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Preface

This thesis represents the work carried out during my PhD studies at the department of chemistry at the
Technical University of Denmark (DTU) from August 2018 to August 2021. The work was carried out under
the supervision of Professor Sgren Kegnaes and Assistant Professor Sgren Kramer. A four month external
stay at Institute Catala d’Invetigacié Quimica (ICIQ), Tarragona, Spain was carried out from September
2020 to December 2020 under supervision of Professor Ruben Martin.

The thesis consists of three projects described in four chapters.The first chapter, 1) Introduction, covers
the basic principles of catalysis relevant for the thesis and an introduction to porous organic polymers
(POPs). The second chapter, 2) Asymmetric Michael Addition of Malonates to Aliphatic Nitroalkenes,
describes the synthesis of heterogeneous POP catalysts for the asymmetric Michael addition of malonates
to aliphatic nitroalkenes. This chapter is based on the publication: M. B. Buendia, S. Kegnaes, S. Kramer,
Adv. Synth. Catal. 2020, 362, 5506. Experimental details can be found at: DOI: 10.1002/adsc.202000875
under Supporting Information. The third chapter, 3) Copper-Catalyzed Alkynylation of Benzylic C-H Bonds
with Alkynyl Boronic Esters, describes the development of a methodology for the direct C-H alkynylation
of 1-alkyl naphthalenes. The work of this project was carried out in collaboration with Jan-Georges J. Balin
(former Master student) and Mette E. Andersen (former Master student). The chapter is based on the
publication: M. B. Buendia, J.-G. J. Balin, M. E. Andersen, Z. Lian, S. Kramer, Synlett 2021, 32, A-E.
Experimental details can be found at: DOI: 10.1055/s-0040-1720474 under Supplementary Material. The
fourth chapter, 4) Combined Nickel- and Photoredox-Catalyzed Direct C-H Allylic Alkylation, describes
the development of a novel methodology for the direct alkylation of allylic C-H bonds from terminal olefins
and alkyl bromides. The concept of the project was developed and initiated at ICIQ, but the experimental
work was carried out at DTU with intellectual input from both ICIQ and DTU. This project is in the process
towards publication.


https://doi.org/10.1002/adsc.202000875
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Abstract

Chemistry is fundamental in our society and plays a key role in every aspect of our lives, from our basic
needs of food and clothing to life-saving medicine. The essence of organic chemistry and the synthesis of
organic molecules like pharmaceuticals lies in the coupling of carbon atoms. The development of metal-
catalyzed carbon-carbon bond forming cross-coupling reactions have been an immense advancement
within chemistry invaluable for the pharmaceutical industry and society. This was acknowledged in 2010
where the Nobel Prize in chemistry was awarded for the work on cross-coupling reactions. Upgrading
existing carbon-carbon bond forming protocols and developing new methodologies are an imperative
endeavor for the chemical industry and for the betterment of mankind. This thesis contains three projects.
The first project aims at improving an existing catalytic C-C bond forming system by making the catalyst
reusable and suitable for continuous flow setups. The last two projects are focused on developing novel
C-C forging methodologies via direct C-H functionalization.

In the first project, a chiral nickel(ll) bis(diamine) complex was incorporated into a polystyrene matrix
without compromising the catalytic properties of the nickel compex. The catalyst effectively catalyzed the
asymmetric Michael addition of malonates to nitroalkenes and was easily reused. The catalyst showed
good tolerance towards sensitive functional groups, was suitable for a continuous flow setup and obtained
a TON almost five times higher than previous reports. To illustrate the relevance of the catalytic system,
the protocol was used to synthesize the blockbuster drug Pregabalin in 88% overall yield.

In the second project, a novel methodology for the alkynylation of benzylic C-H bonds was developed.
Using copper catalysis in combination with NFSI it was possible to develop a coupling protocol between
alkynyl boronic esters and 1-alkyl naphthalenes, with the C-H substrate as the limiting reagent. The
protocol showed a good functional group tolerance, however, the C-H source was limited to 1-alkyl
napthalenes. Preliminary mechanistic experiments in combinations with literature points towards a
mechanism resembling a radical relay process.

In the third project, a novel methodology for the direct alkylation of allylic C-H bonds was developed.
Using a combination of a nickel catalyst and a photocatalyst a protocol for the coupling of alkyl bromides
with terminal olefins was developed. The methodology proceeds at benign conditions and exclusively
yields the linear product. The protocol is robust towards functional groups and even densely
functionalized biological derivatives could be utilized. A preliminary mechanistic investigation indicated
that the photocatalyst function as a SET species which catalytic cycle is intertwined with the catalytic cycle
of nickel.
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Resumé

| det moderne samfund er kemi fundamentalt. Det spiller en essentiel rolle i alle aspekter af vores liv, fra
basale ngdvendigheder som t@j og mad til livsvigtigt medicin. Essensen af organisk kemi og syntese af
organiske molekyler som medicin er baseret pa koblingen af karbon atomer. Opfindelsen af metal
katalyseret karbon krydskoblings reaktioner har veeret en enorm fremgang inden for kemien som har
veeret uvurderlig for den farmaceutiske industri og samfundet. | 2010 blev dette anerkendt da Nobel
Prisen for kemi netop blev uddelt pa baggrund af udviklingen af metal katalyseret krydskoblings
reaktioner. Udviklingen af nye katalytiske protokoller til at lave C-C bindinger og opgraderingen af
eksisterende metoder er ekstremt vigtige projekter der vil medfgre forbedringer til den kemiske industri
og til menneskeligheden som helhed. Denne afhandling indeholder tre projekter. Det fgrste projekter
bestraeber sig pa at forbedre en eksisterende katalytisk C-C bindingsdannende metode ved at ggre
katalysatoren genanvendelig samt at ggre den egnet til kontinuerligt flow. De sidste to projekter
omhandler udviklingen af nye katalytiske protokoller til C-C dannelse ved at funktionalisere C-H bindinger
direkte.

| det f@grste projekt er et nikkel(Il) bis(diamine) kompleks blevet inkorporeret i en polystyren matrix uden
at pavirke nikkel kompleksets katalytiske egenskaber. Katalysatoren katalyserede den asymmetriske
Michael addition af malonater til alifatiske nitroalkener meget effektivt og kunne nemt genanvendes.
Katalysatoren var robust overfor sensitive funktionelle grupper, den kunne anvendes i et kontinuerligt
flow system og et TON nasten fem gange hgjere end tidligere rapporter var opnaet. For at illustrere
systemets relevans blev det brugt til at syntetisere blokbuster medicinen Pregabalin i 88% overordnet
udbytte.

| det andet projekt er en ny metode for alkynyleringer af benzyliske C-H bindinger blevet udviklet. Ved at
benytte kopper katalyse i kombination med NFSI har det vaeret muligt at udvikle en protokol der kan koble
alkynyl borestere og 1-alkyl naphthalener med C-H kilden som den begraensende kilde. Proceduren er
tolerant overfor mange funktionelle grupper, men desvaerre kunne kun 1-alkyl naphthalener benyttes
som C-H kilde. Indledende mekanistiske studier i kombinationer med litteraturen antyder at mekanismen
fglger en radikal-relay proces.

| det sidste projekt er en ny metode for alkyleringen af allyliske C-H bindinger blevet udviklet. Ved at bruge
en kombination af nikkel og fotokatalyse er det lykkedes at udvikle en metode til at koble alkyl bromider
og terminale alkener. Metoden foregar under milde betingelser og giver udelukkende det linezere
produkt. Proceduren er robust overfor funktionelle grupper og kan benyttes pa derivater af biologiske
molekyler der indeholder mange funktionelle grupper. En indledende mekanistisk undersggelse indikerer
at fotokatalysatoren fungerer som en én elektron overfgrsel specie hvis katalytiske cyklus er forbundet
med nikkels katalytiske cyklus.
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Graphical Abstract

Chapter 2: Asymmetric Michael Addition of Malonates to Aliphatic Nitroalkenes.
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HPLC High-performance liquid
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1) Introduction

1.1  Introduction to Catalysis

The development of catalysis have been one of the most crucial advancements within chemistry necessary
for the development of modern society. The most famous example, the Haber-Bosch process for the
formation of ammonia, used in the agrochemical industry for fertilizers, helps feed half of the world’s
population.! Moreover, it is estimated that the chemical industry contributes 10% of the total world trade
and 90% of chemicals are produced with the use of a catalysis.!?!

The use of catalysis dates back many centuries (in fermentation process for wine and beer), however, at
that point the principles of catalysis were most likely not understood. The science of catalysis began 200
years ago, but the first definition of a catalyst, which is still relevant today, came in 1896 by Wilhelm
Ostwald: “a catalyst accelerates a chemical reaction without affecting the position of the equilibrium”.!?
Essentially, this means that a catalyst cannot alter the thermodynamics of a reaction, only increase the
rate of the reaction. Typically, a catalyst works by altering the chemical mechanism providing an
alternative reaction pathway with a decreased activation energy (Figure 1.01). This allows reactions to
occur much faster, more importantly it enables countless new reactions, which would never otherwise
happen on a reasonable timescale.

E, (no catalyst)

Energy

E, (with catalyst)

XY

Reaction Progress

Figure 1.01. lllustration of generic energy profile for a non-catalyzed reaction (black) and a catalyzed reaction (red).1*l

While Ostwald’s definition is still accurate, it does not mention that a catalyst, in principle, is not
consumed during the reaction. Although the catalyst itself takes part in the reaction it is regenerated after
the desired reaction has taken place. When the catalyst is reformed, it has carried out one catalytic cycle,
the amount of catalytic cycles, known as “turnover numbers” (TON), is an important evaluation
parameter. A high TON indicates that a very small amount of catalyst can deliver a huge amount of
product, meaning little catalyst is required.

As awareness of the anthropogenic consequences of the industrialization grew, chemist turned their
attention toward more sustainable practices. Especially during the 1990’s a new philosophy flourished,
evolving around benign and non-hazardous processes.”! With the seminal publication in 1998 “Green
Chemistry: Theory and Practice” by Anastas and Warner the discipline became well defined and coined as



“Green Chemistry”.[! Within the definition twelve principles of Green Chemistry were formulated.
Catalysis plays a crucial role in many of these principles;

- “Itis better to prevent waste than to treat or clean up waste after it is formed.” (1. Prevention)

- “Synthetic method should be designed to maximize the incorporation of all materials used in
the process into the final product.” (2. Atom Economy)

- “Energy requirements should be recognized for their environmental and economic impacts and
should be minimized. Synthetic methods should be conducted at ambient temperature and
pressure.” (6. Design for Energy Efficiency)

- “Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.” (9.
Catalysis)

The importance of Green Chemistry is undeniably still growing and research within the field of catalysis
remains imperative.

Catalysis are typically divided into two main fields; heterogeneous catalysis and homogeneous catalysis.
In heterogeneous catalysis the active phase of the catalyst is in another phase than the reaction media,
the catalyst is typically a solid in a gaseous or liquid reaction media. This inherent property provides one
of the key benefits of heterogeneous catalysis, its ease of recovery and recycling. In homogeneous
catalysis, the active phase of the catalyst is in the same phase as the reaction media, typically a dissolved
transition metal complex in a liquid media.?”!

Heterogeneous catalysts typically consist of a metal(s) or a metal oxide(s) immobilized on a support
material. Many support materials exist, but common support materials include silica, metal oxides and
active carbon. Heterogeneous catalysis is widely applied within the chemical industry especially for the
synthesis of bulk chemicals. The conditions are typically extremely harsh and often limited to the
production of rather simple molecules. Despite the impressive success of heterogeneous catalysis within
industrial chemistry, they typically lack the selectivity required for the synthesis of more complex
molecules (fine chemicals).”!

While homogeneous catalysis falls short in stability and recyclability, it shines in selectivity, activity and
analyzability. A homogeneous catalyst typically consist of a transition metal and some surrounding ligands
forming the active metal complex. As the ligands heavily influence the electronic and sterically nature of
the metal complex the activity of the catalysts can be tuned by design of ligands. Another major advantage
is that homogeneous catalysts are much easier to observe spectroscopically which can provide crucial
mechanistic insights making optimization easier, partly owing to the uniformity of homogeneous catalysts
(compared to heterogeneous catalysts).®

Industrially, homogeneous catalysis find some application within the bulk chemical industry, e.g. the
production of acetic acid via the Monsanto Process and oxidation of ethene to acetaldehyde via the
Wacker process. It finds multiple uses within the fine chemical industry, for the synthesis of specialty
polymers, fragrances, agrochemicals and pharmaceuticals. The development of homogeneous catalysis
have especially been crucial for the development of asymmetric catalysis.®!



1.2 Transition Metal Catalysis in Organic Chemistry

Formation of new C-C bonds is the essence of organic chemistry. One of the first examples of C-C bond
formation utilizing transition metals dates back to the beginning of the 20" century, where Ullmann
discovered that copper could facilitate the coupling of aryl halides.”” Since Ullmann’s ground-breaking
discovery an immense advancement has been undertaken, and especially within the last 20 years the
power of transition metal catalysis has become evident. Since the new millennium the Nobel Prize in
chemistry has been awarded for transition metal catalysis; in 2001 when Karl B. Sharpless, Ryoji Noyori
and William S. Knowles shared the Nobel Prize for their work in asymmetric transition metal catalysis, in
2005 when Yves Chauvin, Robert H. Grubbs and Richard R. Schrock shared the Prize for their work in olefin
metathesis and in 2010 when Richard F. Heck, Ei-lchi Negishi and Akira Suzuki were awarded the Prize for
their work on palladium catalyzed cross-coupling reactions in organic synthesis.[*%

These reactions have become fundamental in any organic chemist’s toolbox, especially the Suzuki-
Miyaura cross-coupling reaction has proven effective within medicinal chemistry, where it is the most
used carbon-carbon forming reaction.!*"

R

O X = Halide or Triflate

PdoL, X

Reductive Elimination
R Oxidative Addition
X

|
5O 2O

Transmetalation
OH"
B(OH); OH
L,Pd"
X-

/©/B(OH)2
R

Scheme 1.01. The Suzuki-Miyaura cross-coupling reaction mechanism.

Within metal catalyzed cross-coupling reactions the mechanism mainly consists of three mechanistic
steps: oxidative addition, transmetalation and reductive elimination (Scheme 1.01). Another important
reaction within transition metal catalysis is “migratory insertion”, however, the work in this thesis do not
include any examples of migratory insertion.



Oxidative Addition

Within catalysis, the first substrate-metal constructing step is typically the oxidative addition. The
oxidative addition step cleaves a bond from an organic or main group molecule and forms two new metal
— ligand bonds, formally oxidizing the metal (Scheme 1.02). One of the most common examples within
organic chemistry is the formation of Grignard reagents. In such mononuclear examples the oxidation
state of the metal is formally increased by two, however, oxidative addition also occurs with multinuclear
metal complexes, in the cases of binuclear examples the oxidation state of each metal center is increased
by one. Reagents that undergo oxidative addition ranges from nonpolar molecules like H; to highly polar
molecules like alkyl halides — and everything in-between.

A
LnM A—B — LnM+2\

Scheme 1.02. General oxidative addition.

The nature of the oxidative addition makes electron-rich metals more inclined to undergo oxidative
addition, this is also true for less-hindered metal centers. Generally, for a metal to undergo oxidative
addition, the metal-center must be coordinatively unsaturated and contain a maximum d-electron count
of 16. While the product of an oxidative addition is straightforward to predict, the mechanistic route is
less trivial. Various mechanistic pathways have been disclosed, however, they can be categorized into
three main mechanisms; Sx2, one-electron mechanisms and concerted pathways. 23]

Sn2 Pathway

The Sn2 pathway can occur with highly polar substrates like alkyl halides and is similar to a traditional
organic Sy2 reaction (Scheme 1.03). Evidence for the oxidative addition Sy2 mechanism follows the same
principles of a typical Sx2 mechanism; the carbon configuration is inverted, the reaction is more rapid in
polar solvents and the kinetics are of first order with respect to both metal and electrophile (second order
overall). Additionally, examples following this pathway yields the trans stereochemistry (of the metal
complex) as the kinetic product, which is inconsistent with a concerted pathway, and are unaffected by
radical traps. This pathway is typically encountered with palladium(0) and alkyl halides.416!

Mm" H3C=X —— [M"+2—CH3 X ——> X-M-CHj

Scheme 1.03. Oxidative addition via an Sy2 pathway.
Concerted Oxidative Additions

While Sy2 and one-electron pathways typically occurs with very polar substrates; substrates with little
polarity and Ar-X substrates unable to undergo Sn2 reactions typically undergo oxidative addition via
concerted pathways. One of the most studied cases is the oxidative addition of aryl halides to palladium(0)
as it is a crucial step in the cross-coupling reactions. These substrates undergo oxidative addition to
palladium(0) via a concerted three-centered transition state (Scheme 1.04).1*3

X
L,Pd - . N .
L,Pd<]
~x L,Pd—X

Scheme 1.04. Oxidative addition via a concerted pathway.
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One-Electron Pathways

The reagents undergoing oxidative addition via the one-electron pathway are similar to those following
the Sy2 mechanism. However, metals that are prone to undergo one-electron oxidations are more
susceptible towards radical processes. There are multiple types of one-electron pathways; inner-sphere,
outers-sphere, radical chain and atom abstraction and combination. The inner-sphere process requires a
vacant coordination site and the oxidation potential of the metal needs to be sufficient to reduce the
electrophile (Scheme 1.05).

MM X—R Mn: X—R MPH1=X R — R-MP*2—X

Scheme 1.05. Oxidative addition via an inner-sphere radical pathway.

The outer-sphere pathways resembles the inner-sphere process, however, the initial electron transfer
does not require prior coordination. This pathway is more likely with bulky electrophiles and metals
without vacant coordination sites. Additionally, radical chain mechanisms and “atom abstraction and
combination of the resulting radical with a second metal” have also been reported.*37-%9!

Reductive Elimination

In catalytic reactions, reductive elimination is typically the product-forming step. It is, simply put, the
opposite process of the oxidative addition step. Here two metal-ligand bonds are broken to form a ligand-
ligand bond formally reducing the metal(s) with two electrons (Scheme 1.06).
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Scheme 1.06. Three types of reductive eliminations.

As the process is similar to the oxidative addition, albeit, in the opposite direction, similar transition states
and pathways exist, the process can proceed via stepwise radical and/or ionic species or by concerted
three-centered transition states. The predisposition towards reductive elimination is governed by the
electronic and sterically nature of the metal complex and is often opposite to those promoting oxidative
addition. Thus, reductive elimination is promoted in more electron poor metal complexes. The use of
bulky ancillary ligands correspondingly increase the rate of reductive elimination, as more bulky ancillary
ligands results in more strain release. In regard to transition metals; first row metals tend to undergo
reductive elimination faster than second row metals. This is ascribed to the smaller ionic radius of first
row metals leading to more strained complexes, consequently resulting in more strain release upon
reductive elimination. Second-row metals react faster than third-row metals due to their, relative to third-
row metals, weak metal-ligand bonds.?”

The type of bond formed also heavily influences the ease of reductive elimination. Almost all metals
undergo reductive elimination to form C-H bonds. However, species undergoing reductive elimination to



forge C-C bonds is less abundant. The challenge does not arise from a smaller thermodynamic driving
force, but rather from a higher-energy transition state. This arises, as the M-C bond, in order to obtain
appropriate orbital overlap for bond formation, must distort away from the preferred orientation leading
to steric repulsion between the alkyl substituents and the ancillary ligands. It has been shown that most
reductive eliminations forming C-C bonds proceeds via a concerted pathway, which also points to the
need for appropriate orbital overlap. A consequence hereof, is the need for correct geometry, namely the
two carbon ligands should be located cis (Scheme 1.07).12%

a)
Ph_ Ph
\P/
E\Pd:CH3 —> H3C—CHj
p\/ CH3 DMSO, 80°C
PH Ph
cis
b)

CHs
: ——>  H;C—CHj

Ph"JP_Pld'F.’"Ph DMSO, 80°C
Ph Ph
CHg

trans

Scheme 1.07. Reductive elimination of palladium species in cis (a) and trans (b).

Within C-C formation the reductive elimination rates also vary significantly between sp3- sp® and sp?sp?
formation. For group 10 metals, reductive elimination tend to be more rapid for sp? carbons, as metal
(group 10) aryl/vinyl complexes are more stable than the corresponding metal alkyl complex this is not a
thermodynamic effect. This could be ascribed to the previously described distortion being more
pronounced for sp3-carbons as they have more substituents, however, the nature of the different orbital
hybridizations could also have an impact. The more “s” character the orbital hybridization has, the less

“direction” it will possess resulting in better total overlap in a three-centered concerted transition state.
(19]120]

Transmetalation

In most cross-coupling reactions transmetalation plays a vital role. It occurs after the oxidative addition
setting up the complex to release the desired product via reductive elimination. In these reactions, the
transmetalation typically involves the transfer of an organic moiety (typically aryl, vinyl or alkyl) from a
main group metal (and group 12) to the transition metal complex in exchange for a (pseudo)halide
(Scheme 1.08).
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Scheme 1.08. Illustration of a transmetalation reaction.

This process does not involve any change in coordination or oxidation number of either metal and is
thought to proceed as a metathesis type reaction. The reaction is an equilibrium, however, this is rarely a



concern in catalytic coupling reactions as the organic fragment bearing species is often used in large
quantities relative to the transition metal (the catalyst) pushing the equilibrium to the right. The nature
of the catalytic cycles further pushes the equilibrium to the right as reductive elimination follows the
transmetalation effectively removing the “product”. Thermodynamically, the equilibrium is dependent on
the two metal-(pseudo)halide bonds and the two metal-carbon bonds; a general rule suggest that if the
metal transferring the organic moiety is more electropositive than the metal receiving it, the equilibrium
is pushed towards product formation. This is generally the case if the transmetalation “metal” is Mg or Zn
(e.g. used in Kumada and Negishi couplings, respectively), however, it is generally not the case for boron
species, which have become one of the most successful transmetalation species in cross-coupling
reactions.??

For boron species, it is often required to add an activator in form of an inorganic base salt (or fluoride
salt). In the case of the Suzuki-Miyaura coupling the addition of a weak inorganic base (typically carbonate
or phosphate) and the presence of water results in a more activated boronic species, a trihydroxyborate
species, and/or a palladium hydroxide species rather than a palladium halide species. Hartwig and co-
workers have via stoichiometric experiments illustrated that the transmetalation occurs four orders of
magnitudes faster between palladium hydroxide species and a neutral boronic acid than between the
corresponding palladium bromide species and a trihydroxy borate species. Suggesting that the
transmetalation mainly proceeds via a neutral boronic acid species and a hydroxyl palladium species
(Scheme 1.09).23
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Scheme 1.09. Different transmetalation pathways in the Suzuki-Miyaura cross-coupling.!23]
Lewis Acid Catalysis

Transition metals also find wide applications as Lewis acid catalysts. Lewis acid catalysis is well known in
the chemical industry, especially from the petrochemical industry, which heavily employ Lewis acid
catalysts in the form of zeolites. Within organic chemistry Lewis acid catalysts are often used in many
common reaction types; Diels-Alder, Friedel-Crafts, Michael additions etc. Common Lewis acids include
AlCls, BFs3, ZnCl; etc.[24

Transition metals find use as Lewis acid catalysts in combination with chiral ligands where stereogenic
control of the product can be achieved (Scheme 1.10).125%7]
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Scheme 1.10. Examples of asymmetric transition metal Lewis acid catalyzed reactions.
Towards Earth-Abundant Transition Metal Catalysts

The success of transition metal catalysis in organic chemistry have been built on rare and expensive
metals; palladium (cross-coupling reactions), iridium and ruthenium (asymmetric hydrogenation and
metathesis). With an increasing world population and a limited amount of resources, an interest for more
earth-abundant metals have sparked.

Especially the interest in nickel and copper as catalysts in organic coupling reactions have increased rapidly
since the millennium change.?® Nickel have proven capable of catalyzing the same type of coupling
reactions developed with palladium, however, nickel is more than a cheap abundant substitute for
palladium. The chemistry of nickel is very different to that of palladium. Nickel is accessible in oxidation
states ranging from 0 to IV, making it susceptible for single electron (radical) pathways. Additionally, it has
lower electronegativity, ionic radius and reduction potential. These features contribute to nickel being
less prone to B-elimination possibly leading to nickels greater success in C(sp3)-C(sp?) cross-couplings.?”!
Currently, nickel is the main choice of metal in the rapidly developing field of photoredox catalysis, which
is the focus of chapter four.

Like nickel, the chemistry of copper is incredibly diverse; it has oxidation states readily available from 0 to
Il making it prone to both polar and radical pathways (two and one electron pathways). Copper has gained
immense success within click-chemistry owing to its efficiency in the azide-alkyne cycloaddition. However,
copper has also gained momentum within cross-coupling reactions./?® Copper catalyzed coupling
reactions have been known since Ullmann’s discovery in 1901. With the success of organoboron
compounds a new wave of copper catalyzed coupling reactions have emerged, most famous, the Chan-
Lam coupling; a reaction complimenting the palladium catalyzed Buchwald-Hartwig coupling. Although
the Chan-Lam coupling utilizes aryl boron species instead of aryl halides it can be carried out in air at room
temperature, making it extremely robust.2% Recently, examples of copper catalyzing the Suzuki-Miyaura-
type cross coupling are also appearing, highlighting the potential of copper catalysis. %32 Another area
of rapid advancing copper catalysis is its use in direct C-H functionalization, this topic will be subject of
chapter three.!



1.3 Direct C-H functionalization

Direct C-H functionalization strategies can be divided into two types. One strategy relies on auxiliary
direction groups connected to the substrate. The other strategy relies on utilizing the subtle difference in
C-H bond energies within the molecule.

The use of directing group has the advantage of not relying on bond energies, meaning that you can
potentially functionalize the most stable C-H bond selectively, even in the presence of weaker C-H bonds.
However, one must be able to install a directing group in proximity to the targeted C-H bond, which
severely limits the scope of the strategy. Another drawback of the directing group, is the very need of a
directing group, which constitutes two additional synthetic steps, which to some extent defeats the
purpose of “direct” C-H functionalization. Within this area, palladium in combination with 8-
amidoquinoline type directing groups have been extremely successful, especially within formation of
carbon-carbon bonds (Scheme 1.11).3437
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Scheme 1.11. Example of a direct C-H arylation reaction using a directing group. 35

The utilization of bond—energy differences in organic molecules for direct C-H functionalization has the
advantage of actually being direct, meaning that in one synthetic step a C-H bond becomes e.g. a C-C
bond. The main drawback is the need for relatively big differences in the C-H bond strength to provide
acceptable selectivity leading to a limited scope. Especially copper and nickel (in combination with
photoredox chemistry) has shined within this area of chemistry. The two projects in chapter 3and 4 is a
testimony to that.



1.4 Asymmetric Catalysis

Asymmetric catalysis is the practice of producing enantioenriched molecules with the aid of catalytic
amount of enantiopure catalysts. This is a highly efficient method of promoting enantioinduction as one
molecule can lead to the formation of thousands of enantiopure molecules. 383

Although chirality in chemistry was not discovered until 1819 by Louis Pasteur, it has most likely existed
since the beginning of time. Nature has developed chemistry to be chiral; meaning that despite two
enantiomeric compounds possess the same physical properties they will interact with nature differently,
producing different physiochemical responses. Most people can easily distinguish the smell of oranges
from lemons, despite they in fact origin from the same molecule limonene; (S)-(-)-limonene produces a
lemony and (R)-(+)-limonene an orangy smell. Although this example is relatable to many it might not
underline the importance. A horrific example, underlying the importance of chirality, is the case of
Thalidomide. Thalidomide was extensively prescribed to pregnant women from 1957-1962 against
morning sickness. Horrifyingly, when taken in the first trimester of pregnancy it resulted in severe birth
defects. It was realized that one enantiomer was highly toxic while the other was helpful. Consequently,
chiral drugs have since then increasingly been approved as a single enantiomers (Figure 1.02).53®
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Figure 1.02 The distribution of approved drugs worldwide from 1983-2002.149

Outside the area of pharmaceuticals, asymmetric synthesis is imperative within fragrance, flavors and
agrochemistry. Multiple strategies towards synthesis of enantioenriched compounds exist such as the use
of chiral auxiliaries, the use of chiral starting materials (from the chiral pool) and resolution of
enantiomers. Although each method can be powerful, they have their limitations and are typically more
wasteful than asymmetric catalysis.

The importance of asymmetric catalysis were underlined in 2001 when Sharpless, Noyori and Knowles
shared the Nobel Prize in chemistry for their work in asymmetric catalysis. Knowles and Noyori shared
one part of the Nobel Prize for the development of asymmetric hydrogenation, which have had
tremendous impact on industrial production of enantiomeric pure compounds. Knowles and Monsanto
developed a process for the synthesis of L-DOPA via an asymmetric hydrogenation step patented already
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in 1975 (Scheme 1.12a). Approximately ten years later, Noyori and Takasago developed a process for the
synthesis of Menthol (Scheme 1.12b). Since then, asymmetric hydrogenation catalysts have been utilized
for a multitude of industrial processes.*!! The success of the asymmetric hydrogenation catalysis is linked
with its unprecedented enantioselectivity and activity, enantioselectivities reaching more than 99% ee
and TONs up to 100,000.14%!
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Scheme 1.12. Examples of asymmetric catalytic reactions. a) Knowles and Monsanto’s synthesis of L-DOPA. b) Noyori and
Takasago’s isomerization of allylic amines for the synthesis of (-)-Menthol.

The other part of the Nobel Prize was given to Sharpless for his work on asymmetric epoxidation and
asymmetric dihydroxylation. These reactions have found less industrial relevance possibly due to the use
of toxic osmium tetraoxide (Sharpless asymmetric dihydroxylation) and a less active catalyst (5-10 mol%
needed of the Ti(iOPr)s/(-/+)-DET) in the Sharpless epoxidation (Scheme 1.13).1434%!

+-BuOOH :
cat. Ti(O-i-Pr), o 0, ‘
~_OH cat. D-(-)-DET 20 OH — = : ‘ OH O
- B ' EtO
CH,Cl,, - 20 °C : OFt
: O OH
: D-(-)-DET
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Scheme 1.13. Sharpless asymmetric epoxidation used in the synthesis of (+)-Disparlure.!4!

Since then the development of novel asymmetric catalytic systems have seen an explosion in academia.
Unfortunately, it has not seen a corresponding introduction within industrial chemistry outside of the
hydrogenation and enzymatic arena. Most of the expansion in asymmetric catalysis is based on
homogeneous catalysis, most however, much less selective and active than the hydrogenation catalysts.
Further, asymmetric catalysts are typically quite expensive due to their complex ligands, accordingly,
recycling of the catalyst might aid to make them feasible in an industrial setting.

Merging homogeneous and heterogeneous catalysis can potentially lead to catalysts with the inherent
recyclability of heterogeneous catalysts while possessing the unique selectivity of homogeneous catalysis
required in asymmetric catalysis.
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1.5  Porous Organic Polymers

The high selectivity of homogeneous catalysis is mainly owed to its homogeneity of active species and the
presence of ligands. A straightforward strategy to obtain heterogeneous catalysts with selectivity on par
with the corresponding homogeneous ones is to immobilize the desired metal complex onto a support
material. Multiple attachment strategies onto various support materials exist, e.g., immobilizing into
porous organic polymers (POPs), integrating in metal-organic frameworks, integrating in covalent organic
frameworks, attaching to inorganic oxides and so forth.#¢-0

The concept of using polymer supports in organic chemistry originated already in the 1960s initially
developed for solid-state peptide synthesis and similar sequential synthesis. However, already in the
beginning of 1970s the first examples of metal immobilized POPs were reported.®" Since then, it has been
an active field of research; however, around the new millennium, the area saw a renaissance, possibly
linked to the advances within the field of asymmetric homogeneous catalysis, and the field remains very
active.

Various types of POPs exist but in general they can be categorized into two types; POPs with sp?-sp? or sp-
sp? backbones and POPs with sp3-sp®backbones. The first type is typically synthesized via cross-coupling
reactions like Suzuki and Sonogashira cross-coupling reactions, which provides controlled ABA type
polymers (Scheme 1.14). The main drawback of metal catalyzed polymerizations is the remaining metal
catalyst in the polymer, which has to be removed. These types of polymers are rigid and like typical
heterogeneous catalysts relies on their porosity and surface area to provide good activity. The porosity
can be tuned by cleverly designing the geometry and size of the building blocks and very impressive
porosities can be obtained. 27

1. Sonogashira

P(0)Ph, Coupling
P(O)Ph, 2. Reduction
(of phosphine
oxide)
Br
Lietal., 2015

Scheme 1.14. A BINAP immobilized POP synthesized via Sonogashira cross-coupling.!>8!

Polymers with sp3-sp® carbon backbones are typically polymerized via radical polymerization and provides
polymers with a random monomer distribution. These polymers do typically not possess any porosity,
however, they possess the ability to “swell” when dissolved in a solvent.
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Among the many strategies, “swellable” POPs provide a rather unique alternative as its amorphous nature
gives it distinctively different properties from more typical heterogeneous support materials. Typically, in
heterogeneous catalysis, pore volume and surface area are key parameters and high values are essential
for good activity. Polymer supports capable of swelling, most polymers with sp® —sp3 carbon backbones,
do not possess any noteworthy surface area or pore volume, however, when dispersed in some solvents
they get pseudo dissolved, or “swelled”, exposing the active sites.>*® Moreover, this property has been
suggested to provide a chemical environment very similar to homogeneous catalysts. This was nicely
illustrated by Xiao and co-workers by carrying out solid-state 3P NMR of their dppe-POP in dried state
and in swollen state. They found that the swollen polymer provided a sharp 3P NMR signal similar to that
of the homogeneous ligand while the dry sample provided a broad signal (Figure 1.03).5°

-100 -50 0 50 100
Chemical Shift (ppm)

Figure 1.03. 3P NMR adapted from the work of Xiao et al. on their dppe-POP.5° The red curve (a) shows the spectrum of their
dried POP, the black curve (b) of a swollen POP. The blue curve (c) is an example of a non-swelling POP.

This ability to mimic a homogeneous environment might be one of the key factors in swelling POPs success
within asymmetric catalysis where immobilization rarely results in enantioselectivity erosion (Scheme
1.15). 6962 However, the ability to swell also constitutes a drawback, as swelling is required to provide
decent activity, but it is only caused by limited solvents. Although, the polymers ability to swell is
dependent on the solvent, it is also possible to design the polymer to swell in a certain solvent.
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Scheme 1.15. Two examples where a polystyrene-based POP outperforms the corresponding homogeneous catalyst.[611(62]

Another more niche-based approach is the ability of preventing ligand saturation providing a much higher
activity. In some cases when mixing ligands and transition metals, it can be difficult to control the amount
of ligands attaching to the metal site. In cases where addition of multiple ligands to a metal center leads
to an inactive species this can lead to a much lower concentration of active catalyst than anticipated
(Scheme 1.16). The immobilization of ligands into polymeric backbones can prevent this, possibly due to
the increased bulk around the ligand and limited mobility.

L L/, \\L Ll,
mo (—— Clm K
L L\ . L- L\
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L L., L., L
v O —— O lm O um
L LY LY L
Active Not formed

Scheme 1.16. lllustration of how POPs can help control metal chelation.

Especially Sawamura and co-workers have elegantly demonstrated the potential of controlling the metal
chelation.®® The introduction of triphenylphosphine into a bulky poly(para-t-butyl)styrene allowed for
the Suzuki cross-coupling of chlorotoluene at 40 °C with phenylboronic acid in almost quantitative yields
after just two hours.!® Carrying out the reaction with triphenylphosphine as ligand yielded no product
(Scheme 1.17a). Interestingly, they also found that using triple cross-linked triphenylphosphine was
significantly more active than “mono” cross-linked triphenylphosphine, presumably owing to same effect
more pronounced in a more rigid system. Later, his team in collaboration with Tobisu, Chatani and Iwai
developed a nickel catalyzed protocol for the decarboxylation of aryl carbamates. The protocol utilizes a
polystyrene immobilized 1,2-bis(diphenylphosphino)benzene, notably, the corresponding homogeneous
ligand provides no product (Scheme 1.17b).[6%
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Scheme 1.17. Two examples that illustrates the potential of preventing ligand saturation by immobilizing into a polystyrene
matrix.[641(65]

Immobilization Strategies of Polystyrene POPs

For the synthesis of polystyrene-based POPs two main strategies exist. The ligand can either be grafted
onto a functionalized polystyrene resin or the ligand can be copolymerized with styrene and the desired
cross-linker (Scheme 1.18).%%] The grafting strategy is typically based on commercially available
polystyrene resins with a functional group like alkyl chloride, carboxylic acid or azide as grafting handle.
Multiple commercial resins are available e.g. Merrifield, TentaGel and ArgoGel. The commercial resins
offers a much better control over the polymer properties, such as cross-linking degree, swellability and
size. However, one must carefully choose the grafting connection to ensure it is stable and non-
coordinating within the desired catalytic system.®®!
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Scheme 1.18. Two approaches to obtain polystyrene immobilized POPs.

Introducing the ligand via copolymerization provides one major advantages in an academic setting; the
ease of tuning. For instance, the ligand to styrene and cross-linker ratio is much easier (and faster)
evaluated, incorporation of other (co)monomers is possible etc. At the current state the research mainly
evolves around the catalysis and the properties of the polymer support seems less important. This might
become equally crucial when the area matures and projects moves closer to an industrial setting.

1.6 Continuous Flow Chemistry

Within organic chemistry, especially in academic laboratory settings, reactions are carried out in batch
mode as default. However, in recent years, the development of continuous flow chemistry have
flourished. Continuous flow chemistry have multiple advantages over batch reactions especially with
regard to safety, efficiency and environmental factors. The low-volume reaction space offers much more
efficient temperature control. Additionally, it suppresses consequences of hazardous chemicals and “run-
away” reactions as a much smaller volume of chemicals is present at any time. However, it also introduces
several limitations; formation of insoluble solids is disastrous as they clog the system, low yields and
formation of by-products becomes troublesome downstream in multistep synthesis.®”

Within flow chemistry, the types of reaction can be categorized into four different types (Figure 1.04):

Type 1: Two substrates (A & B) are passed through the hollow reaction tube and if carried out efficiently
only the product is eluted with the solvent.

Type 2: A substrate (A) is passed through a column containing a supported substrate (B), if carried out
smoothly only the product is eluted with the solvent, however the column resin must be recharged over
time.

Type 3: Two substrates (A & B) and a homogeneous catalyst are passed through a hollow column, if carried
out efficiently, only the product and the catalyst is co-eluted with the solvent.

Type 4. Two substrates (A & B) is passed through a column containing a supported catalyst, if carried out
smoothly, only the desired product is eluted with the solvent.
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Figure 1.04. Illustration of different continuous flow systems.

All the types find purpose and have been utilized to carry out extremely elegant chemistry. Particularly,
the research group of Jamison have highlighted the potential of continuous flow chemistry in organic
synthesis, especially utilizing type 1-3. In 2015 Jamison et al. reported a continuous flow synthesis of
Ibuprofen capable of providing pure ibuprofen in just three minutes.'® He has since developed multiple
continuous flow synthesis of multiple pharmaceuticals e.g. Fluexetine hydrochloride and Diazepam in big
scale (up to 4500 doses/day).[6%73!

Despite the inherent previously mentioned advantages of flow chemistry, the type 4 reactions provides
additional advantages. The catalysts does not need to be recovered and dried prior to reuse and the
purification of the product is not complicated by presence of catalyst. In multiple steps this becomes
increasingly valuable as less by-products (e.g. catalysts) are co-eluted which is troublesome downstream.
In this regard, POPs can play an important role for carrying out asymmetric catalytic reactions in flow
systems. Especially, Kobayashi and co-workers have excelled at utilizing type 4 flow reactions. The
potential was underlined in 2015 when Kobayashi and co-workers demonstrated a continuous flow
multistep synthesis of (R) and (S)-Rolipram using only type 4 reactions. The key step, the asymmetric
catalytic step, was carried out by a Pybox-CaCl, — polystyrene POP catalyst.”¥ More recently, they
developed a polystyrene-based POP catalyst for the important asymmetric reductive amination reaction,
operating in flow with only 6 bars of H,, providing higher enantioselectivity and yield under flow
condition.”!

In industrial settings, when suitable, continuous flow conditions are often highly preferred over batch
conditions, especially on large scale. The compatibility of POPs with continuous flow conditions provides
an additional driver for developing asymmetric heterogeneous POP catalysts.
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2) Asymmetric Michael Addition of Malonates to
Aliphatic Nitroalkenes

This chapter describes the work carried out to develop a polystyrene-based POP catalyst for the
asymmetric Michael addition of malonates to aliphatic nitroalkenes. The work was published in
“Advanced Synthesis & Catalysis”.[%!

2.1  Background

The asymmetric Michael addition of carbon-based nucleophiles to nitroalkene acceptors is a powerful
transformation yielding very functional dense molecules containing up to three stereogenic centers.!? The
addition of malonate esters to nitroalkenes is especially advantageous, as the products are easily
transformed into y-amino acids. A class of chemicals with a big array of biological activity; evident by the
numerous y-amino acid based pharmaceuticals, including the blockbuster drug Pregabalin (Scheme
2.01).B)

: O O 0 (0] (0] '
E H2 HY H2N o) . '
oo e et Meo%“” . J\/m — "
5 ANO, R A R OH

| R/\/ R R
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Phenibut (muscle spastiscity rreg !
(CNS depressant) treatment) (epilepsy treatment)
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Brivaracetam @ .
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Scheme 2.01. Synthesis of y-amino acids and pharmaceuticals based on y-amino acids.

In 1999 Morton and co-workers reported the first successful asymmetric Michael addition of a malonate
ester to a nitroalkene. They reported a system utilizing Mg(OTf); in combination with a BOX ligand (2A)
and N-methylmorpholine as a co-catalyst in chloroform which provided almost quantitative yields and
enantiomeric excess up to 95 % for the addition of dimethyl malonate to B-trans-nitrostyrene and even
an aliphatic nitroalkene was included (Scheme 2.02a)./ A few years later, in 2004, Ikariya et al. reported
a sulfonated DPEN (1,2-diphenylethylenediamine) ruthenium catalyst (2B) which provided good to
excellent yield and enantioselectivity for aromatic nitroalkenes, with low catalyst loading (2 mol%) and
without the presence of a base (Scheme 2.02b).! A year later, Evans et al. reported a nickel(ll) bis(N,N’-
dibenzylcyclohexane-1,2-diamine) catalyst (2C) which performed similarly well using same conditions
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(room temperature, 2 mol% catalyst and no co-catalyst), however, they also included a few aliphatic
nitroalkenes (Scheme 2.02c).!”! This remains the state of art organometallic homogeneous catalyst for this

reaction.
a) u,,
2A (5.5 mol%) o 0
Mg(OTf), (5 mol%)
EtO OEt
o o NMM (6 mol%)

Rz _ VM ® motre) | NO
~ o, EtOJ\/U\OEt R ’
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rt R=Ph - 95% ee (0] N—
Morton et al., 1999 R= n-CsHyq - 89% ee —
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b) 0O o ! I
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' Ph
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° 0o o0 :
EtO OEt E F\i !
' /
2C (2 mol%) : U Ni O
: SVERN
R0, )l\/ll\ R e . SRR RN yfehy
PhMe, rt : '
R=Ph - 95% ee E 2C
Evans et al., 2005 R=/-Bu-88%ee

Scheme 2.02. Previous work on the asymmetric Michael addition of malonates to nitroalkenes with organometallic catalysis.

A range of organocatalysts has also been reported to efficiently catalyze the transformation. The first
organocatalyst was reported in 2003 by Takemoto et al. They reported a thiourea catalyst based on a
chiral diamine scaffold (2D) (Scheme 2.03)./"! Good results were obtained for aromatic nitroalkenes, but
only moderate enantiomeric excess was obtained for aliphatic alkenes. Since then, a range of
organocatalysts have been reported, however, most systems rely on high catalyst loadings (10 mol%) and
examples of aliphatic nitroalkenes are scarce.?7-!

R=i-Bu - 81% ee

' Ny~
: H O H Y
Q9 P FaC NN A
. 0 0 2D (10 mol%) EtO OEt ! \g/ O
~“no, J\/U\ —_— NO, !
EtO OEt R :
PhMe, rt : CFs
Takemoto et al., 2003 R=Ph - 93% ee 2D

Scheme 2.03. Previous work on the asymmetric Michael addition of malonates to nitroalkenes with organocatalysis.

Despite the many excellent homogeneous catalytic systems for this transformation, the use of
heterogeneous catalysis is sparse. Two groups independently reported the first examples of an
organometallic heterogeneous catalyst for this transformation in 2012. Kobayashi et al. reported a
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polystyrene immobilized CaCl; Pybox system which showed good results for aromatic nitroalkenes but fell
short with aliphatic nitroalkenes (Scheme 2.04a).[*? The system proved quite resilient and was operated
in a continuous flow system for 9 days without noticeable deactivation. The group of Kobayashi later used
this system to design the first multistep continuous flow synthesis of enantioenriched Rolipram which was
published in the high impact journal Nature, demonstrating the importance of heterogenizing asymmetric
homogeneous catalysts.?!

Li and co-workers reported the first immobilization of the catalytic system developed by Evans.!*3! They
heterogenized the nickel bis(diamine) complex by incorporating the ligand within a ethylene-bridged
periodic mesoporous organosilica and subsequently forming the active nickel complex (Scheme 2.04b).
The catalyst yielded good enantioselectivity and decent activity (required 40 °C) while being very robust;
carrying out 8™ consecutive reactions without losing any noteworthy activity or selectivity. Unfortunately,
no examples of aliphatic nitroalkenes were included in the scope. In 2016 Bellamin-Lopez et al. reported
a self-supported chiral nickel bis(diamine) polymer (scheme 2.04c).**! They synthesized a ditopic
cyclohexyldiamine-based ligand, which forms a self-supported polymeric catalyst with the complexation
of NiBr,. The catalyst showed good activity and decent enantioselectivity (required 4 °C) for aromatic
nitroalkenes, however, no aliphatic nitroalkenes were included. The catalyst was recycled thirteen times
without any noticeable conversion erosion, however activity was not measured and the enantioselectivity
started dropping after the 5™ recycling. Finally, in 2019 Kobayashi reported the first heterogeneous
catalysts that provided good enantioselectivity for aliphatic nitroalkenes.!*™ The catalyst consisted of a
chiral nickel(ll) bis(diamine) complex impregnated into silica (Scheme 2.04d). Unfortunately, the
reusability of the catalyst was rather poor, loosing activity already at second run (1 recycling) caused by
leaching of the chiral ligand, possibly a consequence of not having a covalent support attachment.
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Scheme 2.04. Previous work on the asymmetric Michael addition of malonates to nitroalkenes with heterogeneous catalysis.

Despite many active organocatalysts there is no examples of an immobilized organocatalysts focusing on
the asymmetric Michael addition of malonates to nitroalkenes. A few examples with immobilized
organocatalysts exist but mostly focusing on the more reactive 1,3 diketones or B-ketoesters, however,

single examples of a malonate esters are included.[*62%

Although it has been twenty years since the first efficient example of the asymmetric Michael addition of
malonates to nitroalkenes, examples of aliphatic nitroalkenes are still scarce, and none of the previously
mentioned heterogeneous systems proved both robust and efficient for aliphatic nitroalkenes (Scheme
2.04). Furthermore, no examples of functionalized aliphatic nitroalkenes have ever been reported.

Inspired by the previous work, we hypothesized that if the nickel(ll) bis(diamine) ligand complex (which
provided good activity and selectivity for the aliphatic nitroalkenes) was covalently immobilized via the
ligands into a polystyrene matrix, leaching could be neglected providing good recyclability.
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2.2 Synthesis of NiL>-POPs

The synthesis of the vinyl-functionalized chiral bis(diamine) ligand was conveniently carried out in a single
step from the chiral amine precursor and 4-chlormethylstyrene in the presence of base (Scheme 2.05).
The short synthesis route is noteworthy as it induces no additional steps (other than a polymerizing step),
which is highly unusual. Typically, the synthesis of ligands with a handle for polymerization requires
several additional synthetic steps to already laborious routes; see Scheme 2.06 for examples of three
common ligand families (BINAP, bipyridine and Pybox, respectively).l?*-23!

R R
X

NH NH HN
j, 2 DIPEA (4 equiv) L1: R=Ph (55%)
'I
DMF (0.5 M), L2: R=-(CHp),- (25%)
o 60 °C, t

2 equiv

Scheme 2.05. Synthesis route for the vinyl-functionalized ligand.
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Scheme 2.06. Synthetic routes to vinyl functionalized ligands of three common ligand families.
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With the chiral ligands in hand, the desired POP catalyst could be obtained through radical polymerization.
Initially, a POP containing L1 was prepared through emulsion polymerization. However, the first
metalation attempt (refluxing the L1 containing POP and Nil, in acetonitrile overnight) was unsuccessful
(Scheme 2.07a). It was hypothesized that within the polymer two L1 ligands would not be in close enough
proximity for the nickel bis(diamine) complex to form. Instead, attempts to form the complex prior to
polymerization was carried out. The first polymerization of the metal complex was once again carried out
via an emulsion polymerization despite the complex is slightly water sensitive. This polymer was, not
surprisingly, inactive. To avoid inactivation of the catalyst due to water, the complex was polymerized
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directly in THF in a less controlled manner. Gratifyingly this yielded an off-white powder, which showed
good selectivity and activity (Scheme 2.07b).

a) Emulsion polymerization
Ph Ph
N ( AIBN (0.4 equiv)
NH HN Styrene (20 equiv) F’h  Nil; (04 equiv)
acacia gum, NaCl, Not active
PhCI/H,0 (1:20), MeCN, 85 °C, 18h
\ 1 equiv 80°C,18h ‘\‘\.
Emulsion polymerization
b) AIBN (0.4 equiv)
Styrene (20 equiv)
R R Z o~ Not active
\_< acacia gum, NaCl,
N\H HN PhC|/H20 (1 120),
Nil, (0.4 equiv) RN L N R 80°C, 18 h
SH N H
1 sauiv MECN 85 2 R N7 N™ "R AIBN (1.6 equiv)
\ q Styrene (16.8 equiv)
Divinylbenzene (0.4 equiv) .
= NiL1,-POP
THF, 83 °C, 18 h NiL2,-POP

Scheme 2.07. Synthesis of Nil, POPs.

Later, it was found that the POP containing L1 synthesized by emulsion polymerization could be efficiently
metalated if the metalation was carried out in a 1:1 mixture of THF:MeCN, presumably as the polymer
requires some degree of swelling in order for the complex to be formed (Scheme 2.08a). This polymer was
later used in continuous flow operations. Additionally, it was found that a POP containing L1 polymerized
in THF could be post-metaled by simply refluxing it with Nil, in MeCN overnight (Scheme 2.08b).
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Emulsion polymerization
Ph Ph
N ( AIBN (0.4 equiv)
NH HN Styrene (20 equiv) Ph Nil, (0.4 equiv)

acacia gum, NaCl, Ph MeCN/THF (1:1),
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: 85°C,18h
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Ph  Ph
< AIBN (1.6 equiv)
NH HN Styrene (16.8 equiv) N|I2 (0.4 equiv)
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NiL1,-POP-PMEmul

o
-

“MeCN. 85 °C. NiL1,-POP-PM

1 equiv THF, 83 °C, 18 h 18 h

\ / K“

Scheme 2.08. Synthesis of Nil, POPs.

We started our investigation by evaluating the nickel-POPs, NiL1,-POP and NiL2,-POP (Scheme 2.09), in
the asymmetric Michael addition of the nitroalkene (E)-4-methyl-1-nitropent-1-ene (2.01a) and dimethyl

malonate (Table 2.01). In order to compare activities the reaction was evaluated after just five hours at
low catalyst loading (1 mol%) where the reaction was incomplete.

NiL1,-POP NiL2,-POP
Scheme 2.09. lllustration of NiL1,-POP (left) and of NiL2,-POP (right).
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Table 2.01. Evaluation of the nickel-POPs.

0O O
NiL,-POP
Me o o (1 mol% Ni) Meo)l\z/u\OMe
Me)WNOZ MeoJ\/U\OMe PhMe. 60 °C ~NO2
2.01a 2.02 Sh 2.03a
Me Me
Entry Catalyst Yield[%]@! ee [%]™
1 Nil,L1, 69 90
2 NiL1,-POP 69 90
3 NiL1,-POP-PM 65 90
4 NiL1,-POP-PMEmul 59 90
5 Nil,L2; 47 88
6 NiL2,-POP 49 89
7 None 0 -

Reaction conditions: 2.01a (0.25 mmol), 2.02 (0.35 mmol), and 1 mol% catalyst in
PhMe (1 mL) at 60 °C for 5 h. [a] Yield determined with 1H-NMR analysis using
dibenzylether as internal standard. [b] Enantiomeric excess determined by chiral-
phase HPLC analysis. Adapted from Kramer et al.l1l

Pleasingly, all the POPs performed as good as the corresponding homogeneous catalysts in regard to both
activity and enantioselectivity. The polymer, NiL1,-POP, synthesized via an initial metalation followed by
polymerization in THF was used for the rest of the project (unless otherwise stated). It showed the highest
activity, but more importantly, it was the simplest to prepare, as it could be prepared in a one-pot
procedure, allowing for the synthesis of approximately 3 grams pr. batch. With our heterogeneous
catalyst in hand, a brief optimization was carried out.
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2.3 Optimization

Initially, the effect of the nickel halide precursor was evaluated, as Evans et al. demonstrated that the
bromide was 20 % more active than the corresponding chloride or iodide complex.l?*! Strangely, it was
found that going down the group the activity increased quite rapidly (Table 2.02). Thus, the study was
continued with nickel(ll) iodide.

Table 2.02. Effect of the halide.

(0] O
NiX,L1,-POP
Me O O (1 mol% Ni) MeO)j\/U\O’\/Ie

)\/\/Noz JJ\/U\ - ; NO,
Me MeO OMe PhMe, 60 oc

2.01a 2.02 5h 2.03a
Me Me

Entry Halide Yield[%]® ee [%]"
1 cl 21 89
2 Br 40 20
3 | 69 90

Reaction conditions: 2.01a (0.25 mmol), 2.02 (0.35 mmol), and 1 mol% catalyst
in PhMe (1 mL) at 60 °C for 5 h. [a] Yield determined with 1H NMR analysis using
dibenzylether as internal standard. [b] Enantiomeric excess determined by
chiral-phase HPLC analysis. Adapted from Kramer et al.!1]

Next, the effect of the polymer flexibility was evaluated (Table 2.03). Simply polymerizing the vinyl
functionalized complex, NiL1,, with itself, provided a catalyst with comparable activity, but with a reduced
enantioselectivity. Incorporating styrene and divinylbenzene (DVB) significantly increased the
enantioselectivity; however, too much styrene had a negative impact on the activity. Additionally, EtOAc
and THF were evaluated as alternative solvents, however, toluene gave superior results (Table 2.04). With
the optimum catalyst in hand, the catalyst was characterized.
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Table 2.03. Effect of styrene equivalents in the POP.

NiL1,-POP o Q
Me o o (1 mol% Ni) MeoJ\_/U\OMe
x_NO — - :
Me)\/\/ 2 MeOJ\/u\OMe PhMe, 60 °C, 5 h NO:
2.01a 2.02 2.03a
Me Me

2
5

PhgoNH 1 N, Ph
S
P i /
PR N | N7 Ph
N =
A B c
(DVB)
Entry A:B:C Yield [%)][! ee [%]™
1 1:0:0 66 85
2 1:42:1 (NiL1,-POP) 69 90
3 1:84:1 53 90

Reaction conditions: 2.01a (0.25 mmol), 2.02 (0.35 mmol), and 1 mol% catalyst in
toluene (1 mL) at 60 °C for 5 h. [a] Yield determined with *H NMR analysis using
dibenzylether as internal standard. [b] Enantiomeric excess determined by chiral-
phase HPLC analysis. Adapted from Kramer et al.l!]

Table 2.04. Effect of solvent.

O O
NiL1,-POP
N0, A _NO
Me MeO OMe solvent. 60 °C 2
2.01a 2.02 5h 2.03a
Me Me
Entry Solvent Yield[%]® ee [%]®
1 Toluene 69 90
2 THF 45 81
3 EtOACc 31 89

Reaction conditions: 2.01a (0.25 mmol), 2.02 (0.35 mmol), and 1 mol% catalyst in
solvent (1 mL) at 60 °C for 5 h. [a] Yield determined with 1H NMR analysis using
dibenzylether as internal standard. [b] Enantiomeric excess determined by chiral-
phase HPLC analysis.
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2.4  Characterization of NilL1,-POP

The best performing catalyst, NiL1,-POP, was characterized in detail to determine the origin of its catalytic
activity. Thermogravimetric analysis indicated that the catalyst was stable up to 300 °C which is consistent
with literature reports for similar materials (Figure 2.01(left)).1®! It is also a temperature which is much
higher than usually required for asymmetric reactions. The porosity and surface area was investigated via
Na-physisiorption which indicated the material practically do not possess any inherent porosity: a surface
area of 24 m?/g and pore volume of 0.049 cm3/g (Figure 2.01(right)).

100
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P/P,

Figure 2.01. Left: Thermogravimetric analysis of NiL1,-POP. Right: N,-physisorption analysis of NiL1,-POP. Adapted from Kramer
et al.lll

.'&
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& ,."Qi
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Figure 2.02. Top: Transmission electron microscopy images of NiL1,-POP. Bottom: Energy-dispersive X-ray analysis of nickel (left)
and iodide (right). Adapted from Kramer et al.!]

31



Transmission electron microscopy (TEM) revealed that the material did not contain any nanoparticles
(Figure 2.02(top)). The coupled energy-dispersive X-ray spectroscopy analysis confirmed the presence of
nickel and iodide (Figure 2.02(bottom)).

Scanning Electron Microscopy (SEM) indicated the NiL1,-POP consisted of both hollow sheets, in the size
range 10 um to 50 pum, and spheres with a broad size distribution ranging from 50 nm to a 1 um (Figure
2.03).

Figure 2.03. Scanning electron microscopy images of NiL1,-POP. Adapted from Kramer et al.!!

To confirm the presence of the ligand, solid *C NMR (*3C-'H CP/MAS NMR) of the material was conducted.
Unfortunately, it was not possible at the time to obtain a spectrum with 15 kHz spinning which eliminates
the spinning bands. The relatively low ligand concentration (relative to styrene) and its proximity to the
paramagnetic nickel, broadening the signals even further, made it quite challenging to identify the ligand.
One signal in the aromatic area in-between the styrene’s two aromatic signals was believed to origin from
the ligand (Figure 2.04).
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Figure 2.04. 3C-'H CP/MAS NMR of the NiL1,-POP at a spinning frequency of 9 kHz, CP contact time 1.5 ms and 5 seconds
interscan delay. *= spinning sidebands. Adapted from Kramer et al. 1]
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Although the presence of nickel, iodide and the ligand were confirmed in the catalyst, it was not possible
to obtain conclusive results proving the presence of the active nickel complex. As the nickel complex was
paramagnetic, electron paramagnetic resonance (EPR) measurements were carried out, unfortunately the
homogeneous nickel complex is silent in the standard EPR regime (9.5 GHz). X-ray photoelectron
spectroscopy analysis was also carried out to compare the homogeneous metal complex and the
heterogeneous material. However, the concentration of surface nickel was not sufficient to obtain a
signal. Lastly, ultraviolet-visible spectroscopy analysis was carried out, but the complex did not have a
distinct signal, which could be used to relate the homogeneous and heterogeneous catalyst.

Though it was not possible to obtain evidence for the presence of the nickel complex it seems highly
unlikely that the homogeneous complex and three different POPs, based on the homogeneous complex,
all have the same enantioselectivity and nearly identical activities, unless the catalysis origins from the
same metal complex.

2.5 Recycling

The reusability of the polymer is the most essential feature as it is the main purpose of heterogenization.
After a reaction, the polymer was easily isolated from the reaction mixture by centrifugation after addition
of hexane: ether (4:1). The addition of ether and hexane “deswells” the polymer which allows it to solidify
at the bottom of the centrifuge tube where it can be isolated through decanting. Prior to a new reaction,
the catalyst was dried in vacuum overnight. Fortuitously, the NiL1,-POP was capable of carrying out three
consecutive reactions with no loss in selectivity or activity, evident by the yield after five hours, but after
the 3™ reaction the activity unfortunately started diminishing (Figure 2.05). Despite the deactivation, the
catalyst obtained an impressive TON of 450 after the five reactions, almost five times better than previous
reports (95 for batch and 63 for continuous flow).!**!

T Yield (22 h)
7/, Yield (8 h)
e

e

100% |

90%
80%

70% 7

60% -

\

50% 4

40% +

NN

30% -

20% +

S

.

10%

0%

Run

Figure 2.05 — Recycling experiments including activity tests (yields at 5 hours). Reaction conditions 2.01a (0.25 mmol), 2.02 (0.35
mmol) and 1 mol% NiL1,-POP in PhMe (1 mL) at 60 °C for 22h. [a] Yield determined with 1H NMR analysis using dibenzylether as
internal standard. [b] Enantiomeric excess determined by chiral-phase HPLC analysis.
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To further demonstrate the applicability of the catalyst, it was evaluated in a continuous flow setup
(Scheme 2.10). It was found that the polymer prepared by emulsion polymerization, NiL1,-POP-PMEmul,
was better suited for this reaction setup. NiL1,-POP-PMEmul showed good stability and was operated for
five consecutive days before deactivation began. After five days, 4.43 grams of product were isolated,
corresponding to a TON of 173. Despite the TON is significantly lower than the one obtained via batch
recycling, it is almost three times higher than previous reports.*°!

0.01 ml/min

Y,

MeoJ\/U\OMe . 90% yield [4.43g]
2.02 o4 90% ee
23 TON = 173
0.35M o
' O g undried toluene and in-air
Me 3
NO
Me)W 2
2.01a
0.25M

O NiL1,-POP-PMEmul

Scheme 2.10. - Illustration of the reaction in continuous flow setup. Adapted from Kramer et al.!!l

Unfortunately, we were not able to elucidate the origin of the deactivation. ICP analysis revealed low
amounts of leaching, approximately 0.7 % of the nickel content was found in the liquid after 22 hours of
reaction. As filtration tests confirmed activity originated from a heterogeneous species it is highly unlikely
that nickel leaching is the main cause of deactivation. From TEM imaging of the spend catalyst it was
evident that no nickel nanoparticles had formed. SEM imaging revealed some change in the morphology,
however, this is not believed to be influential, as the polymer did not have a well-defined morphology to
begin with (Figure 2.06).

Figure 2.06 . Scanning electron microscopy images of NiL1,-POP after five reactions.

The complex is however, to some extent, sensitive to water. The stability of the metal complex towards
water is somewhat unclear at this point. Evans and co-workers claimed the catalyst (nearly same complex)
was bench stable for months, whereas Bellamin Lopez claims that after just two days in air, Evans catalyst
is almost fully deactivated (38% yield, 0% ee).l'' From laboratory experience, the deactivation does not
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occur very rapidly even when stored in air. One racemic batch of NiL2; was used for multiple months
without severe deactivation observed. Nonetheless, the catalyst is definitely not stable in water, and
hydrolysis presumably happens much more rapidly in solution. Thus, exposure to water in the polymer’s
swelled state is a plausible cause of deactivation.

This is consistent with the more rapid deactivation of the catalyst in the continuous flow setup compared
to batch recycling. During the recycling experiments, the reaction was carried out with dried toluene (SPS
quality), although the hexane and diethyl ether was undried (HPLC grade), they deswell the polymer
presumably making it less prone to hydrolysis additionally hexane generally contain less water than
toluene. In the continuous flow setup, HPLC grade toluene was used instead of SPS quality. Herein, the
polymer is in its swelled state and the reaction takes place at elevated temperatures (60 °C). The flow
setup was running continuously for five consecutive days, potentially exposing it to a significant amount
of water. This could easily be investigated by integrating a drying column (in combination with SPS grade
toluene) prior to the reaction; but due to time limitations, this hypothesis was not further investigated.

2.6  Scope

To evaluate the generality of the system an investigation of the reaction scope was carried out. Initially,
the malonate source was evaluated (Table 2.05). Exchanging the methyl groups of the malonate ester to
either ethyl or isopropyl had little impact on activity and none on enantioselectivity. The very bulky tert-
butyl group significantly reduced the activity, but did not affect the enantioinduction.

Table 2.04. Malonate Scope.

. 0o 0

e 0 9 (mowmn  rotAor

Me)\/\/ NO, ROJI\/U\OR W ANO2
2.01a
Me” “Me
Entry R Yield at 5h [%]™ Yield at 22h [%]®  ee [%]®!

1 Me 69 100 90
2 Et 75 100 90
3 i-Pr 65 100 90
4 t-Bu 40 80 90

Reaction conditions: malonate ester (0.35 mmol), 2.01a (0.25 mmol), and 1 mol% NilL1,-POP
in PhMe (1 mL) 60 °C for 22 h. [a] Yield determined with 1H NMR analysis using dibenzylether
as internal standard. [b] Enantiomeric excess determined by chiral-phase HPLC analysis.
Adapted from Kramer et al.!!]
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Subsequently, the scope of the nitroalkene was investigated (Scheme 2.11). Generally, examples of
aliphatic nitroalkenes are quite scarce in the literature and examples of functionalized aliphatic alkenes
non-existing. To broaden the utility of the reaction the sterically influence of the carbon scaffold and the
presence of functional groups were investigated. First, the influence of the chain lengths were evaluated;
increasing the lengths of the alkyl chain (2.03a, 2.03b, and 2.03d) had no impact on the yield or
enantioselectivity. Next, more bulky substrates were tested, the iso-propyl substrate (2.03c) proceeded
smoothly providing good yields and enantioselectivity. The bigger cyclohexane (2.03f) motif also provided
good enantioselectivity but with some yield erosion. The extremely bulky tert-butyl group (2.03g) proved
more challenging decreasing both enantioselectivity and yield significantly.

Gratifyingly, the reaction tolerated a broad range of functionalities, even some sensitive functional
groups, all providing good enantioselectivity (>90%)(Scheme 2.11). The functional groups included a
primary alkyl bromide (2.03h), a primary alkyl chloride (2.03i), a pivaloyl ester (2.03j), a benzyloxy ether
(2.03k), a methoxy ether (2.03l), a silyl ether (2.03m), a phtalimido-protected amine (2.03n), a pivaloyl
amide (2.030) and a terminal alkene (2.03p). To illustrate the generality of the scope three
(hetero)aromatic substrates (2.039-2.03s) were included all providing good to excellent yield and
enantioselectivity at room temperature.
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Scheme 2.11. Scope of nitroalkenes Reaction conditions: , 2.01 (0.375 mmol), 2.02 (0.525 mmol) and 1 mol% catalyst in toluene
(1.5 mL) 60 °C for 22 h. [a] 2 mol% NilL1,-POP, 72h. [b] Room temperature. Yields after isolation. Enantiomeric excess determined
by chiral-phase HPLC analysis. Adapted from Kramer et al.!!
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Most of the products appeared as yellow or colorless oils, but the phtalimido-protected amine (2.03n)
appeared as a crystalline solid. Fortunately, it was possible to obtain X-ray suitable crystals of the product
(Figure 2.07). From single crystal X-ray analysis the absolute stereochemistry of the product was
determined as the (R) product. The compounds of same class (alkyl products) were tentatively assigned
as (R) as well.

@t

Figure 2.07. X-ray crystal structure of 2.03n (ellipsoids are shown at 50% probability, and most hydrogens are omitted for clarity).
Adapted from Kramer et al.l1l

A substrate carrying a terminal alkyne was also synthesized, 2.01t, but when using it with the standard
reaction conditions a mixture of the expected product and a cyclized exo-methylenecyclopentane product
(2.03t) were obtained. Stirring a mix of the two products in toluene for 24 hours at 60 °C without NiL1,-
POP did not alter the ratio of the two products indicating that the catalyst catalyzes both steps. Increasing
the catalyst loading to 2 mol% and prolonging the reaction time to 48 hours furnished the cyclized product
in quantitative yield and 88% ee (Scheme 2.12). There are no previous reports on a Michael
addition/conia-ene tandem reaction solely catalyzed by one catalyst. Additionally, there is no previous
reports of a [4+1] annulation of a malonate and an alkyne functionalized nitroalkene.[2%/27]

j\/ﬁ\ NiL1,-POP o Q
o o~ (2 mol% Ni) o o~
2.02 - NO,
_ N02 PhMe, 60 °C //
///\/\/ 18 h
2.01t

2.03t
98% vyield, 88% ee
Scheme 2.12. A novel tandem reaction, both steps are catalyzed by NiL1,-POP. Adapted from Kramer et al.l1]
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2.7 Applications

To illustrate the application potential of the methodology, a mulitgram batch reaction was carried out.
Running the reaction in air and with undried solvents on 8.4 mmol scale provided the product in
guantitative yields and 90% ee (Scheme 2.13).

. o o
NiL1,-POP
N0z . _NO : .
Me MeO OMe phe, 60 °C, 22 h 2 In air, undried solvents
2.01a(1.1g) 2.02 2.03a
Me™ "Me

Scheme 2.13. Gram-scale reaction. Adapted from Kramer et al.!!

Additionally, as previously described, the reaction could also be carried out in a continuous flow system
also providing the product in gram scale (4.43 grams).

To highlight the relevance of the catalytic system, the blockbuster drug Pregabalin was synthesized. In
order to obtain the correct stereoisomer (S), the opposite enantiomer of the catalyst was prepared,
Ni(ent-L1),-POP. This was easily carried out using the same procedure. As expected, when carrying out
the reaction of substrate 2.01a with Ni(ent-L1),-POP in 3mmol scale, the product ent-2.03a was furnished
in 98% yield and 90% ee. In just two steps from ent-2.03a Pregabalin was synthesized in 88% overall yield
and 90% ee, emphasizing the relevance for medicinal chemistry (Scheme 2.14).

o O . +
MGOMOMG Ni(ent-L1),-POP 1) H,, Raney Nickel "CIH3N o
2.02 (1 mol% Ni) MeQO OMe EtOH, rt, 16h
NO
Me ’ Me Me ® A Me Me
2.02a 88% overall yield, 90% ee
3 | ent-2.03a
mmo 98 % yield 90% ee Pregabalin hydrochloride
(epilepsy treatment)

Scheme 2.14. Synthesis of Pregabalin. Adapted from Kramer et al.!!]

2.8 Conclusion

To summarize, a polystyrene-bound chiral nickel(ll) bis(diamine) complex have been synthesized. The POP
could be used as a heterogeneous catalyst in the asymmetric Michael addition reaction of malonates to
aliphatic nitroalkenes, providing high yields and enantioselectivity. It was demonstrated that the catalyst
had activity and selectivity on par with the homogeneous catalyst while showing good recyclability. The
catalyst was compatible with a continuous flow setup capable of running for five consecutive days before
deactivation was observed.

It was demonstrated for the first time, with our protocol, that various functional groups is tolerated in the
asymmetric Michael addition reaction of malonates to aliphatic nitroalkenes, including sensitive groups.
Additionally, an unprecedented tandem reaction between malonates and an alkyne pendant nitroalkene
affording an enantioenriched exo-methylenecyclopentane was discovered. The system could easily be
scaled up to multigram-scale both in batch and in flow. Lastly, to underline the relevance of the reaction
in medicinal chemistry, the protocol was used to prepare the blockbuster drug Pregabalin.
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2.9 Outlook — POPs

This project demonstrates that some organometallic complexes can be immobilized in polystyrene
without losing activity or selectivity. To further improve the work, investigations towards improving the
stability, especially within the continuous flow setup, should be the focus. However, before moving
further one should consider if porous organic polymers have potential in the chemical industry?

Within asymmetric catalysis in academia, it is common that papers include a preparation of an
enantiomerically enriched pharmaceutical utilizing the novel catalytic system. Some of these catalytic
systems, as the one presented in this chapter, is suitable for immobilization. While this sound ideal for the
pharmaceutical industry, very few non-hydrogenation reactions deliver ee’s exceeding 99%.
Consequently, recrystallization would be required to reach satisfactory enantiomeric excess. Thus,
synthetic routes where enzymes or hydrogenations can be implemented to deliver the stereogenic control
remains preferred. In the case of Pregabalin, examples of both enzymatic and hydrogenation routes exists,
providing up to 99.8% ee and 97.4% ee, respectively (without recrystallization).28(2%!

While non-hydrogenation asymmetric catalysis is not yet relevant for pharmaceuticals, it could be
relevant in other areas where enantiomeric excess is crucial albeit lower standards are acceptable, as the
fragrance and flavour industry.

With catalytic asymmetric hydrogenation reactions favoured in the synthesis of chiral pharmaceuticals,
typically based on expensive metals (Ir and Rh) in combination with expensive chiral ligands, these systems
should be ideal for POPs.29BY However, one should consider that they often are extremely efficient
capable of reaching TONs around 10° in single runs. At this time, immobilizing strategies, including porous
organic polymers, struggle to maintain the activities of such efficient systems. Another issue concerning
recycling of catalysts is related to the quality of the product. With deactivation of the catalyst, changes in
the impurity profiles might occur, potentially leading to batches that does not meet the correct
specifications.[3234

The future of porous organic polymers in the chemical industry remains unresolved. While | am skeptical
about its potential in a batch setting where it introduces an increased complexity to the operation, it could
play a key role in the expanding of continuous flow process within the fine chemical industry. However,
the continuous advancement in catalysis with more earth-abundant metals, like nickel, might promote
POPs. The transition towards earth-abundant metals in combination with complex ligands might change
focus of reusing the metal towards reusing the ligands, as they become, relative to the metal, increasingly
valuable. In this regard, POPs are excellent candidates as the ligands are covalently attached thus
preventing ligand “leaching”.
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3) Copper-Catalyzed Alkynylation of Benzylic C-H
bonds with Alkynyl Boronic Esters

This chapter describes the work carried out to develop a methodology for the direct alkynylation of
benzylic C-H bonds. The work was carried out in collaboration with Jan-George J. Balin (former Master
student) and Mette E. Andersen (former Master student) and was published in “Synlett”.[!!

3.1 Background

Kharasch and Sosnovsky reported, in 1958, one of the first copper-catalyzed direct C(sp3)-H
functionalizations. They found that t-butyl perbenzoate reacts with terminal alkenes to selectively give
the branched allylic benzoates in presence of CuBr (Scheme 3.01).”

o (0]
P o’o\|< _ Cubr Ok@
80 OC /\)m

Scheme 3.01. The Kharasch-Sosnovsky reaction discovered in 1958.12]

This reaction have indisputably been source of inspiration for the multitude of copper-catalyzed C-H
functionalization reactions, generally, consisting of a weak C-H bond, typically benzylic, a nucleophile and
a peroxide oxidant, typically di-tert-butyl peroxide.?® Various reactions have been reported using
heteroatomic nucleophiles but it was not until 2017, that Stahl and co-workers developed a C-C forming
protocol by coupling aryl boronic esters with toluene (Scheme 3.02)."!

Cul*DMS (3 mol%)

Phen (15 mol%)
? \@ (t—BUO)Z (4 equiv)
B
©/ o 90°C, 48 h

Solvent (0.3M) 70%

Scheme 3.02. Coupling of toluene with aryl boronic esters by Stah et al.7}

Unfortunately, the use of tert-butyl-peroxides necessitates the use of high temperatures to facilitate the
homolysis process. This constitutes a major drawback for reactions where a higher degree of selectivity is
required, as is the case for enantioselective synthesis. The implementation of a much more reactive
reagent, N-fluorobenzenesulfonimide (NFSI), have allowed for much more benign conditions, paving the
way for copper-catalyzed enantioselective functionalization of benzylic C-H bonds. This was manifested in
2016 by the seminal work of Stahl and Liu et al. on copper catalyzed enantioselective cyanation of benzylic
C-H bonds (Scheme 3.03).[®
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CuOAc (10 mol%) NC o o
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OO TMSCN NFSI (1.5 equiv) OO : N N
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. (S)-Bn-BOX
91%, 96% ee

Bn

Scheme 3.03. Enantioselective cyanation of benzylic C-H bonds by Stahl and Liu et al.8!

The process is believed to go through a radical relay mechanism. Initially, NFSI oxidizes the copper(l)
source yielding the corresponding copper(ll) fluoride and the amine radical. The amine radical is capable
of abstracting a hydrogen from a weak C-H bond. Concurrently, a nucleophile can attach to copper via
transmetalation or substitution and subsequently the Cu(ll) species can trap the benzylic radical to deliver
the product while reforming the Cu(l) species (Scheme 3.04).

R-X
L*Cu'-F
X-F
R";NH
AI'/\R' L*CUII_R
* |
R",N-F L*Cu j{\
Ar R'

Scheme 3.04. Radical relay mechanism.

Since Stahl and Liu’s report in 2016, the protocol have rapidly been expanded to efficiently allow a
multitude of functionalizations. Already the year after (2017) Liu and co-workers published an arylation
protocol, based on a similar protocol, utilizing aryl boronic acids as the nucleophilic coupling partner
(Scheme 3.05a).! This procedure was later improved to be enantioselective, affording the
enantioenriched benzylic arylation products in good enantiomeric excess (up to 96% ee).*”! In 2019, Li and
co-workers published a protocol for the direct benzylic C-H trifluoromethylation (Scheme 3.05b). The
introduction of a trifluoromethyl group is of special interest in agrochemicals and pharmaceuticals due to
its privileged properties in permeability and metabolic stability.** In 2020, Stahl and co-workers reported
a protocol for the direct benzylic C-H azidation, the method proved very selective for benzylic C-H bonds
over other weak C-H bonds (Scheme 3.05c). Despite the use of a chiral ligand (Bn-BIOX), no
enantioselectivity was observed.™ Same year, Stahl and co-workers developed an alkoxylation protocol,
providing high yields for a broad range of substrates, including a range of biological active compounds
(Scheme 3.05d).[*3! Additionally, various protocols without nucleophiles, using NFSI as either fluorination
reagent or sulfonimidation reagent have been published.[*4%7]
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CuOAc (10 mol%)
B(OH),  Mey-Phen (12 mol%)
NFSI (2.5 equiv)
B —
OO Li,COj3 (2.0 equiv) OO
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2 .
equiv 77%
Liu et al., 2017
CuCN (10 mol%) CF
NFSI (3 equiv) 3
(bpy)sZn(CFs), Zn(OTf), (0.5 eqm.v)
Zn(OAc), (0.5 equiv)
2 equiv PhCFs, 40 °C
Lietal., 2019 89%

Cu(OAc), (2 mol%)

Bn-BIOX (4 mol%) N3
NFSI (2.5 equiv)
TMS-N >
OO ’ MeNO, rt OO

o 0
Lo
N N” g,

Bn

3.6 equiv Bn-BIOX

93%
Stahl et al., 2020

CuCl (10 mol%)
BIOX (10 mol%)

(<)

NFSI (2. equiv) :
MeOH (MeO)P(O)H (0.5 equiv) - BIOX
Sequiv  CH,CI;HFIP (4:1), OH
foe 80% : Fsc)\CF3
Stahl et al., 2020 HFIP

Scheme 3.05. Illustration of previous work in copper-catalyzed radical relay reactions.[911-13]

Inspired by the previous work, we hypothesized that with a similar approach it should be possible to use
alkynyl boronic esters as the nucleophilic coupling partner. This would be a powerful transformation due
to the versatility of the alkyne motif.
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3.2 Project Initiation

Initially, 2-phenyl-1-ethynyl boronic acid pinacol ester was used as the nucleophilic coupling partner,
however, after a comprehensive screening results remained unsatisfactory (yields not surpassing 35%).
Despite the initial results did not inspire hope, it was decided to change the alkyne source.

Gratifyingly, when exchanging the nucleophilic coupling partner to (trimethylsilanyl Jethynyl) boronic acid
pinacol ester (3.02) good yields were observed (Scheme 3.06). Using conditions similar to what Liu and
co-workers used in their initial arylation work; the desired silylethynyl product (3.03a) was obtained in
63% isolated yield.?!

CuOAc (5 mol%) \Sli ;
dtbbpy (6 mol%) RN H
O, / NFSI (2 equiv) N :
B—=—=—Si— : = |
OO O 302 \ Li,CO3 (2 equiv) W
4 et PhH:DMA (4:1)(0.2 M) QO : | !
3.01a 4 equiv 30°C, 16 h 3,030 E Z
63% : dtbbpy

Scheme 3.06. Alkynylation of 1-ethyl-napthalene. Adapted from Kramer et al.!!

3.3  Optimization

Initially, the copper source was screened. In the latest reports of copper catalyzed radical relay both Cu(l)
and Cu(ll) species have been reported as the catalyst. Accordingly, some Cu(ll) species were included, but
as CuOAc outperformed Cu(OAc); (65% vs. 58%), Cu(l) species appeared marginally better (Table 3.01,
entries 1-2). Additionally, various copper counter ions were tested, but acetate remained the best choice
(Table 3.01, entry 2-8). While CuOAc was the best choice, the type of copper source did not appear crucial
as most copper species furnished the product in similar yields. Notably, the catalyst loading could be
reduced to just 2.5 mol% without any noteworthy reduction in yield (Table 3.01, entry 9), however,
increasing the CuOAc loading to 10 mol% did not result in more product formation (Table 3.01, entry 10).
A control experiment revealed that copper is crucial for the reaction (Table 3.01, entry 11)
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Table 3.01 Evaluation of copper source.

[Cu] (5 mol%) \Sli
dtbbpy (6 mol%) - \\
NFSI (2 equiv)

O, /
B—=—s{—
OO 0 302 Li,COs (2 equiv) OO

3.01a 1.4 equiv PhH:E;'(\)/I/;\ C(4116 )(:.2 M)
3.03a

Entry Copper source Yield [%]®
1 CuOAC s

2 Cu(OAc), sg

3 Cu(OTf), 56

4 Cul-DMS -

> CuBr-DMS 51

6 cucl 53

7 Cu(acac), 47

8 CuSO4-4H,0 51

9 CuOAC!! 63

10 CUOAC 2

11 No Cul 6

Reaction conditions: 3.01a (0.20 mmol), 3.02 (0.28 mmol), Cu (5.0 mol%), dtbbpy (6.0
mol%), NFSI (0.40 mmol), Li,CO3 (0.40 mmol), PhH:DMA(4:1, 2 mL), 30°C, under argon
for 16 hours. [a] Based on 1H NMR relative to internal standard. [b] 2.5 mol% CuOAc
and 3% dtbbpy. [c] 10 mol% CuOAc and 12 mol% dtbbpy. [d] No dtbbpy either.

A ligand screen revealed that a bidentate nitrogen based ligand was crucial for the reaction (Table 3.02,
entries 1-7). The tridentate ligand, Terpy, only performed marginally better than having no ligand, 26%
yield vs. 23% yield (Table 3.02, entries 8-9). Ligands in the bipyridine and in the phenanthroline families
performed similarly, but the common ligand, dtbbpy, remained the best choice.
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Table 3.02 Evaluation of ligand effect.

CuOAc (5 mol%) \sl'
L (6 mol%) PN
o} / NFSI (2 equiv) N
B—=—si—
OO 0 302 Li,CO3 (2 equiv) OO
301a 1.4 equiv PhH:Z’gﬂ/j(:(j‘;z)(:~2 M)
3.03a
MeO OMe
= = = = — — o O
o0 00 o
N N N N N7 N7 n N \N]'f,,/Ph
dtbbpy bpy dMeO-Bpy Bn-BIOX
Ph Ph
¢ Q D % \Q \S 7\ N\
=N N= =N N= =N N=
Phen BPhen Me,-Phen Terpy
Entry Ligand Yield [%]®!
1 dtbbpy 65
2 Bpy 51
3 dMeO-Bpy 52
4 Bn-BIOX 61
5 Phen 52
6 Bphen 64
7 Mes-Phen 60
8 Terpy 26
9 No Ligand 23

Reaction conditions: 3.01a (0.20 mmol), 3.02 (0.28 mmol), CuOAc (5.0 mol%), ligand (6.0 mol%), NFSI (0.40
mmol), Li;CO3 (0.40 mmol), PhH:DMA (4:1, 2 mL), 30 °C, under argon for 16 hours. [a] Based on 1H NMR
relative to internal standard.

For this type of chemistry alkali carbonates seems to be essential. Liu and co-workers found, that for their
arylation of benzylic C-H bonds Li»COs; were superior (besides alkali metal carbonates, hydroxides, tert-
butoxides and flourides were tested).”)*% Accordingly, a base screen was carried out which consistently
with the previous studies found that Li,CO3; was the best choice (Table 3.03, entries 1-5).
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Table 3.03 Evaluation of bases.

CuOAc (5 mol%) Na
dtbbpy (6 mol%) -
NFSI (2 equiv)

O, Y/
,B ——Si—
O 302 \ Base (2 equiv) OO

PhH:DMA (4:1)(0.2 M)

3.01a 14 equ 30°C, 16 h
3.03a
Entry Base Yield [%]®
1 Li»CO3 65
2 Na,CO3 58
3 K,CO3 54
4 Cs,CO3 39
5 No base 21

Reaction conditions: 3.01a (0.20 mmol), 3.02 (0.28 mmol), CuOAc (5.0 mol%),
ligand (6.0 mol%), NFSI (0.40 mmol), base (0.40 mmol), PhH:DMA (4:1, 2 mL), 30
°C, under argon for 16 hours. [a] Based on 1H NMR relative to internal standard.

Next, it was evaluated if increasing the amount of NFSI could further promote the reaction. Incrementally
increasing the equivalents of NFSI from two to four did not have any noteworthy effect (Table 3.04, entries
1-4). However, presence of NFSI is crucial for the reaction to occur (Table 3.04, entry 5). Additionally,
increasing the equivalents of 3.02 to two equivalents also did not have any impact.

Table 3.04. Evaluation of NFSI equivalence.

CuOAc (5 mol%) ~
Yooy owam TN
OO O 302 © Li,CO5 (2 equiv) OO
1.4 equiv PhH:DMA (4:1)(0.2 M)
3.01a equ 30°C. 16 h o
Entry Equiv NFSI Yield [%]®
1 2 65
2 2.5 67
3 3 65
4 4 66
5 No NFSI 0

Reaction conditions: 3.01a (0.20 mmol), 3.02 (0.28 mmol), CuOAc (5.0 mol%),
dtbbpy (6.0 mol%), NFSI (x mmol), Li,CO3 (0.40 mmol), PhH:DMA (4:1, 2 mL), 30°C,
under argon for 16 hours. [a] Based on 'H NMR relative to internal standard.
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Lastly, an investigation of the nucleophilic partner was carried out. Most silyl groups furnished the desired
product in good yield, the tert-butyl dimethyl silyl group provided the product in essentially identical yields
(Table 3.05, entries 1-2), whereas the other silyl groups slightly reduced the yield (Table 3.05, entries 3-
5). However, when changing the silyl group to either a phenyl or a n-propyl group the yield was
significantly reduced (Table 3.05, entries 6-7). It is not clear why aryl and alkyl substituted alkynyl boronic
esters perform poorly. Luckily, the use of silyl substituted alkynyl boronic ester presents an advantage as
they allow for easy access of terminal alkynes.

Table 3.05 Evaluation of alkyne nucleophiles.

CuOAc (5 mol%)

dtbbpy (6 mol%) R \\
O\B — NFSI (2 equiv)
/ — ~N
IOO o Li,CO5 (2 equiv) OO

1.4 equiv PhH:DMA (4:1)(0.2 M)
3.01a 30 °C. 16 h
Entry R Yield [%][!
1 TMS 65
2 TBDMS 64
3 TIPS 57
4 DMPS 54
5 TES 58
6 Ph 33
7 n-Pr 17

Reaction conditions: 3.01a (0.20 mmol), alkynylboronic ester (0.28 mmol), CuOAc (5.0
mol%), dtbbpy (6.0 mol%), NFSI (0.40 mmol), Li,CO3 (0.40 mmol), PhH:DMA(4:1, 2
mlL), 30°C, under argon for 16 hours. [a] Based on 'H NMR relative to internal
standard. Adapted from Kramer et al.!!
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During the course of the project Liu and co-workers published their work on essentially the same reaction
(Scheme 3.07). Although a slightly different nucleophile was used, they obtain same product in high yields
and even high enantioselectivity.® As the paper by Liu and co-workers had shattered the novelty of the
project, it was decided to expedite the project and focus on finishing a small scope.

Cul (10 mol%) \Sli
3L1 (12 mol%) T
Q / NFSI-2 (2 equiv) \":,
o- Sl Si—
—0 \ Na,CO3 (3 equiv)
4 equiv 1,2,4,5-CgH,oF4:DMA (4:1)
rt, 60 h
910/0, 93% ee
F
o ] f
/7 W
Sy U
F
NFSI-2

Not commercial
not commerlcal

Scheme 3.07. Liu’s report on enantioselective alkynylation of benzylic C-H bonds.18]

3.4  Scope

To evaluate the robustness of the protocol a small scope focusing on functional group tolerance was
carried out (Scheme 3.08). Gratifyingly, various functional groups were tolerated, albeit with a slight yield
erosion. The functional groups include an aryl chloride (3.03c), aryl bromides (3.03b and 3.03d), an alkyl
bromide (3.03e), an alkyl chloride (3.03f), a methoxy ether (3.03g), a silyl ether (3.03h), esters (3.03i-
3.03j), a diethyl phosphonate ester (3.03k), a primary methansulfonate (3.03l) and a phtalimide-protected
amine (3.03m). The tolerance towards these sensitive functional groups illustrated the mildness of the
reaction conditions. Unfortunately, the protocol was limited to 1-alkyl napthalenes as the benzylic C-H
source. 4-Ethylanisole only furnished the product in 16% (NMR yield), similarly, 2-ethyl naphtalenes were
also inactive. However, the reaction could be scaled five times (1 mmol) without any noteworthy changes,
3.03a was isolated in 60% yield.
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CuOAc (5 mol%) \Sli
R [) I
dtbbpy (6 mol%)
NFSI (2 equiv)

O@ o 302 Li,CO3 (2 equiv) ! E

PhH:DMA (4:1)(0.2 M)

(3.02a-n) 1.4 equiv 30°C, 16 h
(3.03a-n)
~ I \SII \Sli \SI \O
. P > Ssi
ASi [ A A A
Br Cl Br
3.03a ol 3.03b 3.03¢c 3.03d
63%(60%) 51% 49% 50%
\Sli \Sli cl \Sli o \sli
7 7 7 7
X X A\ X Y/
Br O j<
3.03e 3.03f 3.03g 3.03h
53% 54% 48% 42%
| o \ \_o
I O\ .0 S//
>si S N° Ssi “ oJ\ ~d R >si A
- o)
S S ~J 1\
3.03i 3.03j 3.03I
y 3.03k o
52% 43%
° 45% 539%
\Sli ORO
TN X
Si
(0] [ ~
! 3.03n
(16)%
3.03m
34%

Scheme 3.08. Scope of C-H source in the benzylic C-H alkynylation. Reaction conditions: C-H source (0.20 mmol), 3.02 (0.28 mmol),
CuOAc (5.0 mol%), dtbbpy (6.0 mol%), NFSI (0.40 mmol), Li,CO3 (0.40 mmol), PhH:DMA (4:1, 2 mL), 30 °C, under argon for 16

hours. Isolated yields. [a] The reaction carried out in 1 mmol scale, everything scaled 5 times (carried out in 20 mL vial). Adapted
from Kramer et al.l1]
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3.5 Investigation of the Reaction Mechanism
Comparison with Liu’s protocol

The main difference between the protocol developed by Liu et al. and our protocol was the nucleophile.
Accordingly, we decided test their nucleophile under our conditions. Carrying out an experiment with our
standard conditions with their trimethoxysilyl nucleophile furnished the desired product in essentially
same yield 65% isolated (vs. 63%)(Scheme 3.09).

CuOAc (5 mol%) ~
dtbbpy (6 mol%) -
NFSI (2 equiv)

/

\ Q /

OO O',Si — Si\_ LioCO3 (2 equiv)

= _ PhH:DMA (4:1)(0.2 M) OO
3.01a 1.4 equiv 30°C, 16 h

3.03a
65%

Scheme 3.09. Alkynylation of 1-ethyl naphthalene using Liu’s trimethoxysilyl nucleophile under our reaction conditions. Adapted
from Kramer et al.11]

Besides using four equivalents nucleophile to achieve high product formation, they also rely on custom-
made reagents and ligand, NFSI-2 and 3L1 in combination with 1,2,4,5 CsHyFs (Scheme 3.07).18
Manipulation of chiral ligands and synthesis of NFSI-type reagents are costly endeavors in addition to the
use of 1,2,4,5 CsH,F4, which is an extremely expensive solvent (51 €/mL for 1,2,4,5 C¢HaF4 and 0.1 €/mL
for PhH (Sigma-Aldrich)). Overall, while Liu and co-workers protocol is very impressive, it is not easy to
utilize by others. Contrarily, our protocol can be carried out solely with commercial reagents providing
the desired products in synthetic useful yields, (3.02 is not commercially available — but the TBDMS alkynyl
boronic ester is) nicely complimenting Liu and co-workers protocol.

When investigating the relative reactivity of the two nucleophiles we found the boronic ester were far
more reactive (Scheme 3.10). In order to tell the products apart we used the TBDMS boronic ester
nucleophile as it provided the same yield as the TMS (Table 3.05, entries 1 and 2). After 20 minutes, 78%
of the formed product came from the boronic ester, while only 22% originated from the trimethoxysilyl
nucleophile. Assuming both nucleophiles follow same mechanism, it appears as the transmetalation
occurs much faster with the boronic esters.

-
N |
,SI ——Si— R3Si
o \ CuOAc (5 mol%) A
\ . dtbbpy (6 mol%)
OO 1.4 equiv NFSI (2 equiv)
o} Li,CO3 (2 equiv) OO
0 ;}g:ﬁol B——= \si_é PhH:DMA (4:1)(0.2 M)
' O’ / 30 °C, 20 min TBDMS:TMS = 78:22
1.4 equiv Combined Yield: 16%

Scheme 3.10. Nucleophile competition in the alkynylation of 1-ethyl naphthalene. Adapted from Kramer et al.[!]
The Presence of Radicals

As the reaction was believed to proceed via a radical relay process, radical intermediates should be
present in the reaction and the addition of radical scavengers should inhibit the reaction. When carrying
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out the standard reaction with two equivalents of the radical scavenger, (2,2,6,6-tetramehylpiperidin-1-
yl)oxy (TEMPO), no product was observed. Unfortunately, it was not possible to detect the presence of
the 3.01a-TEMPO adduct (Scheme 3.11a). Carrying out the reaction in air, led to a reduction in yield (45%
vs. 63%), additionally a ketone species was observed which could arise from the oxygen trapping of a
benzylic radical (Scheme 3.11b). Lastly, an experiment containing 1 equiv of bromocarbontrichloride was
conducted, which resulted in 22% bromination at the benzylic position (Scheme 3.11c). These experiments
all suggest that radical intermediates are present in the reaction.

CuOAc (5 mol%)

a)
io\ LSk ey
B—=—si— N
Oe o 302 (') Li,CO3 (2 equiv) O
1.4 equiv PhH:DMA (4:1) (0 2 M)

3.01a 2 equiv 30 °C, 16
3.03a Not observed
No product
) Ny
CuOAc (5 mol%) S o
o __ v dtbbpy (6 mol%) N

OO O,B = SI\— NFSI (2 equiv) OO

3.02 . .

1.4 equiv Li,CO3 (2 equiv) OO
3.01a PhH:DMA (4:1)(0.2 M)
30°C,16h 3.03a 7%
In Air 45%

CuOAc (5 mol%)

c)
dtbbpy (6 mol%)
o — 7 NFSI (2 equiv)
B— SI\— CBrCls
o 3.02 1 equiv Li,CO3 (2 equiv)
. PhH:DMA (4:1)(0.2 M)
1.4 equiv

3.01a 30°C,16 h

3.03a 229,
36%

Scheme 3.11. Radical scavenging experiments; TEMPO (a), air (b) and bromocarbontrichloride (c). Adapted from Kramer et al.[!]

Lastly, we developed an enantioselective procedure, focusing on commercially available reagents. By
exchanging the racemic ligand for a BOX ligand, 3L2, resembling the one used by Liu and co-workers the
product was obtained in 68% ee and 47% yield (*"H NMR)(Table 3.06, entry 1). While increasing the catalyst
loading slightly increased the ee it decreased the yield (Table 3.06, entry 3). However, reducing the polarity
of the solvent by altering the ratio between benzene and DMA significantly increased the ee (from 68%
to 76% ee) (Table 3.06, entries 1 and 4). Exchanging benzene for hexaflourobenzene, a cheap alternative
to 1,2,4,5-CgH,F4, further increased the enantioselectivity to 85% ee, however, it also severely reduced
the yield (Table 3.06, entry 5). Finally, it was found that the catalyst loading could be reduced to solely 2.5
mol% furnishing the product in 48% yield and 78% ee. Again, this result cannot compete with the protocol
developed by Liu et al., but stands out, as a cheap more convenient method. To ensure generality of the
protocol, three enantioenriched products were synthesized using this protocol (Scheme 3.12).
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Table 3.06. Development of an enantioselective protocol.

CuOAc (5 mol%) ~N, I
3L2 (6 mol%) - \\

Sl é Ow><r0 i
0 NFSI (2 equi o el :
oS Yoy Jecas oy
O 302 Li,CO; (2 equiv) : N ;
3.01a 1.4 equiv PhH:DMA (4:1)(0.2 M) OO 5 3L2 :
r, 24 h ..o K
(R)-3.03a
Entry Modifications Yield [%]"! Enantiomeric Excess
(%]

1 None 47 68

2 5h 45 68

3 10% Cu, 12% 3L2,5 h 40 70

4 PhH:DMA (9:1) 41 76

5 PhFs:DMA (9:1) 19 85

6 2.5% Cu, 3% 3L2, PhH:DMA (9:1) 48 78

Reaction conditions: 3.01a (0.20 mmol), 3.02 (0.28 mmol), CuOAc (5.0 mol%), 3L2 (6.0 mol%), NFSI (0.40 mmol), base (0.40 mmol),
PhH:DMA(4:1, 2 mL), rt, under argon for 16 hours. [a] Based on 'H NMR relative to internal standard [b] Enantiomeric excess
determined by chiral GC-FID.

CuOAc (2.5 mol%)
3L2 (3 mol%)

O, 7 NFSI (2 equiv)
B—Si—
O 302 \ Li,CO3 (2 equiv)
3.01 1.4 equiv PhH:DMA (9:1)(0.2 M)

I
Na.
Si
7
A

\‘\\\

rt, 20 h
(R)-3.03
\Sll \Sll \sl' cl
e e Pl
X X X
Br
(R)-3.03a (R)-3.03f
47%, 74% ee (R)-3.03b 43%, 86% ee

42%, 74% ee

Scheme 3.12. Scope of 1-ethyl naphthalenes in the enantioselective benzylic C-H alkynylation. Adapted from Kramer et al.[!]

The unambiguous enantioinduction caused by the chiral ligand suggest that the C-C bond formation
occurs in close proximity to copper. This observation in combination with the presence of radical
intermediates are both consistent with the radical relay mechanism illustrated in Scheme 3.04.
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3.6 Applications

The addition of the TMS protected alkyne is an attractive reaction as it is a highly useful functional group
that can undergo a multitude of different transformations (Scheme 3.13). It can directly be reduced to
either an alkene TMS or an aliphatic TMS or oxidized to a carboxylic acid. The TMS group can easily be
removed affording the terminal alkyne. Terminal alkynes are routinely used in copper catalyzed click
chemistry with azides, used as nucleophiles in combination with a base, and used in Sonogashira-type
cross-coupling reactions.[**22

Pd/C 10 wt.% (2.5 mol%)
H, (balloon), heptane, rt, 24 h

H

HOOG RuCl; (15 mol%) S T
NalOy4 (4 equiv) S KF (10 equiv)
- .
OO CCly:MeCN:H,0 MeOH, rt OO
(1:1:15), 1t, 18 h 40h
55%
81%
Ref. 18
‘ Ref. 18

Scheme 3.13. Product derivatisations. Adapted from Kramer et al.[!l
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3.7 Conclusion and Outlook

In this work, we have developed a benign protocol for the direct alkynylation of benzylic C-H bonds using
alkynyl boronic esters. The method relies on commercial reagents, low catalyst loading and near-
stoichiometric substrate ratios. This is the first example of benzylic C-H alkynylations using alkynyl boronic
esters as the nucleophile in the copper-catalyzed radical relay reaction. A substrate scope revealed that
1-alkyl napthalenes with various functional groups and alkynyl boronic esters bearing terminal silyl groups
were well tolerated. Additionally, the trimethoxysilyl alkyne species explored by Liu and co-workers could
be utilized in our protocol providing identical reaction outcome, however, it was found that the boronic
esters reacted much faster. Lastly, we have demonstrated that when employing chiral ligands the
enantioenriched product, 74-86% ee, is afforded at room temperature.

Although this project will remain within the shadow of Liu’s work, | believe it presents a more
approachable methodology. The development of new convenient protocols is an important task towards
a more efficient chemical industry. To further improve this work, expanding the scope of C-H substrates
to (alkyl-benzenes) benzylic substrates would be extremely valuable as these are much more abundant
motifs in the fine chemical industry.
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4) Combined Nickel- and Photoredox-Catalyzed
Direct C-H Allylic Alkylation

While at external stay in ICIQ, Tarragona, Spain with Prof. Ruben Martin | was introduced to the
combination of photoredox and transition metal catalysis. | proposed a new project utilizing combined
photoredox and nickel catalysis to functionalize allylic C-H bonds, the project is described in this chapter.
While the idea was developed at ICIQ the majority of the work was carried out at DTU.

4.1. Introduction to Photoredox Catalysis in Organic Chemistry

The concept of molecules harnessing visible light to promote its redox properties have been studied for
almost 85 years since the synthesis of Ru(bpy)sCl, was first reported.!* Since then, such molecules have
been studied by physicists and inorganic chemists for its application within photovoltaic cells, water
splitting and energy storage.?™ But within the last decade the use of photocatalysts within synthetic
organic chemistry have sparked great interest.

The principle of photocatalysts are based on an efficient visible-light induced formation of a long-lived
excited state. This means that when a photocatalyst is excited, it mainly, through intersystem crossing,
forms a long-lived triplet state, rather than going back to its ground state through fluorescence. For most
of the Ru and Ir based photocatalysts the nature of the triplet state is bipolar, meaning that these species
can undergo single electron oxidation or reduction. These processes are called oxidative or reductive
quenching (Scheme 4.01a).”!

a) Oxidant

pc!
f \ Oxidative Quenching
pc" % PC™  Bipolar species
\ P /Reductive Quenching

Reductant

2+
2Cr

PF
6 Clo,

Ru(bpy)sCl, Ir[dF(CF3)ppy]a(dtbbpy)PFg [Acr-Mes]CIO,4
Ir-1

Scheme 4.01. a) The cycles of photoredox catalysts. b) Three common photoredox catalysts.
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One of the first examples beautifully merging photoredox catalysis with organocatalysis came in 2008
when Nicewicz and MacMillan disclosed a protocol for a direct asymmetric akylation of aldehydes. The
excited photocatalyst Ru(bpy)s**", oxidizes an organocatalyst-substrate intermediate, resulting in a
Ru(bpy)s* species which can reduce an alkyl halide species to form an electron-deficient alkyl radical
(Scheme 4.02a).1®

Six years later MacMillan in collaboration with Doyle and co-workers published the first work on combined
nickel and photoredox chemistry. In here, they demonstrated the decarboxylative cross-coupling of
amino-acids with aryl halides. The photocatalyst is responsible for carrying out the decarboxylation to
form an alkyl radical, which can combine with a nickel(ll) species and subsequently undergo reductive
elimination to form the desired product and a nickel(l) species, the reduced photocatalyst reduces the
nickel(l) species to nickel(0), reforming both active catalysts simultaneously (Scheme 4.02b).I”! The merger
of nickel and photoredox chemistry have seen a rapid development since its birth in 2014, which this
chapter is a testimony to.

a)
o Ru(bpy)sCly (0.5 mol%) oo |
JH )C\OzEt 4A (20 mol%) D G N} -é HOTf
H : " .
Br” NCO,Et HJ\H\C%B : N
n-Hex 2,6-lutidine, DMF, 23 °C, n-Hex H

15 W fluorescent light
93%, 90% ee :

MacMillan et al., 2008 :

Ir-1 (1 mol%)
NiCly+glyme (10 mol%)

Boc
oc I dtbbpy (15 mol%) l\ll
OH \©\ Cs,CO3, DMF, 23 °C,

26 W CFL light 78%

b)

-

b

MacMillan et al., 2014

Scheme 4.02. a) The merger of photoredox and organocatalysis.'®! b) The merger of nickel- and photoredox-catalysis.!)

4.2.  Background

In recent years, combined photoredox and nickel catalysis has emerged as a powerful tool to forge C-C
bonds directly from weak C-H bonds. One of the first examples appeared in 2016 when MacMillan and
co-workers developed a protocol utilizing a tertiary amine hydrogen atom transfer (HAT) catalyst, a
photocatalyst and a nickel catalyst to efficiently couple (hetero)aryl bromides with a-amino and a-oxy
C(sp®)-H bonds (Scheme 4.03a).1®

Same year, Molander and co-workers developed a protocol, coupling aryl bromides with a-heteroatom
(N, O, S) C(sp®)-H bonds (Scheme 4.03b).”! Doyle and co-workers reported a similar account utilizing aryl
chlorides as coupling partners in addition to a system coupling N-phenylpyrrolidone and aryl iodides
(Scheme 4.03c-d).r Molander’s and Doyle’s systems used the C-H source as solvent and they found

61



that the reaction took place without the presence of a HAT catalyst.?'l?®! A year later, in 2017, MacMillan
and co-workers further extended the protocol to include aliphatic bromides as coupling partners.[*?

3-acetoxyquinuclidine (1.1 equiv)
Ir-1 (1 mol%)

a)
Boc Br NiBr,+3H,0 (1 mol%) 5
N 4,7-dOMe-Phen (1 mol%) NOC CO,Me
Q H,O (40 equiv), DMSO (0.25 M)
2 equiv CO,Me 34 W blue LED, fan 0%

MacMillan et al., 2016

Ir[dF(CF3)ppyl2(bpy)PFs (2 mol%)
b) Ni(NO3),*6H,0 (5 mol%)

Br dtbbpy (5 mol%) CO,Me
:O: DMBP (25 mol%) (o}
K,HPO, (2 equiv)
solvent CO,Me 26 W CFL, rt 75%
Molander et al., 2016
el Ir-1 (2 mol%)

c)
O
solvent

Doyle et al., 2016

d)

3 equiv

Doyle et al., 2016

4,7-dOMe-Phen

Ni(COD), (10 mol%)
dtbbpy (15 mol%)

(17/@/
K3PO, (2 equiv)

34 W Blue LED, 23 °C 70%

Ir-1 (2 mol%)
NiCl,eglyme (10 mol%)
BIOX (30 mol%)

IIDh
YD/@/

KOH (3 equiv), DMF

34 W Blue LED, rt 88%
0]
(o) 0]
oQ,, 0F
N N
MeO OMe

DMBP

Scheme 4.03. Previous work on nickel photocatalyzed direct C-H arylation.

In 2018, Martin and co-workers developed a system utilizing a diaryl ketone photosensitizer essentially
functioning as both photoredox catalyst and HAT catalyst."'3! Additionally, they were able to extend the
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protocol to alkylations via aliphatic bromides (Scheme 4.04). Subsequently, Hashmi and co-workers
developed a similar system with benzaldehyde as photosensitizer.!* In 2020 Konig and co-workers
developed a system for coupling of THF at the a-oxy C-H bond and aliphatic bromides without the
presence of a HAT catalyst. The system was limited to THF as C-H coupling partner and required it as
solvent. 1%

Ni(acac) (10 mol%) .
dtbbpy (10 mol%) :

(0]
o Ph 4B (10 mol%) 0 !
< 7 Br/\/\/ . Q/\/\/Ph ;
Na,CO3 (1 equiv) .
. MeO 4B CF3

solvent CF3COzNa (1 equiv) 86% :
32 W CFL, rt :

Martin et al., 2018

Scheme 4.04. Example of combined nickel- and photoredox-catalyzed direct C-H alkylation.

After the initial wave of research mainly focusing on the direct functionalization of C-H bonds in THF-like
molecules the expansion to other molecules containing weak C-H bonds have commenced. In 2017
Murakami showed that benzylic C-H bonds could be directly arylated in the presence of nickel and UV
light without the need for a photocatalyst (Scheme 4.05a).1'®! Two years later, Lu and co-workers
developed an enantioselective protocol. They were able achieve couplings in good vyields and
enantioselectivities (80-92% ee) (Scheme 4.05b).1'” At the time, the best example of enantioselective
synthesis employing nickel photoredox catalysis only provided 54% ee, highlighting the novelty of their
work.[*3!

a) ,
Br ‘ S
NiCl,(dtbbpy) (5 mol%) : | N
E \Ni’CI
2,6-lutidine (2 equiv), rt, OMe : N *Cl
OMe

UV light : I
95% H A

solvent !
Murakami et al., 2017 NiClx(dtbbpy)
b)

Ir[dF (CF3)ppyla(dtbbpy)Cl (2.2 mol%) ;

Br NiCly*glyme (20 mol%) . : \\
4AC (20%) H : N -

N
S,
DMBP (25 mol%), OMe \\‘ NN

5 equiv OMe K,HPO, (2 equiv), dioxane, .
rt, 8 W blue LEDS 58%, 90% ee
Lu etal., 2019 4C

Scheme 4.05. Previous work on nickel photocatalyzed C-H arylation of benzylic substrates.
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Another type of compounds containing C(sp®)-H bonds with similar bond dissociation energy (BDE) to
benzylic and a-heteroatom (N, O, S) C(sp®)-H bonds are allylic C-H bonds. The first example of
photocatalyzed allylic C-H arylation came in 2015, where MacMillan and co-workers developed a protocol
for allylic arylation of alkenes utilizing cyanoarenes and a combination of a photocatalyst and a thiol-based
organocatalyst.'®! While this was impressive at the time, it has some drawbacks. The use of activated
cyanoarenes presents a much more limited coupling partner, compared to aryl bromides. More crucial,
the arylation of linear terminal alkenes provided no selectivity in regard to branched/linear arylation
(Scheme 4.06).

CNIr(ppy)s (1 mol%) Z
(i-Pr)3SiSH (5 mol%) CN
M
K,CO3, acetone, =
CN

10 equiv o .
CN 23 °C, 26 W light

1.4:1 ratio
63%
MacMillan et al., 2015

Scheme 4.06. First example of photocatalyzed direct arylation of allylic C-H bonds.

In 2018, Rueping and co-workers developed a combined nickel -and photoredox-catalyzed protocol for
the direct arylation of allylic C-H bonds. However, the types of alkenes were limited to either tri or tetra
substituted alkenes (Scheme 4.07).1*%!

[Acr-Mes]CIO4 (5 mol%)
NiClyeglyme (10 mol%)

« dtbbpy (15 mol%) X
2,6 lutidine (2 equiv) CO,Me

. DCE (0.25M),
10 equiv COzMe Blue Light, rt 86%

Rueping et al., 2018

Scheme 4.07. Example of combined nickel- and photoredox-catalyzed direct arylation of allylic C-H bonds.

With precedence for nickel affording the linear product in allylic alkylations and its capability to carry out
the allylic C-H arylation we envisioned a selective arylation of terminal alkenes should be possible and
potentially even selective allylic alkylations.[29/21]
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4.3.  Project Initiation and Optimization

We began our investigation with 1-hexene and 4-bromobenzotrifluoride. Gratifyingly, within a few rounds
of optimization reactions, conditions providing the linear product in 85% yield (*H NMR) was identified
(Scheme 4.08).

Ir-1(0.5 mol%)

Br NiCl,eglyme (5 mol%) .
dtbbpy (6 mol%) CFs
M
) Na,CO3 (1 equiv), Z
CF,4 10 equiv acetone (0.2M), 85%
(]

425 nm light, 30 °C, 20 h

Scheme 4.08. Developed protocol for selective arylation of 1-hexene.

While the reaction offers some novelty over Rueping and MacMillans protocols in regard to utilizing mono
substituted alkenes and selectively obtaining the linear products; the swift optimization prompted us to
investigate the much more challenging alkylation.

Ir-1 (0.5 mol%)
NiCl, glyme (5 mol%)

dtbbpy (6 mol%) X
©/\/\Br NS
4.01a 4.02a NaxCOs(1 equiv), 4.03aa
10 equiv MeCN (0.2M), 20%

425 nm light, 30 °C, 20 h

Scheme 4.09. First attempt at the selective alkylation of 1-hexene.

Using similar conditions in acetonitrile and 4.01a as alkyl bromide afforded the alkylation product 4.03aa
in approximate 20% vyield (uncalibrated GC) (Scheme 4.09). While this result was not impressive, it
illustrated the plausibility of such a transformation.

From the initial experiment, a multitude of by-products were observed (Scheme 4.10). The main by-
product being the homo-coupling, however, the reduced product was especially troublesome as the
reduced product overlapped with the product both in GC and in *H NMR making it extremely difficult to
distinguish the product from the reduced product.

ettt Observed By-products =~ ====================ns .

Reduced Product '

Homo-coupling

Halogen Exchange Dehalogenated Elimination

.....................................................................

Scheme 4.10. Representation of the observed by-products of the alkylation.

Luckily, it was found that changing the ligand from a bidentate to a tridentate ligand such as Terpy
suppressed the formation of the reduced product without compromising activity. With the simple
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solution, no further investigation into the mechanistic origin of this species was undertaken. At this stage,
yields were still poor, just below 30% with conversions around 80% (Scheme 4.11).

Ir-1 (1 mol%)
NiClyeglyme (10 mol%)

Br O Terpy (12 mol%) ©/\/\/\/\/
4.01a 4.02a Na,COs3 (1 equiv), 4.03aa

10 equiv DMF (0.2M) 28%
425 nm light, 30 °C, 20 h

Scheme 4.11. First reaction conditions that did not lead to the reduced product.

While struggling with pushing the yields it was realized that 1-hexene and DMF is not miscible, suggesting
that despite having 10 equivalents of alkene present, the available amount of 1-hexene was probably
much lower. It was hypothesized that if the reaction media could be modified to be miscible with 1-hexene
without losing the solvating strength of DMF, this would be highly beneficial for the reaction. This was
achieved by changing the solvent to a 1:1 mixture of DMF and benzene. This almost doubled the yield,
affording 4.03aa in 52% vyield (calibrated GC).

The last remaining challenge was to address the selectivity, with conversion reaching 100%, the main by-
product, the homo-coupling of 4.01a accounted for approximately 40%. Early in the optimization a range
of ligands had been tested, it was discovered that with 6,6’-dimethyl-2,2’-bipyridine as ligand no homo-
coupling was observed. This inspired the idea, that introducing sterically bulk near the coordination site
might aid suppressing the homo coupling. Unfortunately, terpyridines with substituents at the 6 position
are not readily available; neither commercially nor synthetically.

| X
— — o _
S, N\ / | N \J
NN S,N N
R R
Commercially availabe Not easily available Commercially available.

For R: i-Pr = (S)-i-Pr-Pybox

Scheme 4.12. lllustration of ligands suppressing the homo-coupling formation.

However, a ligand family commonly encountered in asymmetric copper and nickel catalysis; the Pybox
family resembles a terpyridine with alkyl groups at the 6 and 6" position (Scheme 4.12). At first sight, it
seems excessive to use a chiral ligand for a reaction that cannot yield a chiral product, however, (S)-i-Pr-
Pybox is cheaper than terpyridine (49 €/250 mg. vs. 67 £/250 mg (Sigma-Aldrich)).1?? Gratifyingly, utilizing
(S)-i-Pr-Pybox completely suppressed the formation of the homo-coupling by-product (Scheme 4.13).

Ir-1 (1 mol%)
NiBryeglyme (10 mol%)

Br AN (S)-i-Pr-Pybox (12 mol%) A
4.01a 23'023_ Li,CO3 (1.5 equiv), 4.03aa
equ DMA/PhH (1:1)(0.2M) Yield: 72%
425 nm light, 30 °C, 18 h Conversion: 86%

Scheme 4.13. Conditions suppressing both the reduced by-product and the homo-coupling by-product.

66



At this stage yields were around 70%, when reaction were run at approximately 30 °C, removing the air
cooling increased the temperature of the reactions to approximately 34 °C (temperature measured after
the reaction) allowing the reaction to reach full conversion. Reducing the nickel loading from 10 mol% to
5 mol% resulted in a further improvement, providing the product in 84% yield (calibrated GC yield)
(Scheme 4.14). This protocol was deemed satisfactory, but before concluding the optimization a few
variations to the final conditions were carried out (Table 4.01).

Ir-1 (1 mol%)
NiBr, glyme (5 mol%)

O/\/\Br O (S)-i-Pr-Pybox (6 mol%) A
4.01a 4.02a Li,CO3 (1.5 equiv), 4.03aa
20 equiv . Yield: 84%
DMA/P.hH (1:1)(0.2M) Conversion: 100%
425 nm light, 34 °C, 18 h

Scheme 4.14. Final optimized conditions.
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Table 4.01. Variations from conditions in Scheme 4.14.

Entry Variation from conditions in Scheme 4.14  Conversion Yield®
1 None 100% 84%(81%)
2 2.0% NiBr; glyme and 2.4% Ligand 90% 65%
3 3.0% NiBr; glyme and 3.6% Ligand 100% 83%
4 10% NiBr; glyme and 12% Ligand 100% 77%
5 dtbbpy as Ligand 70% 36%
6 3Me-Terpy as Ligand 100% 69%
7 PyBCAM as Ligand 100% 52%
8 Na,COs instead of Li,CO3 100% 71%
9 K,COs instead of Li,COs 80% 12%
10 NiBr; instead of NiBr,-glyme 100% 81%
11 NiCl, glyme instead of NiBr,-glyme 100% 41%
12 Nil, instead of NiBr,-glyme 100% 70%
13 DMA instead of DMA:PhH 100% 64%
14 PhH instead of DMA:PhH 0% 0%
15 No Ligand 60% 31%
16 No Nickel 0% 0%
17 No Light 0% 0%
18 No PC 0% 0%
19 No Base 10% 10%
20 Under Air 72% 58%

Reaction conditions: 4.01a (0.1 mmol), 4.02a (2.0 mmol), NiBr,-glyme (5 mol%),(S)-i-Pr-Pybox (6 mol%), Ir-
1 (1 mol%), Li,COs (0.15 mmol), DMA (0.25 mL), PhH (0.25 mL) at 34 °C for 18 h. [a] Yield determined by
calibrated GC, parenthesis = isolated yields.

2Cr

NH NH

RS
Z NH;*
N 3

3Me-Terpy PyBCAM
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The catalyst loading of the reaction could be reduced to 3 mol% without any significant change, however,
going below 3 mol% diminished yield and conversion. During the optimization, it was found that inorganic
carbonates are crucial for the reaction. Lithium carbonate can be exchanged for sodium carbonate with a
slight yield reduction; however, potassium carbonate was ineffective. Albeit, it should be noted, that the
particle size and homogeneity of the inorganic bases plays a part as this has an effect on the light
scattering within the reaction. The control experiments revealed that light, photocatalyst and nickel are
all crucial for the reaction.

4.4, Scope

To investigate the scope of the protocol the tolerance towards functional groups were evaluated.
Gratifyingly, a range of functionalities were tolerated providing moderate to good yields of the desired
products. The functionalities included esters (4.03ba-4.03da), a protected aldehyde (4.03ea), an alkyl
chloride (4.03fa), a pyrazole (4.03ga), a boc-amine (4.03ha), a terminal alkene (4.03ia), a phtalimide
(4.03ja), a methoxy ether (4.03la) and a nitrile (4.03ma). Additionally, three densely functionalized natural
compound derivatives were tolerated; a cholic acid derivative containing three secondary alcohols
(4.03na), an amino acid (4.030a) and a protected D-Ribose derivative (4.03pa). Lastly, it was found that
the protocol could even be extended to a secondary alkyl bromide (4.03qa) (Scheme 4.15).
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Ir-1 (1 mol%)
NiBryeglyme (5 mol%)
H (S)-i-Pr-Pybox(6 mol%)

LioCO3 (1.5 equiv)

4.01 4.02a DMA:PhH (1:1; 0.2M) 4.03
425 nm light, 34 °C, 18 h
o] 0O
X JJ\/\/\/\/\
©/\/\/\/\/ EtO = )LO/\/\/\/\/\/
4.03aa 4.03ba 4.03ca
81%, E/Z=6.1:1 84%, E/Z = 4.8:1 70%, E/Z = 5.6:1
(¢}
YI\O/\/\/\/\/\/ OY\/\/\/\/ NN
4.03da <,O 4.03ea . a4-03ff .
60%, E/Z = 5.3:1 61%, E/Z = 4.9:1 53%°, E/IZ=4.911
@ Bocs NSNS NN /\/\/\/\/\
N’N\/VWV\ N
H 4.03ia
4.03ga 4.03ha 65%, E/Z = 5.6:1
59%, E/Z = 5.3:1 50%, E/Z = 6.6:1 ~
(0] ~ Meo/\/\/\/\/\/
N/WW\/ 4.03la
66%, E/Z = 6.7:1
o 4.03ja 4.03ka
77%, EIZ = 4.9:1 CF, 86%, E/Z =6.1:1 NC AN
4.03ma
84%, E/Z = 4.6:1
Tt Natural Compounds "7 TTTomTommoommosmesmmasmasmasmnones :
5 o 5
, OMe 1
! NHBoc s :
: MeO _ — :
. K [OXggXe) :
: 4.03na 4.030a 4.03pa ;
: 49%, E/IZ = 4.9:1 69%, E/Z = 6.6:1 65%, E/Z = 4.6:1 E
E Steriod derivative Amino Acid derivative Sugar derivative :
1 h
Meo\n/\/k/\/\/
o 4.03qa

77%,E/Z =6.1:1

Secondary alkyl bromide

Scheme 4.15. Scope of alkyl bromides. Reaction conditions: 4.01 (0.3 mmol), 4.02a (6.0 mmol), NiBry-glyme (5 mol%), (S)-i-Pr-
Pybox (6 mol%), Ir-1 (1 mol%), Li,COs (0.45 mmol), DMA (0.75 mL), PhH (0.75 mL) at 34 °C for 18 h. [a] NiBr,-glyme (3 mol%), (S)-
i-Pr-Pybox (3.6 mol%), additionally 5% of the corresponding bromide was co-isolated.
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The scope of alkenes was also investigated; however, since the protocol employs alkenes in excess,
alkenes containing functional groups were mostly omitted. Most carbon skeletons were tolerated
(4.03aa-4.03bf), although a small decrease in yield were observed. Interestingly no isomerization of
4.03bc to the more stable styrene product was observed. Notably, using substrates with a functional
group at the allylic position leads to the corresponding vinyl functional group. A vinyl-TMS (4.03ag), a vinyl
methyl ether (4.03ah) and a styrene (4.03bi) were obtained (Scheme 4.16).

Ir-1 (1 mol%)
NiBryeglyme (5 mol%)
H (S)-i-Pr-Pybox (6 mol%)

Li,COj (1.5 equiv)
DMA:PhH (1:1; 0.2M) 4.03
425 nm light, 34 °C, 18 h

W j\/\/\/\/@
=
4.03aa EtO

=6.1: 4.03ab
81%, E/Z = 6.1:1
' 73%, E/Z =9.0:1 4-03t1c _
64%, E/IZ = 5.6:1

Eto)?\/\/\/):j

4.03ad 4.03ae 4.03bf
55% 57% 80%

O

- TMS X OMe
Q/V\/\/ ©/\/\/\/ Eto)‘\/\/\/\@
4.03ag 4.03bi

4.03ah A
63%, E/Z = 20:1 69%. E/Z = 5.3:1 56%”, E/Z = 1:1

Scheme 4.16. Scope of alkenes. Reaction conditions: 4.01 (0.3 mmol), 4.02 (6.0 mmol), NiBr,-glyme (5 mol%), (S)-i-Pr-Pybox (6
mol%), Ir-1 (1 mol%), Li»CO3 (0.45 mmol), DMA (0.75 mL), PhH (0.75 mL) at 34 °C for 18 h. [b] 42 h reaction.

Unfortunately, the protocol did not prove efficient for short olefins which are cheap and abundant from
the petrochemical industry: propene, 1-butene, isoprene and piperylidine all failed to give the desired

product in useful yields (Scheme 4.17).
Unsuccesful Substrates

PP PPN

Scheme 4.17. Unsuccessful alkene substrates



4.5. Discussion

While the reaction provides the desired product in high yields, it requires twenty equivalents of alkene.
Unfortunately, when reducing the amount of 1-hexene the yield quickly diminished. Reducing the amount
of alkene by five equivalents approximately reduced yield by 15% where yield drops from 84 to 69% with
15 equivalents and from 69 to 56% with 10 equivalents (Table 4.02 entries 1-3). This trend did however
not continue past 20 equivalents, adding five more equivalents of alkene only improved the yield with 5%
(Table 4.02, entry 4).

Table 4.02. Effect of 1-hexene equivalents.

Entry 1-Hexene equiv Conversion Yield®
1 10 100% 56%
2 15 100% 69%
3 20 100% 84%
4 25 100% 89%

Reaction conditions: 4.01a (0.1 mmol), 4.02a (x mmol), NiBrz-glyme (5 mol%), (S)-i-
Pr-Pybox (6 mol%), Ir-1 (1 mol%), Li,COs (0.15 mmol), DMA (0.25 mL), PhH (0.25 mL)
at 34 °C for 18 h. [a] Yield determined by calibrated GC.

When reducing the amount of 1-hexene full conversion remains, however, no other species were found
inthe GC. Considering that the product of the reaction is also an alkene, the product might start competing
with 1-hexene consequently leading to heavier by-products (Scheme 4.18). Thus, the excess amount of
alkene might protect the product via a concentration effect.

Ir-1 (1 mol%)

©/\/\Br NiBry-glyme (5 mol%)
4.01a (S)-i-Pr-Pybox (6 mol%)

e ——E

X Me  Li,cos (15 equiv)
4.03aa DMA:PhH (1:1; 0.2M)

425 nm light, 34 °C, 18 h

Possible "heavy" by-product

Scheme 4.18. Possible reaction between 4.01a and 4.03aa.

To investigate the hypothesis a competition experiment between trans-2-hexene and 1l-octene was
undertaken. The outcome of the reaction showed that 73% of the product originated from trans-2-hexene
and the remaining 27% from 1-octene suggesting that trans-2-hexene was 2.7 times more reactive than
1-octene. A control experiment between 1-hexene and 1-octene showed that they reacted with the same
rate. The increased reactivity of trans-2-hexene can be rationalized when evaluating the stability of the
formed radical, 2-hexene can form two secondary allylic radicals and a terminal alkene can form a primary
and a secondary allylic radical. However, the sterical hindrance around the radical is presumably
important for nickel’s ability to catch it. Which could be a reason for the unsymmetrical formation of the
branched products, with twice the amount of product originated from the least hindered radical (Scheme
4.19).
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Me ' !
WMB : 0.26 H

10 equiv Ir-1 (1 mol%) 5 S :
NiBrosglyme (5 mol%) : Me

M AN (S)-i-Pr-Pybox(6 mol%) A Me . W .
€ : H
10 equiv Li,CO3 (1.5 equiv) ©/\/\/0;/\/\/ 0.51

DMA:PhH (1:1; 0.2M)

' xMe :
g, 425nmlight, 34 °C, 18 h ; ©/\/\(\/ :
©/4\.01/a\ : 0.23 “Me :

................................

Scheme 4.19. Competition experiment between 1-octene and 2-hexene.
Role of the photocatalyst

The need for a photocatalyst in the reaction is indisputable. However, the photocatalyst’s mode of action
is not necessarily trivial. In most examples, the photocatalyst acts as single-electron transfer (SET) species,
but in some cases it is hypothesized to function as a triplet-energy transfer reagent; in Rueping and co-
workers allylic arylation they hypothesized that the photocatalyst functioned as a triplet-energy transfer
reagent. Subsequent to the energy transfer, the excited nickel complex can undergo homolysis of bromide
to yield a nickel(l) species and a bromine radical (Scheme 4.20). The nickel-halide homolysis have
previously been disclosed by Murakami and co-workers even without the presence of photocatalyst.[*®!

B 7 %

X A A

l N Br £ I ~-N Br I N
~ 7/ nergy-Transfer ~ 7/ A
Nil . Ni! - - Ni'—Ar Br

Y 7 Ar 7 Ar
N Z N Z N
X I NS ! NS !

Scheme 4.20. A potenial energy-transfer pathway to form of bromine radical.

To investigate the role of the photocatalyst we tried a series of different photocatalysts with different
triplet-energies and redox potentials (Table 4.03). No trend with regard to triplet-energy alone was
observed, however, the photocatalysts with a reduction potential of more than 1 V and an oxidation
potential of less than -1V (within the reductive quenching pathway) provided the product in significant
yields.
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Although these findings are not conclusive, they suggest the photocatalyst plays a role as a redox SET
species. The initial reductive quenching of the photocatalyst is hypothesized to occur through oxidation
of a bromide ion (initially a nickel counter-anion). The bromide radical should be able to abstract an allylic
hydrogen (BDE of H-Br is 366 kJ/mol and BDE of allylic 1-pentene C-H is 345 kJ/mol).”¥! Subsequently, the
Ir(Il) species could reduce a Ni(l) species, which would be consistent with the redox potentials
E1/2"4(Ni"/Ni®) =-1.2V versus SCE in DMF and in agreement with most of the literature. [810.12.17]

Table 4.03. Investigation of photocatalysts.

Reductive Oxidative
pC Quenching Quenching
E*red(V) E°%(V) E*°X(V) Eed(V) E.T Yield
(kJ/mol)

Ir-1 +1.21 -1.37 -0.89 +1.69 259 84%
Ir(dFppy).dtbbpy(PFs) +1.1 -1.4 -0.93 +1.63 234 73%
4-CzIPN +1.35 -1.21 -1.04 +1.52 222 38%
Ir(dFppy)s +0.76 -2.01 -1.46 +1.29 265 0%
Ru(bpy)s(PFs)z +0.77 -1.33 -0.81 +.1.29 196 0%
10-Me-Mes-Acr (ClO.4) +2.06 -0.57 N/A N/A 188 0%
[Ir(ppy)2(dtbbpy)]PFs +0.66 -1.51 -0.96 +1.21 205 7%

Reaction conditions: 4.01a (0.1 mmol), 4.02a (2.0 mmol), NiBry-glyme (5 mol%), (S)-i-Pr-Pybox (6 mol%), PC (1 mol%), Li,CO3
(0.15 mmol), DMA (0.25 mL), PhH (0.25 mL) at 34 °C for 18 h. [a] Yield determined by calibrated GC.
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Quenching studies

In order to support the hypothesis that bromide ions were responsible for quenching of the photocatalyst,
we conducted a quenching experiment. In here the phosphorescence of the photocatalyst is measured.
Addition of substrates that quench the photocatalyst via different pathways (redox pathways) results in a
reduced phosphorescence signal.

As expected did 4.02a or 4.01a not result in any quenching. This is in accordance with the redox potentials;
oxidation potential of 1-hexene is approximately +2.8V vs. SCE in MeCN and E*(E/E-)=+1.21V for Ir-1
(Figure 4.01).2% The reduction potential of alkyl halides is approximately -1.2V vs. SCE in DMF and
E*(E/E+)=-0.89V for Ir-1 (Figure 4.02).1°! In contrast, but consistent with our hypothesis Br quenches the
photocatalyst, indicating that the Ir-1 undergoes a reductive quenching (Figure 4.03).
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Figure 4.01. Quenching of Ir-1 with 4.01a.
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Figure 4.02. Quenching of Ir-1 with 4.02a.
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Figure 4.03. Quenching of Ir-1 with LiBr.
While the bromide ions do not originate from LiBr in the reaction, most of the bromide ions should after
a few catalytic cycles be present as LiBr. Furthermore, nickel complexes with tridentate ligands typically

leads to square planar complexes with counter anions, meaning that bromide ions are available even prior
to the first catalytic cycle.[26127]
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Radical Quenching

As the reaction was believed to occur via a radical pathway, the presence of radicals were investigated.
Addition of one equivalent of TEMPO to a standard reaction severely inhibited the reaction, only 29%
product vs. 84% (calibrated GC) was obtained. Unfortunately, no bromide or 1-hexene TEMPO-adducts
were observed. A TEMPO-4.01a adduct 4.04 (7% by uncalibrated GC) was observed. While the inhibition
of the reaction indicates that the reaction proceeds via radicals, the TEMPO-adduct also suggest that the
oxidative addition occurs via a radical pathway (Scheme 4.21a). However, 4.04 could also form from a SET
oxidation of TEMPO followed by a S\? reaction. Consequently, the experiment does not reveal the
presence of bromine or allylic radicals.

a) Ir-1 (1 mol%)
NiBryeglyme (5 mol%) X Me
i-Pr-Pybox(6 mol%) 4.03aa
Br N~ 29%
4.01a Li,CO3 (1.5 equiv)

425 nm light, 34 °C, 18 h

4.02a_ TEMPO (1 equiv) Cl)/\/\©
20 equiv DMA:PhH (1:1; 0.2M) A(NJL

7%

4.04
X Me
b) Ir-1 (1 mol%) ©/\/\/\/\/
NiBryeglyme (5 mol%) 4.03aa
i-Pr-Pybox(6 mol%) 57%
B NN
4.01a Li,CO3 (1.5 equiv)
4-023. 1-phenyl-1-propyne (2 equiv)
20 equiv DMA:PhH (1:1; 0.2M) N
425nm, 34 °C, 18 h O
4.05

4 isomers - 15% combined
Scheme 4.21. Radical trapping experiments. a) with TEMPO. b) with 1-phenyl-1-propyne.

Lu and co-workers found that with the addition of 1-phenyl-1-propyne to a similar protocol they were
able to catch a bromine radical.’” Unfortunately, when carrying out a standard experiment in the
presence of two equivalents 1-phenyl-1-propyne we were not able to catch a bromine radical. The
experiment essentially revealed the same as the TEMPO experiment, as the yield was diminished and a
4.01a adduct was identified (4.05) (Scheme 4.21b).

Ir-1 (1 mol%) X Me
NIBr,~glyme (5 mol%) ©/\/\/\/\/
(S)-i-Pr-Pybox(6 mol%) 4.03aa

0,
4.02a Li,CO3 (1.5 equiv) AN
20-equiv DMA:PhH (1:1; 0.2M)
425 nm, 34 °C,18 h 12%

Scheme 4.22. Observation of dodecene by-product from a standard reaction.

The main (and only observed) by-product from the standard reaction was dodecene (unknown isomer),
typically, around 12% (uncalibrated GC) (Scheme 4.22). We hypothesized this could be formed in two
ways, one involving addition of the allylic radical species to 1-hexene which after HAT from either solvent
or another hexene would lead to a dodecene species (Scheme 4.23a). Another possibility could be
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addition of the bromine radical to 1-hexene, which after HAT yields 1-bromohexene, which via the
standard catalytic pathways would lead to a dodecene species (Scheme 4.23b). Of the two routes, the
latter seems more probable. This can be rationalized by comparing the addition step. The addition of the
nucleophilic allylic radical to hexene, forming a new nucleophilic radical, should be less favorable than
addition of the electrophilic bromine radical to hexene. Speculation on favorability of the HAT step is tricky
as the hydrogen source could originate from both solvent and 1-hexene. Although this is mere
speculation, it hints at the presence of bromine and/or allylic radicals.

a)
PN : HAT
AN ﬁ» % - = NG
NN\
H
¢ \) HBr
b) Br
"Standard
Catalytic
N~ @ HAT Cycle”
. _— NN —_— AN
Br NN < Br Br — _

Scheme 4.23. Possible mechanistic routes to dodecene.

Based on previous studies and these mechanistic findings we propose the mechanism outlined in Scheme
4.24. Initially in-situ activation of the precatalyst 4.06A can form the proposed active Ni(0) species 4.06B.
The Ni(0) species could undergo oxidative addition of 4.01a furnishing the Ni(ll) species 4.06C.
Concurrently, the excited Ir-1"* species could oxidize a bromide counter-ion forming a bromine radical,
which undergoes HAT with 4.02a forming HBr and an allylic radical. The Ni(ll) species 4.06D could intercept
the allylic radical forming the Ni(lll) species 4.06E. Through reductive elimination of 4.06E the product
would be liberated forming the Ni(l) species 4.06F. Reduction of 4.06F via Ir-1" reforms both catalysts,
4.06B and Ir-1.
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Time Study

An initial time study revealed that the rate of the reaction proceeds in a linear fashion, at least until 8
hours and 48% yield (Figure 4.04). Although, this does not provide any conclusive information about the
reaction it does provide some information. The lack of an induction period suggest that the initial
activation of 4.06A is not a slow step relative to the reaction. Additionally, the linearity might indicate the
oxidative addition step is not rate-determining as one would expect a decay in reaction rate with dropping
substrate concentration. Similarly, oxidation of bromide does not seem to be the rate-determining step
as one would then expect the rate to increase as the reaction progressed and LiBr concentration increase.
However, these two effects could also cancel out each other.

50
45 R2=0.99 .
40 . )
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Figure 4.04. Kinetic profile of the standard reaction.
Halide Effect

Carrying out the standard reaction with the corresponding alkyl chloride 4.01a-Cl or iodide 4.01a-l
resulted in little to no product formation (Scheme 4.25). The inability of alkyl iodides to carry out the
reaction might seem puzzling at first, as the oxidative addition of alkyl iodides are typically facile.
Additionally, oxidation of iodide is much more facile than oxidation of bromide.?®?*! However,
considering the mismatch of BDE (BDE of H-I: 298 kJ/mol vs. allylic 1-pentene C-H is 345 kJ/mol) HAT from
iodide should a priori not occur and consequently no reaction should occur.'® As this is the case, it
supports the proposed mechanism involving HAT from a bromine radical, and it is consistent with systems
following a similar mechanism.*”1% |n case of the alkyl chloride, it is less surprising that the reaction does
not occur, as alkyl chlorides do not readily undergo oxidative addition and chloride is not easily
oxidized. 28129

As the initial experiment with 4.01a-Cl provided 10% product and coincidently, the same amount of
bromide is present from the nickel precursor, we speculated that by adding bromide additives the
protocol could be extended to alkyl chlorides. Unfortunately our conditions did not seem to facilitate
halide exchange efficiently. Adding one equivalent of LiBr only increased the yield to 23% and TBAB only
to 15% (Scheme 4.25).
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Ir-1 (1 mol%)
NiBryeglyme (5 mol%)

X (S)-i-Pr-Pybox(6 mol%) A
©/\/\ NN . . W/
4.01a-X Li,CO3 (1.5 equiv)

23-028_ DMA:PhH (1:1; 0.2M)
equiv 425 nm light, 34 °C, 18 h

X=Cl 10% vyield (0% w. NiCl, glyme)
X=Br 84% vyield

X=10% yield

X=Cl + 1 equiv LiBr 23% yield

X=Cl + 1 equiv TBAB 15% yield

Scheme 4.25. Effect of alkyl halides and different halide additives.

Post Modifications

The reaction presents a new way to forge a bond between two C(sp3); the only sign of the reaction is an
alkene in the a-position of the new carbon. This presents an advantage as the alkene moiety can be further
functionalized. 4.03aa smoothly undergoes epoxidation by treating it with mCPBA at room temperature
to yield 4.07 (Scheme 4.26a). Alkenes can also undergo catalytic oxidative cleavage using a combination
of RuCls and NalO, effectively adding a CH,COOH moiety to an alkyl halide yielding 4.08 (from 4.03aa)
(Scheme 4.26b). The use of allyltrimethylsilane as the alkene source yields terminal vinyl trimethylsilanes
4.03ae. The TMS group is smoothly removed by addition of p-toluenesulfonic acid in MeCN furnishing a
terminal alkene 4.09 (Scheme 4.26c¢).

™ Me MCPBA (2 equiv)
©/\/\4:;/\/ CHyCly, rt, 18 h

b) RuCl (10 mol%)
NalOy4 (4.5 equiv)

X Me
W MeCN:CCl,:H,0

(1:1:1.5; 0.07M)
rt, 24h

TsOH*H ,0 (2 equiv)

X _-TMS '

Y

4.03ae MeCN, rt, 18 h (P
4.09

Scheme 4.26. Product derivatisations: Reaction conditions: a) 4.03aa (0.15 mmol), mCPBA (0.3 mmol) in CH,Cl, (2 mL) at rt for 18
h. b) 4.03aa (0.15 mmol), NalO4 (0.68 mmol), RuClz (10 mol%) in MeCN/CCl;/H,0 (1:1:1.5, 2.1 mL) at rt for 24 h. c):4.03ae (0.1
mmol), TsOH-H,0 (0.2 mmol) in MeCN (2 mL) at rt for 18 h. Dotted line indicates what the bromide in 4.01a effectively have been
substituted with.
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Scaling up the standard reaction from 0.3 mmol to 1 mmol resulted in some yield erosion. As 59% isolated
yield was obtained (compared to 81%) (Scheme 4.27). The reaction is sensitive to the amount of light
available. This became evident during the optimization process, where we found the position of the
reaction relative to the light source had a significant effect. When scaling the reaction the surface area to
volume diminishes, due to change in vial diameter, and consequently the reaction receives less light,
which could explain the slight decrease in yield.

Ir-1 (1 mol%)
NiBryeglyme (5 mol%)

B (S)-i-Pr-Pybox (6 mol%) X
©/\/\ ' W ©/\/\/\/\/
4.01a Li,CO3 (1.5 equiv) 4.03aa

1 mmol 4.02a DMA:PhH (1:1; 0.2M) 59%

20 equiv 425 nm, 34 °C, 18 h
Scheme 4.27. 1 mmol scale reaction.

4.6. Conclusion and Perspective

In summary, we have developed a protocol for the direct alkylation of allylic C(sp3)-H bonds by alkyl
bromides. The protocol is simple and proceeds with excellent selectivity towards the linear product. The
work presents the first example of direct allylic C(sp®)-H alkylation using alkyl bromides and terminal
olefins. A substrate scope investigation revealed that various functional groups were tolerated, even
densely functionalized ones. Although the study was focused on primary alkyl bromides one example of a
secondary alkyl bromide shows the protocol can even be extended to secondary alkyl bromides. Various
olefins could be employed including alkenes resulting in vinyl-functionalized products. Preliminary
mechanistic experiments suggest that the photocatalyst acts by SET with a catalytic cycle intertwined with
the cycle of nickel.

The cross-coupling of two C(sp®) is a powerful tool for the junction of two functionalized moieties. Previous
C(sp®) cross-couplings have mainly relied on transition metal catalyzed couplings between alkyl halides
and organometallic nucleophiles. However, the use of alkyl organometallic nucleophiles presents many
drawbacks, e.g. stability issues and functional group tolerance challenges. The combination of transition
metal and photoredox chemistry enables otherwise impossible transformations, this project is an example
hereof.
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4.7. Experimental

General Information

'H NMR and C NMR spectra were recorded on a Bruker Ascend 400 spectrometer. The chemical shifts
are reported in ppm relative to solvent residual peak.3” The peak patterns are indicated as follows: s,
singlet; d, doublet; t, triplet; g, quartet; m, multiplet; dd, doublet of doublets; dt, doublet of triplets; dq,
doublet of quartets; qd, quartet of doublets; tt, triplet of triplets; ddd, doublet if doublets of doublets;
ddt, doublet of doublets of triplets; dtd, doublet of triplets of doublets. Mass spectrometry was performed
on either a Waters AQUITY UPLC system equipped with PDA and SQD2 electrospray (ESI) MS detector or
by GC-MS/FID analysis on an Agilant 7890A GC equipped with an HP-5 column and a 5975C VLMSD with
triple-axis detector (El). Column chromatography was performed on silica gel 60 (40-63 um). Anhydrous
solvents were obtained from the solvent purification system Puresolv MD-7. All commercial solvents,
reagents, nickel sources, and ligands were used as received without further purification. Quenching
experiments was performed on a PerkinElmer fluorescence spectrometer LS55.

Direct C-H Allylic Alkylation - General Procedure A:

Inside an argon—filled glovebox, a 4 mL vial was charged with Ir-1 (3.4 mg, 0.0030 mmol; 1.0 mol%),
NiBr,-glyme (4.5 mg, 0.015 mmol; 5.0 mol%), (S)-i-Pr-Pybox (5.4 mg, 0.018 mmol; 6.0 mol%) and Li.COs
(33 mg, 0.45 mmol; 1.5 equiv). Subsequently, a stir bar followed by DMA (0.75 mL, anhydrous) and
benzene (0.75 mL) were added. The vial was sealed with a Teflon-lined screw cap and taken out of the
glovebox. Outside the glovebox the vial was stirred for 5 minutes prior to addition of alkene 2 (6.0 mmol,
20 equiv) and alkyl bromide 1 (0.30 mmol, 1.0 equiv) via syringes, respectively (in case of solid substrates,
these were added inside the glovebox prior to addition of solvents). The reaction was placed in front of
an 18W 425 nm LED lamp and stirred for 18 hours. After 18 hours the reactions were directly purified by
column chromatography yielding the desired product. E/Z ratio was determined of the isolated product
via GC-FID, *H NMR or 3C NMR. To ensure reliable quantification results with 3C NMR, inverse-gated 3C
NMR experiments of 4.03aa and GC-FID quantification of the corresponding epoxide (4.08) were
evaluated, as they both provided the same E/Z ratio as determined by standard 3C NMR, determination
of E/Z ratio was deemed adequate with 3C NMR.

©/\/\/\/\/

(E)-Non-5-en-1-ylbenzene (4.03aa). The title compound was prepared according to General Procedure A
from 1-bromo-3-phenylpropane and 1-hexene. The reaction was purified by column chromatography
(pentane) furnishing 4.03aa as a colorless oil in 81% yield (49.2 mg). *H NMR (400 MHz, Chloroform-d) &
7.35-7.27 (m, 2H), 7.24 - 7.17 (m, 3H), 5.49 — 5.36 (m, 2H), 2.64 (t, / = 7.7 Hz, 2H), 2.14 — 1.95 (m, 4H),
1.72-1.60 (m, 2H), 1.48 —1.35 (m, 4H), 0.92 (t, J = 7.3 Hz, 3H). **C NMR (101 MHz, Chloroform-d) § 142.8,
130.4, 130.2, 129.9(minor (2)), 129.8 (minor (2)), 128.4, 128.2, 125.6, 35.9, 34.7, 32.5, 31.1 (minor (2)),
31.0, 29.4 (minor (2)), 29.3, 27.1 (minor (2)), 22.9 (minor (2)), 22.7, 13.8 (minor (2)), 13.7. MS (El) m/z (M**)
calcd for CysH,2: 202, found 202. E/Z ratio determined by *C NMR to 6.1:1
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Ethyl (E)-dec-6-enoate (4.03ba). The title compound was prepared according to General Procedure A
from ethyl-4-bromobutanoate and 1-hexene. The reaction was purified by column chromatography (5%
Et,0 in pentane) furnishing 4.03ba as a colorless oil in 84% yield (50.0 mg). *H NMR (400 MHz, Chloroform-
d) 6 5.39 (dq, J = 15.2, 5.2 Hz, 2H), 4.14 (q, J = 7.1 Hz, 2H), 2.34 — 2.27 (m, 2H), 2.10 — 1.93 (m, 4H), 1.65
(p,J = 7.5 Hz, 2H), 1.44 — 1.34 (m, 4H), 1.27 (t, J = 7.1 Hz, 3H), 0.90 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz,
Chloroform-d) 6 173.8, 130.7, 130.2 (minor (Z)), 129.8, 129.3 (minor (Z)), 60.2, 34.7, 34.3, 32.2, 29.3 (minor
(2)), 29.2 (minor (2)), 29.1, 26.8 (minor (Z)), 24.6 (minor (2)), 24.5, 22.8 (minor (Z)), 22.7, 14.3, 13.8 (minor
(2)), 13.7. MS (El) m/z (M"*) calcd for C12H2,0,: 198, found 198. E/Z ratio determined by 3C NMR to 4.8:1

0
)I\O/\/\/\/\/\/

(E)-Undec-7-en-1-yl acetate (4.03ca). The title compound was prepared according to General Procedure
A from 5-bromopentyl acetate and 1-hexene. The reaction was purified by column chromatography (5%
Et,0 in pentane) furnishing 4.03ca as a colorless oil in 70% yield (44.6 mg). *H NMR (400 MHz, Chloroform-
d) 6 5.42 —5.29 (m, 2H), 4.05 (t, J = 6.7 Hz, 2H), 2.04 (s, 3H), 2.02 — 1.92 (m, 4H), 1.65 — 1.56 (m, 2H), 1.39
—1.27 (m, 8H), 0.88 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) § 171.2, 130.32, 130.29, 129.83
(minor (2)), 129.80 (minor (2)), 64.6, 34.7, 32.5, 29.6 (minor (2)), 29.5, 29.3 (minor (2)), 28.9 (minor (2)),
28.7,28.6,27.1 (minor (2)), 25.82 (minor (2)), 25.77, 22.9 (minor (2)), 22.7, 21.0, 13.8 (minor (2)), 13.6. MS
(E1) m/z (M**) calcd for C13H240,: 212, found 212. E/Z ratio determined by 3C NMR to 5.6:1

0
>Hko/\/\/\/%/\/

(E)-Undec-7-en-1-yl pivalate (4.03da). The title compound was prepared according to General Procedure
A from 5-bromopentyl pivalate and 1-hexene. The reaction was purified by column chromatography (2.5%
Et,0 in pentane) furnishing 4.03da as a colorless oil in 60% yield (45.8 mg). *H NMR (400 MHz, Chloroform-
d) 6 5.46 —5.33 (m, 2H), 4.06 (t, /= 6.6 Hz, 2H), 2.07 - 1.91 (m, 4H), 1.63 (g, /= 6.8 Hz, 2H), 1.44 - 1.29 (m,
8H), 1.22 (s, 9H), 0.90 (t, J = 7.4 Hz, 3H). *C NMR (101 MHz, Chloroform-d) & 178.6, 130.3, 129.8 (minor
(2)), 64.4, 38.7, 34.7, 32.5, 29.6 (minor (2)), 29.5, 29.3 (minor (2)), 28.9 (minor (2)), 28.7, 28.6, 27.2, 27.1
(minor (2)), 25.84 (minor (2)), 25.79, 22.9 (minor (2)), 22.7, 13.8 (minor (2)), 13.7. MS (El) m/z (M"*) calcd
for Ci6H300,: 254, found 254. E/Z ratio determined by **C NMR to 5.3:1
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(E)-2-(Non-5-en-1-yl)-1,3-dioxolane (4.03ea). The title compound was prepared according to General
Procedure A from 2-(3-bromopropyl)-1,3-dioxolane and 1-hexene. The reaction was purified by column
chromatography (10% Et,0 in pentane) furnishing 4.03ea as a colorless oil in 61% yield (39.3 mg). *H NMR
(400 MHz, Chloroform-d) 6 5.45 — 5.36 (m, 2H), 4.86 (t, / = 4.8 Hz, 1H), 4.02 —3.95 (m, 2H), 3.90 - 3.83 (m,
2H), 2.09 — 1.93 (m, 4H), 1.73 — 1.64 (m, 2H), 1.48 — 1.34 (m, 6H), 0.90 (t, J = 7.3 Hz, 3H). 3C NMR (101
MHz, Chloroform-d) 6 130.4, 130.1, 129.9 (minor (2)), 129.6 (minor (2)), 104.7, 64.8, 34.7, 33.83 (minor
(2)), 33.79, 32.5, 29.7 (minor (2)), 29.6, 29.3 (minor (2)), 27.1 (minor (Z)), 23.8 (minor (2)), 23.6, 22.9 (minor
(2)), 22.7,13.8 (minor (2)), 13.7. MS (El) m/z (M**) calcd for C12H320,: 198, found 198. E/Z ratio determined
by 3C NMR to 4.9:1

CIPN NN

(E)-10-Chlorodec-4-ene (4.03fa) The title compound was prepared according to General Procedure A from
1-bromo-5-chloropentane and 1-hexene. The reaction was purified by column chromatography (pentane)
furnishing 4.03fa as a colorless oil in 53% yield (27.8 mg) (additionally 5% of the bromide was co-isolated).
IH NMR (400 MHz, Chloroform-d) & 5.49 — 5.32 (m, 2H), 3.55 (t, J = 6.8 Hz, 1.7H), 3.43 (t, J = 6.9 Hz, 0.3H,
from the corresponding bromide), 2.09 — 1.94 (m, 4H), 1.80 (p, J = 6.9 Hz, 2H), 1.50-1.33 (m, 6H), 0.91 (¢,
J=7.4Hz,3H). 3C NMR (101 MHz, Chloroform-d) 6 130.6, 130.1 (minor (Z)), 130.0, 129.5 (minor (2)), 45.1,
34.7,32.5,32.4,29.3 (minor (2)), 29.0 (minor (2)), 28.9, 27.0 (minor (2)), 26.5 (minor (2)), 26.4, 22.9 (minor
(2)), 22.7, 13.8 (minor (2)), 13.7. MS (El) m/z (M"*) calcd for CioH15Cl: 174, found 174. Minor (bromide):
calced for CioH19Br 218/220 found 218/220. E/Z ratio determined by 3C NMR to 4.9:1

) P

N-

(E)-1-(1H-Pyrazol-1-yl)undec-7-en (4.03ga). The title compound was prepared according to General
Procedure A from 1-(5-bromopentyl)-1H-pyrazole and 1-hexene. The reaction was purified by column
chromatography (15% Et,0 in pentane) furnishing 4.03ga as a colorless oil in 59% yield (39.0 mg). *"H NMR
(400 MHz, Chloroform-d) 6 7.49 (d, /= 1.7 Hz, 1H), 7.36 (d, J = 2.2 Hz, 1H), 6.22 (t, /= 2.1 Hz, 1H), 5.43 —
5.29 (m, 2H), 4.11 (t, J = 7.1 Hz, 2H), 2.02 — 1.90 (m, 4H), 1.85 (p, J = 7.2 Hz, 2H), 1.38 — 1.25 (m, 8H), 0.87
(t,J=7.3 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 139.0, 130.4, 130.2, 129.9 (minor (2)), 129.7 (minor
(2)),128.8,105.1,52.1,34.7,32.4,30.4, 29.5 (minor (2)), 29.4, 29.3 (minor (2)), 28.8 (minor (2)), 28.6, 27.1
(minor (2)), 26.54 (minor (2)), 26.48, 22.9 (minor (2)), 22.7, 13.8 (minor (2)), 13.7. MS (El) m/z (M"*) calcd
for C14H24N2: 220, found 220. E/Z ratio determined by *C NMR to 5.3:1

N e P e e g
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tert-Butyl (E)-undec-7-en-1-ylcarbamate (4.03ha). The title compound was prepared according to
General Procedure A from tert-butyl (5-bromopentyl)carbamate and 1-hexene. The reaction was purified
by column chromatography (20% EtOAc in hexane) furnishing 4.03ha as a colorless oil in 50% (40.4 mg).
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'H NMR (400 MHz, Chloroform-d) § 5.43 —5.31 (m, 2H), 4.49 (s, 1H), 3.22 — 3.01 (m, 2H), 2.04 — 1.90 (m,
4H), 1.47 - 1.42 (m, 11H), 1.39 — 1.26 (m, 8H), 0.88 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) &
156.0, 130.34, 130.28, 129.86 (minor (Z)), 129.80 (minor (Z)), 79.0, 40.6, 34.7, 32.5, 30.0, 29.6 (minor (2)),
29.5, 29.3 (minor (2)), 28.9 (minor (2)), 28.8, 28.4, 27.1 (minor (2)), 26.7, 22.9 (minor (2)), 22.7, 13.8 (minor
(2)), 13.7. MS (El) m/z (M) calcd for C16H3:NO,: 269, found 269. E/Z ratio determined by *C NMR to 6.6:1

NSNS

(E)-Undeca-1,7-diene (4.03ia) The title compound was prepared according to General Procedure A from
1-bromo-pent-5-ene and 1-hexene. The reaction was purified by column chromatography (pentane)
furnishing 4.03ia as a colorless oil in 65% yield (29.7 mg). *H NMR (400 MHz, Chloroform-d) & 5.81 (ddt, J
=16.9,10.2, 6.6 Hz, 1H), 5.43 — 5.34 (m, 2H), 5.03 —4.90 (m, 2H), 2.10 — 1.91 (m, 6H), 1.44 — 1.30 (m, 6H),
0.88 (t, J = 7.4 Hz, 3H). *C NMR (101 MHz, Chloroform-d) § 139.1, 130.31, 130.30, 129.84 (minor (Z)),
129.8,1 (minor (Z)) 114.2, 34.7, 33.7, 32.8 (minor (2)), 32.4, 29.3 (minor (2)), 29.2 (minor (Z)), 29.1, 28.5
(minor (2)), 28.4, 27.0 (minor (2)), 22.9 (minor (2)), 22.7, 13.8 (minor (2)), 13.7. MS (El) m/z (M**) calcd for
Ci11H20: 152, found 152. E/Z ratio determined by *C NMR to 4.9:1

(0]
NWV
(0]

(E)-2-(Undec-8-en-1-yl)isoindoline-1,3-dione (4.03ja). The title compound was prepared according to
General Procedure A from 2-(5-bromopentyl)isoindoline-1,3-dione and 1-hexene. The reaction was
purified by column chromatography (20% Et,0 in pentane) furnishing 4.03ja as a colorless oil in 77% yield
(69.2 mg). *H NMR (400 MHz, Chloroform-d) 6 7.89 — 7.82 (m, 2H), 7.76 — 7.70 (m, 2H), 5.56 — 5.23 (m,
2H), 3.69 (t, J = 7.2 Hz, 2H), 2.05 — 1.92 (m, 4H), 1.72 — 1.65 (m, 2H), 1.42 — 1.31 (m, 8H), 0.89 (t, J = 7.3 Hz,
3H). 3*C NMR (101 MHz, Chloroform-d) 6 168.5, 133.8, 132.2, 130.30, 130.28, 129.82 (minor (Z)), 129.80
(minor (2)), 123.1, 38.1, 34.7, 32.5, 29.6 (minor (2)), 29.4, 29.3 (minor (Z)), 29.0 (minor (Z)), 28.8 (minor
(2)), 28.7, 28.6, 27.1(minor (2)), 26.7, 22.9 (minor (2)), 22.7, 13.8 (minor (2)), 13.7. MS (El) m/z (M"*) calcd
for C19H2sNO3: 299, found 299. E/Z ratio determined by *C NMR to 4.9:1

@/\/\/\/\/
CFs

(E)-1-(Non-5-en-1-yl)-3-(trifluoromethyl)benzene (4.03ka) . The title compound was prepared according
to General Procedure A from 1-(3-bromopropyl)-3-(trifluoromethyl)benzene and 1-hexene. The reaction
was purified by column chromatography (pentane) furnishing 4.03ka as a colorless oil in 86% yield (69.7
mg). *H NMR (400 MHz, Chloroform-d) 6 7.50 —7.33 (m, 4H), 5.49 — 5.35 (m, 2H), 2.74 — 2.64 (m, 2H), 2.12
—1.95 (m, 4H), 1.66 (ddd, J = 15.5, 8.7, 6.9 Hz, 2H), 1.47 — 1.34 (m, 4H), 0.91 (t, J = 7.3 Hz, 3H). *C NMR
(101 MHz, Chloroform-d) 6 143.63, 143.56 (minor (Z)), 131.79, 131.78, 130.7 (minor (2)), 130.6, 130.4
(minor (2)), 130.1 (minor (2)), 130.0, 129.5(minor (Z)), 128.6, 125.7 (minor (2)), 125.0, 123.0 (minor (Z2)),
122.5, 35.65 (minor (2)), 35.62, 34.7, 32.3, 30.8 (minor (Z2)), 30.7, 29.32 (minor (2)), 29.26 (minor (2)), 29.1,
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27.0 (minor (2)), 22.9 (minor (2)), 22.7, 13.8 (minor (2)), 13.6. MS (El) m/z (M"*) calcd for CigH21F3: 270,
found 270. E/Z ratio determined by 3C NMR to 6.1:1

MeoWA/

(E)-11-Methoxyundec-4-ene (4.031a). The title compound was prepared according to General Procedure
A from 1-bromo-pent-5-ene and 1-hexene. The reaction was purified by column chromatography (10%
Et,0 in pentane) furnishing 4.03la as a colorless oil in 66% yield (36.5 mg). *H NMR (400 MHz, Chloroform-
d) 6 5.40 (m, 2H), 3.38 (t, J = 6.7 Hz, 2H), 3.35 (s, 3H), 2.08 — 1.92 (m, 4H), 1.58 (g, J = 6.8 Hz, 2H), 1.44 —
1.28 (m, 8H), 0.90 (t, J = 7.4 Hz, 3H). ¥*C NMR (101 MHz, Chloroform-d) & 130.4, 130.2, 130.0 (minor (Z)),
129.7 (minor (Z)), 72.9, 58.5, 34.7, 32.5, 29.7 (minor (2)), 29.62, 29.57, 29.3 (minor (Z)), 29.2 (minor (2)),
29.0, 27.2 (minor (2)), 26.0, 22.9 (minor (2)), 22.7, 13.8 (minor (Z)), 13.6. MS (EI) m/z (M"*) calcd for
C12H240: 184, found 184. E/Z ratio determined by *C NMR to 6.7:1

NC NN

(E)-Dec-6-enenitrile (4.03ma). The title compound was prepared according to General Procedure A from
4-bromo-butyronitrile and 1-hexene. The reaction was purified by column chromatography (5% Et,0 in
pentane) furnishing 4.03ma as a colorless oil in 84% yield (38.1 mg). *H NMR (400 MHz, Chloroform-d) 6
5.47 —5.29 (m, 2H), 2.33 (t, J = 7.1 Hz, 2H), 2.11 — 1.92 (m, 4H), 1.70 — 1.61 (m, 2H), 1.56 — 1.47 (m, 2H),
1.41—1.31 (m, 2H), 0.88 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 131.4, 130.9 (minor (2)),
129.0, 128.4 (minor (2)), 119.8, 34.6, 31.6, 29.3 (minor (2)), 28.6 (minor (2)), 28.4, 26.3 (minor (2)), 24.9
(minor (2)), 24.7, 22.8 (minor (2)), 22.6, 17.1 (minor (2)), 17.0, 13.8 (minor (Z2)), 13.6. MS (El) m/z (M**)
calcd for CioH17N: 151, found 151. E/Z ratio determined by *C NMR to 4.6:1

(3R,5S,7R,8R,95,10S,125,13R,14S,17R)-10,13-Dimethyl-17-((R,E)-undec-7-en-2-yl)hexadecahydro-1H-
cyclopenta[a]phenanthrene-3,7,12-triol (4.03na). The title compound was prepared according to
General Procedure A from (3R,5S,7R,8R,9S,10S,12S,13R,14S,17R)-17-((R)-5-bromopentan-2-yl)-10,13-
dimethylhexadecahydro-1H-cyclopenta[alphenanthrene-3,7,12-triol and 1-hexene. The reaction was
purified by column chromatography (10-40% acetone in dichloromethane) furnishing 4.03na as a colorless
solid in 49% yield (67.7 mg). *H NMR (400 MHz, Chloroform-d) 6 5.47 — 5.34 (m, 2H), 4.02 (s, 1H), 3.88 (s,
1H), 3.48 (q,J=9.8, 8.2 Hz, 1H), 2.23 (ddd, J=17.2, 10.9, 4.3 Hz, 2H), 2.08 — 1.02 (m, 30H), 0.99 (d, /= 6.6
Hz, 3H), 0.93 — 0.89 (m, 6H), 0.71 (s, 3H). 3C NMR (101 MHz, Chloroform-d) § 130.5, 130.2, 129.7 (minor
(2)),73.1,72.0,68.4, 47.6, 46.5, 41.9, 41.5, 39.7, 39.6, 35.6, 35.5, 35.2, 34.7, 34.7, 34.5, 32.7, 30.5, 30.1,
28.2, 27.6, 26.6, 25.7, 23.2, 22.8, 22.5, 17.8, 13.7, 12.5. MS (ESI) m/z (M+NH,") calcd for C3oHs305:478,
found 478. E/Z ratio determined by *C NMR to 4.9:1
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Methyl (S,E)-2-((tert-butoxycarbonyl)amino)non-5-enoate (4.030a). The title compound was prepared
according to General Procedure A from methyl (R)-3-bromo-2-((tert-butoxycarbonyl)amino)propanoate
and 1-hexene. The reaction was purified by column chromatography (10% EtOAc in hexane) furnishing
4.030a as a brown solid in 69% yield (59.1 mg). *H NMR (400 MHz, Chloroform-d) 6§ 5.42 (m, 2H), 5.11 —
4.94 (m, 1H), 4.32 (m, 1H), 3.75 (s, 3H), 2.17 — 1.93 (m, 4H), 1.87 (p, J = 7.1, 6.4 Hz, 1H), 1.70 (dq, J = 13.8,
7.2,6.7 Hz, 1H), 1.46 (s, 9H), 1.38 (q, J = 7.3 Hz, 2H), 0.90 (t, J = 7.2 Hz, 3H). 3C NMR (101 MHz, Chloroform-
d)6173.4,155.3,131.8, 131.3 (minor (2)), 128.3, 127.8 (minor (2)), 79.8, 53.1, 52.2, 34.6, 32.7 (minor (2)),
32.6, 29.3 (minor (2)), 28.4, 28.3, 23.1 (minor (2)), 22.7 (minor (2)), 22.6, 13.8 (minor (Z)), 13.6. MS (El)
m/z (M) calcd for C15H,7NO4: 285, found 285. E/Z ratio determined by **C NMR to 6.6:1

(3aR,4R,6aR)-4-((E)-Hept-3-en-1-yl)-6-methoxy-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxole
(4.03pa). The title compound was prepared according to General Procedure A from (3aS,4S,6aR)-4-
(bromomethyl)-6-methoxy-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxole and 1-hexene. The reaction
was purified by column chromatography (10% Et,0 in pentane) furnishing 4.03pa as a colorless oil in 65%
yield (52.7 mg). *H NMR (400 MHz, Chloroform-d) 6 5.52 — 5.31 (m, 2H), 4.94 (s, 1H), 4.60 (d, J = 6.0 Hz,
1H), 4.53 (d, J = 6.0 Hz, 1H), 4.19 — 4.13 (m, 1H), 3.34 (s, 3H), 2.21 — 1.99 (m, 2H), 1.96 (m, 2H), 1.67 (dtd,
J=145,8.8,5.8 Hz, 1H), 1.60 — 1.51 (m, 1H), 1.48 (s, 3H), 1.36 (q, J = 7.4 Hz, 2H), 1.31 (s, 3H), 0.88 (t, J =
7.4 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 131.2, 130.7 (minor (2)), 129.0, 128.4 (minor (2)), 112.2,
109.4, 86.6, 85.6, 84.2, 54.9, 35.1 (minor (2)), 35.0, 34.7, 29.25 (minor (2)), 29.21, 26.5, 25.05 (minor (2)),
25.01, 24.1 (minor (Z2)), 22.8 (minor (Z)), 22.6, 13.8 (minor (2)), 13.7. MS (El) m/z (M"*) calcd for CisH2604:
270, found 270. E/Z ratio determined by *C NMR to 4.6:1

Meo\r(\)\/\/\/

(0]

Methyl (E)-4-methyldec-6-enoate (4.03ga). The title compound was prepared according to General
Procedure A from methyl 4-bromopentanoate and 1-hexene. The reaction was purified by column
chromatography (5% Et,0 in pentane) furnishing 4.03qa as a colorless oil in 77% yield (45.8 mg). *H NMR
(400 MHz, Chloroform-d) 6 5.48 —5.30 (m, 2H), 3.69 (s, 3H), 2.41 — 2.28 (m, 2H), 2.06 — 1.83 (m, 4H), 1.77
—1.65(m, 1H), 1.56 — 1.34 (m, 4H), 0.93 — 0.87 (m, 6H). **C NMR (101 MHz, Chloroform-d) & 174.5, 132.0,
131.0 (minor (2)), 128.2, 127.8 (minor (Z)), 51.5, 39.7, 36.6 (minor (2)), 34.7, 34.2 (minor (Z)), 33.1 (minor
(2)), 32.8, 31.9, 31.6 (minor (2)), 31.4, 26.9 (minor (2)), 22.8 (minor (2)), 22.7, 19.3 (minor (2)), 19.1, 13.8
(minor (2)), 13.6. MS (El) m/z (M) calcd for C12H220,: 198, found 198. E/Z ratio determined by 3C NMR
to6.1:1
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(E)-(7-Methyloct-5-en-1-yl)benzene (4.03ab) The title compound was prepared according to General
Procedure A from methyl 1-bromo-3-phenylpropane and 5-methyl-pent-1-ene. The reaction was purified
by column chromatography (pentane) furnishing 4.03ab as a colorless oil in 73% yield (44.2 mg). *H NMR
(400 MHz, Chloroform-d) & 7.34—7.27 (m, 2H), 7.24—7.17 (m, 3H), 5.46 — 5.33 (m, 2H), 2.64 (t, J = 7.8 Hz,
2H), 2.31 - 2.21 (m, 1H), 2.13 - 2.01 (m, 2H), 1.70 — 1.60 (m, 2H), 1.44 (p, J = 7.5 Hz, 2H), 1.00 (d, J = 6.9
Hz, 6H). 3C NMR (101 MHz, Chloroform-d) & 142.8, 137.8, 137.7 (minor (2)), 128.4, 128.2, 127.2 (minor
(2)), 126.9, 125.6, 35.9, 32.4, 31.1 (minor (2)), 31.01, 30.97, 29.6 (minor (2)), 29.3, 27.1 (minor (2)), 26.5
(minor (2)), 23.3 (minor (2)), 22.7. MS (El) m/z (M"*) calcd for CisH,,: 202, found 202. E/Z ratio determined
by GC-FID t0 9.0:1

jL/\/\/\/@
EtO Z

Ethyl (E)-8-phenyloct-6-enoate (4.03bc). The title compound was prepared according to General
Procedure A from methyl ethyl-4-bromobutanoate and 4-phenylbut-1-ene. The reaction was purified by
column chromatography (5% Et,0 in pentane) furnishing 4.03bc as a colorless oil in 64% (47.3 mg). 'H
NMR (400 MHz, Chloroform-d) § 7.34 — 7.27 (m, 2H), 7.25 — 7.16 (m, 3H), 5.66 — 5.45 (m, 2H), 4.15 (g, J =
7.2 Hz, 2H), 3.42 (d, J = 7.1 Hz, 0.3H, minor (2)), 3.35 (d, J = 6.4 Hz, 1.7H), 2.32 (t, J = 7.6 Hz, 2H), 2.20 (q, J
= 7.3 Hz, 0.3H, minor (2)), 2.07 (q, J = 7.0 Hz, 1.7H), 1.74 — 1.62 (m, 2H), 1.44 (p, J = 7.6 Hz, 2H), 1.28 (t, J =
7.2 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) 6 173.8, 141.0, 131.4, 130.3 (minor (2)), 129.2, 128.5, 128.3,
128.2 (minor (2)), 125.9, 125.6 (minor (Z2)), 60.2, 39.0, 35.9 (minor (Z2)), 34.2, 33.5 (minor (2)), 32.1, 29.1
(minor (2)), 28.9, 26.9 (minor (2)), 24.7 (minor (2)), 24.5, 14.3. MS (El) m/z (M"*) calcd for Ci6H2,0,: 246,
found 246. E/Z ratio determined by 'H NMR to 5.6:1

(3-(Cyclohex-2-en-1-yl)propyl)benzene (4.03ad). The title compound was prepared according to General
Procedure A from methyl 1-bromo-3-phenylpropane and cyclohexene. The reaction was purified by
column chromatography (pentane) furnishing 4.03ad as a colorless oil in 55% yield (33.3 mg). 'H NMR
(400 MHz, Chloroform-d) & 7.37 — 7.27 (m, 2H), 7.21 (d, J = 7.3 Hz, 3H), 5.72 = 5.55 (m, 2H), 2.64 (t, /= 7.8
Hz, 2H), 2.15 = 2.06 (m, 1H), 2.02 = 1.96 (m, 2H), 1.85 — 1.66 (m, 4H), 1.54 (m, 1H), 1.47 —1.19 (m, 3H). 13C
NMR (101 MHz, Chloroform-d) 6 142.8,132.1,128.4,128.2,126.8, 125.6, 36.2, 36.1, 35.1, 29.1, 28.9, 25.4,
21.5. MS (El) m/z (M"*) calcd for CisH20: 200, found 200.

(3-(Cyclopent-2-en-1-yl)propyl)benzene (4.03ae). The title compound was prepared according to General
Procedure A from methyl 1-bromo-3-phenylpropane and cyclopentene. The reaction was purified by
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column chromatography (pentane) furnishing 4.03ae as a colorless oil in 57% vyield (32.1 mg). *H NMR
(400 MHz, Chloroform-d) & 7.34 — 7.27 (m, 2H), 7.21 (d, J = 7.3 Hz, 3H), 5.72 (m, 2H), 2.74 — 2.61 (m, 3H),
2.42-2.23 (m, 2H), 2.06 (dtd, J = 13.0, 8.4, 4.7 Hz, 1H), 1.73 — 1.64 (m, 2H), 1.53 — 1.28 (m, 3H). *C NMR
(101 MHz, Chloroform-d) 6 142.8, 135.1, 130.2, 128.4, 128.2, 125.6, 45.5, 36.2, 35.8, 32.0, 29.9, 29.8. MS
(El) m/z (M"*) calcd for C14H1s: 186, found 186.

)(L/\/\/O
EtO Z

Ethyl 6-cyclohexylidenehexanoate (4.03bf). The title compound was prepared according to General
Procedure A from methyl ethyl-4-bromobutanoate and vinylcyclohexane. The reaction was purified by
column chromatography (5% Et,0 in pentane) furnishing 4.03bf as a colorless oil in 80% yield (54.0 mg).
'H NMR (400 MHz, Chloroform-d) 6 5.07 (td, J = 7.3, 1.4 Hz, 1H), 4.15 (q, J = 7.1 Hz, 2H), 2.31 (t, /= 7.6 Hz,
2H), 2.13 (t, J = 5.9 Hz, 2H), 2.08 (t, J = 5.6 Hz, 2H), 2.02 (q, / = 7.4 Hz, 2H), 1.65 (p, / = 7.5 Hz, 2H), 1.58 —
1.47 (m, 6H), 1.37 (p, J=7.5 Hz, 2H), 1.30 - 1.25 (m, 3H). 3C NMR (101 MHz, Chloroform-d) 6 173.9, 140.0,
120.8, 60.2, 37.2, 34.3, 29.6, 28.7, 27.8, 27.0, 26.6, 24.6, 14.3. MS (El) m/z (M"*) calcd for C14H2402: 225,
found 225.

©/M/TMS

(E)-Trimethyl(6-phenylhex-1-en-1-yl)silane (4.03ag). The title compound was prepared according to
General Procedure A from methyl 1-bromo-3-phenylpropane and allyltrimethylsilane. The reaction was
purified by column chromatography (pentane) furnishing 4.03ag as a colorless oil in 63% yield (43.8 mg).
1H NMR (400 MHz, Chloroform-d) & 7.20 — 7.14 (m, 2H), 7.10 — 7.05 (m, 3H), 5.90 (dt, J = 18.5, 6.2 Hz, 1H),
5.51 (dq, J = 18.5, 1.3 Hz, 1H), 2.51 (t, J = 7.7 Hz, 2H), 2.07 — 1.98 (m, 2H), 1.52 (tt, J = 9.2, 6.7 Hz, 2H), 1.34
(p, J = 7.5 Hz, 2H), -0.07 (s, 9H). 3C NMR (101 MHz, Chloroform-d) & 147.0, 142.7, 129.8, 128.4, 128.2,
125.6, 36.6, 35.8, 31.0, 28.3, -1.1. MS (El) m/z (M**) calcd for CisH24Si: 232, found 232. E/Z ratio determined
by H NMR to 20:1

Q/MOMG

(E)-(6-Methoxyhex-5-en-1-yl)benzene (4.03ah) The title compound was prepared according to General
Procedure A from methyl 1-bromo-3-phenylpropane and allyl methyl ether. The reaction was purified by
column chromatography (10% Et,0 in pentane) furnishing 4.03ah as a colorless oil in 69% yield (39.3 mg).
'H NMR (400 MHz, Chloroform-d) & 7.33 — 7.27 (m, 2H), 7.23 = 7.17 (m, 3H), 6.30 (dd, J = 12.6, 1.2 Hz,
0.84H), 5.90 (dgq, J = 6.4, 1.3 Hz, 0.16H, minor (2)), 4.74 (dt, J = 12.6, 7.3 Hz, 0.84H), 4.35 (g, J = 7.0 Hz,
0.16H, minor (2)), 3.60 (s, 0.48.H, minor (2)), 3.52 (s, 2.52H), 2.63 (t, /= 7.7 Hz, 2H), 2.12 (qd, J=7.4, 1.3
Hz, 0.32H, , minor (2)), 1.98 (q, J = 7.3 Hz, 1.68H), 1.65 (p, J = 7.6 Hz, 2H), 1.41 (p, J = 7.4 Hz, 2H). *C NMR
(101 MHz, Chloroform-d) 6 147.1, 146.1 (minor (2)), 142.7, 128.4, 128.2, 125.6 (minor (Z)), 125.5, 106.8
(minor (2)), 102.9, 59.5 (minor (2)), 55.9, 35.8, 31.1 (minor (2)), 30.8, 30.4, 29.4 (minor (2)), 27.6, 23.6
(minor (2)). MS (El) m/z (M) caled for C13H150: 190, found 190. E/Z ratio determined by *H NMR to 5.3:1
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Ethyl (E)-7-phenylhept-6-enoate (4.03bi). The title compound was prepared according to General
Procedure A, with the reaction time extended to 42 hours, from methyl ethyl-4-bromobutanoate and
allylbenzene. The reaction was purified by column chromatography (5% Et,0 in pentane) furnishing 4.03bi
as a colorless oil in 56% yield (39.0 mg). *H NMR (400 MHz, Chloroform-d) & 7.38 — 7.17 (m, 5H), 6.48 —
6.38 (m, 1H,(E & 2)), 6.23 (dt, J = 15.8, 6.9 Hz, 0.5H, (Z)), 5.67 (dt, J = 11.6, 7.2 Hz, 0.5H, (E)), 4.18 — 4.10
(m, 2H), 2.42 - 2.20 (m, 4H), 1.70 (m, 2H), 1.53 (m, 2H), 1.28 (m, 3H). 3C NMR (101 MHz, Chloroform-d) &
173.70, 173.66, 137.6, 132.4, 130.4, 130.2, 129.2, 128.7, 128.5, 128.1, 126.9, 126.5, 125.9, 60.24, 60.22,
34.23, 34.20, 32.6, 29.4, 28.8, 28.2, 24.6, 24.5, 14.3. MS (El) m/z (M**) calcd for CisH2002: 232, found 232.
E/Z ratio determined by *H NMR to 1:1

o]

©/\/\/“\/\

2-(4-Phenylbutyl)-3-propyloxirane (4.08). To a 4 mL vial containing a stir bar, 4.01aa (30.3 mg, 0.15 mmol;
1.0 equiv) and dichloromethane (2.0 mL) was added meta-chloroperoxybenzoic acid (51.8 mg, 0.30 mmol;
2.0 equiv). The reaction was stirred for 18 hours at room temperature. After 18 hours, the reaction was
concentrated and purified by column chromatography (5% Et,0 in pentane) furnishing 4.08 as a colorless
oil in 95% yield (31.1 mg). *H NMR (400 MHz, Chloroform-d) & 7.29 (d, J = 7.3 Hz, 2H), 7.20 (d, J = 7.3 Hz,
3H), 2.94 (d, J = 4.8 Hz, 0.3H, minor (2)), 2.74 - 2.60 (m, 3.7H), 1.70 (p, / = 8.4, 7.7 Hz, 2H), 1.61 - 1.41 (m,
8H), 1.07 = 0.89 (m, J = 7.1 Hz, 3H). *3C NMR (101 MHz, Chloroform-d) & 142.4, 128.4, 128.3, 125.7, 58.7,
57.0, 35.9, 34.2, 32.0, 31.3, 29.9 (minor (2)), 27.7 (minor (2)), 26.3 (minor (2)), 25.7, 19.9 (minor (2)), 19.4,
14.1 (minor (2)), 14.0. MS (El) m/z (M**) calcd for C15H2,0: 218, found 218. E/Z ratio determined by GC-FID
to 6.1:1

OH

o

5-Phenylpentanoic acid (4.09). To a 4 mL vial containing a stir bar, 4.01aa (30.3 mg, 0.150 mmol; 1.00
equiv), acetonitrile (0.6 mL), tetrachloromethane (0.6 mL) and water (0.9 mL) was added RuCl3(3.10 mg,
0.0150 mmol; 10.0 mol%) and NalO4 (144 mg, 0.600 mmol, 4.50 equiv), respectively. The slurry was stirred
for 24 hours at room temperature. After 24 hours, water (2.5 mL) was added and the mixture was
extracted with dichloromethane (3x 2.5 mL), the combined organic phases were washed with brine (2.5
mL), concentrated and passed through a short silica plug (EtOAc). The solution was concentrated and sat.
Na,COs (1.5 mL, aq.) was added, the solution was washed with Et,O (2x 1.5 mL) and then acidified with
HCl (37% aq.) before extracting the solution with Et,0O (3x 1.5 mL). The combined organic phases were
concentrated to dryness to furnish 4.09 as colorless crystals in 63% yield (16.8 mg). *H NMR (400 MHz,
Chloroform-d) & 7.44 —7.37 (m, 2H), 7.34 — 7.27 (m, 3H), 2.80 — 2.73 (m, 2H), 2.53 — 2.48 (m, 2H), 1.86 —
1.78 (m, 4H). 3C NMR (101 MHz, Chloroform-d) 6§ 179.6, 142.0, 128.4, 128.3, 125.8, 35.5, 33.8, 30.8, 24.3.
MS (El) m/z (M"*) calcd for C11H1405: 178, found 178.
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Hex-5-en-1-ylbenzene (4.10). To a 4 mL vial containing a stir bar, 4.03ae (23.2 mg, 0.100 mmol; 1.00 equiv)
and acetonitrile (0.5 mL) was added TsOH-H,0 (38.0 mg, 0.200 mmol; 2.00 equiv). The reaction was stirred
for 18 hours at room temperature. After 18 hours, the reaction was directly purified by column
chromatography (pentane) to give 4.10 as a colorless oil in 96% vyield (15.4 mg). 'H NMR (400 MHz,
Chloroform-d) & 7.36 — 7.25 (m, 2H), 7.24 — 7.16 (m, 3H), 5.84 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.08 — 4.92
(m, 2H), 2.65 (t,J =7.7 Hz, 2H), 2.12 (q, J = 7.1, 6.6 Hz, 2H), 1.67 (p, J = 7.4 Hz, 2H), 1.47 (p, J = 7.5 Hz, 2H).
13C NMR (101 MHz, Chloroform-d) & 142.7, 138.9, 128.4, 128.3, 125.6, 114.4, 35.8, 33.7, 31.0, 28.6. MS
(El) m/z (M"*) calcd for C12H16: 160, found 160.

Time Study.

A standard reaction according to General Procedure A with 4.01a and 4.02a was prepared. From this
reaction 50 pL aliquots was taken out with a Hamilton syringe after 1, 2, 3, 4, 6 and 8 hours. To each
aliquot was added 1 equiv of standard (1,3,5 trimethoxybenzene, 100 uL from a stock solution (0.067
mmol/mL)) and analyzed by GC-MS.

Quenching-Experiments

A Hellma® fluorescence cuvette containing a solution of Ir-1 in 2.7 x 10° M in DMA:PhH (1:1) was capped
with a Teflon cap and parafilm before flushing with N,. The sample was excited at 425 nm and emission
monitored at 477 nm. Appropriate amount of quencher in DMA:PhH(1:1) was added via a Hamilton
syringe (5 uL pr. 25 equiv for 4.01a and LiBr, 4.02a was added neat), and measurements were continued
until a stable measurements were obtained.

St
Me

(2)-non-5-en-1-ylbenzene (4.03aa-(Z)). An oven dried 100 mL round-bottom flask was charged with
butyltriphenylphonium bromide (700 mg, 1.75 mmol; 1.0 equiv) and cooled to room temperature under
vacuum. Subsequently, the flask was filled with nitrogen and THF (anhydrous; 15 mL); the slurry was then
cooled to -25 °C and n-Buli (1.75 mmol,0.7 mL (2.5 M in hexanes); 1.0 equiv) was added dropwise. The
reaction was stirred for 30 minutes at -25 °C then the cooling bath was removed and the solution was
stirred for another 30 minutes. Then, the solution was cooled to -78 °C and 5-phenylpentanal (324 mg,
2.00 mmol, 1.2 equiv) was added dropwise, the solution was left to stir over night. Acetone (2 mL) was
added, and the reaction was stirred for 10 minutes before filtering over celite with the aid of hexane. The
mixture was concentrated before diluting with hexane (100 mL) and washing with brine (2x 100 mL), the
organic phase was dried over MgS04, concentrated and purified by column chromatography (pentane)
affording 4.03aa-(2) as a colorless oil in 30% yield (100 mg). *H NMR (400 MHz, Chloroform-d) § 7.35 —
7.27 (m, 2H), 7.24 — 7.17 (m, 3H), 5.49 — 5.36 (m, 2H), 2.64 (t, J = 7.7 Hz, 2H), 2.14 — 1.95 (m, 4H), 1.72 —
1.60 (m, 2H), 1.48 — 1.35 (m, 4H), 0.92 (t, J = 7.3 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) § 142.8, 130.4,
130.2, 129.9, 129.8, 128.4 (minor (E)), 128.2 (minor (E)), 125.6, 35.9, 34.7 (minor (E)), 32.5 (minor (E)),
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31.1, 31.0 (minor (E)), 29.4, 29.33, 29.30 (minor (E)), 27.1, 22.9, 22.7 (minor (E)), 13.7 (minor (E)). MS (El)
m/z (M**) calcd for CisH2: 202, found 202.
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5) Final Remarks

In chapter two, a chiral nickel complex was incorporated into a POP. The POP, NiL1,-POP, proved highly
active and enantioselective in the asymmetric Michael addition of malonates to aliphatic nitroalkenes. For
the first time it was demonstrated that various functional groups can be tolerated in the reaction. The
POP was easily recycled and could even be applied in a continuous flow setup. Additionally, a novel
tandem reaction, both steps catalyzed by NiL1,-POP, was discovered.

In chapter three, a benzylic C-H alkynylation protocol was disclosed. The reaction represented the first
direct coupling of alkynyl boronic esters and 1-alkyl naphthalenes. The reaction is catalyzed by copper, it
proceeds under benign conditions and the C-H substrate is used as limiting reagent. Additionally,
enantioenriched products was obtained when using chiral ligands.

In chapter four, a direct allylic C-H alkylation protocol was presented. By merging nickel- and photoredox-
catalysis the direct allylic C-H alkylation between alkyl bromides and terminal olefins was achieved. The
protocol proceeds under benign conditions and exclusively provides the linear product. The protocol was
robust towards a multitude of functional groups and could even be extended to secondary alkyl bromides.
The methodology represents the first direct allylic C-H alkylation using terminal olefins and alkyl bromides.

In summary, the first project demonstrates that homogeneous organometallic catalysts can be upgraded
to heterogeneous catalysts without compromising activity or selectivity by incorporating them into
polystyrene-based POPs. In the last two projects we have developed new C-C forging methods, in both
cases a C(sp®)-H bond is directly turned into a C(sp3®)-C(sp) or C(sp3)-C(sp?) bond respectively under benign
conditions. These two projects illustrates the potential of earth-abundant transition metals in new C-C
forming reactions.
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6) Appendix

6.1 Publications

Publications relevant for this thesis:

- M. B. Buendia, S. Kegnaes, S. Kramer, Adv. Synth. Catal. 2020, 362, 5506.

- M. B. Buendia, J.-G. J. Balin, M. E. Andersen, Z. Lian, S. Kramer, Synlett 2021, 32, A-E.

Other publications:
- M. B. Buendia, A. E. Daugaard, A. Riisager, Catal. Letters 2021, 151, 8-16.

- J. Himmelstrup, M. B. Buendia, X.-W. Sun, S. Kramer, Chem. Commun. 2019, 55, 12988-12991.
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