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LITERATURE REVIEW

1. Introduction

C-N bond formation plays an integral part in the pharmaceutical and agricultural industries,
material science research, and synthesis of dyes.! The most frequently used reactions in
medicinal chemistry are aminations?, and therefore new and improved reaction alternatives are
always welcome. Although classical C—N couplings, such as the Buchwald-Hartwig, Ullmann,
SnAr and Chan-Lam reactions, have been developed to milder conditions in recent years, still
heating to approximately 100 °C for prolonged periods on time is usually necessary.®* Due to
the harsh reaction conditions of classical C-N coupling reactions, photoredox catalysis can

offer complimentary solutions.

The easiest way to harness the photonic energy of visible light in a controlled manner is to use
photocatalysts (PCs).> Photocatalyzed reactions occur commonly either through photoredox
catalysis, which is based on single electron transfer (SET) events, or energy transfer (EnT),
which is based on the transfer of the excitation.® Photoredox catalysis is the more frequently

employed method, and therefore it will obtain a greater focus in this research.

There have been multiple variations on light-mediated catalysis in the past, but the rise of
photoredox catalysis has been evident. Great progress has been achieved in the last ten years
as the amount of studies has increased rapidly.® The use of visible light instead of higher energy
radiation such as ultraviolet light prevents unwanted reactivity to other reagents than the
photocatalyst. Visible light sources such as LED lights are also safer and thus preferable in
laboratory use. Due to the use of a catalyst, photochemical reactions commonly require less
reactive, and therefore typically less harmful compounds compared to traditional reactions.” In
addition, photoredox catalyzed reactions are oftentimes conducted in room temperature. All of
these benefits explain the rising interest in photoredox catalysis.

Photoredox chemistry enables demanding chemical transformations without harsh reaction
conditions, especially combined with transition metal catalysis.® Transition metal catalysis
without photocatalysis often requires strong reducing agents or bases, an inert gas atmosphere
(Ar, N2) to perform the reaction in, and high temperatures. Transition metal catalysis with



photocatalysis (aka metallaphotoredox catalysis) solves these problems, and succeeds in

performing the needed reaction without demanding reaction conditions.®

In the development of a lead compound in the pharmaceutical industry, small heterocycles are
often used for the exploration of the chemical space around the molecule®? and therefore this
research will attempt to broaden the knowledge surrounding pyrrolidines and their reactivity.
The research of photocatalytic cross-coupling of aryl halides with cyclic aliphatic amines has
increased simultaneously with the increase of research in photoredox catalysis. Majority of the
studies utilized piperidine, and a minority also pyrrolidine. Substituent effects in aryl halides
were examined, but only one study included a 3-substituted pyrrolidine to its substrate scope.
A 3-substituted pyrrolidine will add value as a building block due to the possibility of
continuing the reaction easily in both ends of the molecule.

This research will review the current methods of photocatalytic C—N cross-coupling of arenes
and pyrrolidines and study the substrate scope and limitations of these reactions for 3-

substituted pyrrolidines, as displayed in Scheme 1.

Rl R1
RZ RZ
NH + X E— N

Scheme 1. The N-arylation of a 3-substituted pyrrolidine.
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1.1. Photoexcitation of the catalyst

To gain the full benefits of photoredox catalysts, it is important to understand the theory behind
their reactivity. This knowledge will help in the modification of ligands when adapting it to a

specific reaction.

When a PC is radiated with visible light, it absorbs a photon, and a high energy excited state
(*PC) is formed. The generally preferred wavelength for higher energy visible light is around
400-475 nm.® Ru(bpy)sCl. absorbs energy at a maximum of 452 nm, and a common light
source for photochemical reactions is the blue LED light at 450 nm. Organic dyes generally
absorb light on a lower energy level (Eosin Y at 522 nm) and therefore they can apply less
energy to a catalyzed reaction than the transition metal PC can.™

After absorbing the photon, the PC is excited to a singlet excited state (S1), as pictured in
Scheme 2. Ina common photocatalyst, which consists of a metal atom and polypyridyl ligands,
an electron is moved to the m-orbital (system) of the ligand from the non-bonding metal-
centered orbital. This is described as metal to ligand charge transfer (MLCT).!* When MLCT
occurs for a metal complex photocatalyst, an electron from the highest occupied molecular
orbital (HOMO) of the metal transfers to the lowest unoccupied molecular orbital (LUMO) of
the ligand.®

After the MLCT, intersystem crossing (ISC) can change the spin of the excited electron leading
the singlet excited state to change to a triplet state (T1). The triplet excited state is desirable due
to its long lifetime.* A longer lifetime before deactivation increases the reactivity of the
catalyst.
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Scheme 2. The photoexcitation of an iridium photocatalyst. This scheme is an adaptation from
McAtee et al.1®

During the favorable triplet state the photocatalyst has oxidative and reductive potential due to
the vacant metal center orbital and the high-energy electron that is located at the =* orbital of
the ligand. The metal center has a low-energy vacancy open to accept an electron and therefore
act as an oxidant. The ligand has a high-energy electron, which it can donate, and therefore act

as a reductant.'*

In MLCT in Ir** and Ru®" ground state complexes, the metal center usually oxidizes, and the
ligand is reduced. Therefore, the combinations of metals and ligands affect the reduction
potentials, and the potentials can be adjusted by varying combinations. The ability for the metal
to oxidize depends on the properties of the ligand, especially on the electronegativity of it. If
the ligand is more electron donating, the metal will oxidize easier, because the electron density
of the metal increases, and therefore it is easier for the metal to let go of an electron. This is
regarding the oxidation which occurs in the MLCT. The oxidative power of the catalyst towards
other substrates increases when the ligand is more electron withdrawing due to the increased
capability of the metal center to receive an electron from the substrate.*?

12



1.2. Oxidative and reductive quenching cycles

Oxidative and reductive quenching cycles demonstrate how the photocatalyst interacts with
other molecules. In an oxidative or reductive quenching cycle the PC can oxidize and reduce,
and the order defines if the cycle is called oxidative or reductive. In an oxidative quenching
cycle the PC is oxidized first, and in a reductive quenching cycle the PC is reduced first. The

oxidative and reductive quenching cycles are opposite events.

A reductive quenching cycle begins with the light source exciting the PC, as displayed in
Scheme 3. The excited PC ([cat]*) then interacts with a substrate, and the substrate oxidizes as
the PC is reduced. The PC is then oxidized to its original state by another substrate. This

substrate is reduced while the PC is oxidized.’

[sub] *or [red] ™ [sub] or [red]

[sub] *or [red]”*

[sub] or [red]
[cat] [cat]*

Oxidative Reductive [cat]*~
quenching cycle quenching cycle
[cat]*=+ =
[cat]* [cat] [ox] or [sub]
[ox]'ior [sub]-_
[ox] or [sub] [ox].for [sub]._

Scheme 3. The reductive and oxidative quenching cycles of photocatalysts. This scheme is an

adaptation from Bogdos et al.’

The intention of the catalyst in the reaction is to oxidize or reduce the substrates it interacts
with. If only one oxidation or reduction is needed for the reaction, a sacrificial substrate can be
used for the second redox reaction. Sacrificial electron donors include amines and ascorbic acid,
and sacrificial electron acceptors include for example peroxodisulfate and oxygen from air. The

13



sacrificial substrates can be used to acquire a ground state oxidation/reduction for the actual
substrate.’

If the reaction does not require a sacrificial substrate as both of the redox reactions are needed
for the completion of the main reaction, the reaction is redox-neutral.!” In addition to redox-
neutral, the reaction can be classified as net reductive or net oxidative according to the reaction
of the substrate.’

Because the catalyst returns to its original oxidation state after the cycle, the catalyst is
regenerated during the cycle, and therefore it can be used again in the same reaction. This
decreases the amount of the catalyst that is necessary for the reaction, which is both

economically and environmentally favourable.**
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2. Photocatalysts

The most typically used photocatalysts include metal complexes, organic dyes and
heterogeneous semiconductors. In Figure 1, common organic dyes and metal catalysts are
depicted.

Eosin Y

Ru(bpy);?* Ru(bpz);?* Irppy)s Ir(dF(CF9)ppy)a(dibbpy)*

Figure 1. Common organic dyes and transition metal polypyridyl photocatalysts.

In addition, these photocatalysts are often employed with a transition metal dual catalyst. The
most commonly used metal complexes are iridium and ruthenium polypyridyl complexes, and
these catalysts have significantly broadened the scope of photocatalytic reactions in recent
years.® In accordance with their name, organic dyes have previously been used as colorants.®
Nowadays their usage has expanded far beyond their original purpose, for example to a broad
variety of organic reaction catalysis. Heterogeneous semiconductors are utilized in the
environmental treatment industry in a large scale, but they have also found their place in
organic synthesis with photoredox catalysis.'® Transition metal dual catalysts have been
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employed with all of the forementioned photocatalyst types, and they have been proven to

play an essential role in the development and research of new reactions.®

2.1. Metal complexes

Metal complexes, especially ruthenium and iridium polypyridyl complexes, are widely used
due to their photostability, long excited lifetime, strong absorption and the possibility to change
the properties of the catalyst by changing the ligand.® The most common transition metal
complexes used for photocatalysis are ruthenium and iridium complexes. However, new
research on other photoactive coordination compounds is currently being conducted. These
metals include Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Mo, W and Ce. The different parameters to vary

are for example the ligand and the oxidation state of the metal.?

Although metal complexes are widely used, they are not free from disadvantages. The
complexes can be toxic, difficult to remove during purification, and unsuitable for strongly

acidic or basic reaction conditions.”%

A metal complex catalyst was utilized in a C-N coupling reaction by Svejstrup et al. in 2017.%2
Compared to many other C-N coupling reactions, this methodology relies on the activation of
nitrogen instead of a halogen leaving group. The proposed mechanistic alternatives are
displayed in Scheme 4. An electron deficient O-aryl hydroxylamine 1 is protonated by a strong
acid HCIO4 to generate an ammonium salt 2. A SET event reduces 2 to form 3, an electrophilic
piperidinium radical, after which a carbon radical 4 is generated with polarized radical
amination. The formation of 5, the protonated product, has three different mechanistic
proposals. 4 can close the photoredox cycle with an oxidative SET event or it can oxidize due
to the electron relay cycle, a “dark” pathway. The third option is a propagative SET event with
2 for the formation of 5. After the formation of the protonated product, a basic work-up was
executed for the extraction of the product.?? Scheme 5 displays the reaction conditions and the
pyrrolidine product.

The reaction utilized a ruthenium photocatalyst, which was established to be necessary.
However, control experiments exposed the lack of need for the blue LED irradiation for the
formation of the product. The radiation of the reaction increased yields consistently, but the
existence of a “dark” pathway is proposed.?? The hypothesis is that the catalyst can reduce the

16



substrate and act as a radical-chain initiator/electron-relay catalyst without visible-light
excitation. A theory is postulated that 2 is a powerful oxidant after the protonation from 1, and

it might lead to the oxidation of ruthenium. This proposition was supported by UV/Vis
spectroscopy studies exhibiting the oxidized Ru catalyst.

©

/

5
SET N
o
Photoredox
cycle
4

*RU(II) Ru(lll)
Radical chain
H . ropagation
NS NS e g
N /N\ SET | H/
OAr H OAr H
2 3 SET
1
Ru(® E'ecct;‘élnere'ay Ru( 4
() )
SET N ®

/ N
H /\
H OAr
/%) 9 ;
H @ H/Q
5 4

Scheme 4. The proposition for mechanistic pathways for the formation of the product. This
scheme is an adaptation from Svejstrup et al.??
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Ru(bpy)3sCl, (2 mol%)
HCIO, (2 equiv.) N
N—OAr + OMe > N OMe Me
ACN, r.t., 15 min
Blue LED Q/

1 then KOH (aq) 20 7
7% 70%

Scheme 5. The nitrogen radical process C—N coupling reaction and a pyrrolidine product 7.

In 2019 Ruffoni et al. developed a method for the amination of arenes.'? This method, depicted
in Scheme 6, uses chlorination of 8 with N-chlorosuccinimide (NCS) to obtain an N-
chloroammonium species 9, which is protonated to form 10 under acidic conditions. A SET
event then reduces the species to produce a highly electrophilic aminium radical 11. After this
the arene is added by radical addition to the aminium radical to generate 12. This addition is
regioselective and works with a variety of different amines. The regioselectivity can be
explained by the arene’s natural nucleophilicity, which determines the site of the amination
similarly as in electrophilic aromatic substitutions. Another SET event now oxidizes the species
forming 13, and the photocatalyst reduces to form its original state. After deprotonation, the
desired aryl amine 14 is now formed. A basic work-up produced the final product 6. For the

verification of the reaction mechanism, cyclic voltammetry was used.

Similarly to the forementioned research by Svejstrup et al., this methodology is based on the
activation of nitrogen. In most classical and modern C-N cross-coupling reactions a halide or
a pseudohalide is used to obtain an electrophilic site on the reacting arene. This reaction
pathway was suppressed by Ruffoni et al. by creating acidic conditions, and combining it with
the use of a PC, and therefore a radical process proceeded. These conditions are displayed in

Scheme 7.
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9 pC* = PC

) @ Q
CI\ S++ + _H* +

Scheme 6. The mechanistic pathway proposal for an NCS assisted C—N coupling. This scheme
is an adaptation from Ruffoni et al.?

NCS (1.1 equiv.), Ru(bpy)3Cl, (5 mol%)

HFIP (0.1 M), r.t., 30 min
NH + > N
Then HCIO,4 (4.0 equiv.), r.t. 1 h
Blue LED

8 Then basic work-up 6
89%

Scheme 7.The synthesis of 1-phenylpyrrolidine with a ruthenium photocatalyst.

2.2. Transition metal dual catalysis

In 2007, the first use of visible light, a photocatalyst and a transition metal catalyst was
executed, when Osawa et al. combined visible light with a ruthenium photocatalyst and the
Sonogashira reaction, which uses a palladium catalyst.?® Traditionally C—N coupling reactions
have mostly been based on transition metal catalysis. Palladium and copper catalysts have been
represented in multiple reactions, but other metals also have their variation on this topic.
However, these reactions often require a prolonged reaction time with an elevated temperature,

and photoredox catalysis can be utilized to avoid these conditions.®

19



Photoredox catalysis and transition metal catalysis combined creates a dual catalytic process,
which is called metallaphotoredox catalysis. Metallaphotoredox catalysis usually includes a
cross-coupling reaction. In metallaphotoredox catalysis the cross-coupling reaction is
responsible for the bond formation of the desired molecules, and the photocatalyst is

responsible for the oxidation and reduction of the transition metal.’

Nickel is a common transition metal catalyst for metallaphotoredox catalysis. In a cross-
coupling reaction nickel has a great capacity for oxidative addition, but a decreased capacity
for reductive elimination. This can be modified with the help of a photocatalyst. In Scheme 8,
a simplified mechanism for the dual catalysis reaction is presented. First, an aryl halide 29 is
added to the Ni(1l) complex by oxidative addition. The desired nucleophile 30 then replaces the
halide in the complex, forming the complex 31. In this complex Ni is at an oxidative state 11
and is relatively stable. The excited photocatalyst is reduced whilst oxidizing the Ni(ll) complex
to form a high-valent Ni(lll). Due to this oxidation, the Ni complex is now less stable, and
therefore more prone to go through reductive elimination, and form the desired product 33.
After this the Ni complex is left at an oxidation state of I, and the PC is its reduced form. A
SET event then oxidizes the photocatalyst and reduces the Ni complex bringing the Ni complex

and the photocatalyst to their starting states.®

20



28 Nu-H
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Ar-X X HX
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|
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Scheme 8. A mechanistic presentation of dual catalytic cycles: the transition metal catalytic
cycle and the photocatalytic cycle combined. This scheme is an adaptation from Cavedon et

al.®

The destabilization of the Ni complex by the photocatalyst is a key factor which drives the
reaction forward and through reductive elimination. Buchwald-Hartwig type reactions
combated this issue by designing ligands that destabilized the Ni centre enough for the reaction
to go through reductive elimination. Metallaphotoredox catalysis solves this issue without
alteration of the ligands, but by changing the oxidation state of nickel.> Common Ni catalysts
are carcinogenic and toxic, and lucrative alternatives include copper salts, which show
promising results.?* Corcoran et al. utilized Ni(ll)-halide salts in a metallaphotoredox reaction
successfully without ligands.?
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Because the two catalytic cycles are dependent on each other, the generation of large amounts
of highly reactive species is hindered.® In addition, the lower temperatures and the absence of
a strong separate oxidant enable the substrate scope to be broadened, and the tolerance for
different functional groups to be enhanced.*

Copper and palladium photocatalyzed C-N coupling reactions have been shown to work
sufficiently?®2’ and the Chan-Lam reaction has been enhanced by photocatalysis. Its substrate
scope has been expanded and efficiency increased. In these studies it was hypothesized that the
ability to access higher oxidation states for the metal (Cu(ll1) and Pd(I11/1VV)) was enhancing

the C—N bond formation.®

In 2016 Corcoran et al. reported a metallaphotoredox catalysis methodology with a nickel(Il)-
halide salt as the transition metal catalyst®. They worked in collaboration with Merck
laboratories, who had developed a testing mechanism to broaden the substrate scope; the
chemistry informer plate.'* The testing mechanism is essentially a screening method, and here
used to test the photocatalytic reaction conditions at coupling amines with pharmaceutically
important organic species. These reaction conditions, displayed in Scheme 10 and Figure 2,
have later proven to be very adaptable to a variety of reactions. The reaction mechanism in
Scheme 9 depicts the destabilization of the nickel center with the photocatalyst and the
modification of the Ni oxidation state. Therefore, the need to design intricate ligands to the
transition metal catalyst was unnecessary. The SET event enabled a facile reductive

elimination.

Substituent effects in the arene were examined. Electron withdrawing groups displayed better
turnover and yield for the reaction compared to electron donating groups. The amount of the
catalyst was varied, and the disadvantage and hindrance caused by electron donating groups as
substituents could be compensated by decreasing the amount of the photocatalyst to 0.002

mol% from the substrate amount.?>28
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Scheme 9. The reaction mechanism for a metallaphotoredox catalyzed arylation of
pyrrolidine. This scheme is an adaptation from Corcoran et al.?®

5 mol% NiCl,-glyme

0.02mol% PC C
NH + Br CF3 > N CF;
DABCO, DMA, r.t.
8 15

Blue LED
16

96 %

Scheme 10. A dual catalyzed C-N coupling.
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PFs

Figure 2. Photocatalyst C: Ir[dF(CFs)ppy]2(dtbbpy)PFe.

2.3. Organic dyes

The majority of organic dyes, also known as organic photocatalysts, are aromatic and highly
conjugated systems.?° Based on reviewed literature, the most used organic dyes are Eosin Y,
methylene blue, Rose Bengal and MesAcr, displayed in Figure 3. All of these, except MesAcr,
are capable of both oxidation and reduction. MesAcr is only capable of strongly oxidizing other
substrates.’

EosinY Methylene Blue

Figure 3. The most common organic photocatalysts in the review literature.
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For a long period of time the ability of organic chromophores for photoinduced electron transfer
(PET) has been recognized, but the research into photoredox chemistry has focused mainly on
transition metal catalysts.®® As the desire for environmentally friendly solutions rises, the

interest for metal free catalysts increases the amount of research into organic catalysts.

In addition to the decreased toxicity, organic dyes are also easier to remove during purification,
when compared with transition metal complexes.” However, organic dyes are less photostable®,
and their full potential has most likely not been reached due to the lack of research. The
photophysical properties of for example Eosin Y change significantly when the pH of the
reaction solution is changed. Some catalysts, such as acridinium, quinolinium and
triarylpyryliums have low tolerance for certain nucleophiles including phosphates, acetates,

amines and cyanide ions.30-%2

Du et al. compared organic photoredox catalysts to more traditional metal catalysts.® They
examined the electrochemical and photophysical properties of multiple catalysts, but the ones
used for aryl amination were PC A: N,N-5,10di(2-naphthalene)-5,10-dihydrophenazine, and
PC B: 3,7-(4-biphenyl)-1-naphthalene-10-phenoxazine, depicted in Figure 4. The reactions
utilized dual catalysis with organic photoredox catalyst and a nickel catalyst. In the literature
no arylation reactions of pyrrolidines were executed with organic dyes and without a transition
metal dual catalyst.
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Figure 4. Photocatalysts A and B. PC A: N,N-5,10di(2-naphthalene)-5,10-dihydrophenazine,
and PC B: 3,7-(4-biphenyl)-1-naphthalene-10-phenoxazine.

These photocatalysts gave the desired products, pyrrolidines coupled with arenes, in good to
excellent yields. The research compared its organic dye reactions to the metallaphotoredox
reaction by Corcoran et al. in 2016.% The reaction conditions utilized by Du et al., displayed
in Scheme 11, are similar to those of Corcoran et al., excluding the catalyst and its amount,
the wavelength of the LED and the reaction time. The reactions were also able to be executed
with radiation from sunlight without decreasing yields.

It is worthy to notice, that with these reaction conditions, the substitution of the arene has an
opposite effect to that in the majority of articles with metal catalysts. An electron withdrawing
group (EWG) in the para-position of the arene, e.g. CFz, commonly increases the turnover of
the reaction, and an electron donating group (EDG), e.g. MeO, commonly decreases the
turnover. In this reaction the results, as displayed in Figure 5, are opposite. The catalysts A and
B are reported to undergo an intramolecular charge transfer (CT), from the electron-rich core
of phenazine as the donor, to the electron-poor N-substituent 2-naphtyl for PC A. A long-lived
triplet excited state is also achieved, and it is competitive with iridium and ruthenium catalysts
in lifetime. The authors do not postulate on the surprizing preferance of EDG substituents, but
due to the similar reaction conditions with the research from Corcoran et al., the catalyst could
be a possible cause for this disparity.
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PC A (0.4 mol%)

5 mol% NiBr,-glyme
CF3 > N CF3
DABCO (1.8 eq.), DMA
25-60 °C, White LED, 24 h
16

80 %

CNH + Br

8

2

Scheme 11. The reaction scheme for an organic dye photocatalyzed reaction.
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Figure 5. The pyrrolidine-including substrate scope of the reaction.

2.4. Heterogeneous semiconductors

Heterogeneous semiconductors have been a powerful tool for the environmental treatment
industry for a long time, but they have yet not gained the same appreciation in organic synthesis.
Photodisinfection, solar-energy conversion and environmental cleaning are major applications
of heterogeneous semiconductors. The most common heterogeneous semiconductors include
CdS, TiO2, ZnO, Sn0O2, CdTe, WO3 and SrTiO3.%

The utilization of heterogeneous semiconductors in organic photoredox catalysis has increased
due to its easy preparation, good recyclability and good stability.® Organic dyes and transition
metal photocatalysts suffer from a lack of stability in strongly acidic or basic conditions, and

their use is restricted with strong nucleophiles and electrophiles.?

Figure 6 displays the excitation of heterogeneous semiconductors. Upon light absorption by
the heterogeneous semiconductor, an electron is excited from the valence band (VB) to the
conduction band (CB) forming an electron-hole pair. When these electron-hole pairs reach the

surface separately, redox centers for external substrates are formed. Reduction and oxidation
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are possible for two different substrates (A and D in Figure 6). Upon collision of the electron

and the hole, recombination occurs.?

Oxidation

Reduction

Recombination

Figure 6. Activation of a semiconductor catalyst via a visible light source and creation of an
electron hole pair. D: electron donor, A: electron acceptor, e electron, h*: hole, VB: valence
band, CB: conduction band. The movement of the electron hole pair is depicted with black dots
and lines. This scheme is an adaptation from Friedmann et al >3

Ghosh et al. published a new methodology for the use of mesoporous graphitic carbon nitride
(mpg-CN) as an organic semiconductor in 2019.2! The advantages of this method include the
catalysts recyclability for at least four times when the catalyst is recovered by centrifugation,
and the tolerance of strong nucleophiles and reactive radicals.

Here, mpg-CN was used together with a nickel dual catalyst in an amination reaction of an aryl
halide as in Scheme 12. Four different pyrrolidine products, displayed in Figure 7, were
reported with good to excellent yields. However, all of the products constituted of electron-
poor arenes, and no results are represented to show applicability to electron rich arenes. A
reaction executed with morpholine and bromobenzene yielded only 26 % of product, while
similar reactions with electron withdrawing substituents, such as COzEt, COMe, CN and CFs,

yielded over 80 %.
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mpg-CN, NiBr,-glyme
NH + X CF; > N CF3
DMA, Base, N,
25 °C, 455 nm

8 17 16
86%

Scheme 12. An mpg-CN catalyzed arylation of pyrrolidine.

CO,Et CN

0 Q.
&

N N N
21 22 22b
92% 91% 84%

Figure 7. The pyrrolidine-including substrate scope of the reaction.

Liu et al. developed a heterogeneous semiconductor photoredox application combined with
nickel dual catalyst in 2019.3* Cadmium sulfide was used with NiCl, « 6 H,O for C-N and C-
O coupling reactions. The optimized conditions were similar to previous ones in literature?®
excluding the catalyst, but a surprising deviance was found when it was noticed that 1,4-
diazabicyclo[2.2.2]octane (DABCO) hindered the reaction completely. In addition, 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and raising the temperature had a positive effect on the
aryl bromide conversion. In addition, a variety of solvents were examined, and dimethyl
acetamide (DMA) was discovered to be the most suitable, while acetonitrile (ACN) decreased
yields, and tetrahydrofuran (THF), chloroform (CHCIs) and dichloromethane (DCM) hindered

the reaction.

A relatively broad range of substituents for the aryl halide were examined, and multiple primary
and secondary amines were successfully used. However, it was observed that electron-neutral
or electron-rich aryl halides did not generate the product. The reaction conditions and products

are depicted in Scheme 14 and Figure 8.

CdS is a cheap and readily available catalyst which can be recycled and reused up to ten times.
The reaction conditions are mild, and scalability up to at least 20 mmol is possible. A
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disadvantage compared to other photoredox reactions is that the reaction time is considerably

longer; 24 h. In addition, with the contact of air, the reaction is completely hindered.

Scheme 13 represents the proposed mechanism for the dual catalytic reaction. 23 is generated
after oxidative addition from 27, and a ligand change forms the Ni(ll) intermediate complex
24. As the photocatalyst CdS is excited, an electron-hole pair is formed. The oxidizing holes in
the VB take part ina SET event, which generates the oxidized Ni(Il11) complex 25. This complex
is less stable than 24, and therefore it proceeds to reductive elimination, which generates the
product. After this the resulting Ni(l) complex 26 is reduced by the electron in the CB of the
catalyst, to form the Ni(0) catalyst 27 in its original state.®*

R-XH
Lo~ Ni''= Ar
Ar-Br Br HBr
23
Ln— Nio Ln_ NIiII_Ar
27 X-R
24
Br
Br r
SET
SET
.
CB
.
Br
— Ni! = 1
visible | | light Lo~ NIt = Br Lo NI Ar
26 X-R
25
VB
h* Ar-X-R
SET

Scheme 13. A mechanistic proposal for a cadmium sulfide catalyzed aryl amination. This

scheme is an adaptation from Liu et al.>*
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CdS (20 mol%)

NiCl,-6H,0 (5 mol%)
NH + Br CF; > N CF;
DMA, 6 W blue LED
rt.24h

83 %

Scheme 14. A heterogeneous semoconductor photocatalyzed arylation of pyrrolidine.

CN

O
22
98%

Figure 8. The pyrrolidine-including substrate scope of the reaction.

3. Additional methodologies

3.1. Photocatalyst free reactions

A photoredox catalysis reaction without a supplementary photocatalyst was developed by Lim
et al. in 2018.%° This method utilized photoexcitation with a 365 nm LED of a nickel-amine
complex that formed in the reaction. To examine the mechanism of the reaction, which is
displayed in Scheme 15, density functional theory (DFT) calculations were employed. These
calculations suggested a mechanism, where an amino radical is formed after the photoexcitation

of the nickel-amine complex.

This reaction functions without the addition of an extra base, as the amine acts as the reagent,
the base and a ligand in nickel-complexes. For this, the amine had to be added in larger
quantities (3.5 equivalents). However, for aromatic amines an addition of quinuclidine was
necessary. The advantages of this methodology include the absence of a photocatalyst and a
base, room temperature conditions, and the tolerance for air. The removal of base can broaden
the substrate scope. The reaction conditions for the pyrrolidine product are displayed in Scheme
16.
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Aryl halides with para-positioned electron withdrawing substituents reacted considerably better
than aryl halides with no substituents or electron donating substituents. In similar reaction
conditions a nitrile substituent yielded 86% of product, when no substituent (hydrogen) yielded
53%, and methoxy 7%. Interestingly the results of the electron-neutral aryl bromides and
electron-rich aryl bromides could be enhanced by changing the leaving group bromide to
iodide. The previously mentioned reaction with no substitute and 53 % yield could be elevated
to 66 %, and the use of 4-iodoanisole increased the yield to 26 %. Also in the case of pyridine
the yield increased by 11 % when the halide was changed from bromide to iodide.>> However,
when the substituent was electron withdrawing, the replacement of bromide with iodide only
declined the yield. 4-Bromobenzotrifluoride yielded 87 %, while 4-iodobenzotrifluoride
yielded 70 %. A similar reaction with 4-chlorobenzotrifluoride was also conducted, but this
reaction yielded only 18 % of product, and the reaction time increased from 3 hours to 15 hours.

[Ni(11)Bry(morph),]

e DN

[Ni(11)Br(morph),1]
44

[Ni(1)Br,(morph)"*(morph), 1]
39

=

[Ni(111)Bry(PhCF3)(morph),.1]
43
Br~

[Ni(l)Br(morph)n 1

HN

. -
[Ni(I.)J(Brz(morph)n_l]'
/ /_/ /7—// NH

O/;/N

()

[Nn(l)Br(morph)n | [
Product

Scheme 15. Proposed reaction mechanism for a morpholine product. Density functional
calculations (DFT) were used for the determination of the reaction mechanism. This scheme is

an adaptation from Lim et al.>®
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5 mol% NiBr,-glyme
NH + X CF3 > N CF;
DMAc (0.4 M), Np, r.t.30or15h

13 W 365 nm LED
8 17 16
7%

Scheme 16. A light-induced C-N coupling reaction without a photocatalyst.

3.2. Nanoparticle catalysts

In 2016 Kaur et al. developed a triazole-appended perylene bisimide (PBI) based
supramolecular aggregates that functioned as the reactors for copper nanoparticle (CuNP)
generation.®® The PBI based derivative was oxidized to triazole N-oxide derivatives in a
reduction process, where the CuNPs were generated in situ. These aggregates and CuNPs were
found to easily harvest the energy of visible light together, and therefore act well as catalysts
for the C(sp?)-H alkylation and amination of arenes.

Compared to earlier studies®’*! of the preparation of CuNPs, this method is advantageous due
to it not requiring reducing agents, its reduced reaction time and a reusable catalyst. This
reaction can also be favoured due to its mild conditions, depicted in Scheme 17, which include

visible light irradiation, mixed aqueous media, no heating, and no need for inert conditions.*®

(0]
(0]
Oxa
/Oxa N/
N CuNPs 5 mol% H
NH + H —_—
K2C03, DMSO N
H Light, air
8 45 46
7%

Scheme 17. A copper nanoparticle catalyzed arylation of pyrrolidine.

In 2018 Singh et al. developed a C—N coupling methodology based on ultrafine hybrid Cu,O-
Fe,O3 nanoparticles (NPs)*2. An essential part of this methodology was the stabilization of the
nanoparticles by hexaphenylbenzene (HPB) -based supramolecular assemblies. Due to the fact
that this catalyst is recyclable as a “dip-strip”, and that this methodology does not require
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heating, strong bases, inert atmosphere or strictly organic solvents, it is deemed more
environmentally friendly and efficient. The reaction conditions and products are displayed in
Scheme 19 and Figure 9. An Ullmann-Goldberg type coupling can be excecuted in a greener
way with this photoinduced NP catalysis.

A mechanism was proposed for the radical coupling reaction catalyzed by the Cu.O-Fe203
nanoparticles, and it is displayed in Scheme 18.

Scheme 18. A proposed mechanism for a Cu.O-Fe2O3 nanoparticle catalyzed C-N coupling.
This scheme is an adaptation from Singh et al.*?

HPB@CUzo-FEZO3 NPs, hv
NH + X > N
K2C03, HzO/EtOH (ll), 6h
8 54 6
88%

Scheme 19. The reaction scheme for the synthesis of 1-phenylpyrrolidine.
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Figure 9. The pyrrolidine-including substrate scope of the reaction.

3.3. Flow chemistry photoredox reactions

Park et al. applied flow chemistry technology to the photocatalytic dual catalysis of aryl amines
in 2020.%® The reaction conditions were based on their previous article?® with Corcoran and
Merck laboratories, but they now optimized the conditions for flow. The reaction setup was
applied to a VVapourtec E-series integrated flow chemistry appliance, which included a built-in
UV-150 photochemical reactor. Several LED light sources were evaluated, but a 450 nm was

selected after optimization.

The optimization of reaction conditions, displayed in Scheme 20, conducted on the flow system
led to a few changes. When DMA was used as a solvent, precipitate formed, which clogged the
flow system. Therefore, it was replaced with dimethyl sulfoxide (DMSO), which hindered the
formation of salts and precipitate. Ir[dF(CF)sppy]2(dtbbpy)PFs photocatalyst was used at first,
and increases in product yield were noticed when the amount of catalyst was decreased (from
0.02 mol% to 0.002 mol% of the amount of the substrate). This was postulated to occur because
of a decrease in competitive protodehalogenation.*® However, experiments with Ru(bpy)s(PFs)2
succeeded to gain higher yields. The ruthenium catalyst is favourable also because of its

considerably lower price.

Reaction scale up succeeded significantly better in a flow system compared to batch reaction.
An amination reaction conducted in 50 mmol scale yielded 41 % of product in a flow system,
and 9 % in a batch reaction. Corresponding results in 10 mmol scale were 42 % for flow, and
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32 % for a batch reaction. From these results it is evident that the scalability of the reaction is

immensely greater in a flow system.

The pyrrolidine products are displayed in Figure 10. A slight hindrance in the reaction to
electron-rich aryl halides can be noticed, but in a much lesser effect. A reaction of pyrrolidine
with 4-bromobenzotrifluoride had a yield of 97 %, but a similar reaction with 4-bromoanisole
yielded 80 % of product.*® A difference in the reaction times must be pointed out, 10 min versus
60 min, but regardless this setup exceeds others when it comes to amination of electron-rich

aryl halides.

NiBr,-DME 5 mol%

Ru(bpy)s(PFs), 0.02 mol%
NH + Br CF3 - N CF,
DABCO (2.0 equiv), DMSO (0.5 M) 80 °C
450 nm, tg (10 min), flow rate (1000 ul min-1)
8 15 " 16
97%

Scheme 20. The arylation of pyrrolidine applied on a flow chemistry appliance.
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Figure 10. The pyrrolidine-including substrate scope of the reaction.

Harper et al. developed a photocatalytic flow chemistry reactor*, and successfully upscaled the
reaction previously presented by Corcoran et al.?® Their continuous stirred tank reactor (CSTR)
used high-power diode lasers and a continuous flow and achieved a kg/day pace in production.
They observed that the intensity of the light source is proportional to the rate of the reaction
universally, and therefore they experimented with multiple different powered light sources from
6 W to 26.1 W, and resulted in choosing the 26.1 W. The reaction conditions are depicted in

Scheme 21 and Figure 11.
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PC C 0.025 mol%
NiBr,-3H,0 5 mol%
NH + Br CF3 > N CF3
DABCO (1.4 equiv), DMA (0.8 M)

8 15 60 °C, 26._1 W 450 nm 16
5 ml/min, 32 h 85%

Scheme 21. C-N coupling on a continuous stirred tank reactor.
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Figure 11. Photocatalyst C: Ir[dF(CF3)ppy]2(dtbbpy)PFes.

Automated radial synthesis of small molecules was developed by Chatterjee et al. in 2020.*° A
3-substituted pyrrolidine was included in the substrate scope among other pyrrolidines. A radial
synthesis platform consists of multiple flow modules that can be connected and used
sequentially, but not simultaneously. These modules are set up around a central switching
station (CSS), which can perform both the reactions and the inline analytics. Multistep radial
synthesis enables the variation of methods, including flow rates, residence times, temperatures
and other conditions. Linear and convergent syntheses are a possibility as well as the storage

of intermediates waiting a sequential reaction.*®

Apart from the light wavelength, reaction conditions similar to Corcoran et al.® were utilized
for the C—N coupling reaction, and three varying aryl pyrrolidines were obtained. The reaction
conditions are displayed in Scheme 22. The yield for 1-(4-(trifluoromethyl)phenyl)pyrrolidine
was significantly lower than other publications have accomplished?®, but this decrease might
be a consequence from the alteration to the light source. The majority of studies utilize a 450

nm light source instead of a 420 nm source.
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The substrate scope displayed in Figure 12 included 1-(4-bromophenyl)pyrrolidine and (S)-1-
(4-(trifluoromethyl)phenyl)pyrrolidin-3-ol. The latter is the only arene coupled 3-substituted
pyrrolidine product produced with photoredox catalysis in literature to the best knowledge of
the author.

PC C, NiBr,
DABCO
8 15 16

420 nm photoreactor

61%

Scheme 22. The synthesis of 1-(4-(trifluoromethyl)phenyl)pyrrolidine on a radial synthesis

platform.
5% 8%

Figure 12. The pyrrolidine-including substrate scope of the reaction.
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4. Light sources

Photocatalyzed reactions have evolved as the understanding and possibilities of new catalysts
and lamps have emerged. Previous alternatives have included for example mercury lamps of
different pressures and UV-light emitting lamps. Nowadays the preferred options are
undoubtedly light-emitting diodes, LEDs. LEDs are advantageous due to their ability to emit
light on a specific wavelength, instead of a spectrum of light. A broad range of visible light is
often unfavourable, as it is not as powerful on the desired wavelength, and it can cause
undesired reactivity with higher energy radiation than the catalyst absorbs, for example.
Ru(bpy)sClz has its maximum absorption of energy at 452 nm*3, and most iridium polypyridyl
complexes fall on the same region, and hence the most common light source used is a 450 nm
blue LED. As Table 1 displays, nearly all studies in this review utilized LEDs, and 2/3
utilized specifically blue LEDs.
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Table 1. The lamp types of the photoredox catalyzed reactions, and the wavelengths the

lamps emit.
Reference Lamp Wavelength (nm)
Svejstrup et al.? LED 450, Blue
Ruffoni et al.*2 LED 450
Corcoran et al.?® LED 450
Duetal® LED White
Ghosh et al.1% LED 455
Liuetal. 3 LED 450
Limet al.® LED 365
Kaur et al.® 60 W tungsten filament bulb Visible light
Singh et al.*2 60 W tungsten filament bulb Visible light
Park et al.*® LED 450
Harper et al.* LED 450
Chatterjee et al.* LED 420
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5. Traditional methods of C—N coupling

The preparation of aromatic amines has typically involved either the Buchwald-Hartwig
coupling reaction, nucleophilic aromatic substitution (SnAr), an Ullmann-type reaction or the
Chan-Lam coupling reaction.r” In Scheme 23, a general reaction scheme and their typical

leaving groups are displayed.

> O

Scheme 23. A general reaction scheme of the arylation of pyrrolidine.

X=F: SNAr
X=Br, I: Buchwald-Hartwig, Ullmann
X= B(OH)2: Chan-Lam

Due to the extensive amount of traditional C—N coupling reactions between pyrrolidines and
aryl halides, not all of them are addressed here. Figure 13 displays two products, 1-
phenylpyrrolidine and 1-(4-(trifluoromethyl)phenyl)pyrrolidine, that were chosen for the
analyses for their published syntheses.

>0 OO

Figure 13. 1-Phenylpyrrolidine and 1-(4-(trifluoromethyl)phenyl)pyrrolidine.
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5.1. Buchwald-Hartwig

Masanori et al. developed a C(sp?)-N bond formation reaction with a palladium catalyst in
1983.% Buchwald and Hartwig improved this methodology in 199478 and removed the use of
toxic aminostannanes in their extended work in 1995.4%% These publications laid the

groundwork for the Buchwald-Hartwig amination reaction.>!

The Buchwald-Hartwig amination reaction commonly employs a palladium catalyst with
ligands, a base, a solvent and heating, as displayed in Scheme 24. Numerous adaptations have
been developed since 1995, and the Buchwald-Hartwig reaction is considered to have a large

substrate scope and to be more generally applicable than Ullmann type reactions or SNAR.

IT,
X N
PdJ/L ~n,
+ HNR'R” L» R
base, solvent
A

Scheme 24. A general Buchwald-Hartwig reaction scheme.

However, regardless of the advancements in the reaction conditions, the reaction still requires
elevated temperatures, inert conditions, long reaction times and a high loading of the palladium
catalyst in order to achieve good yields.*? The reactions displayed in Table 2 clearly
demonstrate that most of the reactions still require temperatures of at least 80 °C, and reaction

times of several hours.

The displayed reactions include a variety of novel palladium catalysts, but only one of the
reactions can be performed at room temperature. Majority of the reactions also require a strong
base. Even with new applications, no universal method with mild reaction conditions has been

developed.®!
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Table 2. Buchwald-Hartwig type reactions for the synthesis of 1-phenylpyrrolidine and 1-(4-

(trifluoromethyl)phenyl)pyrrolidine.

Reference Catalyst Base Solvent Temperature Time Yield
(°C) (h) (%)

Veisi et al.> Pd  nanoparticles on K,COj3 DMF 100 8h 96
MWCNTSs

Veisi et al.* Fe304@PDA@PA(II) Cs,CO3 DMF 100 10h 95

Nirmala et al.>® Organonickel complex t-BUOK  Dioxane 90 4h 98

Topchiy et al.*® Pd(OAc)2, RuPhos NaOBu-t - 110 12h 97

Zhou et al.”’ [SICCSI]NiBr2 t-BuOK Dioxane 100 25h 95 (GC)

Moghaddam et | Nickel Ferrite NPs t-BuOK H20 60 20 min 89

al.

Zarnaghash et | Pd-PFMN K>CO3 - 120 24 h 91

al.”

Wheaton et al.®® | NHC/P ligand with Pd NaOBu-t DME rt 2h 90

Prabhu and | Pd(ll) thiosemicarbazone K,COs s-BuOH 100 24 h 91

Ramesh®* complex

Cheng et al.® Chitosan-Pd t-BUOK  DMSO 100 12h 84 (GC)

Kim et al.®® NHC-Pd-Phosphorus ligand t-BuOK ~ DME 80 1h 84

Sarvestani and | Pd-NPs on GO-Chit t-BuOK DMF 100 12 h 89

Azadi®

Subramaniyan et | Pd (II) carbene complex NaHMDS PhMe/T 100 5h 89

al.%® HF

Fareghi-Alamdari | PFG-Pd NaOBu-t PhMe 110 15h 88

et al.®

Nirmala et al.®’ Ni(ll) dicarbene complex ~ t-BuOK  Dioxane 90 4h 74

Huang et al.®® NHC-Pd(I1)-Ox K,CO; Dioxane 90 1h 62
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5.2. Nucleophilic aromatic substitution (SnAr)

In nucleophilic aromatic substitution a leaving group (usually a halide) is replaced by a
nucleophile, as depicted in Scheme 25. SNAr is a fundamental reaction in organic chemistry,
but it is defeated in applicability and modern usage to palladium and copper catalyzed reactions.
In the over 200 reactions examined for the synthesis of 1-phenylpyrrolidine and 1-(4-
(trifluoromethyl)phenyl)pyrrolidine, only one reaction utilized SnAr, and that article was from
1962. However, this does not mean SyAr would be completely unused in these reactions due to
the possibility of some Ullmann reactions proceeding through the SnAr mechanism.5°

X Y
©/ + Y_ % @ + X-

Scheme 25. A general nucleophilic aromatic substitution reaction scheme.

5.3. Ullmann-type reactions

Ullmann-type reactions for coupling nucleophilic nitrogen and hydrogen species with arenes
were developed by Ullmann and Goldberg in the beginning of the 20" century, decades before
similar reactions with other metals (for example palladium and nickel).”®"* For a long period
of time the reactions had not encountered significant improvements. In 2001 some
improvement was achieved, and it led to the modification of the catalyst, and lowered reaction
temperatures (from 210 °C to ~100 °C).%° A benefit of the Ullmann reaction is the utilization of
copper instead of the more expensive and toxic palladium in the Buchwald-Hartwig reaction.®®

A general Ullmann-type reaction scheme is depicted in Scheme 26.

X N
Cu(l Npr
+ HNR’R” % R
base, solvent
A

Scheme 26. A general Ullmann-type reaction scheme.
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From Table 3 it is apparent that the reaction conditions require elevated temperatures combined

with a prolonged reaction time, even with the latest developments. The average reaction

temperature is approximately 80 °C, and the average reaction time is above 25 hours.

Table 3. Ullmann type reactions for the synthesis of 1-phenylpyrrolidine and 1-(4-

(trifluoromethyl)phenyl)pyrrolidine.

Reference Catalyst Base Solvent Temperature Time  Yield
°C) (h) (%)
Wang et al.” Cul, acid ligand KsPO, DMSO/H20 25 24-30 94
Loetal.” Cul TBPM  DMSO rt 24 94
Canoetal.™ - KOH DMSO 120 72 99
Jiaetal.™ Cul K,CO; DMF 130 48 92
Farahat et al.”® | CuMeSal K,CO; DMSO 110 3 90
Zhou et al.” Cul, NH2-G-NH2 KOH DMSO 80 20 76
Sung et al.™ Cul K,CO; d-DMSO 80 18 68
(NMR)
Nemati and | Fe304@TiO2/Cu20 KOH DMSO 100 2,7 73
Elhampour®
Deldaele and | Cul, L-proline ligand - DMSO rt 17 56
Evano®
Hwang et al.8! | Cul KsPO, IPA 90 24 52
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5.4. Chan-Lam

The Chan-Lam coupling reaction for C—-N bond formation was developed simultaneously in
1998 by Chan, Evans and Lam in independent studies.®2% The reaction is a cross-coupling
between aryl boronate derivatives and nitrogen containing substrates catalyzed by a copper
catalyst as displayed in Scheme 27. The Chan-Lam reaction has multiple advantages especially
compared to Buchwald-Hartwig and Ullman-type reactions. The Chan-Lam reaction can be
conducted under air and in room temperature, and the copper catalyst is inexpensive compared

to other metal catalysts.5?

OH R’

B N
~ Cu(OAc ~
OH , HNRR" (OAc), R"
base, solvent
air, r.t.

Scheme 27. A general Chan-Lam reaction scheme.

As the lack of results in Table 4 indicates, a disadvantage with the Chan-Lam reaction is the
deficiency in studies, results and therefore substrate scope and adaptations. This inadequacy is
decreasing with time and new research, but due to the current situation, the reaction lacks
reliability that comes with a larger amount of data.

Table 4. Chan-Evans-Lam type reactions for the synthesis of 1-phenylpyrrolidine and 1-(4-
(trifluoromethyl)phenyl)pyrrolidine.

Reference Catalyst Base Solvent Temperature Time Yield (%)
(°C) (h)

Hardouin Duparc et | Iminoarylsulfonate - MeOH rt 2 100

al 8 Cu(ll) complex (GCIMS)

Hardouin Duparc and | Sulfonato-imino - MeOH rt 2 100

Schaper®’ Cu(ll) complex (GCIMS)
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6. Aims of the present study

The aims of the present study were to broaden the substrate scope and knowledge from previous
studies of photoredox C-N coupling of pyrrolidines and arenes. This included the use of
photoredox methodologies for the C-N coupling of 3-substituted pyrrolidines to arenes
(Scheme 28), examining the scope and limitations of the reaction and effect of substituents on
pyrrolidine and the aryl halide. In addition, the aim was to optimize the reaction conditions for
multiple parameters and for each product separately, apply the reaction on a flow chemistry
appliance, and execute scale-up reactions on the photoreactor and the flow appliance.

Rl Rl
R2 RZ
NH + X — N

Scheme 28.The general reaction scheme of the C—N coupling of 3-substituted pyrrolidines to

arenes.

7. Summary

Photoredox chemistry has evolved significantly over the last decade, and the amount of ongoing
research is increasing rapidly. The ability to create radicals in mild conditions and with readily
available reagents has previously been a challenge in organic chemistry. The unique possibility
of having a catalyst that can be a strong oxidant and a strong reductant simultaneously enables
special reaction conditions that are rare in other fields of organic chemistry.

Pyrrolidines were successfully coupled with arenes using photoredox catalytic methods, and
one 3-substituted pyrrolidine was included as well. This review presented versatile alternatives
for traditional C—N coupling, and adaptations of a variety of reaction conditions and appliances.
The combination of transition metal catalysts and photocatalysts is a powerful tool for multiple
photoredox reactions, and it works readily with carbon-heteroatom cross-coupling. Transitional
metal dual catalysts have been utilized extensively with iridium and ruthenium catalysts, but
also with organic dyes and heterogeneous semiconductors. The examination of “dark” cycles
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in reaction mechanisms demonstrates the lack of verified knowledge in photoredox chemistry
and proves the need for further research. In addition, the reasons between the varying results
with EWG and EDG substituents with organic and metal catalysts lack an explanation.

Photoredox chemistry offers a competitive alternative to traditional C—N coupling reactions.
Photochemical reactions are often employed in milder reaction conditions and in significantly
faster reaction times. The substrate scope of photoredox reactions cannot yet compete with
those of traditional reactions, but with time the scope will broaden. Applications of
photocatalytic Ullmann and Chan-Lam reactions have been developed, and hopefully more

fusions of these methodologies will be explored in the future.
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EXPERIMENTAL PART

8. Introduction

The experimental research was conducted at Orion Corporation in the Global Medicine function
from November 2019 to May 2020.

The goal of the research was to use photoredox methodologies for C-N coupling of 3-
substituted pyrrolidines to arenes. The C-N coupling reaction is an essential reaction in the
pharmaceutical industry, and a new option to improve from the traditional methods would be
tremendously useful. Numerous previous studies have succeeded in the C-N coupling reaction
of pyrrolidines and arenes with photoredox catalysis, but only one has included a 3-substituted
pyrrolidine. By the time the experimental laboratory work of this research was finished, no
research had been published including the C—N arylation of 3-substituted pyrrolidines. After
this, one example was introduced by Chatterjee et al.*

After examining the C-N coupling of 3-substituted pyrrolidines to arenes, the scope and
limitations of the reaction were analyzed. The effect of substituents on pyrrolidine and the aryl
halide were determined, and the reaction conditions were optimized for multiple parameters. In
addition, the reaction was applied on a flow chemistry appliance, and scale-up reactions were
executed on the photoreactor and the flow appliance. 3-substituted pyrrolidines are valuable
building blocks in the pharmaceutical industry, as heterocycles are often used in the synthesis
of pharmacologically active compounds. Therefore, it was essential to include pyrrolidines with
substituents such as -CN, -NHBoc, and -COOMe, which would enable sequential reactions

onwards from the substituent, and facilitate a broader range of synthesis possibilities.

The majority of the photoredox C—N coupling reaction studies have utilized electron-deficient
arenes successfully in their reactions, and a minority also included electron-rich arenes. A
plethora of studies also utilize a transition metal catalyst such as NiX2 to combine these two
catalytic cycles as metallaphotoredox catalysis. In addition, several alternative methodologies
have been employed such as heterogeneous semiconductors and flow chemistry applications.
This research adapted these methods and broadened the substrate scope of earlier studies. The

parameters investigated and their corresponding chapters are listed in Table 5.
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Table 5. The research matrix and areas of optimization.

Chapter Subject of optimization Variable

9.1 Pyrrolidine 12 different pyrrolidines
9.2 Aryl halide 12 different aryl halides
9.3.1 Leaving group Br, I, Cl

9.3.2 Photocatalyst Ir, Ru, CdS, 0.06 and 0.02 mol% for Ru
9.3.3 Base DABCO, bBU, MTBD
9.34 Dual catalyst NiBrz-glyme, NiCl2-6H20
9.35 Solvent DMA, ACN, DMSO
9.3.6 Light wavelength 450 nm, 365 nm

9.3.7 Radiation intensity 50%, 100%

9.4 Reaction scale-up

9.5 Flow chemistry
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9. Results and discussion
9.1. C-N coupling of 3-substituted pyrrolidines

The experimental research was commenced by replicating Corcoran’s photoredox reaction
from a previous article?® depicted in Scheme 29. This reaction successfully coupled 1-bromo-
4-(trifluoromethyl)benzene and pyrrolidine with an iridium photocatalyst and a nickel transition
metal catalyst with DABCO as the base. A Penn PhD Photoreactor M2 was utilized for the
photocatalyzed reactions.

5 mol% NiCl, glyme

OOZmOI%PCC
NH + Br CFy
DABCO DMA, r.t.

Blue LED

Scheme 29. The reaction conditions from Corcoran et al.?®

After successfully replicating the forementioned reaction, the research for 3-substituted
pyrrolidines was commenced. The reaction conditions were unaltered apart from the
pyrrolidine. The reaction was assumed to follow a dual catalytic cycle reaction mechanism,
similar to the one proposed by Corcoran et al.?® For the first round of reactions, 11 different 3-
substituted pyrrolidines were coupled with 1-bromo-4-(trifluoromethyl)benzene. The results
are displayed in Scheme 30, including the nuclear magnetic resonance (NMR) yield of the
product and the purified yield in brackets.

The substrate scope of pyrrolidines included both electron withdrawing substituents and
electron donating substituents for the purpose of determining possible impacts. For example
products 5, 7 and 12 were chosen due to the possibility of sequential reactions from the
substituent side. This aspect was considered essential for the future applications of this reaction
due to pyrrolidine’s usability as a building block in pharmaceutical compounds.

51



N
N CFs
12 2

1
75 (70) % 74 (65) % 84 (66) %
O O oy
N CF4 ~ Y
o
4 5 7
50 (28) % 58 (40) % 66 (50) %
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HO \o =
DO OO0~ Yoo
3 6 11
28 (22) % (5) % 85 (65) %
HO _0
N CFs 2 N CFs
9 8 10
83 (64) % 75 (60) % 41 (21) %

Scheme 30. The substrate scope for the first round of reactions describing the quantitative
NMR vyields, and the isolated yields in parentheses. The reaction conditions are described in
Scheme 29.

From the results on Scheme 30 it was clear that the photoredox C—N coupling reaction was
applicable for 3-substituted pyrrolidines. The only pyrrolidine which did not produce any
product was pyrrolidin-3-one (not displayed on Scheme 30). Some of the products in Scheme
30 show poor yields, but with optimization they were improved. In the reaction displayed in
Scheme 31, the low yield of product 6 is explained by it being a side product of product 5.
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o o] o]
AN
0 \O \O =
NH + Br CF3 —>» N CF; + N CF,4
5 6

40% 5%
Scheme 31. The reaction resulting in products 5 and 6 and their yields.

Reactivity in the alpha-position of nitrogen was hypothesized, but only the formation of a
double bond after a deprotonation was observed. A product (6) following this event was isolated
with a poor yield, and the location of the double bond was confirmed with *C NMR
measurements. This undesired reactivity occurred in most reactions after prolonged irradiation
with 450 nm light.

The results of the substrates seem to indicate that EWGSs react with greater ease, but no clear
separation between EWGs and EDGs can be observed. Since only one product with a 3-
substituted pyrrolidine has been published in the literature, no supporting or differing results
can be used to verify this hypothesis. Additional substrates and repetitions of the reactions are

needed for confirming any conclusion.

9.2. Aryl halide substituent effects

The effects of the aryl halide substituents were explored next. The effects of ortho-, meta- and
para-substitution to the reactivity were studied with multiple compounds, and the impact of
electron withdrawing groups (EWGS) as substituents compared to electron donating groups
(EDGs) was also analyzed. Two pyridine products were also obtained. Scheme 32 displays the

substrate scope for aryl halide substituents.
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>0 o0 o0
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25 21 16

0% 0 (49)* % 74 %
CF3 E
N
-0 oW, Q@
N
18 17 24
2% 50 % 41 %

Scheme 32. The substrate scope for aryl halide substituents describing the quantitative NMR
yields for the products. a) an aryl iodide was used instead of an aryl bromide. The reaction

conditions are described in Scheme 29.

The results in Scheme 32 indicate that multiple different substituents in aryl halides can be
employed without hindering the reaction. In the original reaction conditions by Corcoran et
al.% an aryl bromide is used. The results in Scheme 32 show that EWGs as substituents function
well with a bromide as the leaving group, contrary to bromide with EDGs.
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Multiple reactions with varying pyrrolidine substituents were conducted with 2-
bromobenzotrifluoride. As displayed by product 25, no reaction occurred. Presumably steric
effects hindered the reaction, because good yields were obtained with meta and para
trifluoromethyl substituted arenes, as well as smaller fluoro ja nitrile groups in ortho position.
Park et al.*® also mention the lowered reactivity for sterically hindered arenes. Due to electronic
effects, EDGs in meta-position performed better than in ortho- or para-position. EWGs in meta-

position conversely performed worse than EWGs in ortho- or para-position.

Similarly to the substrate scope in pyrrolidines, a trend is observed towards the superior
functionality of EWG substituted aryl halides. The scale of reactivity can be observed when
comparing products 1, 14, 19 and 21. From stronger EWGs to weaker EWGs and an EDG: CFs
> Cl > H > MeO, and their yields 75 > 51 > 31 > 0 correlate. Again, this research is not
comprehensive, but data from other studies utilizing Ir or Ru catalysts supports this
conclusion.®* Park et al.*® synthesized multiple pyrrolidine products with similar reaction
conditions (excluding a flow reactor setup), and compared EWG and EDG including products.
The product yields of for example 4-bromobenzotrifluoride (97 %) and 4-bromoanisole (80 %)

differ slightly, but 4-bromoanisole required 6 times longer reaction time to achieve this yield.

Pyridine products 17 and 18 were obtained in relatively good yields, and showed improvement
compared to products 19 and 22. A variety of 3-substituted pyrrolidines were also coupled with
differently substituted aryl halides, and the results followed the forementioned trends in

reactivity.
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9.3. Optimization of reaction conditions

Optimization of reaction conditions was conducted to improve poorly performing reactions,
and to explore better options in general. The optimized parameters were the aryl halide leaving
group, the photocatalyst, the amount of photocatalyst for ruthenium catalysts, the base, the dual
catalyst, the solvent, the light source (wavelength), and the radiation intensity. The reaction
time varied with each reaction and was optimized for each one separately based on liquid
chromatography-mass spectrometry (LC-MS) or gas chromatography-mass spectrometry (GC-
MS) reaction monitoring.

9.3.1. Aryl halide leaving group

The leaving group originally employed for all reactions was bromide, in accordance with the
majority of recent literature. After the poor performance of some reactions, an iodide leaving
group was introduced. As displayed on Scheme 32, three aryl halides with EDG substituents
performed significantly better with iodide as the leaving group instead of bromide. Other
reactions conducted with 4-iodobenzotrifluoride and various 3-substituted pyrrolidines were
for example 3-pyrrolidinol, 3-methylpyrrolidine and 3-(tert-butoxycarbonylamino)pyrrolidine,
displayed in Scheme 33. With these reactions the improvement in quantitative *H NMR vyields
was minor, less than 10 %. Some of these reactions were improved later on with the

combination of iodide and a ruthenium catalyst.

OO~ T 0O DO

3 7 4
28 2> 31% 66 > 66% 50 - 58%

Scheme 33. The gNMR vyields of products 3, 7 and 4 for the reactions with Br = | leaving

groups.
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The drastic improvement with the methoxy substituent and the lack of any substituent has also
been observed by Lim et al.*>® They reported an increase in yields for electron rich and electron
neutral aryl halides when the bromide leaving group was replaced with iodide. However, these
reactions were conducted with morpholine, not pyrrolidine, but similar results could indicate a
benefit of using iodide with EDGs.

The selectivity between chloride and bromide was explored with the utilization of 4-
bromochlorobenzene. The reaction coupled selectively with bromide, as depicted in Scheme
34.

Scheme 34. A selective C—-N coupling reaction with coupling from bromide.

9.3.2. Photocatalyst

The reactions were first executed with an iridium catalyst (PC C), and later optimization
possibilities were explored with a ruthenium catalyst (PC D) and CdS. PC C and PC D are

displayed in Figure 14.

2Cl”

Figure 14. Photocatalyst C: Ir[dF(CF3)ppy]=(dtbbpy)PFs and photocatalyst D:tris(2,2-
bipyridyl)ruthenium(ll)chloridehexahydrate.
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The iridium catalyst proved to be a generally well-functioning catalyst for most reactions. For
the majority of reactions conducted, it provided the best yields. The ruthenium catalyst
performed worse than the Ir catalyst in some cases, but was able to offer a significant
improvement in  others. Table 6 displays the optimization for 1-(4-
(trifluoromethyl)phenyl)pyrrolidin-3-ol (3), a pyrrolidine product with a hydroxyl group
substituent. Table 6 showcases the increase in yield due to a change to a Ru catalyst. The
change from the Ir catalyst to a Ru catalyst increases the yield by 25%. It is worthy to notice,
that when Br was changed to | with the Ir catalyst, the increase in yield was only 3%. However,
when a Ru catalyst was used, and the same change from Br to | was made, an increase of 18%

was observed.

Table 6. The optimization of the synthesis of 1-(4-(trifluoromethyl)phenyl)pyrrolidin-3-ol (3).

HO HO

PC X Yield (%)
Ir Br 28
Ir I 31
Ru Br 53
Ru I 71

A possible explanation could arise from the compatible properties of iodide and Ru catalyst.
lodide is a better leaving group than bromide, and the Ru catalyst reacts faster to its maximum
conversion than the Ir catalyst as depicted in Chart 1. The combination of a fast leaving group
and a fast catalyst could lead to a higher yield. However, Ru and | were not the preferrable
combination for all reactions, and there was not a clear distinction between electron-

withdrawing and electron-donating groups, so a definitive hypothesis cannot be established.
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Chart 1. The rate of reactions depicted on Table 6.
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A reaction with cadmium sulphide was executed following the conditions from Liu et al.3* 4-
Bromobenzotrifluoride (1 equiv.) and pyrrolidine (2 equiv.) were coupled utilizing CdS (0.2
equiv.), Ni(1Cl-6H20 (0.05 equiv.) and DMA. The reaction time reported from Liu et al.
was 24 h. After 18 hours the reaction came to a halt with an LC-MS conversion of 87%. The
quantitative NMR yield was 67%. The reaction worked, but it was significantly slower and did
not exceed the yields of the reference reactions with Ir or Ru photocatalysts.

Changing the amount of the ruthenium catalyst was examined with 0.06 mol% and 0.02 mol%.
Most of the reactions were executed with a 0.06 mol% ruthenium catalyst. Two reactions were
completed with 0.02 mol%, the couplings of pyrrolidine and methyl 2-(pyrrolidine-3-yl)acetate
with 4-bromobenzotrifluoride. The coupling of methyl 2-(pyrrolidine-3-yl)acetate with 4-
bromobenzotrifluoride yielded the same result as with 0.06 mol% catalyst loading. The reaction
of pyrrolidine with 4-bromobenzotrifluoride yielded a slightly higher amount of product, 82%,
than with 0.06 mol%, 77%. However, this increase is not significant enough to draw

conclusions from the impact of the catalyst loading. A valuable addition to this research would
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have been to test the decreased catalyst loading with an EDG substituent, since Park et al.*®
reported of the improved yields due to diminished competitive protodehalogenation. The small
rise in the yield of 1-(4-(trifluoromethyl)phenyl)pyrrolidine (1) could be an implication of this

event.

9.3.3. Base

1,4-Diazabicyclo[2.2.2]octane (DABCO) was employed as the base originally due to its
frequent use in the literature. 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD)? and
DBU3* were also explored for optimization of reactions.

DBU was applied with 1.8 equiv. similarly to DABCO in earlier reactions. A reaction with
pyrrolidine and 4-bromobenzotrifluoride was conducted, but no product or other reactivity was
observed. Liu et al. utilized DBU for the C—N coupling of primary amines and some secondary
amines, but not pyrrolidine.3* With those reactions, DBU increased yields. The reactions were
conducted with a CdS photocatalyst and a transition metal dual catalyst. Interestingly, DABCO
inhibited the reactions between aryl halides and pyrrolidine. Reactions with pyrrolidine
succeeded without a base.

MTBD was examined with 1.8 equiv. in a reaction between pyrrolidine and 4-bromoanisole
without any observed reactivity. Corcoran et al. tested the differences in functionality of
DABCO and MTBD, and utilized MTBD especially with amine hydrogen chloride salts.?®
These comparison tests displayed a preference towards MTBD, but were only conducted on
primary amines. Some reactions were conducted with only MTBD and not DABCO, and these
included secondary amines. Pyrrolidines were not included in these tests. MTDB was also
reported to reduce protodehalogenation. The results between Corcoran et al. and this research
cannot be reliably compared due to the lack of similar reaction conditions. In addition to the
disparity in amines, Corcoran et al. followed a stricter method in creating a nitrogen atmosphere

and radiated the reaction for 24 hours.
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9.3.4. Dual catalyst

Two different transition metal dual catalysts were employed for these reactions. For the
majority of the reactions NiBr.-glyme was utilized, but as an alternative NiCl>-6H.0O was
examined. 3-Phenylpyrrolidine and pyrrolidine were reacted using NiCl,-6H2O with varying
results. The reaction with pyrrolidine resulted in a 16% increase in yield, contrary to a decrease
of 25% for 3-phenylpyrrolidine. No reason for the disparity can be postulated with such a

limited number of reactions.

Corcoran et al.® employed NiBr.-glyme for most of their reactions, but examined the use of
Ni(cod)2 and NiBr,-3H20 as well. The use of Ni(cod), resulted in the exact same yield for the
product, 95%, as NiBr2-glyme. NiBr.-3H>O was utilized with the flow chemistry appliance, as
was NiBr2-glyme, however as the residence time and concentration of the catalyst were also
altered, no comparison of the catalyst efficiency can be made.

Liu et al.®* used NiCl,-6H20 and NiCl.-glyme for optimization reactions. NiCl-6H,0O afforded
a 3% better yield for the product, thus no significant difference was observed between the
catalysts. Lim et al.® compared different Ni catalysts in optimization reactions with
morpholine. All of the compared catalysts, NiBr2-3H20, NiBr2-glyme and NiCl2-6H20, resulted
in a 95% vyield.

9.3.5. Solvent

DMA, ACN and DMSO were examined as solvents for these reactions. DMA is used in the
majority of photoredox literature, excluding flow reactor reactions. Two reactions with ACN
were executed, the syntheses of 1-(4-(trifluoromethyl)phenyl)pyrrolidine (1) and (1-(4-
(trifluoromethyl)phenyl)pyrrolidin-3-yl)methanol (9). These reactions suffered a decrease in
yield of 20-30%. A synthesis of 1-(4-(trifluoromethyl)phenyl)pyrrolidine (1) was conducted
also with DMSO as a solvent for the application of the reaction to the flow chemistry reactor.
DMA was unusable on flow due to the formation of precipitation during the reaction, which
would clog the appliance. In DMSO no precipitation formed, but the yield of the reaction was
17% lower than with DMA.

Corcoran et al.®® examined the use of ACN as well as DMA, but resulted in the use of DMA

due to slightly higher yields (9%). Liu et al.** used DMA, ACN, THF, DCM and CHCI; for the
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optimization of the solvent. The reaction with DMA afforded an 83% product yield, ACN 58%,
and the rest hindered the reaction completely. Park et al.*® initially utilized DMA in their
reactions, but swiftly changed to DMSO, due to precipitation forming in the reaction with
DMA, and clogging the flow chemistry appliance.

9.3.6. Light wavelength

For all of the reactions excluding one, 450 nm LED light source was utilized. 450 nm is the
most common light source used in photoredox chemistry literature, as it is optimal for iridium
and ruthenium catalysts. A 365 nm LED light source was utilized for a repetition of a reaction
from Lim et al.*® For this reaction, only pyrrolidine (3.5 equiv.), 4-bromobenzotrifluoride (1

equiv.), NiBr2-glyme (0.05 equiv.), and DMA were used. No product formed in the reaction.

9.3.7. Radiation intensity

For all of the reactions excluding one, radiation intensity of 100% from the Penn PhD
photoreactor M2 was utilized. For the synthesis of methyl 2-(1-(4-
(trifluoromethyl)phenyl)pyrrolidine-3-yl)acetate (10) intensity of 50% was also examined. The
decrease in radiation intensity led to a decrease of 15% in yield, a longer reaction time, a lower
LC-MS conversion and an increased formation of the deprotonated side product.

9.4. Reaction scale-up

A scale-up reaction to 2 mmol scale was conducted on the Penn PhD Photoreactor M2
appliance. The reaction successfully coupled 4-bromochlorobenzene and pyrrolidine-3-
carbonitrile with DABCO, a nickel catalyst, an iridium photocatalyst, DMA and 450 nm light
source. A 40 ml reaction vial was used for the scale-up. The reaction progressed at
approximately the same pace as the 0.5 mmol scale reaction, i.e. came to a halt at 82% LC-MS
conversion after 220 minutes (2 mmol) versus 250 minutes (0.5 mmol). 60 mg of the internal
standard trimethoxybenzene was added for the quantitative NMR measurement, and the work-
up was executed on a 30 ml scale. A 63% gqNMR yield was obtained, slightly greater than 57%
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for the 0.5 mmol scale reaction. The product was purified with flash chromatography (A:
heptane, B: EtOAc, gradient 0-50 % eluent B). The product was obtained as a white solid, with
a purified yield of 48%, 0,197 g. The 0.5 mmol scale reaction yielded 41% of purified product.
The purity of the isolated product was determined with a chromatographic purity measurement,
and it was 97%. The scale-up on the Penn PhD Photoreactor M2 appliance succeeded
exceptionally well with no indication of loss of radiated surface due to a larger vial and an

increased reaction volume.

9.5. Flow chemistry

The starting reaction coupling 1-bromo-4-(trifluoromethyl)benzene and pyrrolidine was
implemented on a flow chemistry platform, displayed in Figure 14, to study the function of the
photochemical reactor, and to research scale-up possibilities.

Figure 14. A Vapourtec R-Series Integrated Flow chemistry system RS-200.
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To inhibit the blockage of the flow chemistry system, the reaction was completed with DMSO
as a solvent, because formation of precipitation had been observed earlier with DMA. Park et
al.® encountered the problem in their research in 2020, and proposed that the clogging of their
reactor occurred due to DABCO-containing salts formed in DMA.

The reaction conditions from Corcoran et al.?® excluding the solvent were applied on the flow
appliance, with flow system settings implemented from Park et al.*® These included starting
materials of pyrrolidine and 1-bromo-4-(trifluoromethyl)benzene, DABCO as the base, an
iridium photocatalyst (PC C), a NiBr> transition metal catalyst, and DMSO as the solvent. The
reaction mixture was inserted to the system via a needle under nitrogen atmosphere. The flow
rate was 1 ml/min, and the residence time in the photoreactor 10 minutes. The pressure
remained under 4 bar in all of the reactions, and the temperature varied between 35-45 °C. The
lamp power was set between 50-100 % in each reaction, but no significant relevance in the
product yield was observed.

The reactions were conducted on a 0.500 mmol scale excluding the scale-up, which was
quadrupled to a 2 mmol scale. One reaction was conducted with 3-pyrrolidinemethanol instead
of  pyrrolidine, and one with a ruthenium  photocatalyst  (tris(2,2’-
bipyridyl)dichlororuthenium(l1) hexahydrate) instead of an iridium PC. The maximum gNMR
product yield was 21% and obtained with the scale-up reaction.

A significant amount of undesired reactivity occurred in the flow chemistry platform, and the
hypothesis is that the light source was not optimal for these types of reactions. The light source
in the flow chemistry system was a 150-Watt reactor with a medium pressure mercury lamp
equipped with a Vapourtec wavelength filter type 3 — red, which filters out light excluding
wavelengths from 300 to 2000 nm. The optimal wavelength for the reactions would have been
450 nm, and therefore radiating with 300-2000 nm does not acquire the optimal results. The
yields for the reactions were poor, although the products were identifiable. A future
improvement for this reaction would be likely if the appropriate light sources were obtained.
The results from Park et al.** support this proposal, since they successfully completed the same
reaction with a 450 nm LED photoreactor.
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10. Conclusions

The coupling of 3-substituted pyrrolidines with aryl halides via photoredox catalysis was
successful, and the optimization of the reactions improved the results. 24 products were
synthesized and characterized, and a scale-up reaction was executed successfully. The
adaptation of reactions on the flow chemistry reactor did not provide the desired results, as the

light source used was not optimal.

As only one product including a 3-substituted pyrrolidine was reported in literature*, this
research broadened the substrate scope with 10 new substituents and multiple new
combinations of 3-substituted pyrrolidines and aryl halides. The substituents on aryl halides
had been examined previously in the literature, and the results of this research are in coherence.

Both electron withdrawing and electron donating groups functioned adequately as substituents
on pyrrolidine. Variation in yields was observed, but with optimization most of the products
were obtained in good to excellent yields. Substituents on aryl halides presented a preference
towards EWGs in para-, or ortho-positions due to electronic effects. The yields of electron-rich

or electron-neutral arenes were improved significantly with optimization.

Optimization of reaction conditions was executed on the poorly performing reactions. The
optimized parameters were the aryl halide leaving group, the photocatalyst, the amount of
photocatalyst for ruthenium catalysts, the base, the dual catalyst, the solvent, the light source
(wavelength), and the radiation intensity. The most substantial improvements were obtained
with the change of the leaving group from bromide to iodide, and the photocatalyst from an
iridium catalyst to a ruthenium catalyst. The preferred combination of a leaving group and a
photocatalyst had to be examined for each product separately due to a lack of a definitive
correlation between product properties and yields with certain reaction conditions. However,
with most products, good results were obtained with iodide and EDG substituents, and
ruthenium and EDG substituents either combined or separately. The improvement of EDG
substituent including reactions with iodide as the leaving group were reported in literature
previously®, but the combination of a ruthenium catalyst and an iodide leaving group were not,
according to the best knowledge of the author.

The reliability of the results is increased on the subject matters that are coherent with literature,
but other results, especially if inconsistent, would require further research and repetitions to

gain a similar level of reliability. In retrospect, more alternatives of photocatalysts, especially
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organic dyes, should have been examined. The screening of reaction conditions could have
included a reaction without radiation, for the analysis of possible “dark” cycle reactions. The
decrease in catalyst loading should have been experimented with EDG substituents for the
examination of protodehalogenation. In addition, the additional 450 nm LED reactor should
have been ordered in the beginning of this project for the successful use of the flow chemistry

appliance.

If this research were to be continued, the substrate scope could be broadened, and the
forementioned suggestions could be implemented. In addition, the temperature and fan speed
could be optimized, and further applications and scale-up reactions on the flow reactor could
be executed. The mechanistic studies of different catalysts could also shed a light on the
disparity in reactivity.
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11. Methods

11.1. Analysis Methods

The Penn PhD Photoreactor M2 was used for the photoredox reaction setup. LED lights of 365
nm and 450 nm were utilized, a clear reaction vial of 4 ml with a screw cap was set 6 mm above
the light source with a 2 ml reaction vial holder and covered with an 8 ml reflector cone. The

reaction was stirred with a magnet 500 rpm, and the fan speed was 3500 rpm.

The reaction monitoring was conducted using a liquid chromatography-mass spectrometry
setup. The setup included Waters Acquity UPLC system, Waters Acquity UPLC PDA and
Waters SQ Detector 2 with cone voltage 20. The solvents ACN:H20 (5:95) + 0.1% HCOOH
and ACN:H>O (95:5) + 0.1% HCOOH were used for the acidic method, and ACN:H,O (5:95)
+ 0.01% NHsOH and ACN:H20 (95:5) + 0.01% NH4OH for the basic method. The injection
volume was 1 pl, and the run time was 3 minutes. The chromatographic purity measurement
was executed on the same appliance with 15 mM KH2PO4 pH 2.2/ACN as the eluent with a

gradient method. The injection volume was 1 ul, and the run time was 5 minutes.

An alternative reaction monitoring method with gas chromatography-mass spectrometry was
applied when LC-MS was not suitable. Shimadzu GCMS-QP2020 NX gas chromatograph mass
spectrometer was equipped with Shimadzu AOC-20i Plus auto injector.

Bruker Avance Il HD 400 MHz was used for structure verification and quantitative NMR
measurements. For most of the targets, 'H, 3C and 'H-'3C heteronuclear single quantum
coherence (HSQC) NMR spectra were acquired. Deuterated chloroform (CDCls-d) was used
as a solvent, and its residual peak is at 7.26 ppm. For the quantitative NMR alternative
parameters were applied for more accurate results. A pulse of 45° and relaxation delay of 30

seconds were applied.

A Vapourtec R-Series Integrated Flow chemistry system RS-200 with R2S+ and R2C+
pumping systems, and a UV-150 photochemical reactor performed the flow chemistry
experiments. A 150-Watt reactor with a medium pressure mercury lamp was used with a
Vapourtec wavelength filter type 3 — red, which filters out light excluding wavelengths from
300 to 2000 nm. The product was collected in fractions automatically by Gilson FC203B

fraction collector.

67



The purification of products was conducted with normal phase flash chromatography (NP-FC)
using Combiflash Rf 200 or reversed phase flash chromatography (RP-FC) using Combiflash
Rf+ by Teledyne ISCO. For the NP-FC 12 or 24 g RediSepRf Silica columns were used, and
for the RP-FC 15,5 or 30 g RediSepRf C18 Gold columns were used.

11.2. Quantitative NMR Spectroscopy

Quantitative NMR spectroscopy measurements were used obtain an estimate of the amount of
product in the crude product. 1,3,5-trimethoxybenzene was used as the internal standard. A
particular set of parameters were applied for the quantitative NMR measurements. A pulse of
45° and relaxation delay of 30 seconds were applied.

The internal standard was added to each reaction mixture after the reaction was completed, and
before starting the work-up. Approximately 30 mg of the internal standard was added to each
reaction. The work-up was conducted as mentioned below, and the loss of product due to the
work-up would be comparable to the loss of the internal standard. The integrals of the aromatic
protons of the internal standard, and the aromatic protons of the product were used for the
calculation of the concentration of the product. The concentrations of the products were
calculated according to equation 1.

C(NMR) _ mig *Mcp *Icp * Nis * Cis
Mep * My * Iig * Ngyp x 10

c(NMR) * mg,

mg

Quantitative yield =
y

Cis = concentration of the internal standard (0,99)
mis = mass of the internal standard

lis = integral of the internal standard

Nis = number of protons of the internal standard

Mis = molecule weight of the internal standard
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mMep = mass of the crude product

Iep = integral of the crude product

Ncp = number of protons of the crude product
Mcp = molecule weight of the crude product

Myy=theoretical yield of the product

11.3. General Methods

11.3.1. General method A

In a 4 ml vial aryl bromide (0.500 mmol, 1 equiv.), amine (0.750 mmol, 1.5 equiv.), DABCO
(0.900 mmol, 1.8 equiv.) and degassed DMA (1 ml) were added and stirred. The photocatalyst
(4,4'-Di-t-butyl-2,2'-bipyridine)bis[3,5-difluoro-2-(5-trifluoromethyl-2-pyridinyl-kN)phenyl-
kCliridium(111) hexafluorophosphate (0.100 pmol, 0.0002 equiv.) was diluted in DMA (50 pl),
and the dilution was added to the reaction mixture. A dual catalyst nickel(Il) bromide ethylene
dimethyl ether complex (0.025 mmol, 0.05 equiv.) was diluted in DMA (1 ml), and the dilution
was added to the reaction mixture. The reaction was performed under a nitrogen atmosphere
with a Penn PhD m2 photoreactor (blue LED, 450 nm) at room temperature, with LC-MS or
GC-MS reaction monitoring.

Before the work-up 30 mg of trimethoxybenzene as the internal standard was added. The
reaction mixture and the internal standard combined were diluted with EtOAc (10 ml) and water
(10 ml). The water phase was then extracted with EtOAc (3 x 10 ml), after which the organic
phases were combined and washed with water (30 ml) and then dried over Na>SOsz. The crude
product was dried overnight in vacuo. The products were purified with a variety of methods
using flash chromatography on a Combiflash setup by Teledyne ISCO.
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11.3.2. General method B

General method B was identical with general method A with these exceptions:

The aryl bromide was replaced with an aryl iodide, and the photocatalyst was changed to
(tris(2,2-bipyridyl)ruthenium(l1)chloridehexahydrate (0.300 pmol, 0.0006 equiv.) diluted in
DMA (50 pl).

11.3.3. General method C

General method C was identical with general method A with these exceptions:

The aryl bromide was replaced with an aryl iodide.

B ws

1-(4-(trifluoromethyl)phenyl)pyrrolidine (1)

The reaction was executed following general method A, with the exception of nickel(ll)
chloride hexahydrate used instead of nickel(ll) bromide ethylene glycol dimethyl ether
complex. The aryl halide used was 1-bromo-4-(trifluoromethyl)benzene, and the amine was
pyrrolidine. The reaction came to a halt at 94 % LC-MS conversion after 15 minutes. The
guantitative NMR yield was 91 %. Another reaction to obtain the same product was done with
general method A. The quantitative NMR vyield for this reaction was 75 %. The product was
purified with flash chromatography (heptane). The product was obtained as a white solid, with
a purified yield of 70 %, 0,076 g.

'H NMR (400 MHz, Chloroform-d): § ppm 1.97-2.08 (m, 4 H) 3.25-3.37 (m, 4 H) 6.54 (d,
J=8.62 Hz, 2 H) 7.43 (d, J=8.15 Hz, 2 H).

13C NMR (101 MHz, Chloroform-d): § ppm 25.5, 47.5, 110.8, 116.6 (g, J=32.6 Hz), 126.4 (q,
J=3.7 Hz) 126.7 (g, J=270.3 Hz) 149.7.
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3-benzyl-1-(4-(trifluoromethyl)phenyl)pyrrolidine (2)

The reaction was executed following general method A. The aryl halide used was 1-bromo-4-
(trifluoromethyl)benzene, and the amine was 3-benzylpyrrolidine. The reaction came to a halt
at 92 % LC-MS conversion after 30 minutes. The quantitative NMR yield was 84 %. The
product was purified with flash chromatography (A: heptane, B: heptane:EtOAc 9:1, gradient
0-100 % eluent B). The product was obtained as a white solid, with a purified yield of 66 %,
0,101 g.

'H NMR (400 MHz, Chloroform-d): & ppm 1.71-1.84 (m, 1 H) 2.07-2.18 (m, 1 H) 2.56-2.68
(m, 1 H) 2.73-2.80 (m, 2 H) 3.04 (dd, J=8.46 Hz, 1 H) 3.27-3.34 (m, 1 H) 3.38-3.45 (m, 2 H)
6.50 (d, J=8.68 Hz, 2 H) 7.13-7.28 (m, 3 H) 7.30-7.33 (m, 2 H) 7.41 (d, J=8.44, 2 H).

13C NMR: & ppm 31.3, 39.6, 40.5, 47.2, 52.8, 110.7, 116.8 (q, J=32.5 Hz) 125.3 (g, J=269.8
Hz) 126.3, 126.4 (q, J=3.6 Hz) 126.6, 128.5, 128.7, 129.3, 140.4, 149.7.

OO

1-(4-(trifluoromethyl)phenyl)pyrrolidin-3-ol (3)

The reaction was executed following general method B. The aryl halide used was 1-iodo-4-
(trifluoromethyl)benzene, and the amine was 3-pyrrolidinol. The reaction came to a halt at 80
% LC-MS conversion after 10 minutes. The yield obtained with quantitative NMR from this
reaction was 71 %. Another reaction to obtain the same product was done with general method
A. The quantitative NMR vyield for this reaction was 28 %. The product was purified with flash
chromatography (A: heptane, B: EtOAc, gradient 0-100 % eluent B). The product was obtained
as a white solid, with a purified yield of 22 %, 0,025 g.
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'H NMR (400 MHz, Chloroform-d): 1.78 (br s, 1 H) 2.03-2.22 (m, 2 H) 3.29 (d, J=10.64 Hz,
1 H) 3.39 (td, J=8.91, 3.27 Hz, 1 H) 3.48-3.57 (m, 2 H) 4.62 (br s, 1 H) 6.54 (d, J=8.74 Hz, 2
H) 7.44 (d, J=8.44 Hz, 2 H).

13C NMR: 34.3, 45.6, 56.3, 71.3, 111.2, 117.5 (g, J=32.7 Hz) 125.4 (g, J=270.2 Hz) 126.6 (q,
J=3.7 Hz) 126.8, 129.5, 149.8.

OO

3-methyl-1-(4-(trifluoromethyl)phenyl)pyrrolidine (4)

The reaction was executed following general method C. The aryl halide used was 1-iodo-4-
(trifluoromethyl)benzene, and the amine was 3-methylpyrrolidine HCI. Because of the HCI salt,
the amount of the base was doubled to 1.8 equiv. The reaction came to a halt at 88 % LC-MS
conversion after 90 minutes. The yield obtained with quantitative NMR from this reaction was
58 %. Another reaction to obtain the same product was done with general method A. The
quantitative NMR vyield for this reaction was 50 %. The product was purified with flash
chromatography (A: heptane, B: heptane:EtOAc 9:1, gradient 0-100 % eluent B). Some internal
standard was left after the purification, so the reaction was repeated without the internal
standard. The product was obtained as a white solid, with a purified yield of 28 %, 0,033 g.

IH NMR (400 MHz, Chloroform-d): 1.14 (d, J=6.66 Hz, 3 H) 1.60-1.69 (m, 1 H) 2.11-2.19
(m, 1 H) 2.34 —2.47 (m, 1 H) 2.85-2.91 (m, 1 H) 3.28-3.49 (m, 3 H) 6.51 (d, J=8.62 Hz, 2 H)
7.42 (d, J=8.11 Hz, 2 H).

13C NMR: 18.4, 33.5, 33.6, 47.6, 55.0, 110.8, 116.8 (q, J=32.3 Hz) 119.5, 125.6 (q, J=269.9
Hz) 126.6 (g, J=3.7 Hz) 149.9.
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Methyl 1-(4-(trifluoromethyl)phenyl)pyrrolidine-3-carboxylate (5)

The reaction was executed following general method A. The aryl halide used was 1-bromo-4-
(trifluoromethyl)benzene, and the amine was methyl pyrrolidine-3-carboxylate hydrochloride.
The reaction came to a halt at 91 % LC-MS conversion after 160 minutes. The reaction was
monitored with GC-MS. The quantitative NMR yield was 58 %. The product was purified with
flash chromatography (A: heptane, B: EtOAc, gradient 0-50 % eluent B). The product was
obtained as a white solid, with a purified yield of 40 %, 0,055 g.

'H NMR (400 MHz, Chloroform-d): 2.25-2.38 (m, 2 H) 3.17-3.31 (m, 1 H) 3.34-3.50 (m, 2
H) 3.52-3.64 (m, 2 H) 3.74 (s, 3 H) 6.55 (d, J=8.62 Hz, 2 H) 7.44 (d, J=8.10 Hz, 2 H).

13C NMR: 28.7, 43.1, 47.2,50.1, 52.4, 111.3, 117.7 (q, J=32.1 Hz) 125.4 (q, J=271.1 Hz) 126.6
(q, J=3.6 HZ).

(@] _—
N CF,

Methyl 1-(4-(trifluoromethyl)phenyl)-4,5-dihydro-1H-pyrrole-3-carboxylate (6)

This product was obtained as a side product of the reaction for methyl 1-(4-
(trifluoromethyl)phenyl)pyrrolidine-3-carboxylate. The reaction conditions followed general
method A. The aryl halide used was 1-bromo-4-(trifluoromethyl)benzene, and the amine was
methyl pyrrolidine-3-carboxylate hydrochloride. The reaction time and conversion were not
determined due to the original product peak overlapping the side product peak. In subsequent
GC-MS monitored reactions the side product was produced in 1:10 compared to the original
product. The product was purified with flash chromatography (A: heptane, B: EtOAc, gradient
0-50 % eluent B). The product was obtained as a white solid with a purified yield of 5 %, 0,0073

g. The structure of the side product was confirmed with *H and **C NMR spectroscopy.
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'H NMR (400 MHz, Chloroform-d): 2.93-3.03 (m, 2 H) 3.75 (s, 3 H) 3.97 (dd, J=10.48, 9.26
Hz, 2 H) 6.91 (d, J=8.16 Hz, 2 H) 7.53 (d, J=8.13 Hz, 2 H) 7.72 (t, J=1.56 Hz, 1 H).

13C NMR: 27.0, 27.1, 49.5, 51.1, 109.2, 113.3, 122.3 (q, J=32.9 Hz) 124.4 (q, J=271.3 Hz)
126.8 (q, J=3.6 Hz) 128.5, 140.9, 144.1, 166.2.

T O e

tert-Butyl (1-(4-(trifluoromethyl)phenyl)pyrrolidin-3-yl)carbamate (7)

The reaction was executed following general method B. The aryl halide used was 1-iodo-4-
(trifluoromethyl)benzene, and the amine was 3-(tert-butoxycarbonylamino)pyrrolidine. The
reaction came to a halt at 88 % LC-MS conversion after 15 minutes. The yield obtained with
quantitative NMR from this reaction was 69 %. Another reaction to obtain the same product
was done with general method A. The quantitative NMR vyield for this reaction was 66 %. The
reaction time for this variation was 70 minutes. This product was purified with flash
chromatography (A: heptane, B: MTBE, gradient 0-50 % eluent B). The product was obtained
as a white solid, with a purified yield of 50 %, 0,083 g.

'H NMR (400 MHz, Chloroform-d): 1.45 (s, 9 H) 1.92-2.02 (m, 1 H) 2.24-2.35 (m, 1 H) 3.14-
3.23(m, 1 H) 3.32-3.49 (m, 2 H) 3.56-3.64 (m, 1 H) 4.37 (br s, 1 H) 4.71 (br s, 1 H) 6.54 (d,
J=8.62 Hz, 2 H) 7.44 (d, J=8.13 Hz, 2 H).

13C NMR: 28.6, 31.9, 45.9, 50.6, 53.9, 80.1, 111.2, 117.8 (q, J=32.6 Hz) 125.4 (q, J=269.8 H2)
126.7 (q, J=4.0 Hz) 129.4, 149.6, 155.5.

3-methyl-3-phenyl-1-(4-(trifluoromethyl)phenyl)pyrrolidine (8)

The reaction was executed following general method A. The aryl halide used was 1-bromo-4-

(trifluoromethyl)benzene, and the amine was 3-methyl-3-phenylpyrrolidine. The reaction came
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to a halt at 91 % LC-MS conversion after 30 minutes. The quantitative NMR yield was 75 %.
The product was purified with flash chromatography (A: heptane, B: heptane:EtOAc 9:1,
gradient 0-100 % eluent B). Some internal standard was left after the purification, so the
reaction was repeated without the internal standard. The product was obtained as a white solid,
with a purified yield of 60 %, 0,046 g.

'H NMR (400 MHz, Chloroform-d): 1.43 (s, 3 H) 2.17-2.39 (m, 2 H) 3.38-3.64 (m, 4 H) 6.58
(d, J=8.68 Hz, 2 H) 7.20-7.39 (m, 5 H) 7.46 (d, J=8.38 Hz, 2 H).

13C NMR: 28.0, 37.7, 45.7, 46.6, 59.3, 110.7, 117.0 (q, J=32.7 Hz) 125.3 (g, J=270.6 Hz) 125.6,
126.40, 126.44, 126.48, 126.51, 128.6, 147.3, 149.6.

HO
N CF5

(1-(4-(trifluoromethyl)phenyl)pyrrolidin-3-yl)methanol (9)

The reaction was executed following general method A. The aryl halide used was 1-bromo-4-
(trifluoromethyl)benzene, and the amine was 3-pyrrolidinemethanol. The reaction came to a
halt at 97 % LC-MS conversion after 30 minutes. The quantitative NMR yield was 83 %. The
product was purified with flash chromatography (A: heptane, B: EtOAc, gradient 0-100 %
eluent B). The product was obtained as a white solid, with a purified yield of 64 %, 0,079 g.

'H NMR (400 MHz, Chloroform-d): 1.52 (m, 1 H) 1.80-1.92 (m, 1 H) 2.12-2.22 (m, 1 H)
2.53-2.66 (m, 1 H) 3.13-3.20 (m, 1 H) 3.29-3.52 (m, 3 H) 3.62-3.77 (m, 2 H) 6.55 (d, J=8.68
Hz, 2 H) 7.42-7.46 (m, 2 H).

13C NMR: 27.8, 40.9, 47.0, 50.4, 64.9, 110.9, 117.0 (g, J=32.7 Hz) 125.3 (q, J=269.3 Hz) 126.4
(g, J=3.7 Hz) 149.7.
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Methyl 2-(1-(4-(trifluoromethyl)phenyl)pyrrolidine-3-yl)acetate (10)

The reaction was executed following general method B. The aryl halide used was 1-iodo-4-
(trifluoromethyl)benzene, and the amine was methyl 2-(pyrrolidine-3-yl)acetate hydrochloride.
The reaction came to a halt at 86 % GC-MS conversion after 20 minutes. The reaction was
monitored with GC-MS. The yield obtained with quantitative NMR from this reaction was 90
%. Another reaction to obtain the same product was done with general method A. The reaction
time for this variation was 70 minutes. The quantitative NMR yield was 41 %. The product was
purified with flash chromatography (A: heptane, B: heptane:EtOAc 9:1, gradient 0-100 %
eluent B). The product was obtained as a white solid, with a purified yield of 21 %, 0,030 g.

'H NMR (400 MHz, Chloroform-d): 1.69-1.80 (m, 1 H) 2.21-2.31 (m, 1 H) 2.51 (m, 2 H)
2.69-2.83 (m, 1 H) 2.97-3.06 (m, 1 H) 3.29-3.46 (m, 2 H) 3.54-3.62 (m, 1 H) 3.71 (s, 3 H)
6.53 (d, J=8.62 Hz, 2 H) 7.38-7.49 (m, 2 H).

13C NMR: 31.5, 35.2, 38.0, 47.2, 52.0, 53.1, 111.0, 117.3 (q, J=32.6 Hz) 125.5 (q, J=269.9 Hz)
126.6 (q, J=3.6 Hz) 149.7, 172.9.

3-phenyl-1-(4-(trifluoromethyl)phenyl)pyrrolidine (11)

The reaction was executed following general method A. The aryl halide used was 1-bromo-4-
(trifluoromethyl)benzene, and the amine was 3-phenylpyrrolidine. The reaction came to a halt
at 99 % LC-MS conversion after 50 minutes. The quantitative NMR yield was 85 %. The
product was purified with flash chromatography (A: heptane, B: heptane:EtOAc 9:1, gradient
0-100 % eluent B). Some internal standard was left after the purification, so the reaction was
repeated without the internal standard. The product was obtained as a white solid, with a
purified yield of 65 %, 0,095 g.
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'H NMR (400 MHz, Chloroform-d): 2.08-2.23 (m, 1 H) 2.39-2.49 (m, 1 H) 3.36-3.59 (m, 4
H) 3.69-3.82 (m, 1 H) 6.58 (d, J=8.62 Hz, 2 H) 7.21-7.48 (m, 7 H).

13C NMR: 33.3, 44.2, 47.7, 54.5, 111.0, 117.3 (g, J=32.2 Hz) 120.0, 125.50 (g, J=270.5 Hz)
125.51, 126.7 (q, J=3.8 Hz) 127.1, 127.3, 128.7, 128.9, 142.2, 149.7.

1-(4-(trifluoromethyl)phenyl)pyrrolidine-3-carbonitrile (12)

The reaction was executed following general method A. The aryl halide used was 1-bromo-4-
(trifluoromethyl)benzene, and the amine was pyrrolidine-3-carbonitrile. The reaction came to
a halt at 88 % LC-MS conversion after 50 minutes. The quantitative NMR yield was 74 %. The
product was purified with flash chromatography (A: heptane, B: EtOAc, gradient 0-100 %
eluent B). The product was obtained as a white solid, with a purified yield of 65 %, 0,078 g.

'H NMR (400 MHz, Chloroform-d): 2.34-2.50 (m, 2 H) 3.21-3.35 (m, 1 H) 3.41-3.48 (m, 1
H) 3.50-3.71 (m, 3 H) 6.57 (d, J=8.62 Hz, 2 H) 7.48 (d, J=8.10 Hz, 2 H).

13C NMR: 28.4, 30.0, 46.6, 50.9, 111.62, 118.9 (q, J=32.7 Hz) 120.35, 125.2 (g, J=270.1 Hz)
126.81 (q, J=3.7 Hz) 148.9.

1-(4-chlorophenyl)pyrrolidine-3-carbonitrile (13)

The reaction was executed following general method A. The aryl halide used was 4-
bromochlorobenzene, and the amine was pyrrolidine-3-carbonitrile. The reaction came to a halt
at 72 % LC-MS conversion after 190 minutes. The quantitative NMR yield was 57 %. The
product was purified with flash chromatography (A: heptane, B: EtOAc, gradient 0-50 % eluent
B). The product was obtained as a white solid, with a purified yield of 41 %, 0,043 g. This

reaction was upscaled to 2 mmol scale, an increase of 1,5 mmol. Similar reaction conditions
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were applied. The product was obtained as a white solid, with quantitative NMR yield of 63 %,
and a purified yield of 48 %, 0,197 g. The purity of the product was determined by a

chromatographic purity measurement.

'H NMR (400 MHz, Chloroform-d): 2.32-2.48 (m, 2 H) 3.20-3.32 (m, 1 H) 3.36-3.42 (m, 1
H) 3.46-3.65 (m, 3 H) 6.42-6.54 (m, 2 H) 7.14-7.25 (m, 2 H).

13C NMR: 28.4, 30.0, 46.9, 51.2, 113.4, 115.3, 120.7, 122.3, 129.3, 129.8, 145.5.

HPLC purity: 97 %

e

1-(4-chlorophenyl)pyrrolidine (14)

The reaction was executed following general method A. The aryl halide used was 4-
bromochlorobenzene, and the amine was pyrrolidine. The reaction came to a halt at 84 % LC-
MS conversion after 20 minutes. The quantitative NMR yield was 51 %. The product was
purified with reversed phase flash chromatography (A: NH4sOH/water, B: ACN, gradient 0-100
% eluent B). An issue with the chromatography or the collection of fragments occurred, and
therefore no reliable yield for the purified product can be presented. A 1H NMR spectrum was

obtained successfully. The product was obtained as a white solid.

'H NMR (400 MHz, Chloroform-d): 1.93-2.08 (m, 4 H) 3.18-3.29 (m, 4 H) 6.46 (d, J=7.98
Hz, 2 H) 7.09-7.26 (m, 2 H).

y; N

B

3-(pyrrolidin-1-yl)benzonitrile (15)

The reaction was executed following general method A. The aryl halide used was m-
bromobenzonitrile, and the amine was pyrrolidine. The reaction came to a halt at 87 % LC-MS
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conversion after 15 minutes. The quantitative NMR yield was 78 %. The product was purified
with reversed phase flash chromatography (A:NHsOH/water, B: ACN, gradient 0-100 % eluent
B). An issue with the chromatography or the collection of fragments occurred, and therefore no
reliable yield for the purified product can be presented. The product was obtained as a white
solid.

'H NMR (400 MHz, Chloroform-d): 1.98-2.09 (m, 4 H) 3.22-3.33 (m, 4 H) 6.68-6.77 (m, 2
H) 6.89 (dt, J=7.49, 1.18 Hz, 1 H) 7.22-7.28 (m, 1 H).

13C NMR: 25.6, 24.7, 112.9, 114.4, 115.9, 118.7, 120.1, 129.9, 147.8.

00

2-(pyrrolidin-1-yl)benzonitrile (16)

The reaction was executed following general method A. The aryl halide used was o-
bromobenzonitrile, and the amine was pyrrolidine. The reaction came to a halt at 83 % LC-MS
conversion after 30 minutes. The quantitative NMR yield was 74 %. The product was purified
with reversed phase flash chromatography (A:NHsOH/water, B: ACN, gradient 0-100 % eluent
B). An issue with the chromatography or the collection of fragments occurred, and therefore no
reliable yield for the purified product can be presented. The product was obtained as a white
solid.

'H NMR (400 MHz, Chloroform-d): 1.95-2.06 (m, 4 H) 3.55-3.66 (m, 4 H) 6.59-6.68 (m, 2
H) 7.28-7.36 (m, 1 H) 7.44 (d, J=7.63 Hz, 1 H).

13C NMR: 25.9, 50.0, 94.4, 114.4, 116.0, 121.7, 133.6, 135.9, 150.2.
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4-(pyrrolidin-1-yl)pyridine (17)

The reaction was executed following general method A. The aryl halide used was 4-
bromopyridine HCI, and the amine was pyrrolidine. Because of the HCI salt, the amount of the
base was doubled to 1.8 equiv. The reaction came to a halt at 83 % LC-MS conversion after 30
minutes. The quantitative NMR yield was 50 %. The product was purified with reversed phase
flash chromatography (A:NHsOH/water, B: ACN, gradient 0-100 % eluent B). An issue with
the chromatography or the collection of fragments occurred, and therefore no reliable yield for
the purified product can be presented. The product was obtained as a white solid.

IH NMR (400 MHz, Chloroform-d): 2.01-2.12 (m, 4 H) 3.18-3.41 (m, 4 H) 6.44 (d, J=5.79
Hz, 2 H) 8.20 (d, J=6.54 Hz, 2 H).

e

3-(pyrrolidin-1-yI)-5-(trifluoromethyl)pyridine (18)

The reaction was executed following general method A. The aryl halide used was 3-bromo-5-
(trifluoromethyl)pyridine, and the amine was pyrrolidine. The reaction reached 100 % LC-MS
conversion after 10 minutes. The quantitative NMR vyield was 72 %. The product was purified
with reversed phase flash chromatography (A:NHsOH/water, B: ACN, gradient 0-100 % eluent
B). An issue with the chromatography or the collection of fragments occurred, and therefore no
reliable yield for the purified product can be presented. The product was obtained as a white
solid.

'H NMR (400 MHz, Chloroform-d): 2.01-2.12 (m, 4 H) 3.29-3.40 (m, 4 H) 6.93 (t, J=2.20 Hz,
1H)8.11 (d, J=2.75 Hz, 1 H) 8.15 (s, 1 H).

13C NMR: 25.6, 47.6, 113.9, 124.2 (g, J=272.9 Hz) 126.8 (g, J=31.9 Hz) 133.0 (g, J=4.3 Hz)
137.44, 143.2.
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1-phenylpyrrolidine (19)

The reaction was executed following general method C. The aryl halide used was iodobenzene,
and the amine was pyrrolidine. The reaction came to a halt at 78 % LC-MS conversion after 30
minutes. The quantitative NMR yield was 73 %. The product was purified with reversed phase
flash chromatography (A: NH4sOH/water, B: ACN, gradient 0-100 % eluent B). An issue with
the chromatography or the collection of fragments occurred, and therefore no reliable yield for
the purified product can be presented. The reaction was conducted first with general method A
and a normal phase chromatography purification, but the NMR yield and the purification
performed worse than the forementioned method. No purified product was obtained, but the

product could be identified from the crude product *H NMR when compared to literary values®®,

v

1,3-diphenylpyrrolidine (20)

The reaction was executed following general method A. The aryl halide used was
bromobenzene, and the amine was 3-phenylpyrrolidine. The reaction came to a halt at 63 %
LC-MS conversion after 60 minutes. The quantitative NMR yield was 23 %. The product was
purified with flash chromatography (A: heptane, B: heptane:EtOAc 9:1, gradient 0-100 %
eluent B). The product was obtained as a white solid, with a purified yield of 18 %, 0,020 g.

'H NMR (400 MHz, Chloroform-d): & ppm 2.06-2.20 (m, 1 H) 2.36-2.48 (m, 1 H) 3.32-3.57
(m, 4 H) 3.67-3.76 (m, 1 H) 6.56-6.64 (m, 2 H) 6.65-6.73 (m, 1 H) 7.16-7.24 (m, 2 H) 7.26—
7.41 (m, 6 H).
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1-(4-methoxyphenyl)pyrrolidine (21)

The reaction was executed following general method C. The aryl halide used was 4-iodoanisole,
and the amine was pyrrolidine. The reaction came to a halt at 50 % LC-MS conversion after 60
minutes. The quantitative NMR vyield was 49 %. The product was purified with reversed phase
flash chromatography (A: NHsOH/water, B: ACN, gradient 0-100 % eluent B). An issue with
the chromatography or the collection of fragments occurred, and therefore no reliable yield for
the purified product can be presented. No purified product was obtained, but the product could

be identified from the crude product *H NMR when compared to literary values.®

2ye)

1-(3-(trifluoromethyl)phenyl)pyrrolidine (22)

The reaction was executed following general method C. The aryl halide used was 3-
iodobenzotrifluoride, and the amine was pyrrolidine. The reaction came to a halt at 88 % LC-
MS conversion after 10 minutes. The quantitative NMR yield was 76 %. The product was
purified with reversed phase flash chromatography (A: NH4sOH/water, B: ACN, gradient 0-100
% eluent B). An issue with the chromatography or the collection of fragments occurred, and
therefore no reliable yield for the purified product can be presented. No purified product was
obtained, but the product could be identified from the crude product *H NMR when compared

to literary values.%
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1-(3-methoxyphenyl)pyrrolidine (23)

The reaction was executed following general method C. The aryl halide used was 3-iodoanisole,
and the amine was pyrrolidine. The reaction came to a halt at 78 % LC-MS conversion after 20
minutes. The quantitative NMR vyield was 70 %. The product was purified with reversed phase
flash chromatography (A: NHsOH/water, B: ACN, gradient 0-100 % eluent B). An issue with
the chromatography or the collection of fragments occurred, and therefore no reliable yield for
the purified product can be presented. No purified product was obtained, but the product could
be identified from the crude product *H NMR when compared to literary values.®*

)

1-(2-fluorophenyl)pyrrolidine (24)

The reaction was executed following general method A. The aryl halide used wasl-bromo-2-
fluorobenzene, and the amine was pyrrolidine. The reaction came to a halt at 72 % LC-MS
conversion after 40 minutes. The quantitative NMR vyield was 41 %. The product was purified
with reversed phase flash chromatography (A: NHsOH/water, B: ACN, gradient 0-100 % eluent
B). An issue with the chromatography or the collection of fragments occurred, and therefore no
reliable yield for the purified product can be presented. No purified product was obtained, but
the product could be identified from the crude product *H NMR when compared to literary

values.??
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3-benzyl-1-(4-(trifluoromethyl)phenyl)pyrrolidine (2)
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1-(4-(trifluoromethyl)phenyl)pyrrolidin-3-ol (3)
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3-methyl-1-(4-(trifluoromethyl)phenyl)pyrrolidine (4)
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Methyl 1-(4-(trifluoromethyl)phenyl)pyrrolidine-3-carboxylate (5)
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Methyl 1-(4-(trifluoromethyl)phenyl)-4,5-dihydro-1H-pyrrole-3-carboxylate (6)
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tert-Butyl (1-(4-(trifluoromethyl)phenyl)pyrrolidin-3-yl)carbamate (7)
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3-methyl-3-phenyl-1-(4-(trifluoromethyl)phenyl)pyrrolidine (8)
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(1-(4-(trifluoromethyl)phenyl)pyrrolidin-3-yl)methanol (9)
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Methyl 2-(1-(4-(trifluoromethyl)phenyl)pyrrolidine-3-yl)acetate (10)
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3-phenyl-1-(4-(trifluoromethyl)phenyl)pyrrolidine (11)

T A e SRR - e N i S
(m, 8,10,17,18,19,20,21)
w©
2
)
Ao (d,7.11)
EaR g
g By @
~ © 10
< ©
3
3
(dt, 2)
L
0 @
3 2
0 i
e e T
95 90 85 80 70 65 6.0 55 50 45 40 35 30 25 20 15 10 (1) Chemical Shift (ppm)
58
o 1= 3
&N 2
FI &
2 CiL(EROFOF‘M«d . 2 2
= g =3 3
bR 4 <
L 2
5
8
8
0
S
T
. :
«
2 o 3o
T B ggRerEs
gl |[2sE~Te @
g ITaEye
alll .
T T T T T T T T T T T T T T T T T T T T T T 1 T T T T T T T T T T T T T T T T
176 168 160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 2 24

C‘nem‘\cai :'snm ‘(ppm‘)

103



1-(4-(trifluoromethyl)phenyl)pyrrolidine-3-carbonitrile (12)
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1-(4-chlorophenyl)pyrrolidine-3-carbonitrile (13)
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1-(4-chlorophenyl)pyrrolidine (14)
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3-(pyrrolidin-1-yl)benzonitrile (15)
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2-(pyrrolidin-1-yl)benzonitrile (16)
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4-(pyrrolidin-1-yl)pyridine (17)
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3-(pyrrolidin-1-yl)-5-(trifluoromethyl)pyridine (18)
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