.70 (m, 2H), 3.66 — 3.50 (m, 1.4H), 3.32 (br s, 0.5H), 3.08 (td, J =
8.8, 5.8 Hz, 0.4H), 2.21 — 2.03 (m, 1H), 1.91 — 1.78 (m, 1H), 1.42 (s, 9H), 1.21
(td, J = 7.1, 4.8 Hz, 3H), 0.88 — 0.75 (m, 3H).

13C NMR (101 MHz, CDClz) 6 168.71, 168.40, 168.17, 167.84, 156.99, 137.65,
136.93, 129.93, 129.33, 128.25, 128.16, 127.40, 127.34, 79.97, 64.37, 63.47,
61.61, 61.22, 61.15, 54.03, 48.88, 46.58, 28.55, 20.48 (br), 19.29, 14.16, 14.13,
13.73, 13.70.

HRMS (ESI+): Found M+Na*: 428.2046, C22H31NNaOs* requires 428.2044

FT-IR (cm™): 2976, 1731, 1694, 1364, 1136, 703
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Diethyl-2-((1-(tert-butoxycarbonyl)pyrrolidin-2-yl)(phenyl)methyl)malonate
(3.24)

CO,Et

5\1 CO,Et
Boc

Performed according to General Procedure A with 1 eq acceptor and in DMF to
yield a colourless viscous oil as an inseparable mixture of diastereomers and
rotamers (70.7 mg, 84% yield).

1H NMR (400 MHz, CDCl3) & 7.30 — 7.08 (m, 5H), 4.37 (s, 0.3H), 4.30 — 3.97 (m,
3.6H), 3.89 — 3.55 (m, 2.4H), 3.48 (d, J = 9.3 Hz, 0.3H), 3.46 (d, J = 9.2 Hz, 0.2H),
3.38 (br s, 0.2H), 3.28 — 3.08 (m, 0.8H), 3.01 — 2.87 (m, 0.5H), 2.73 — 2.63 (m,
0.4H), 2.06 — 1.79 (m, 1H), 1.78 — 1.66 (m, 1H), 1.61 — 1.52 (m, 3.7H), 1.51 —
1.36 (m, 6.4H), 1.26 — 1.15 (m, 3.5H), 0.88 — 0.68 (m, 3.5H).

13C NMR (101 MHz, CDClz) 6 168.72, 168.57, 168.36, 168.18, 168.02, 156.21,
155.43, 155.03, 139.86, 139.68, 138.70, 138.34, 129.65, 129.31, 128.46, 128.30,
128.04, 127.32, 127.19, 80.35, 79.52, 79.30, 62.43, 62.28, 61.81, 61.47, 61.36,
61.17, 61.01, 60.34, 58.95, 54.96, 54.89, 54.73, 53.92, 50.56, 50.52, 50.37,
49.61, 47.97, 47.08, 46.67, 29.99, 29.61, 29.23, 28.71, 28.61, 23.70, 23.30,
22.73, 22.35, 14.21, 14.13, 13.66, 13.62.

HRMS (ESI+): Found M+Na*: 442.2200, C23HssNNaOs* requires 442.2200;
Found [M-Boc+H]*: 320.1856, C1sH26NOa4* requires 320.1856

FT-IR (cm™): 2976, 1731, 1688, 1366, 1160, 1033, 703
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Diethyl 2-((1-(tert-butoxycarbonyl)piperidin-2-yl)(phenyl)methyl)malonate
(3.25)

CO,Et

N CO,Et
Boc

Performed according to General Procedure A with minor modifications. Reaction
was performed with 1 eq acceptor and in DMF to yield a colourless oil as an
inseparable mixture of diastereomers and rotamers (63.6 mg, 73% yield).

IH NMR (400 MHz, CDCl3) & 7.31 — 7.04 (m, 5H), 4.71 — 4.50 (m, 0.67H), 4.39
(s, 0.32H), 4.24 — 3.95 (m, 2H), 3.93 — 3.56 (m, 4.6H), 3.51 (d, J = 13.3 Hz, 0.2H),
2.93 (t, J = 12.6 Hz, 0.2H), 2.75 (t, J = 12.8 Hz, 0.3H), 2.39 (g, J = 14.0 Hz, 0.4H),
1.79 — 1.06 (m, 18H), 0.94 — 0.80 (m, 1.3H), 0.76 (t, J = 7.1 Hz, 1.9H).

13C NMR (101 MHz, CDClz) 6 168.79, 168.63, 168.14, 168.01, 167.85, 155.88,
154.91, 154.43, 139.61, 139.45, 138.41, 138.09, 129.72, 129.61, 128.55, 127.92,
127.67,127.31,127.21, 126.99, 80.04, 79.71, 79.53, 79.03, 61.97, 61.77, 61.60,
61.39, 61.21, 56.92, 56.76, 56.53, 55.28, 54.54, 52.92, 45.74, 45.32, 45.05,
40.55, 39.91, 38.90, 38.45, 28.63, 28.37, 27.45, 27.03, 26.70, 26.51, 25.51,
25.13, 24.88, 24.76, 19.22, 19.13, 14.12, 14.06, 13.71, 13.62.

HRMS (ESI+): Found M+Na*: 456.2357, C24H3sNNaOs* requires 456.2357;
Found [M-Boc+H]*: 334.2013, C19H2sNO4* requires 334.2013

FT-IR (cm™): 2978, 2933, 1731, 1686, 1158, 1030, 701
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Diethyl 2-(phenyl(tetrahydrofuran-2-yl)methyl)malonate (3.26)

CO,Et

0 CO,Et

Performed as in General Procedure A with minor modifications. Reaction was
performed with 1.2 eq carboxylic acid and 1 eq acceptor in DMF to vyield the
product as a clear oil as an inseparable mixture of diastereomers and rotamers
(37.6 mg, 59% vyield).

1H NMR (400 MHz, CDCls) & 7.27 — 7.10 (m, 5H), 4.22 — 4.04 (m, 3.5H), 3.83 —
3.72 (m, 2.5H), 3.72 — 3.61 (m, 1H), 3.60 — 3.49 (m, 1H), 3.45 (dd, J = 11.7, 2.9
Hz, 0.5H), 3.40 (t, J = 10.1 Hz, 0.5H), 1.90 — 1.66 (m, 1.5H), 1.64 — 1.52 (m, 1H),
1.51 — 1.41 (m, 0.5H), 1.40 — 1.30 (m, 0.5H), 1.29 — 1.16 (m, 3.5H), 0.82 (td, J =
7.0, 5.5 3H).

13C NMR (101 MHz, CDCl3) d 168.68, 168.64, 168.15, 168.07, 138.88, 137.57,
130.26, 129.05, 128.48, 127.94, 127.32, 127.16, 82.31, 79.08, 68.65, 68.06,
61.67, 61.45, 61.17, 56.77, 55.12, 51.46, 49.33, 30.39, 28.96, 25.88, 25.42,
14.19, 14.14, 13.74, 13.72.

HRMS (ESI+): Found M+Na*: 343.1537, C1sH2aNaOs* requires 343.1516

FT-IR (cm?): 2980, 2873, 1729, 1257, 1173, 1033, 703
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Diethyl-2-((5-oxopyrrolidin-2-yl)(phenyl)methyl)malonate (3.27)
o)
NH CO,Et
CO,Et

Performed according to General Procedure A with 1 eq acceptor in DMF to yield
a pale-yellow oil as an inseperable mixture of diastereomers and rotamers (34.8
mg, 52% yield).

IH NMR (400 MHz, CDCl3) & 7.30 — 7.08 (m, 5H), 6.42 — 6.09 (m, 1H), 4.23 —
4.13 (m, 2H), 4.06 — 4.00 (m, 0.5H), 3.99 — 3.91 (m, 1.5H), 3.91 — 3.78 (M, 1.5H),
3.74 (d, J = 8.3 Hz, 0.5H), 3.50 (t, J = 7.9 Hz, 1H), 3.42 (dd, J = 10.7, 5.2 Hz, 1H),
2.21 —2.10 (m, 0.5H), 2.08 — 1.84 (m, 2H), 1.81 — 1.62 (m, 1H), 1.54 — 1.40 (m,
0.5H), 1.26 — 1.18 (m, 3H), 0.99 (t, J = 7.1 Hz, 1.5H), 0.90 (t, J = 7.1 Hz, 1.5H)

13C NMR (101 MHz, CDCl3) d 178.49, 178.10, 168.71, 168.46, 167.79, 167.26,
137.63, 136.47, 129.45, 128.87, 128.72, 128.69, 127.92, 127.82, 62.18, 62.11,
61.92, 61.60, 56.40, 55.80, 55.38, 54.91, 50.21, 50.13, 29.57, 29.19, 25.26,
25.24,14.13, 14.10, 13.85, 13.75.

HRMS (ESI+): Found M+Na*: 356.1468, C1sH23NNaOs* requires 356.1468

FT-IR (cmt): 3238, 2959, 2916, 1727, 1688, 1259, 1024, 703
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Diethyl 2-(2-((tert-butoxycarbonyl)amino)-1-phenylethyl)malonate (3.28)
CO,Et

B ~
o¢ N CO,Et

Performed according to General Procedure A with minor modifications. Reaction
was performed in DMF with 2 eq carboxylic acid and 1 eq acceptor to yield a clear
oil that turned to a white solid upon standing as an inseparable mixture of
rotamers (28.1 mg, 37% yield). Spectroscopic data was consistent with previously

reported values.*®

1H NMR (400 MHz, CDCls) & 7.33 — 7.17 (m, 5H), 4.47 — 4.36 (m, 1H), 4.28 —
4.20 (g, J = 6.8 Hz, 2H), 3.95 — 3.85 (m, 2H), 3.74 - 3.67 (M, 1H), 3.65 — 3.47 (m,
2H), 3.45 — 3.28 (m, 1H), 1.37 (s, 9H), 1.29 (t, J = 7.1 Hz, 3H), 0.95 (d, J = 7.2
Hz, 3H).

13C NMR (101 MHz, CDCls) d 168.33, 167.66, 155.67, 139.01, 128.75, 128.50,
127.57, 79.43, 61.94, 61.46, 55.87, 45.53, 44.12, 28.44, 14.18, 13.82.

HRMS (ESI+): Found M+Na*: 402.1888, CisH26NaO4* requires 402.1887

Diethyl2-((1-(tert-butoxycarbonyl)pyrrolidin-2-yl)(p-tolyl)methyl)malonate
(3.29)

CO,Et

N CO,Et
Boc

Performed according to General Procedure A with minor modifications. Reaction
was performed with 1 eq acceptor on 0.242 mmol scale and in DMF with 5d
irradiation to yield a colorless oil as an inseparable mixture of diastereoisomers

and rotamers (75.3 mg, 72% yield).
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IH NMR (400 MHz, CDCls) & 7.23 — 7.15 (d, J = 7.6 Hz, 0.4H), 7.14 — 6.97 (m,
3.5H), 4.39 (s, 0.2H), 4.34 — 4.24 (m, 0.7H), 4.22 — 4.01 (m, 3H), 3.90 — 3.66 (m,
2H), 3.65 — 3.56 (M, 0.2H), 3.54 — 3.45 (m, 0.5H), 3.43 (br s, 0.1H), 3.34 — 3.12
(m, 0.8H), 3.06 — 2.91 (m, 0.5H), 2.80 — 2.66 (M, 0.4H), 2.28 (s, 0.9H), 2.27 (s,
1.9H), 2.13 — 1.84 (m, 1.4H), 1.82 — 1.69 (m, 0.9H), 1.65 — 1.41 (m, 10.3H), 1.32
—1.20 (m, 3.5H), 0.99 — 0.75 (m, 3.5H).

13C NMR (101 MHz, CDClzs) & 168.77, 168.63, 168.55, 168.39, 168.24, 168.07,
156.19, 155.43, 155.04, 136.87, 136.72, 136.55, 135.58, 135.15, 129.47, 129.13,
128.97, 128.73, 80.29, 79.47, 79.24, 62.45, 62.29, 61.75, 61.42, 61.31, 61.13,
60.97, 60.40, 58.98, 54.96, 54.80, 53.98, 50.07, 49.89, 49.17, 47.98, 47.07,
46.65, 29.94, 29.59, 29.21, 28.70, 28.61, 23.74, 23.29, 22.36, 21.13, 21.12,
14.21, 14.13, 13.70, 13.64.

HRMS (ESI+): Found M+Na*: 456.2357, C24H3sNNaOs* requires 456.2357;
Found [M-Boc+H]*: 334.2012, C19H2sNO4* requires 334.2013

FT-IR (cm): 2976, 2937, 1731, 1688, 1366, 1162, 1096, 1033, 732

Diethyl 2-((1-(tert-butoxycarbonyl)pyrrolidin-2-yl)(4 methoxyphenyl)
methyl)malonate (3.30)

CO,Et

5\1 CO,Et
Boc

Performed according to General Procedure A with minor modifications. Reaction
was performed with 1 eq acceptor on 0.223 mmol scale and in DMF with 5d
irradiation to yield a colourless oil as an inseparable mixture of diastereomers

and rotamers (65.4 mg, 65% yield).

IH NMR (400 MHz, CDCl3) & 7.22 (d, J = 8.1 Hz, 0.4H), 7.16 — 7.03 (m, 1.5H),
6.84 — 6.73 (M, 2H), 4.39 (s, 0.3H), 4.32 — 4.00 (m, 3.6H), 3.87 — 3.66 (m, 5H),
3.63 — 3.44 (m, 1H), 3.42 — 3.12 (m, 1H), 3.05 — 2.89 (m, 0.5H), 2.77 — 2.66 (m,
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0.4H), 2.10 — 1.67 (m, 2.3H), 1.64 — 1.36 (m, 10.4H), 1.30 — 1.15 (m, 3.5H), 0.94
—0.75 (m, 3.5H).

13C NMR (101 MHz, CDClzs) 6 168.81, 168.63, 168.44, 168.23, 168.11, 158.79,
158.76, 156.20, 155.03, 131.81, 131.55, 130.61, 130.45, 130.24, 113.86, 113.67,
113.46, 80.30, 79.49, 79.27, 62.43, 62.32, 61.77, 61.64, 61.45, 61.32, 61.16,
61.00, 60.19, 58.89, 58.45, 55.28, 55.23, 55.04, 54.88, 54.27, 49.69, 49.62,
49.04, 47.96, 47.08, 46.66, 30.40, 30.12, 29.53, 29.18, 28.71, 28.62, 23.74,
23.30, 23.18, 22.38, 14.22, 14.14, 13.78, 13.74.

HRMS (ESI+): Found M+Na*: 472.2307, C24H3sNNaO7* requires 472.2306;
Found [M-Boc+H]*: 350.1962, C19H2sNOs* requires 350.1962

FT-IR (cm1): 2976, 1731, 1688, 1366, 1247, 1162, 1033, 730

Dimethyl 2-(1-((benzyloxy)carbonyl)pyrrolidin-2-yl)succinate (3.31)

CO,Me

Cbz COzMe

Performed according to General Procedure A to yield a colourless oil as an
inseparable mixture of rotamers and diastereomers (40.5 mg, 58% yield).

Spectroscopic data was consistent with previously reported values.?

IH NMR (400 MHz, CDCl3) & 7.47 — 7.27 (m, 5H), 5.27 — 5.04 (m, 2H), 4.34 —
4.25 (m, 0.5H), 4.19 — 4.06 (m, 0.5H), 3.74 — 3.43 (m, 8H), 3.40 — 3.30 (m, 1H),
3.29 — 3.16 (m, 1H), 2.88 — 2.65 (m, 1H), 2.58 — 2.23 (m, 1H), 2.02 — 1.67 (m,
4H).

13C NMR (101 MHz, CDCl3) d 173.64, 173.31, 173.09, 172.42, 172.35, 172.19,
155.46, 155.09, 136.95, 136.83, 136.63, 128.57, 128.40, 128.27, 128.08, 128.05,
127.91, 67.28, 66.93, 59.08, 58.42, 58.31, 57.50, 52.17, 52.15, 51.92, 47.84,
47.25, 47.01, 46.65, 44.65, 44.38, 44.22, 43.72, 33.67, 31.22, 30.61, 29.21,
28.17, 27.49, 24.22, 23.70, 23.63, 22.91.

HRMS (ESI+): Found M+Na*: 372.1422, C1sH23NNaOs" requires 372.1418
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Tert-butyl2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
ylhethyl)pyrrolidine-1-carboxylate (3.32)

O\ﬁ 0

B

N o
Boc

Performed according to General Procedure A in DMF with minor modifications.
Reaction was performed using Cs2COs as base to yield the product as a mixture
of rotamers (37.6 mg, 58%). Spectroscopic data was consistent with previously

reported values-*°

Vinyl boronic acid pinacol ester was distilled before use on a Kugelrohr under

reduced pressure to remove residual inhibitor.

IH NMR (400 MHz, CDCl3) & 3.86 — 3.53 (m, 1H), 3.46 — 3.10 (m, 2H), 1.95 —
1.58 (m, 5H), 1.44 (s, 9H), 1.22 (s, 12H), 0.80 — 0.62 (m, 2H).

13C NMR (101 MHz, CDCls) & 154.85, 83.09, 78.97, 59.24, 46.58, 46.24, 30.15,
29.21, 28.71, 28.11, 24.95, 24.93, 23.78, 23.14, 7.81 (br).

HRMS (ESI+): Found M+Na*: 348.2331, C17H32NBNaO4* requires 348.2317

Benzyl 2-(2-(phenylsulfonyl)ethyl)pyrrolidine-1-carboxylate (3.33)

() ~sopn

N
|

Cbz

Performed according to General Procedure A with minor modifications. Reaction
was performed with 1.5 eq carboxylic acid with 1 eq acceptor and using Cs2COs
as base to yield a pale-yellow solid as a mixture of rotamers (19.1 mg, 26% yield).

Spectroscopic data was consistent with previously reported values.?

1H NMR (400 MHz, CDCls) & 7.97 — 7.72 (m, 2H), 7.70 — 7.60 (m, 1H), 7.58 —
7.49 (m, 2H), 7.40 — 7.22 (m, 5H), 5.18 — 4.89 (m, 2H), 3.94 (s, 1H), 3.57 — 3.27
(m, 2H), 3.25 — 3.10 (m, 1H), 3.09 — 2.92 (m, 1H), 2.12 — 1.92 (m, 2H), 1.90 —
1.75 (m, 3H), 1.67 — 1.57 (m, 1H).
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13C NMR (101 MHz, CDCls) d 155.52, 155.10, 139.26, 136.86, 136.51, 133.81,
129.41, 128.65, 128.14, 127.95, 67.26, 66.94, 56.54, 55.96, 53.98, 53.72, 46.89,
46.59, 31.19, 30.77, 27.94, 23.80, 23.10.

HRMS (ESI+): Found M+Na*: 396.1250, C20H23NNaO4S* requires 396.1240

Tert-butyl-2-((1-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolanyl)cyclopropyl)methyl)pyrrolidine-1-carboxylate (3.34)

N T
Boc O

2-(4-chlorobut-1-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (61 pL, 0.3
mmol, 1.5 eq) Boc-Pro-OH (43.0 mg, 0.2 mmol), CTF-2 (100 mg), and Cs2COs3
(78 mg, 0.24 mmol, 1.2 eq) were suspended in DMF (4 mL), sparged with
nitrogen, and irradiated on a PennOC Photoreactor at 420nm for 48 hours. The
reaction mixture was diluted with ethyl acetate (3 x 4 mL) and washed with water
(20 mL). The organic layer was dried with MgSO4, filtered and concentrated under
vacuum. The crude residue was purified by column chromatography to yield the
product as a colourless oil (30.4 mg, 43% yield). Spectroscopic data was

consistent previously reported values.?*

IH NMR (400 MHz, CDCl3) & 4.07 — 3.76 (m, 1H), 3.41 — 3.19 (m, 2H), 2.10 —
1.50 (m, 6H), 1.43 (s, 9H), 1.20 (s, 6H), 1.18 (s, 6H), 0.76 — 0.53 (m, 2H), 0.52 —
0.27 (m, 2H).

13C NMR (101 MHz, CDCls) & 154.74, 83.09, 78.94, 78.67, 57.81, 57.36, 46.27,
45.92, 39.87, 39.34, 29.88, 28.76, 24.83, 24.67, 23.74, 23.05, 13.60, 13.27,
10.13, 1.79 (br).

1B NMR (128 MHz, CDCl3) & 33.51.

HRMS (ESI+): Found M+Na*: 374.2486, C19H3aNBNaOa4* requires 374.2474
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N.B: While the reaction was also successful on the SynLED parallel photoreactor
with 24 mg / 0.2mmol substrate loading of CTF-2, it also appeared to result in
significant formation of the ester alkylation product that was difficult to separate
from the decarboxylative cyclopropanated product. We found that using 420nm
LEDs on a PennOC photoreactor (along with dilution) led to higher yields,
presumably due to better radical decarboxylation. 2-(4-chlorobut-1-en-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane was prepared according to the method
described by Aggarwal et al. 2*

(4-Fluoropiperidin-1-yl)(phenyl)methanone (3.43)

F

o

Bz/

1-benzoylpiperidine-4-carboxylic acid (46.6 mg, 0.2 mmol, 1 eq), NaH2POa4 (57
mg, 0.4 mmol, 2 eq), and SelectFluor (212 mg, 0.6 mmol, 3 eq) was suspended
in MeCN/H20 (1mL, 1:1 v/v) and irradiated for 2 days at 420 nm using a PennOC
photoreactor. The reaction mixture was concentrated under vacuum and purified
by column chromatography (diethyl ether/petroleum ether) to yield product as a
colourless oil (17.0 mg, 41% vyield). Spectroscopic data is consistent with
previously reported values- %

IH NMR (400 MHz, CDCl3) & 7.44 — 7.36 (m, 5H), 4.99 — 4.80 (m, 1H), 4.13 —
3.83 (M, 1H), 3.78 — 3.22 (m, 3H), 2.12 — 1.71 (m, 4H).

13C NMR (101 MHz, CDCls) d 170.62, 135.97, 129.86, 128.67, 126.94, 87.79 (*C-
F) (d, J =171 Hz), 43.68, 38.16.

19F NMR (376 MHz, CDCl3) & -183.17.

HRMS (ESI+): Found M+H*:208.1161, C12H1sFNO™* requires 208.1132

Tert-butyl 2-(4-(trifluoromethyl)phenyl)pyrrolidine-1-carboxylate (3.44)
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o "0

A

Boc-Pro-OH (32 mg, 0.15 mmol, 1.5 eq), 4-bromobenzo trifluoride (14 uL, 0.1
mmol, 1 eq), CTF-2 (12 mg), NiClz2(glyme) (2.2 mg, 0.1 eq), di-tert butyl bipyridine
(4 mg, 0.15 eq) and Cs2COs (50 mg) were suspended in DMF (0.5 mL) and
irradiated for 1 day with at 420nm irradiation in a PennOC photoreactor. The
reaction mixture was diluted with ethyl acetate (5 mL) and biphenyl standard (1
eq) and analysed by GC-MS. (51% GC-MS yield, relative to biphenyl standard).
The GC-MS traces were compared to authentic product and with the reaction
mixture of Ir[(dFCFsppy)2(dtbbpy)][PFs] under White LED floodlights using our
discovery workflow. We were unable to isolate this product cleanly by column

chromatography.

GCMS (TIC): 315 [M], 214 [M-Boc]

abundance

? T T T T r T T r T T T
30 40 5.0 60 7.0 20 9.0 100 110 120 130 140
minutes (min)

Figure 3-23: GC-Trace of decarboxylative conjugate addition reaction.
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Figure 3-24: Areas of GC-MS spectrum of biphenyl (8.3 min elution) and decarboxylative
arylation product (10.9 min elution)
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Figure 3-25: GC-MS spectrum of decarboxylative arylation product

Tert-butyl-2-benzylpyrrolidine-1-carboxylate (3.45)

Boc-Pro-OH (161 mg, 0.75 mmol, 1.5 eq), benzyl chloride (58 uL, 0.50 mmol, 1
eq), CTF-2 (60 mg), K2COs (138 mg, 1 mmol, 2 eq) NiCl2(glyme) (11 mg, 0.05
mmol, 0.1 eq), H20 (180 pL, 10 mmol, 20 eq), and dimethoxy bipyridine (11 mg,
0.05 mmol, 0.1 eq) were suspended in MeCN (5 mL) and irradiated for 3 days
with 427nm irradiation using Kessil lamps. The reaction mixture was repeatedly
diluted with diethyl ether (8 mL x 3), allowed to settle, decanted and concentrated
under vacuum. Column chromatography using diethyl ether/hexane afforded the
product as a colourless oil (70.4 mg, 54% yield). Spectroscopic data was

consistent with previously reported values.?’

IH NMR (400 MHz, CDCl3) & 7.35 — 7.10 (m, 5H), 4.12 — 3.87 (m, 1H), 3.45 —
3.21 (m, 2H), 3.10 (m, 1H), 2.63 — 2.46 (m, 1H), 1.74 (s, 4H), 1.51 (s, 9H).
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13C NMR (101 MHz, CDCls) d 154.64, 139.30, 129.67, 129.47, 128.48, 128.35,
126.29, 126.16, 79.35, 79.08, 58.95, 58.78, 46.89, 46.39, 40.68, 39.66, 29.73,
28.95, 28.70, 23.50, 22.73.

HRMS (ESI+): Found M-OtBu: 188.1086, C12H13NO™* requires 188.1075; Found
M+Na*:284.1632, C16H23NNaO2" requires 284.1621

N.B — Sonication before irradiation, and vigorous stirring was essential for this
reaction. The addition of water often caused aggregation of CTF-2 with the

potassium carbonate base.

Tert-butyl 5-(p-tolyl)-2,5-diazabicyclo[2.2.1]heptane-2-carboxylate (3.48)

tert-butyl 2,5-diazabicyclo[2.2.1]heptane-2-carboxylate (79.2 mg, 0.4 mmol),
[Co(dmgH)2(DMAP)][CI] (7.2 mg, 4mol%), AcOH (5L, 0.2 eq), DABCO (68 mg,
0.6 mmol, 1.5 eq), CTF-2 (48 mg), 4-methyl cyclohexanone (49uL, 0.4 mmol),
and acetonitrile (2 mL) are combined under nitrogen, sparged, and irradiated for
3 days under 427nm irradiation with Kessil lamps. The mixture was repeatedly
diluted with diethyl ether (8 mL x 3), shaken thoroughly, the polymer allowed to
settle to the bottom, and the supernatant removed. The combined ether layers
were concentrated under vacuum and purified by column chromatography using
diethyl ether/hexane to afford the product as an off-white solid as a mixture of
rotamers (75.4 mg, 65% yield). Spectroscopic data was consistent with previously

reported values.?®
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1H NMR (400 MHz, CDCls) & 7.14 — 6.98 (m, 2H), 6.52 (d, J = 5.7 Hz, 2H), 4.62
(s, 0.5H), 4.47 (s, 0.4H), 4.35 (s, 1H), 3.59 (d, J = 8.1 Hz, 1H), 3.53 — 3.28 (m,
2H), 3.19 (d, J = 8.5 Hz, 0.6H), 3.10 (d, J = 8.6 Hz, 0.4H), 2.26 (s, 3H), 2.07 —
1.82 (m, 2H), 1.45 (s, 4H), 1.40 (s, 5H).

13C NMR (101 MHz, CDCls) 6 154.19, 144.36, 130.03, 126.50, 113.08, 79.72,
57.49, 57.18, 56.49, 50.95, 50.58, 37.82, 37.40, 28.65, 28.56, 20.45.

HRMS (ESI+): Found M+H*: 289.1920, C17H2sN202" requires 289.1911

13C NMR spectrum for this sample was processed with apodization in

MestReNova (Exponential Function — 6.8Hz) for improved visual clarity.
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Diethyl 2-(3-(cyclopentyloxy)-4-methoxybenzylidene)malonate (3.51)

H. _O CO,Et
EtO,C CO,Et
N Z>C0,Et
Piperidine
(@) AcOH, Toluene

0 reflux (o)

/G /OG

from isovanillin

3-(cyclopentyloxy)-4-methoxybenzaldehyde was synthesized from isovanillin

exactly as reported by Aggarwal et al®® in 94% yield.

3-(cyclopentyloxy)-4-methoxybenzaldehyde (1226 mg, 5.57 mmol, 1 eq), diethyl
malonate (0.85 mL, 5.57 mmol, 1.1 eq), piperidine (28 pl) and acetic acid (0.14
mL) were dissolved in toluene (7 mL) and refluxed using a Dean-Stark apparatus.
The reaction mixture was then concentrated, and further portions of piperidine
(0.28 mL) acetic acid (0.92 mL), diethyl malonate (0.94 mL, 1.1 eq), and toluene
(7 mL) were added, and refluxed for another 3 days without a Dean-Stark
apparatus. The reaction mixture was concentrated and purified directly by column
chromatography using diethyl ether/hexane to yield the product as a pale-yellow
oil that solidified to a white solid under extended vacuum. (1254 mg, 62% yield).

Method was adapted from a reported procedure.>!

1H NMR (400 MHz, CDCl3) 8 7.63 (s, 1H), 7.08 — 7.00 (m, 2H), 6.84 (d, J = 8.3
Hz, 1H), 4.75 — 4.68 (m, 1H), 4.34 (g, J = 7.1 Hz, 2H), 4.28 (g, J = 7.1 Hz, 2H),
3.86 (s, 3H), 2.00 — 1.76 (m, 6H), 1.68 — 1.58 (m, 2H), 1.32 (t, J = 7.1 Hz, 6H).

13C NMR (101 MHz, CDCl3) d 167.41, 164.65, 152.45, 147.76, 142.27, 125.59,
124.25, 123.62, 115.31, 111.56, 80.66, 61.72, 61.56, 56.11, 32.88, 24.17, 14.30,
14.12.

HRMS (ESI+): Found M+Na*: 385.1621, C20H26NaOs* requires 385.1622

175



Diethyl2-(2-((tert-butoxycarbonyl)amino)-1-(3-(cyclopentyloxy)-4
methoxyphenyl)ethyl)malonate (3.52)

CO,Et

EtO,C NHBoc

(@)
e

Diethyl 2-(3-(cyclopentyloxy)-4-methoxybenzylidene)malonate (64.9 mg, 0.179
mmol, 1 eq), Boc-Gly-OH (31.3 mg, 0.179 mmol, 1 eq), K2HPO4 (62 mg, 2 eq),
and CTF-2 (22 mg) were suspended in DMF (0.9 mL) and irradiated for 2 days
with a SynLED photoreactor. The reaction mixture was diluted with ethyl acetate
(4 mL x 3) and extracted from water. The organic layer was dried with MgSOa,
filtered and concentrated under vacuum. The crude residue was purified by
column chromatography (EtOAc/Petrol Ether gradient) to yield the product as a

colourless oil that turned to a white solid upon standing (41.8 mg, 42% yield).

1H NMR (400 MHz, CDCl3) & 6.81 — 6.77 (m, 1H), 6.76 — 6.66 (m, 2H), 4.75 (dg,
J=9.4,3.2 Hz, 1H), 4.39 (s, 1H), 4.24 (g, J = 7.1 Hz, 2H), 3.99 — 3.88 (m, 2H),
3.81 (s, 3H), 3.65 (d, J = 10.0 Hz, 1H), 3.57 — 3.45 (m, 2H), 3.41 — 3.25 (m, 1H),
2.00 — 1.77 (m, 6H), 1.67 - 1.60 (m, 2H), 1.38 (s, 9H), 1.29 (t, J = 7.1 Hz, 3H),
0.99 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) d 168.35, 167.73, 155.71, 149.40, 147.69, 131.20,
120.53, 115.31, 112.12, 80.51, 61.93, 61.47, 56.18, 56.07, 45.06, 44.19, 32.94,
32.91, 28.48, 24.18, 14.21, 13.94.

HRMS (ESI+): Found M+Na*: 516.2574, C26H3sNNaOs* requires 516.2568

FT-IR (cm1): 3384, 2945, 2868, 1722, 1683, 1512, 1160, 1016

176



(x) Rolipram (3.54)

0]

NH

0

G/o

Diethyl2-(2-((tert-butoxycarbonyl)amino)-1-(3-(cyclopentyloxy)-4
methoxyphenyl)ethyl)malonate (67.7 mg, 0.137 mmol) was suspended with KOH
(2 eq) solution in water (5 mL) and heated to reflux. The solution was acidified
with slow addition of concentrated HCI, stirred, and extracted with ethyl acetate
(4 mL x 3). The concentrated residue was dissolved in toluene (7 mL) and
refluxed at 110 °C overnight. The concentrated residue was purified by column
chromatography (5% MeOH in DCM) to yield the product as a white solid (24.4

mg, 65% yield). Spectroscopic data was consistent with previously reported

values. 52

1H NMR (400 MHz, CDCl3) 8 6.90 — 6.70 (m, 3H), 6.20 (s, 1H), 4.83 — 4.70 (m,
1H), 3.83 (s, 3H), 3.75 (t, J = 8.7 Hz, 1H), 3.68 — 3.56 (m, 1H), 3.38 (dd, J = 9.2,
7.5 Hz, 1H), 2.71 (dd, J = 16.9, 8.9 Hz, 1H), 2.47 (dd, J = 16.9, 8.9 Hz, 1H), 1.96
—1.78 (m, 6H), 1.66 — 1.56 (m, 2H).

13C NMR (101 MHz, CDCls) d 177.82, 149.34, 148.05, 134.65, 118.94, 113.96,
112.35, 80.74, 56.29, 49.87, 40.13, 38.19, 32.95, 24.15

HRMS (ESI+): Found M+H*:276.1619, C16H22NO3* requires 276.1594
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NMR Spectra of Products
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Figure 3-26: 1H NMR spectrum of product 3.7
s38¢ 93 So censmNmEe 8 en geosonemen
00 0 & 0 N o QY nhAEMmOMOANNg © YT TERMONAAAM0
BEEE L3 22 TIToCERD § S8 gEossigsod
NV VoSSV \Y4 SN
CO,Et
N CO,Et
Boc
I
! |
I
I ) | l A An N
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 ﬁ%oo) 80 70 60 50 40 30 20 10 0 -10
ppm

Figure 3-27: 13C NMR spectrum of product 3.7
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Figure 3-28: 1H NMR spectrum of product 3.8
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Figure 3-29: 13C NMR spectrum of product 3.8
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Figure 3-30: 1H NMR spectrum of product 3.9
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Figure 3-31: Figure 3 39: 13C NMR spectrum of product 3.9
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Figure 3-32: 1H NMR spectrum of product 3.10
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Figure 3-34: 1H NMR spectrum of product 3.11
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Figure 3-38: 13C NMR spectrum of product 3.12
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Figure 3-40: 13C NMR spectrum of product 3.13
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Figure 3-42: 13C NMR spectrum of product 3.14
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Figure 3-44: 13C NMR spectrum of product 3.15
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Figure 3-48: 13C NMR spectrum of product 3.17
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Figure 3-50: 13C NMR spectrum of product 3.18
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Figure 3-52: 13C NMR spectrum of product 3.23
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Figure 3-53: 1H NMR spectrum of product 3.24
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Figure 3-54: 13C NMR spectrum of product 3.24
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Figure 3-55: 1H NMR spectrum of product 3.25
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Figure 3-56: 13C NMR spectrum of product 3.25
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Figure 3-60: 13C NMR spectrum of product 3.27
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Figure 3-64: 1H NMR spectrum of product 3.29
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Figure 3-63: 13C NMR spectrum of product 3.29
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Figure 3-65: 1H NMR spectrum of product 3.30
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Figure 3-66: 13C NMR spectrum of product 3.30
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Figure 3-80: 13C NMR spectrum of product 3.45
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Figure 3-82: 13C NMR spectrum of product 3.48
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Chapter 4

Towards Autonomous
Optimization of Photocatalytic

Reactions
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Author Contributions

This project is a collaborative effort between multiple researchers, and the work

of others has been included for context.

Dr. Tianwei Dai programmed the KUKA mobile robot, the Automation Portal, and

filmed demonstrations of some of the workflow.

Mr. Rob Clowes designed the programs on ChemSpeed platform and assisted
with hardware construction for the workflow. Ms. Nicola Rankin assisted with 3D

printing.

Mr. Richard Lyons, and Mr. lan Coates synthesized trial polymers that the thesis
author tested for photochemical dehydrogenative arylation in Figure 4-16 and
Figure 4-17 respectively. Their synthesis and characterization have not been

included in this chapter and these polymers were deselected for further use.

Brackets and side mounts for linear actuators onto the ChemSpeed platform were

fabricated by the University of Liverpool chemistry workshop.
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Introduction

Inspired by the work by the Leonori group* and building upon our previous work
on mobile robotic workflows and the results of Chapter 3, we started to explore
further possibilities for polymer catalysed photochemical synthesis. From Chapter
3, we found that CTF-2 was an active photocatalyst for dehydrogenative arylation.
Unfortunately, however, attempts to probe the substrate scope revealed that
yields were modest for varying the amine partner, and were significantly lowered
compared to those reported with the iridium photocatalyst — or failed to produce

product in several cases (Scheme 4-1).

While the workflow constructed in previous chapters was successful in identifying
successful photocatalysts, a major time limiting step was the optimization step.
We recognized the capabilities of our high throughput platforms in combination
with our KUKA mobile robots could address this, and we began work on designing
and implementing a workflow for autonomous optimization. Here, instead of a
human researcher, a KUKA mobile robot would prepare reactions, transfer vials,
irradiate, and analyse autonomously — using the results to determine the next set

of conditions to try.

Our motivation for optimizing this reaction was motivated primarily by the reported
by the Leonori group that ammonia could be directly used for aniline synthesis.
Currently, industrial production of aniline is widely produced through 2 energy
intensive routes, ammonolysis of phenol, or reduction of nitrobenzene.?3
Nitrobenzene is typically produced industrially through reaction of benzene with
nitric acid, and sulphuric acid, producing large quantities of hazardous waste, and
potentially explosive trinitro by-products. As an alternative, dehydrogenative
arylation of cyclohexanone with ammonia could provide a less hazardous route

and could mitigate acid waste.
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NHR4R; (1 eq)

Q CTF-2 (12 mg / 0.1 mmol) NR/R,
[Co(dmgH),(DMAP)[CI] (4 mol%)
AcOH (20 mol%), DABCO (1.5 eq)
MeCN, rt, 2d, 420 nm LED
(1 eq)
0
[ j 0 HN BB WK
N HN 2
O\
4.1 28% 4.2 35% 4.3 4.4 4.5

unsuccessful

Scheme 4-1: Attempted substrate scope expansion of CTF-2 catalysed
dehydrogenative arylation.

Rather than building bespoke hardware, we envisioned a strategy of adapting
existing laboratory equipment to the workflow by retrofitting equipment to be used
by the arm of the mobile robot (Figure 4-1). While our group has previously
reported on utilizing KUKA mobile robots for hydrogen evolution,* several parts
of this workflow was unable to be directly transferred to this workflow. A primary
issue was the dispensing of non-benign chemicals and solvents in a safe manner,
while also maintaining an inert atmosphere suitable for photocatalysis. To
achieve this, we decided to adapt our existing ChemSpeed platforms for use with
KUKA mobile robots. ChemSpeed platforms which contain solid and liquid
dispensing capabilities have been extensively used by our group but are

designed exclusively for human operation.

219



[I{ppy}.(dtbbpy)][PFg]

Photocatalyst: Ir(ppy),(dtbbpy)[PFg]
Solvent: MeCN

Acid: AcOH

Base: DABCO

Cocatalyst: Co(dmgH),(DMAP)CI
Light Source: 440 nm Blue LEDs

Scheme 4-2: Photochemical dehydrogenative aniline synthesis and parameters to optimize.

We also chose LC-MS as our main point of analysis for the reaction rather than
GC-MS. While GC-MS has some significant advantages, such as minimal sample
preparation, and little to no method development needed, it limits the amount of
chemistry available for analysis, and LC-MS would be far more flexible. Rather
than be bespoke solution for optimizing dehydrogenative arylation, we wanted a
system that could be flexible, and readily adaptable to diverse types of chemistry.
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Proposed Workflow
Optimisation
algorithm

Product
- Aniline?
- Side products?
- Yield?

q. Analysis Stations
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- NMR = S Photolysis Station
—_—

S . —

Figure 4-1: Proposed workflow for closed-loop reaction optimization.

Results and Discussion
ChemSpeed Integration

The main obstacle in integrating the ChemSpeed (ISynth) platform was operation
of the hood door of the ChemSpeed platform that is designed for human
manipulation. (Figure 4-2). The hood is heavy and has in-built hydraulic supports
as a safety system that was not trivial to replace. Our approach was to modify
and retrofit the hood door using linear actuators to open and close the door of the
ChemSpeed. Due to safety and cost concerns, we tested our solution on an older
Formax platform with the same kind of door-opening mechanism as the ISynth
that was due for decommission. Metal brackets to support the weight of the
actuators on the side of the door (Figure 4-3), and fittings to drill to the side of the
door to enable the actuators to push and pull the door were constructed by the
Department of Chemistry Workshop. Using a Raspberry Pi, we were able to
control the actuators software control in combination with a relay and were able

to open and close the door remotely.
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Figure 4-2: Unmodified ChemSpeed ISynth platform (above), Hinge mechanism and hydraulic supports (lower).
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Figure 4-3: Metal fittings for mounting linear actuators to side of Formax housing (upper); Brackets
for attaching end of actuators to side of Formax hood (lower)
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Figure 4-4: Drilled holes on inside of hood door (upper); side view of fully extended linear actuators
(lower).
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Upon successfully controlling the actuators, another issue was safety. The
actuator system has no way of detecting whether a human or mobile robot is
working inside the ChemSpeed, and no force detection, leading to potential crush
injury to humans, or damage to the KUKA platforms. To mitigate this, we devised
an arrangement of a pair of light curtains, which would cut power to the actuators
in the case of anything crossing their infrared beams, prohibiting someone from
being trapped, or a mobile robot from being damaged if a close command was
sent by accident.

Figure 4-5: Extruded aluminium framework for supporting light curtains.
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Using extruded aluminium framework attached to the side of the housing (Figure
4-5), the light curtains were suspended on either side of the ChemSpeed, and
connected to the light curtains, and cut power anytime something crossed the
beams, allowing for safe operation of the automatic doors. We tested door-
opening system on the Formax housing for robustness over many operations
(=50 repetitions) and observed no cracking on the frame of the door, no
disconnection of the actuators from the mounting brackets, and no
desynchronization of the two actuators. Satisfied with the safety of the system,
we then proceeded to install both the light curtains and the actuators on our
ISynth platform (Figure 4-6). Boards to both support the extruded aluminium
framework, and to provide visibility to users and avoid trip hazards were installed.

Figure 4-6: Fully constructed actuator and light curtain system installed on ISynth platform.
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The layout of the ISynth required some modifications to accommodate the KUKA
platform, as adequate space is required for the grippers to grasp the vials and
the LC-MS racks. The generalized layout in shown in (Figure 4-7). Red indicates
a zone for stock solutions, yellow indicates the LC-MS vial reformatting zone,
while orange represents the crimp sealing rack where the various reactions are

prepared for photoirradiation following dispensing and sealing under nitrogen.

The blue zone represents the placement of a calibration cube as a fixed reference
position for the KUKA mobile robot to accurately pick up and place the vials and
racks after they have been placed in the ISynth. A benefit of our flexible approach
is that the chemistry available to be tested on the ISynth is very broad. If the
substrates can be dispensed as stock solution or dispensed as a powder (using
the built-in solid dispensing module) it is likely to be dispensed into the reaction
vials. As is a common obstacle with these platforms, a significant quantity of
material is required and is unsuitable for handling small quantities of irreplaceable

chemicals.

Figure 4-7: Deck layout for KUKA compatible reaction optimization.
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LC-MS Integration

Our main analysis method for photocatalytic performance was LC-MS, which we
proceeded to integrate into our workflow using the KUKA mobile robot. We used
a LC-MS instrument from Waters, that contained a modification designed for the
placement of racks with a general robotic arm. The modification (Automation
Portal) was supplied by Waters and was used as-is with no further modifications.
Using the Waters Automation Portal, we used our mobile robot platform to load
racks of LC-MS vials into the tray, which would then be loaded into the

autosampler of the instrument (Figure 4-8).

Figure 4-8: Automation Portal (side view) for insertion of LC-MS racks.
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Once the lack is loaded into the autosampler, the next stage is remote sampling.
Using premade .csv queue files, we could input files in this format in batches of
32 samples at a time (along with several blank injections) by importing to an

AutoLynx Queue folder.

A challenge we had to solve however was how to extract data from the LC-MS,
which is designed for manual operation, and not closed loop automation. The
produced data files were produced in proprietary file formats that could only be
read by the software accompanying the LC-MS and were not extractable to a
format to inform our planned optimizer. Consequently, we had to devise methods
for automatically extracting the quantity of product formation, and to write the data
in a format which could be fed to our optimizer. Using an .xml parser, we were
able parse through the generated .xml, and output them into a suitable format
(Figure 4-9).

import xml.etree.ElementTree as ET
import csv

tree = ET.parse( 'QueueTestd.xml")
root = tree.getroot()

f= open('Test.csv', 'w')
writer = csv.writer(f)

for SAMPLE in root.iter('SAMPLE'):

sampleid = SAMPLE.get('id")

samplename = SAMPLE.get('name")

for PEAK in SAMPLE.iter('PEAK'):
samplearea = PEAK.get('area')
sampleconc = PEAK.get('analconc')
print(sampleid, samplename, samplearea, sampleconc)
csvwriter = [sampleid, samplename, samplearea, sampleconc]
writer.writerow(csvwriter)

Figure 4-9: Exemplar python script for extraction of data from obtained LC-MS chromatograms.
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Figure 4-10: Process for automatic LC-MS data acquisition, quantification, and data
extraction.

This approach does have some disadvantages. For each compound to be
optimized, a separate LC-MS method must be created (along with calibration
curves). In addition, peak detection is largely dependent on retention times in the
chromatogram. If specific reaction conditions result in formation of a by-product
near the desired peak, this might be counted as product formation, and the
optimizer might suggest conditions that promote this. Compounds must absorb
under UV irradiation order to quantify, and substrates not easily ionizable with
electrospray ionization (ESI) will not be able to be cross verified using MS
measurements.
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Workflow Assembly

With the hardware components of the workflow integrated, we then tested the
basic vial manipulation and movement of the KUKA in a test workflow (minus any

dispensing of chemicals) (Figure 4-11).

Figure 4-11: KUKA starting position (Upper); KUKA opening door of ISynth
(middle); KUKA placing vials onto SynLED photoreactor (lower).
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Figure 4-12: Returning of irradiated samples to ISynth and reformat to LC-MS (upper);
Insertion of reformatted samples to LC-MS (lower).

The KUKA mobile robot successfully moved from a home position, opened, and
closed the door of the ISynth, picked up vials, and transported them the
photoreactors. It then moved those vials back to the ISynth for reformatting to LC-
MS, and then transported the rack to the LC-MS for analysis (Figure 4-12). In this
case, only vials containing water were transported, and no programs on the

ChemSpeed were executed.
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Photocatalyst Screening

Screening polymers synthesized in Chapter 2, we found that POX-SO2 was
remarkably more active for the dehydrogenative arylation reaction using the
SynLED photoreactors than CTF-2 (Figure 4-13). We observed that other
phenoxazine based polymers were inefficient, and we hypothesized that the
inclusion of the sulphone moiety was beneficial for catalysis. Sulphone based
polymers are known to be active for hydrogen evolution,>’ and analogues have
been incorporated into COFs for the same purpose,® and we wondered if this
moiety would be active for dehydrogenative arylation. Anthraquinone polymers
proved to generally have poor performance, while g-CsN4 was highly ineffective
giving only 5% LC-MS vyield.

Based on this, we screened a variety of sulphone based linear conjugated
polymers (Figure 4-14, Figure 4-15), and closely related derivatives that have
shown some activity in hydrogen evolution. As we hypothesized, several of these
polymers proved to be active for photocatalytic dehydrogenative arylation,
yielding significantly superior performance to CTF-2. PS-ODec, and FS-TEG
slightly outperformed POX-SO2, however we opted to maintain POX-SO2 for
further investigation as our main catalyst in the workflow, as it was easier to
synthesize, and we were concerned with the solubility of PS-ODec in certain
solvent combinations, which could complicate LC-MS analysis further. POX-SO:2

meanwhile is insoluble in tested solvents.

Curiously, we observed that incorporating fluorine into the polymers increased
the yield in both sulphone and benzodithiophene polymers, but in both cases,
polymers containing 2 fluorine atoms on the phenyl monomer, led to lower yields

compared to the mono and tetrafluorinated polymers.
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Scheme 4-3: HT screening of polymers for photocatalytic dehydrogenation.

Polymer LC-MS Yield / %

CTF-2 13
TAA 6
EY-TrE 7
NMeA-Ph
POX-Ph 4
POX-SOz2 40
POX-BTZ Trace
POX-BPy 5
NMeA-TrE 16
Cz Trace
RB-TrE 9
TXO-HCP 3
AQO-Ph 5
AQO-TrE 5
AQO-BPy 4
AQO-Phen 7
AQO-SO2 5
AQO-TAZ 6
XBCN117 24
XBCN118 28
XBCN120 31
gCsNa4
FP-F4-Oct
FP-F2-Oct
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FPy-Oct 9

FBT-F2-Oct 35

FS-Dodec 16

FS-Py-Ph 23
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SO2-PhF 33

SO2-Ph20oF 24

SO2-BDTP 29

BDTP-PhF 41

BDTP-Ph2oF 40

BDTP-SO2 30

Figure 4-13: Screening results for dehydrogenative arylation of morpholine and 4-methyl cyclohexanone
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Figure 4-14: Sulphone and fluorenone based polymers screened for dehydrogenative arylation. Polymers in figure were
synthesized by Mr. Richard Lyons.
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Based on the general success of sulphone containing containing polymers, we
also plan to test sulphone-based FS-COF - a crystalline, highly dispersible, and
porous photocatalyst that is highly active for hydrogen evolution for this reaction.®
Our group demonstrated that this material showed significantly enhanced
performance compared to an amorphous analogue, and we wonder if similar

gains might be realized here.

Conclusions

We have successfully designed, constructed, and integrated the hardware
components for this reaction optimization workflow. The modular nature in
comparison to fully integrated solutions means that, in principle, various analysis
or preparation modules can be fitted in, rather than a ground-up redesign of the
entire system. For example, bench-top NMR modules could be integrated for
additional analysis, dedicated solid dispensing stations, or the activation of
heating from our stirrer plates. A longer-term goal of this project is to apply it to
multi-step synthesis, where each step of a synthetic route (such as to an API) is

optimized by our mobile robot.

We soon plan to refine and integrate the software components, such as
automatically running executable programs on the ChemSpeed, and general
reliability. ldeally, the KUKA platform can run for days (potentially even weeks)
without human intervention. While the throughput is currently modest, (32
samples can be irradiated at a time) it is more than sufficient at this stage. We
are currently investigating how to improve this throughput by incorporating well
plates, although there are practical barriers, such as transport of the plates while

maintaining an inert environment.

POX-SO2 was also discovered to be significantly more active photocatalyst than

our previously utilized CTF-2. We discovered that several polymers containing
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the sulphone moiety were active towards dehydrogenative arylation. While the
polymer is synthesized using Suzuki coupling, POX-SO2 can be reasonably
synthesized on scale — however we are still searching for alternatives, such as
FS-COF, that might offer superior performance for photocatalytic
dehydrogenation. We hope to soon discover conditions where polymers can offer

a mild alternative to industrial aniline synthesis.

Troubleshooting
Some major problems we had largely relied on reliability of the capping and

parsing the data from the LC-MS reliably. While the issues will likely be unique
from workflow to workflow, some general troubleshooting steps we can offer are

listed below:

1. The crimping module for the ChemSpeed should be calibrated as
accurately as possible, with multiple reproducibility studies performed as
needed. This was often one the biggest failure points in the entire series
of experiments and could often stop runs completely if the calibration was
slightly off, resulting in crushed caps and potential exposure to of
chemicals outside of the Chemspeed ventilation.

2. Loading of the racks onto the LC-MS automation portal needs to be very
accurate — to sub millimetre accuracy — otherwise it is possible for the
hollow interior of the autosampler racks to fall on top of the hinge
mechanism, and cause jams.

3. Data extraction LC-MS traces, should ideally have some level of error-
correction during the peak area extraction stage, to handle unexpected
results. For instance, if we are looking for Peak A, and the software does
not find Peak A (and consequently no peak element in the XML file) — say
in the case of an improperly reformatted sample, the XML parser should
be able to handle this by outputting a value of 0 for example. Maximum
and minimum peak areas can also be set as a sort of sample quality
control to account for abnormally high or low peak area values of products

or standards.
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Experimental

CTF-2 catalysed dehydrogenative arylation: General Procedure A

Amine coupling partner (0.4 mmol), [Co(dmgH)2(DMAP)][CI] (7.2 mg, 4mol%),
AcOH (5uL, 0.2 eq), DABCO (68 mg, 0.6 mmol, 1.5 eq), CTF-2 (48 mg), 4-methyl
cyclohexanone (49uL, 0.4 mmol), and acetonitrile (2 mL) are combined under
nitrogen, sparged, and irradiated for 3 days under 427 nm irradiation with Kessil
lamps. The mixture was repeatedly diluted with diethyl ether (8 mL x 3), shaken
thoroughly, the polymer allowed to settle to the bottom, and the supernatant
removed. The combined ether layers were concentrated under vacuum and

purified by column chromatography in ether/hexane gradient.

4-(p-tolyl)morpholine (4.1)

)

Performed using General Procedure A to yield the product as a white solid (19.6
mg, 28% vyield). Spectroscopic data was consistent with authentic sample and

literature values. !
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ethyl p-tolylphenylalaninate (4.2)

HN

Performed using General Procedure A to yield the product as a white solid (39.8

mg, 35% yield). Data was consistent with literature values.!

1H NMR (400 MHz, CDCls) & 7.30 — 7.05 (m, 5H), 6.90 (d, J = 8.1 Hz, 2H), 6.50
—6.39 (M, 2H), 4.23 (t, J = 6.4 Hz, 1H), 4.09 — 3.97 (m, 2H), 3.03 (d, J = 6.4 Hz,
2H), 2.15 (s, 3H), 1.08 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3) d 173.45, 144.25, 136.64, 129.95, 129.45, 128.58,
127.78, 127.04, 113.96, 61.14, 58.30, 38.88, 20.53, 14.24.

High-throughput screening of polymers for dehydrogenative arylation:

Morpholine, 4-methyl cyclohexanone, DABCO, acetic acid and acetonitrile were
combined and sparged with nitrogen and placed in the ISynth platform.
[Co(dmgH)2(DMAP)][CI] was dissolved in DMSO, and similarly prepared as
above. Vials were charged with polymer (5 mg) and were placed inside a
ChemSpeed platform, and the ChemSpeed was purged with nitrogen (2 hrs).
Stock solutions of the substrates and additives, followed by the coboloxime
catalyst were dispensed to each vial under nitrogen (0.1 mmol scale reaction per
vial) and were crimp sealed. The vials were then manually transferred to SynLED

photoreactor stations and irradiated for 3 days.

The vials were then transferred manually back to the ChemSpeed, and the vials

were diluted ethyl acetate (8 mL), and an aliquot of each vial was transferred to

a LC-MS vial. The samples were then analysed by LC-MS (30% MeCN in Hz20,
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0.1% formic acid) and quantified using a pre-made calibration curve with

authentic p-tolyl morpholine using TargetLynx/QuanLynx software.
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Figure 4-17: 13C NMR spectrum of product 4.2
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Chapter 5

Conclusions and Future Work



To summarize, in Chapter 2 and Chapter 3 we used a high-throughput discovery
workflow aided by robotic platforms for the discovery of novel photocatalysts. By
testing trial polymer candidates against a library of known reactions, we rapidly
screened for hits using GC-MS to identify novel organic photoredox catalysts.
From this workflow, we discovered a covalent triazine framework (CTF-2) as a
catalyst that could photochemically induce decarboxylation and could be used for
a variety of reactions including fluorination,* conjugate addition,? dehydrogenative
arylation,® along with metallaphotoredox arylation* and alkylation® — but was not

successful in a decarboxylative olefination reaction®.

We also investigated the stability and recyclability of the polymer and found that
it could be recycled for at least 4 cycles after and was stable after nearly 200
hours of irradiation. Initial studies into the decarboxylative reaction mechanism
indicates that it appears to follow a single electron transfer mechanism?’ rather
than an energy transfer process®. Unfortunately, the performance of CTF-2 still
falls short of organometallic iridium complexes, however to the best of our
knowledge this is the first time that decarboxylative alkylation, arylation, and
dehydrogenative arylation have been performed with a single heterogeneous

organic polymer.

For future work, we are currently investigating the combination of enzymes and
organic polymers in heterogeneous photo-biocatalysis for highly enantioselective
organic synthesis®. Other goals for us are also working towards integrating these
new catalysts into photo flow reactors'®! to work towards larger scale
synthesis'?. We are also working on attempting to gain further insights into the
electrochemical properties of CTF-2, and other insoluble polymers, which we
have previously been unable to do. Beyond CTF-2, being able to reliably obtain
redox potentials for insoluble, poorly dispersible polymers would be of general

benefit to us.
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In Chapter 4 we also described our work towards closed-loop automation
workflows for robotic reaction optimization. We are working towards enhancing
the robustness of our workflow to minimize the failure rates, and plan to work
towards multi-day unsupervised experiments. We also have plans to potentially
integrate additional modules into our workflow, such as microwave reactors, and
benchtop NMR. Aside from our optimization of photochemical dehydrogenative
arylation for aniline synthesis, we are also exploring the photochemical
degradation of persistent organic pollutants, such as perfluorooctanoic acid*?

using organic polymers.

Other ideas include sequential optimization of a multi-step synthesis, where
several steps towards a target molecule are optimized autonomously!. In the
long term, we also plan on incorporating our workflow for human-in-the-loop
optimization problems, where humans and optimization algorithms work
together'® to perform experiments. Currently, the optimizer contains no chemical
knowledge, and treats each parameter independently'®. For chemical systems
with many variables, the full factorial of combinations can reach 10° or orders of
magnitude greater, which becomes impractical to explore efficiently. Here,
humans may be able to impart prior chemical knowledge, and restrict the search
space. The combination of optimization algorithms and humans working together
could accelerate the rate of improvement, compared to either working alone?’.

Overall, the grand plan of this project is to build a general, robust, platform for
organic synthesis using mobile robots. In essence, if we can dispense something
safely on a ChemSpeed platform, our KUKA mobile robots should be able to do

chemistry with it.
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