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Preface

The present thesis has been performed at the Institute for Chemical Research of
Catalonia (ICIQ) under the supervision of Professor Rubén Martin. This thesis is
arranged in five chapters: a general introduction, three research chapters, and a final
chapter that concludes the thesis.

Chapter 1, “Introduction”. The main themes and concepts approached during this
thesis will be introduced and described. The concept of carbon dioxide reduction and its
behavior with transition metals will be discussed as well as its use in photoredox
catalysis.

Chapter 2, “Photocatalytic Multicomponent Radical Coupling for the Direct
Incorporation of Labelled Carbon Dioxide”, describes the development of a radical
coupling involving 4 or 5 molecules depending on the starting material class. Iterative
radical couplings ending with addition of carbon dioxide allows for the rapid synthesis
of complex compounds bearing a labelled carbon atom such as 13C. The reaction involves
only a photocatalyst with blue light irradiation to be functional.

Chapter 3, “Kinetically-Controlled Ni-Catalyzed Direct Carboxylation of
Unactivated Secondary Alkyl Bromides”, narrates the maturation of a long-lasting
endeavor. The carboxylation of unactivated secondary alkyl bromides with carbon
dioxide. The methodology involves mild dual photoredox and nickel catalysis in order to
obtain the target acids with excellent selectivity. Preliminary mechanistic studies are
disclosed, showing the important free radical intermediates and the reactivity of a
nickel(I) species.

Chapter 4, “Redox-Neutral Ni-Catalyzed Direct Carboxylation of Unactivated
Secondary Alkyl Bromides”, showcases the elaboration of an improved direct
carboxylation of secondary bromides, following what is described in Chapter 3. The
method makes use of formate salts instead of carbon dioxide gas as carboxylating agent.
The involvement of formate allows for a redox neutral process, which makes use of the
CO; radical anion as reactive intermediate.

Chapter 5, “General Conclusions”. The chapter summarizes the work described in the
thesis.
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Abstract

Over the last 15 years, both photoredox and carboxylation chemistries have witnessed
a substantial involvement from the community, leading to a plethora of new
methodologies and concepts to be developed.! The association of both fields, namely
photoredox carboxylation reactions, consists of the current state-of-the-art when it
comes to making carboxylic acids from simpler starting materials.

In accordance with the Martin group’s research interests within the carboxylation
arena, the work presented herein focuses on the merging of photoredox chemistry and
catalytic systems for the carboxylation of organic molecules. More specifically, the work
showcased consists of the development of a multicomponent coupling with 13CO;
(Chapter 2), the design of a direct reductive carboxylation of unactivated secondary alkyl
bromides (Chapter 3) and the elaboration of a redox neutral methodology for the direct
carboxylation of unactivated secondary alkyl bromides using formate salts (Chapter 4).

Given that carboxylation methodologies aiming at giving labeled compound has
received only little attention, we ought to develop a protocol that would allow for the
incorporation of labeled CO, while installing a complex molecular scaffold, all in one
step. This first study, described in Chapter 2, shows the coupling of a sulfinate salt with
an alkene, an acrylate and CO2 under photocatalytic conditions to yield complex labeled
compounds. The general structure of the products can be altered depending on the class
of alkene used in the reaction, giving rise to a broader range of possibilities. A
preliminary mechanistic study reveals the reversibility of radical intermediates to be at
the source of such selectivity.

O ey
Q Q - regioselective Q\Q/ O

- compound labelling

Figure i: Multicomponent photocatalytic carboxylative reaction.

1 (a) Chan, A.Y.; Perry, I. B.; Bissonnette, N. B.; Buksh, B. F.; Edwards, G. A.; Frye, L. |.; Garry, O. L.; Lavagnino, M. N.; Li,

B. X.; Liang, Y.; Mao, E.; Millet, A.; Oakley, J. V.; Reed, N. L.; Sakai, H. A.; Seath, C. P.; MacMillan, D. W. C.
Metallaphotoredox: The Merger of Photoredox and Transition Metal Catalysis. Chem. Rev. 2022, 122, 1485-1542. (b)
Tortajada, A.; Julid-Hernandez, F.; Borjesson, M.; Moragas, T.; Martin, R. Transition-Metal-Catalyzed Carboxylation
Reactions with Carbon Dioxide. Angew. Chem. Int. Ed. 2018, 57, 15948—-15982.
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Aiming at synthesizing carboxylic acids from available starting materials and given
the central role of alkyl halides in transition metal catalysis,2 we elaborated a protocol
granting secondary carboxylic acids from their related unactivated bromides. Such
reaction was developed with the aim of avoiding known chain-walking processes from
nickel catalysts, which was achieved by increase of single electron transfer rates along
with ligand design. The mild reaction conditions are reflected within the scope of the
reaction. A mechanistic investigation has been done which shows the generation of free
alkyl radicals along with the importance of Ni(I) intermediates (Chapter 3).

Following the same lines, an improved system was developed allowing for the use of
formic acid salts instead of CO; gas as a C1 source for carboxylation. This achievement
was possible through redox neutral conditions generating the CO; radical anion, a
powerful reductant, granting access to the desired products. The reaction could be
performed in the context of radiolabeling, granting access to 14C-labeled molecules,
useful when it comes to ADME studies within pharmaceutical development. The use of
formate salts as carboxylating agent also makes a step forward toward the possible
implementation of carboxylation chemistry in industrial settings, which is typically not
used by companies albeit the elegant advances done by the community.3

r O 2
Lo 2 > o L

H H H H

Figure ii: Photoredox carboxlation of alkyl bromides with formate

X
o
o
=
\

2 Kwiatkowski, M. R.; Alexanian, E. J. Transition-Metal (Pd, Ni, Mn)-Catalyzed C—C Bond Constructions Involving
Unactivated Alkyl Halides and Fundamental Synthetic Building Blocks. Acc. Chem. Res. 2019, 52, 1134-1144.

3 Davies, J.; Lyonnet, J. R.; Zimin, D. P.; Martin, R. The Road to Industrialization of Fine Chemical Carboxylation
Reactions. Chem 2021, 7, 2927-2942.
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Chapter 1. General Introduction
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1.1. Carbon Dioxide

arbon dioxide is one of the main gases in our atmosphere, present at about 420
ppm. It is fairly well understood and proven that this gas is one of the major
responsible for the global warming observed since a few decades. While it is not
a gas that is desired in excess amount in our atmosphere, its implementation in
chemistry as a synthetic block is rather appealing. Indeed, while a considerable amount
of people believes that using CO; directly as a C1 building block could allow for reducing
its amount in the atmosphere, this is not the case in synthetic chemistry, since
purification of the gas and general production cost is still a net positive emitting process.
Though, the interest lies on another aspect, less well understood. When synthesizing
molecules, an organic chemist is usually interested in adding carbons to a structure,
through different strategies, using a synthetic catalogue as old as about 200 years, and
still counting. Any molecule used for the purpose of adding carbons, has an industrial
production energy cost, leading to a certain amount of carbon dioxide emissions. As
previously mentioned, although CO; production would emit more equivalents of itself
compared to the amount put in a container, the corresponding production-related
emission is still considerably lower than for any other carbon synthon in organic
chemistry, thanks to its inherent availability and ease of production. Thus, building
molecules from CO; is highly desirable in order for our modern society to reduce its
carbon dioxide emissions, and potentially manufacturing costs too. Currently, an already
high amount of CO: is used to industrially manufacture feedstock chemicals, which holds
promises for the future, although there still is ample room for more implementation.®.2
Before diving into the rich field of carboxylation chemistry, a systematic description
of the molecule of interest will be given to understand its reactivity and the challenges
associated with the development of processes utilizing carbon dioxide.

1.1.1. Electronics and orbitals

Being part of the Don point group, CO> is a linear molecule in its ground state. The two
double C-O bonds give net partial charges over each atom. Because of the linearity and
the opposed direction of the two dipoles, the molecule is non-polar. This character,
together with the molecular orbitals (see Figure 1.1) involved in most of the reactivity
of this gas, explain its behavior. The HOMO showcases most electron density at the
oxygens atoms, giving a slight Lewis basic character. The LUMO being mostly located on
the carbon atom, reveals an electrophilic behavior which is exploited in the majority of

-4 -
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the carboxylation chemistry, most easily demonstrated by the straightforward
carboxylation of Grignard and organolithium reagents using a simple atmosphere of
carbon dioxide or dry ice.3

c CO, 20

Energy

2s

Figure 1.1 : MO diagram of the carbon dioxide molecule.

The Walsh diagram associated with CO. (Figure 1.2)4-¢ shows the relative, and
qualitative, evolution of the energy levels of each orbital depending on the angle of the
molecule, from linearity (180°) to highly bent (90°). By bending the molecule, the energy
levels will inevitably change based on favored/unfavored molecular orbital interactions.
Bending the molecule changes the point group and therefore splits the degenerate
energy levels, as observed for 1m,, 1mg and 2m,. This splitting is due to the fact that the
orbitals become non-equivalent. While 1m, and 1m, are mildly affected by bending, 21,
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is more affected, especially in the case of the 6a; normal mode.5 This drastic stabilizing
effect of the 2m, the LUMO, transposes into a bending of the molecule in case of
population of this orbital, calculated to be 138°.7 This phenomenon has been observed
in many different fields of chemistry, for example when a Lewis base interacts with CO;
or when the molecule is directly reduced to the corresponding radical anion.8-11 This
observation is also translated, to a broader sense, into the geometry of carboxylic acids,
esters, and other related carbonyl compounds, commonly referred to as the sp2
configuration. The necessary geometric rearrangement of the carbon dioxide molecule,
when reduced with one electron, is reflected by an elevated amount of energy required.

The reduction potential for the CO2/COz"" couple is equal to -1.90 V vs NHE.12 While the

radical anion is used (directly or indirectly) in CO; reduction chemistry attempting to
make bulk products derived from this gas,!3-16 organic chemistry has also seen use of it
in the recent years as a carboxylating source or reducing agent.1”
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Figure 1.2: Qualitative Walsh diagram of the CO2 molecule.
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1.1.2. Binding modes and reactivity

As was discussed in the previous section, carbon dioxide shows an electrophilic
character at the carbon atom and some basicity at the oxygen atoms. All its reactivity is
therefore rather straight forward when interacting with nucleophiles (Figure 2, left),
while its coordination to metals can imply a variety of binding modes (Figure 2, middle).
In the case of nucleophilic attack at the carbon atom, the previously described bending
of the CO; molecule leads to a sp? carbon as a carboxylate species, creating a negative
charge at the oxygens. This chemistry is historically used with Grignard or organolithium
reagent, but modern methods were developed involving a variety of strategies to access
carbon-based nucleophiles. More will be discussed on this topic within the following
section. The various binding modes of carbon dioxide are directed based on Lewis
acidity/basicity but few other parameters such as nuclei radius, electronegativity,
vacant coordination site number or geometry amongst others can have an influence.
This makes the binding mode of CO; difficult to anticipate. It is worth mentioning that
some metals might only coordinatively interact with CO, when reaching a certain
oxidation state, which may require reduction of the metal center. The different binding
modes (for monometallic interactions) are the following, as depicted on Figure 1.3, n!-
C, M!-0 and n2-(C, 0).18-21 As the most representative complex for the work described in
this thesis, Aresta’s complex shows a Ni n2-(C, O) coordination of CO. Other binding
modes involving more than one metal center are also known but will not be discussed in
this thesis.

S | .0 : 0:...0
N . : N . - : ' NP
0?0 100 O : N
. : C,.’\C/)O | (Cy)gP—NI’
Nu M M M P(Cy)s
mq'-C . mpl-C mqy'-0 m12(C,0) ! W Aresta’s complex

Figure 1.3: Binding modes of carbon dioxide.

It is perhaps important to note that all these binding modes have been characterized
at the solid state, suitable for X-Ray diffraction analysis. In solution, these complexes and
any metal complex mixed with COz, may be amenable to some equilibria for which CO;
can decoordinate and might also involve other binding modes to be present in lesser
amount, including non-described bimetallic modes. We consider Ni to bind with the
described n32-(C, O) mode in the Aresta’s complex, but in solution, the other modes
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cannot be excluded. The potential shift from 12 to n! should in theory allow for the
creation of a new vacant coordination site, which leads to compatibility with reactivity
in catalysis. While coordination of CO to a metal might potentially happen to virtually
any metal with free coordination sites in solution through Lewis acid /basic interactions,
it is generally observed that low oxidation states are typically required to trigger
reactivity in CO2 coupling catalysis. This could be attributed to two factors: 1) the more
Lewis basic character of the metal, activating CO in a more pronounced manner and 2)
the increase of nucleophilicity of any carbon-based ligand meant to react with carbon
dioxide. In the specific case of nickel carboxylation chemistry, more precisely for alkyl
carboxylation, Ni(I) has been shown by different studies to be necessary for a
carboxylation event to happen.22-26

1.2. Carboxylation Reactions

Carboxylation reactions have been widely explored, tracing back to when Victor
Grignard first tested his eponymous reagents with carbon dioxide up until nowadays,
where ever-more elaborated reactions for the incorporation of CO; are being developed.
The incorporation of carbon dioxide into organic molecules can be performed using
metal catalysis and as a metal-free approach. Itis important to stress that some reactions
involve metal catalysts for the reaction, but do not involve the metal itself for the
carboxylation step. Such reactions will be classified herein as metal-free carboxylation.
More recently showcased methodologies involving photoredox chemistry will be
discussed separately, as more concepts, introduced in the following section, are involved
in those cases. As was introduced before, the vast majority of the carboxylation
chemistry happens by nucleophilic activation at the carbon atom. Although it has been
shown that for frustrated Lewis pairs (FLPs) catalysis in the context of CO; activation,
the reactivity relies mostly on the electrophilic counterpart of the pair, namely, the Lewis
acid.z”

1.2.1. Stoichiometric reactions

Historically, direct carboxylation of organic molecules from carbon dioxide has been
demonstrated with particularly strong nucleophiles, such as Grignard reagents and
organolithium compounds (Figure 1.4).28
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MgBr O//

J\—> N

R'" "R? R1 R2

Figure 1.4: Stoichiometric direct carboxylatzon chemistry.

As an extension and follow-up of these examples, carboxylation of typical
nucleophiles encountered in classical organic chemistry has been shown. The first
example has been demonstrated by Bottaccio et al in 1966, in which activated
methylene groups, a-carbonyl carbons, could be carboxylated by deprotonation, forming
the enolate intermediate (Scheme 1.1, a).29 Many other similar reactions have then been
reported.30-33

a) Bottaccio et al.

O O
H 002 (1 atm)
> OK
PhOK (4 equiv.)
DMF, rt
1 2,60%
b) Zhang et al.
H CO;(2.5atm) 0
= Cs,CO5 (1.2 eqw&) 4 OH
DMF, 120°C, 14h
then H*
3 4, 95%

c) Hu et al.

CO, (1.4 atm)
CSQCO3 (1.2 equiv.)

O N > N 0}
O S—H  DMF 125°C O >
o)
5

then Mel 0] OMe
6, 97%

Scheme 1.1: Stoichiometric reactions of carbon-based nucleophiles.

Another reaction that was rapidly developed is the synthesis of propiolic acids from
the corresponding terminal alkynes, as alkynes have a relatively acidic proton. Early
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findings and general approach used either Cu or Ag to catalytically coordinate the m-
cloud of the triple bond in order to acidify further the terminal C-H bond.3435 Though, a
direct, catalyst free, carboxylation has been reported in 2011 by Zhang, for which Cs,CO3
proved to be sufficient in DMF at 120°C (Scheme 1.1, b).3¢ Zhang's conditions were
inspired from a procedure reported the preceding year by Hu, which allowed for the
carboxylation of acidic C-H bond containing heterocycles (Scheme 1.1, c).37 All three of
these examples showcase perfectly that nucleophilic carbons are typically well reacting
with carbon dioxide. Nevertheless, the need to access carboxylic acids from varied
functional groups and the necessity for milder conditions pushed chemists to develop
transition metal (TM) catalyzed processes that would allow for carboxylation chemistry
from carbon dioxide.

1.2.2. Organometallic catalysis

The field of catalytic carboxylation reaction by means of TM catalysis has shown a lot
of attention over the last decade. While stoichiometric reactions were rather well
established, it is not before 1997 that the community was granted with the first report
consisting of a catalytic system based on a TM (Scheme 1.2, a). The reaction, showcased
by Nicholas et al, catalyzed the carboxylation of allylic stannanes using Pd(PPhs). as
catalyst in THF at 70°C. A subsequent milestone in the field was reported by Iwasawa in
2006, when the group managed to catalytically carboxylate aryl derivatives for the first
time. The group made use of Rh(I) as catalyst together with dppp as ligand (Scheme 1.2,
b).38

Until this time, all reported procedures involved redox neutral conditions, and thus
the need for a nucleophilic starting material to be coupled with CO.. In order to be able
to couple the most typical functional groups in TM catalysis, halides, reductive
conditions were yet to be investigated. It is in 2009 that Martin & coworkers solved this
puzzle, using a Pd catalyst along with a phosphine ligand, to carboxylate aryl bromides
(Scheme 1.2, c).39 Et,Zn was the reductant of choice in this case. Although the conditions
were not particularly mild given the reactive organozinc used and the high CO; pressure
(10 atm), this reaction set the stage for improvement and further development of the
newly born field of reductive catalytic carboxylation chemistry. Countless reactions have
been disclosed to this day involving a range of amenable substrates for TM catalysis,
including but not limited to nucleophiles (organoboron, stannanes, organozinc), alkenes,
alkynes and electrophiles such as (pseudo)halides to cite a few.4041
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a) Nicholas
CO, (33 atm) o
/\/SnR3 Pd(PPhg), (8 mol%) N M
= OSnR;
THF, 70°C
7 8, 60%
b) lwasawa
CO, (1 atm)
[Rh(OH)5(cod)], (3 mol%)
BNeP ppp (7 mol) COH
= > =
O | CsF (3 equiv.) O |
A Dioxane, 60°C A
9 10
¢) Martin

CO, (10 atm)
Br Pd(OAc), (5 mol%) CO.H
BuXPhos (10 mol%)

: = : 7
N | Et,Zn (2.0 equiv) N |
DMA, 40°C
1 12

Scheme 1.2: First key reports on transition metal catalyzed carboxylation.

When mentioning step-economical chemistry and related atom-economical principle,
the most desired transformation that can be realized is the functionalization of C-H
bonds, alleviating the need for functional group installations. While acidic C-H bonds can
simply be deprotonated for further nucleophilic functionalization, as shown in Scheme
1.1, the functionalization of non-activated bonds, such as on a phenyl ring, happen to be
much more difficult to perform. An elegant solution, within the carboxylation chemistry,
to this challenge has been brought to light by the group of Iwasawa in 2011 using a Rh
catalyst which is guided by a pyridine directing group towards the ortho C-H bond
(Scheme 1.3).42 The driving force of the reaction is the production of methane from a
methyl aluminum derivative that efficiently reduces the oxidative addition complex
Rh(III) back to Rh(I), becoming the active carboxylating species. The proposed
mechanism is initiated by the ligand exchange of the Rh(I) chloride precatalyst to
methyl-Rh species 15. This low valent Rh intermediate is then able to insert into a C-H
bond, guided by the pyridine substituent, giving Rh(IlI) 16. A reductive elimination then
happens by extruding methane, leaving the aryl-Rh(I) 17 as active carboxylating species.
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Rh-carboxylate 18 closes the catalytic cycle through a transmetallation with the methyl-
aluminum in solution. The crude carboxylic acid obtained from 19 is methylated using
TMSCHN; in order to isolate the methyl ester. This methodology, stepping into the
difficult field of C-H functionalization, has unfortunately received virtually no echo, and
therefore remains a challenge to be undertaken for the development of improved

systems.
H CO, (1 atm) Q
[Rh(coe),Cl]5 (5 mol%)
N | PCys (12 mol%) (N)Me
X > z
Me,Al(OMe) (2 equiv.) |
13 DMA, 70°C, 8h 1 4\
then TMSCHN,
(o}
OAIX, L,—Rh'-CI H
_ ¢ Me,Al(OMe) N
| - |
19 X L,—Rh'-Me \
15 13
Me,Al(OMe)
18

Scheme 1.3: Iwasawa's methodology for the sp2 C-H carboxylation.

Considerable attention has been given instead to the reductive carboxylation of
(pseudo) halide compounds, given their availability. As previously introduced, the first
report from Martin consisted in a Pd catalyzed process, but looking through the
literature, one can rapidly observe that Ni is at the center stage of the field. A
methodology reported by Tsuji et al. in 2012 represented the cornerstone in the shift
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towards this metal (Scheme 1.4). Indeed, the group reported the direct carboxylation of
aryl and vinyl chlorides, being even more available than bromides, using a Ni(Il)
precatalyst bearing triphenylphosphines as ligands under one atmosphere of CO. The
work also demonstrated the first appearance of Mn as a sacrificial reductant for Ni,
being still nowadays one of the most used reductants within the field.

C02 (1 atm)
Cl NiCly(PPhs), (5 mol%) CO,H
PPhs (10 mol%)

= - =
O Mn, Et,NI (10 mol%) >y
20 DMI, rt 21
CO,H CO,H
hﬂe()2C3 Ph
22, 76% 23, 77%

Scheme 1.4: Tsuji’s Ni reductive carboxylation of aryl and vinyl chlorides.

Ever since, the field has only grown more, and new challenges needed to be overcome.
While all these reactions, along with all the reactions that haven’t been mentioned, are
of high interest, the emergence of photochemistry opened new doors for chemists to
develop even more carboxylation methods to reach milder conditions along with
broader scopes.

1.3. Photochemistry

Energy is at the center stage of chemistry, whether it is fundamentally, in its
thermodynamics, or at the societal level, where we, humans, look every day for a better
energy-efficient infrastructures. All chemical reactions have an activation barrier,
corresponding to the minimum amount of energy required for it to occur, noted E,. A
thermal reaction proceeds when the temperature of the reaction medium is giving at
least the minimum required amount of energy to the molecules involved. If the activation
barrier is high, heating is necessary, and conversely, if the reaction barrier is very low,
cooling may be applied to slow the reaction down. While thermal reactions represent
the vast majority of chemistry, early findings of reactions triggered by the presence of
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light have been described. The first observation of light interaction in organic chemistry
was reported as early as in 1834 by Tromsdorff.4344

1.3.1. Fundamentals

For a photochemical reaction to happen, a photon is being absorbed by a molecule
(depicted as A on the following figures). The absorption leads to the excitation of the
electronic state of the molecule, to an electronic configuration higher in energy than the
initial state, in most of the cases, the ground state. Electronic states of atoms and
molecules are leveled at specific energies, as described by quantum physics. The energy
interval between two energy levels is typically written as AE. For a photon to be
absorbed by a molecule and therefore for excitation to happen, the energy of the photon
must match with AE. The energy of a photon can be simply calculated based on its
wavelength according to Eq. 1. In this equation, h corresponds to the Planck’s constant,
c to the speed of light and A to the wavelength of the photon.

hc
E = —kq
ﬂ,qu

After being excited, a molecule has a higher energy level, which is exactly what is being
exploited by the photochemist in order to establish reactivity. Once at the excited state,
it is typical that the following activation barrier (E.’), for a chemical reaction, falls in the
range of room-temperature energy activation. Therefore, the reaction proceeds
(usually) without the need for heat and a light source serves as sole energy input. The
excitation of a molecule and the activation barrier change is depicted in Figure 1.5.

0y A oy @
S f‘;v + AE EaT @

T

Figure 1.5: Photon absorption and molecule excitation with light.

Once excited, a molecule has essentially four different reactivity profiles available, of
which not all molecules are susceptible to. First, an excited molecule can engage in a
monomolecular reactivity, transforming only with exposure to light, or a bimolecular
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reaction with another reagent, leading in both cases to a different molecule B (Figure
1.6, a). This is most famously the case for the biosynthesis of Vitamin D3.45 The three
other possible events are bimolecular processes, called quenching events. One of them
(Figure 1.6, b) is an energy transfer quench. An energy transfer consists of the
bimolecular interaction of the excited molecule (A*) and a second molecule called a
quencher (Q). Upon return to the ground state, molecule A will bring the quencher to its
excited state (Q*). The two last possible events are called oxidative quench (Figure 1.6,
¢) and reductive quench (Figure 1.6, d). Those processes involve a SET between A* and
Q. In the case of a reductive quench, the quencher accepts in its LUMO the excited
electron from A*, giving rise to the radical cation of A and radical anion of Q. For the
oxidative quench, Q gives one of its electrons of the HOMO to the lowest SOMO of A*,
leading to the radical anion of A and radical cation of Q.

~ *—é>@ Q
@
80-2/10 gg

Figure 1.6: Non radiative excited state reactivity.

In modern photochemistry, molecule A is called a photosensitizer or photocatalyst
(PC), which under specific light irradiation drives the reaction towards the products by
formation of key intermediates, often radical intermediates when oxidative and/or
reductive quenches are involved.
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1.3.2.  Redox of photochemistry

Since any reaction has to respect electronic neutrality, not becoming electrically
charged over time, a PC performing a reductive quench must give its gained electron to
another molecule, called acceptor, in order to come back to its original state. The
opposite goes in the case of an oxidative quench, by interaction with a donor molecule.
All the redox potentials of the ground state and the excited state can be measured, giving
the chemist a good idea of the use of a particular photocatalyst against another, as can
be exemplified in Figure 1.7 for 4-CzIPN.#6

Eqp (PC*/PC) =152V

ot
PC PC
byt
N
NC CN
Ey; (PC/PC) =-1.21V j Eq (PC*/PC) =-1.04V
N N
N A
W2
4-CzIPN
PC™ PC*

Eq (PC*/PC)=1.35V

Figure 1.7: Redox potentials associated to 4-CzIPN. Potentials given against SCE.
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Figure 1.8: Examples of sacrificial reductants and oxidants.

In order to reach electronic neutrality, a typical reaction involves a species that gets
oxidized and another that gets reduced. This allows for the coexistence of (minimum)
two independent SET events within the same catalytic cycle. Thus, the attractive feature
that makes photoredox chemistry of interest, is the formation of open shell, typically
radical, species. This allows for new disconnections to be established when designing a
synthesis. Photoredox reactions, like thermal reactions, can also be net oxidative or
reductive, when two nucleophiles or electrophiles need to be coupled. In such cases, a
sacrificial oxidant or reductant must be used, see Figure 1.8 for some examples. The use
of such sacrificial compounds allows for the utilization of only one of the two redox
processes, when of interest, in a synthetically productive manner. The undesired SET
will thus be compensated by the sacrificial reagent.

[llustrating a redox neutral reaction, Hou, Li & coworkers have recently shown the
carboxylation of terminal alkenes in a redox neutral fashion, using cheap formate salts
as a C1 synthon.*” As shown on Scheme 1.5 and according to the authors, the reaction
starts with the photoexcitation of the PC, Eosin B or Ir[(ppy)z(dtbbpy)]PFs, followed by
areductive quench from the formate salt 25 to give an oxygen based radical 25’ and the
reduced form of the PC. The newly formed radical is then able to undergo a hydrogen
atom transfer (HAT) with another equivalent of 25 thanks to the high bond dissociation
energy (BDE) of the O-H bond of formic acid (111.5 kcal/mol), yielding formic acid 25-
H and the CO; radical anion (CRA). In the next step, the CRA does a radical addition into
the alkene starting material 24, giving a carbon radical species, which in this work
corresponds either to a benzylic site or an a-carbonyl carbon. The generated radicals are
then reduced to the corresponding anions with the reduced PC to complete the catalytic
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cycle, and final protonation of the anion, likely from the generated formic acid 25-H,
yields the product of the reaction.

o) PC (1 mol%) H O

N H - AL
o J<OCS DMSO (0.06 M), 100°C, 12h OH

blue LEDs (440 nm)

24 25 26
o) H O
26
25 PC*/(\
e
PC o
o
] O)?\)k
H_/< ) 28
. PC
o 25°
i
o-
25
o) o)
O oll\ + —
L o O o-
25-H CRA 24 27

Scheme 1.5: Application of a redox neutral photoredox reaction in carboxylation chemistry.

1.3.3. Reductive photoredox chemistry

When it comes to reductive photoredox chemistry, many different types of
compounds can be used for the purpose of giving the extra electrons needed. One of the
historically most used classes of reducing molecules is amines, trialkyl amines in
particular.*8 [llustrating such methodology, Yu has recently published an elegant way to
make carboxylic acids from terminal alkenes too. Unlike Hou and Li as previously shown
in Scheme 1.5 and others using formate salts,*9-5! Yu’s group has managed to use CO;
directly to access the CRA species as carboxylating intermediate.52 This methodology,
depicted in Scheme 1.6, also represented at the time the first example of
hydrocarboxylation of unactivated alkenes using the CRA. The authors managed to
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develop this reaction by using fac-Ir(ppy)s as PC, DIPEA as sacrificial reductant with
tBuOK and TBAC in NMP under blue light irradiation.

C02 (1 atm)
fac-Ir(ppy)s (1 mol%)
DIPEA, BuOK, TBAC H O

O

Y
o
I

NMP (0.1 M), 50°C, 48h

29 blue LEDs 30
DIPEA*"
CO,
PC DIPEA
hv aan, PC*
H O
o}
. {O_ on
30
CRA PC =%
hv
HAT

7

29
o-

31
Scheme 1.6: Reductive photoredox manifold for the hydrocarboxylation of alkenes.

The reaction is initiated by the photoactivation of the photocatalyst, which can be
reduced after reductive quenching from DIPEA. The authors mention the need for what
they call “consecutive photo-induced electron transfer (conPET)”, which corresponds to
another photon absorption of the PC after the initial photoinduced SET, but before giving
away the electron it gained from quenching. Such an activated species is able to reach
very low reduction potentials and hence reduce CO; to the CRA.5354 This conPET
generates the CRA, which can add into the alkene 29, giving radical intermediate 31.
Final HAT from the solvent or DIPEA yields the final carboxylic acid product 30 after
acid quenching of the reaction mixture.
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1.3.4. Metallaphotoredox

Unsurprisingly, chemists, understanding the benefits of photochemistry, quickly tried
to develop methods that would constitute a double catalytic system. A traditional TM
catalyst would be present in order to couple intermediates to form products of interest,
and a photocatalyst to mediate the electron transfers inside the reaction vessel. The
earliest report on a modern dual photoredox-transition metal catalyzed reaction was
done in 2007 by the group of Osawa (Scheme 1.7).55

Pd(CH3CN),Cl, (4 mol%)

P(Bu)z (4 mol%)
Br Ru(bpy)s2PFg (8 mol%)
" -
Z DMF/EtN (4:1), rt, 4h O
32 33 Xe Lamp 34

Scheme 1.7: Osawa's metallaphotoredox Sonogashira coupling.

This photoredox mediated Sonogashira coupling offered for the first time a dual
catalytic system. The presence of the photocatalyst Ru(bpy)s2PF¢ alleviated the need for
a typical copper co-catalyst, traditionally used for Sonogashira couplings. Although this
report consisted in itself as a breakthrough for the, back then, practically inexistent field,
it took several years for the community to understand the implications and advantages
of such a powerful catalytic pairing. The use of Pd as a metal proved compatible, but its
well-known appreciation for even oxidation states hampers its systematic use in routine
metallaphotoredox chemistry, although many reports have been disclosed.>¢

Metals that are able to access successive even and odd oxidation states are inherently
more suited for systematic metallaphotoredox methodology development. Such TM
mainly lies on the first row, and comprise Co, Ni and Cu as key players. Focusing on Ni
particularly, this metal has proved to become a “go-to” catalyst for the combination of
halide electrophiles and radical precursors thanks to its ease of accommodation with
photoredox chemistry, along with about a decade of experience from the community at
the time of writing. The seminal work attributed to nickel metallaphotoredox chemistry
comes from the groups of MacMillan and Doyle who, in 2014, reported the coupling of
amino acids with aryl bromides (Scheme 1.8).57 The reaction proceeded by
decarboxylation of the amino acid to generate an a-amino radical.
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Scheme 1.8: Doyle and MacMillan's seminal work on Ni metallaphotoredox.

The reaction starts with the reduction of the Ni(Il) precatalyst to the active Ni(0)
species, mediated by the PC. In order to get reduced, the PC, once photoactivated,
oxidizes the amino acid, which after a loss of CO3, yields free radical 35’. The authors
mention that Eq,; (Ir!l/Ir!l) = -1.37 V vs SCE while the two-electron reduction E1/;
(Nill/Ni0) =-1.2 V vs SCE. According to these redox potentials, the reduced PC should be
able to reduce Ni all the way down to the d?? complex Ni(0) 38-0. Following classical
organometallic catalysis, the low valent complex 38-0 can easily undergo oxidative
addition into an aryl halide present in solution, yielding the Ni(Il) intermediate 38-II.
Previously generated radical 35’ adds to the complex, generating a high valent Ni(IlI)
complex 38-1I. The higher oxidation state of this complex favors the reductive
elimination step, giving the product and Ni(I) complex 38-I. One electron reduction of
this complex back to Ni(0) 38-0 closes the catalytic cycle.
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While metallaphotoredox and photochemistry in general became their own fields of
study,>¢ the carboxylation arena has also benefited from light mediated chemistry.58-62

1.3.5. Photoredox carboxylation

The first disclosure of the combination of photochemistry and carboxylation was
reported in 2017 by Iwasawa & coworkers with use of dual photoredox and rhodium
catalysis (Scheme 1.9).63 The work showcased the hydrocarboxylation of alkenes using
trialkyl amines as sacrificial reductant, giving mild conditions. The product gave only
one carboxylic acid isomer on the benzylic site, with no observable amounts of linear
product. The main side product being the reduction of the double bond which could be
avoided by addition of Cs;CO3 to the mixture.

CO, (1 atm)
| [Rh(4-CF5CgHy4)oCll»(3.5 mol%) Me
[Ru(bpy)s](PFg)2 (2 mol%) CO,H
NC Pro,NEt (4 equiv.), Et;NI (1.2 equiv.) NC
DMA, rt, 425 nm
39 40, 62%

Scheme 1.9: Iwasawa's photoredox hydrocarboxylation of styrenes.

Radical-polar crossover (RPC) reactions have come to life thanks to photoredox
systems. The principle relies on the generation of a radical, typically on an activated site
such as a benzylic position, that would easily be reduced via SET to the corresponding
anion. This anion, following historical reports on carboxylation, reacts with CO> to give
the corresponding carboxylate. Thus, two different approaches have been taken by
chemists. In the first one, the most direct, a HAT process is used to homolytically remove
ahydrogen atom on a benzylic site to give the radical, followed by RPC, giving the desired
product. The second approach, giving rise to a lot of possible variations, consists in
generating a radical from various sources, which can itself participate in an addition into
, generally, a styrene. The intermediate after addition is not different than in the case of
a HAT strategy which once again allows easy RPC followed by carboxylation. In 2019,
the groups of Konigé* and Murakami%s independently reported a C-H benzylic
carboxylation method (Scheme 1.10). Both protocols generated the same benzylic
radical intermediate using HAT technologies, albeit from different approaches. While for
Murakami the radical was then recombined with Ni for what resembles a type of classical
Ni metallaphotoredox system, Konig opted for a RPC strategy, requiring less reagents
and less energy intensive light for the same outcome. A silane was used as a HAT catalyst
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in this case. The advantage of Murakami’s method was that it could be translated to non-
activated sp3 carbons, granting carboxylation of aliphatic solvents.

4-CzIPN (6 mol%)

a) Konig PrySiH (20 mol%)

DMF, 0°C, 24h
455 nm

Me Me

1 42
Xanthone (25 mol%)
NiCl,.6H>0 (5 mol%)
(2-Py),CH, (10 mol%)

'BuOK (1.3 equiv.)
PhH, rt, 4h, 365 nm

Scheme 1.10: Kénig and Murakami's conditions for the C-H benzylic carboxylation.

b) Murakami

The second approach for the carboxylation of benzylic sites using RPC has been first
reported by Martin & coworkers with their seminal work from 2017 (Scheme 1.11).66
Carbon-centered radicals were added to a styrene, leaving a benzylic radical that could
be easily reduced to its corresponding anion, giving a carboxylate in the presence of
carbon dioxide. Martin made use of Langlois reagent as a CF3 radical source for reaction
development, but other carbon radical precursors were amenable to the same reactivity.
Different sulfinates, oxalates and trifluoroborates were therefore showcased.

CO, (1 atm)
Ph [Ir(ppy).dtbbpy]PFg(1 mol%) HO,C CF;
>: CF3;SO,Na >  ppe
PH DMF, rt Ph
Blue LEDs
43 44 then HCI (2 M) 45, 86%

Scheme 1.11: Martin's seminal work on radical polar crossover carboxylation.

More recently, hydrocarboxylation of alkenes has been shown using photochemistry
without using a CO2 atmosphere for the reaction, but rather a reduction product of
carbon dioxide, formate salts. Being already reduced compared to carbon dioxide, a
reaction involving a formate salt as a C1 synthon with an electrophile becomes redox
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neutral and avoids the use of a sacrificial reductant, while also offering a monophasic
system, easier to handle than typical carbon dioxide atmosphere. This also brings the
advantage of bringing the C1 source down to near stoichiometric amounts, since the
formate salts can be weighed on a bench. The Wickens group was the first to
photochemically report such a process in 2021, where activated alkenes could be
hydrocarboxylated using a PC and a thiol HAT catalyst (Scheme 1.12).50 The key reactive
intermediate in the reaction was the CRA, which was not formed by direct reduction, but
rather by HAT on the sole hydrogen atom of the formate anion. The CRA can then add
directly into the alkene, leaving a carbon radical that can perform the final HAT step,
recovering the hydrogen leading to the product. The authors performed deuterium
experiments to show that the hydrogen atom added on the benzylic site does come from
the formate salt and not from DMSO, although water traces in the solvent could also be
a source of hydrogen. This method was later expanded by the same team to unactivated
alkenes using a very similar strategy only that no PC was necessary.5! Indeed, after doing
some studies, the group found that the thiol HAT catalyst was directly activated by the
light source. Yu & coworkers also reported a methodology for the hydrocarboxylation of
alkenes by intermediate of the CRA, although in this case, the radical anion was
generated by direct reduction, as shown earlier in Scheme 1.6.

| o 4-DPAIPA (0.1 mol%) H
J\ T1 (2 mol%) CO,H
H™ "OK 467 nm LEDs
DMSO, 2h
46 47 48, 80%
via DPA
SH . o) NC CN
—
°k0_ PhMO_
CO,Me DPA DPA
T _ <o _Ph DPA
DPA= ¥ N 4-DPAIPN
Ph

Scheme 1.12: Wickens' photochemical hydrocarboxylation.
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1.4. Nickel Catalysis

Nickel is the element number 28, sitting on the 10th column and 4th row of the periodic
table. The metal has been discovered in 1751 by the Swedish chemist von Cronstedt. Its
first use in catalysis has been reported in 1954 by Kharasch, noticing that a catalytic
amount of NiCl, gave a homocoupling of Grignard reagents.¢” Transition metal catalysis
as a field has mostly benefited by the use of lower-row transition metals such as
palladium, ruthenium, rhodium, or iridium. Indeed, Nobel prizes have been given for the
development of rhodium, ruthenium, and palladium catalyzed reaction.68-70 The field of
nickel catalysis has shown great expansion over the past few decades thanks to the low
price of the metal compared to lower transition metals and due to its similarities, but
also differences, in reactivity with palladium. The surge of metallaphotoredox chemistry,
as discussed above, put nickel as a mainstream catalyst for such reactions. Although
similar on some aspects to palladium thanks to the same valence composition, both
metals naturally show differences in their intrinsic properties. Nickel is a smaller atom,
less electronegative and accesses all oxidation states from 0 to IV, while palladium
favorizes even oxidation states.”! These differences allow nickel to engage more easily
with one electron chemistry. Indeed, it is able to perform oxidative addition in a two or
one electron fashion, but also doing it from Ni(0) or Ni(I), which can affect the reactivity
further. While this makes it seem like nickel is superior to palladium, in reality it only
makes its implementation into catalytic methodologies more difficult to tame due to the
plethora of possible side-paths it offers. This is the reason why the community focused
for decades mostly on palladium and other metals, thanks to their milder and more
predictable reactivities, and why nickel only saw a recent emergence in catalysis thanks
to the advances made.

1.4.1. Nickel cross-coupling reactivity

Because of its smaller size and being more reducing compared to Pd, Ni is able to
perform oxidative additions with more ease.’? To exemplify this, as shown in Scheme
1.13, it has been calculated that for the oxidative addition into chlorobenzene, the N-
heterocyclic carbene (NHC) complex of Pd requires 23.7 kcal/mol while the related Ni
complex only needs 0.8 kcal/mol.”3 This difference is further observed by the studies
and then development of strong C-X bond insertion reactions using Ni.
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+
L Ci L‘M’,('ll L. Cl
L/M_‘ L/ S~y M

L= NN Pd: AG* = 23.7 kcal/mol
Me™"\"""Me  Ni: AGF = 0.8 kecal/mol

Scheme 1.13: Comparison of the oxidative addition barriers between Ni and Pd.

One of the most striking examples of strong C-X bond functionalization using Ni is the
insertion into C-O bonds. Many C-O electrophiles have been used with other transition
metals such as palladium, the oxygen counterpart typically represented a rather
activated group, such as aryl sulfonates. Nickel, in its case, is able to undergo reactivity
with bonds that were typically considered difficult to react, such as aryl methyl
ethers.”4#75 A methodology from Dankwardt & coworkers nicely showcases the early
findings of the field (Scheme 1.14).7¢ The incorporation of methoxy groups as
electrophiles for cross-coupling reactions is of great interest as phenols are more
available and overall cheaper than their halogenated counterparts. Their utilization
within catalysis would therefore point towards greener catalysis as it represents a more
sustainable source of electrophiles. While Dankwardt reported a Kumada-type coupling
from aryl methyl ethers, the further development of the field led to more types of
couplings such as Suzuki,”7-79 Buchwald-Hartwig8081 or Hiyama-type.7482.83

Z OMe = MgBr NiCly(PCys), (5 mol%)
oy oLy -
N AN {AmOMe, 80°C
49 50

Scheme 1.14: Dankwardt's catalytic C-OMe functionalization.

1.4.2. Cross-electrophile coupling

A key feature that made nickel an appealing metal to work with is its ability to engage
in cross electrophile couplings (XEC).84-88 The appeal for such a reaction comes from the
fact that a) some electrophiles might be more available than a nucleophilic derivative b)
it might be more step-economical not to transform an electrophile into a nucleophile
before coupling c) some electrophiles are not easily transformed into a nucleophile by
nature, such as CO;. The process is reminiscent for what was described within the
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photoredox context but can also be set in a thermally controlled setting. The fact that
nickel is able to undergo SET processes allows for the generation of carbon based radical
from diverse precursors, which will further react further down with an aryl/alkyl-Ni
species by radical capture giving a highly oxidized nickel that can easily reductively
eliminate a product.8 The three main classes of couplings are the sp2-sp?, sp2-sp3 and
sp3-sp3 couplings, to which nickel finds use.% In the context of this thesis, CO> is the
electrophile that is mainly depicted, nonetheless, plenty of various electrophiles are also
known to react with the metal. The biggest challenge when it comes to cross-electrophile
coupling is to avoid so-called “homocoupling” when dealing with two different
electrophiles. Therefore, the fact that nickel can engage in either one or two electron
processes enables a discrimination between both electrophiles for good cross-
selectivity. The mechanism involved for most of the reductive cross-coupling is similar
to the mechanism involved in the case of photoredox although slightly different. Nickel
is first reduced down to Ni(0), which allows for a classical oxidative addition towards a
Ni(Il) species. Then, a radical, generated from a precursors and Ni(I) adds to the
oxidative addition complex to generate the Ni(Ill) intermediate that easily undergoes
reductive elimination to form the Ni(I) species typically involved in a SET radical
generation. This leaves a Ni(II) compound that can be reduced down to Ni(0), closing the
catalytic cycle. An outline is depicted in Figure 1.9.

RedXY Ar—X
[Ni¥]
Red

[Ni“]ii( [Ni“]’Ar

~X

\(_\
[Ni]—X |
- [N“”T’Ar
~X

Figure 1.9: General mechanism of a Ni cross-electrophile coupling.

A recent study by Hazari et al. shows how the development of 6,6’-disubstituted
bipyridines as ligands have helped the field, making competent catalysts.? The
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introduction of such substituents has for effect to disturb the geometry, and thus the
spin-state, of the Ni(Il) halide complex from a square planar for non-substituted
bipyridines to a distorted tetrahedral geometry when substituted (Figure 1.10). The
consequences are in the redox potentials, essentially dissociating further apart the
Ni(II)/Ni(I) and Ni(I)/Ni(0) couples, making some reductants unable to reach Ni(0),
which can be a desired feature or not, but also stabilizing Ni(I) species when bulky
substituents are used. The presence of substituents was also detrimental for the radical
capture from Ni(II) intermediates and can therefore be inimical to XEC reactions. The
ligand design for a reaction should therefore be well-thought according to a reaction’s
specific mechanism and cannot follow simple trends based on steric bulk for example.
Citing the authors: “different ligand design strategies compared to those that have been
successful for precious metal systems will need to be applied because of the tendency of
Ni complexes to adopt multiple spin states.”

mdve
Me S
N, JCl
/Ni‘\ _ =
= "N Cl
Me S
Me Me

Figure 1.10: Geometry change depending on the presence of substituents.

1.4.3. Remote C-H functionalization

Chain-walking is described as the ability for a metal to “walk” along an alkyl chain.
The process starts from a metal-alkyl complex and consists of iterative B-hydride
elimination (BHE) followed by 1,2-insertion steps until the metal finds a position that is
thermodynamically favored, before further elementary steps occur (Figure 1.11, top).
This type of reaction is known for various metals and is not a specific feature of nickel.92-
94 Nonetheless, nickel has found profound use in remote functionalization of alkyl-
containing molecules and is currently a field still under active investigation.959¢ The
interest for nickel in such transformation started in 2013 when Ong et al. reported a
remote hydroarylation of allylbenzenes with a NHC as ligand (Figure 1.11, bottom).97
The report showcased the arylation selectively at the benzylic position, with only minor
isomers produced as linear products. The following year, the Hartwig group showed an
improved system that was not restricted to allylbenzenes but could use of different
octene isomers, again using a nickel-NHC system.98

-29 -



UNIVERSITAT ROVIRA I VIRGILI
CARBOXYLATIVE METHODOLOGIES VIA PHOTOREDOX CATALYSIS
Julien Lyonnet

[Ni] . H H . INi]

P N Ni(cod),(10 mol%) ; ;
IMes (10 mol%) ~-N__N
= Me Z
£V I
A N PhMe, 130°C Me
52 53 X 54

Figure 1.11: Rationalization of the chain walking process and Ong’s Ni catalyzed report.

\i

The current state of the art when it comes to catalytic systems involving a Ni based
chain-walking reaction bears NN ligands. These NN ligands are, in most cases, bipyridine
or phenanthroline derivatives, although many examples have been shown to be using
pyOx or BiOx ligands amongst others.959¢ The first appearance of a reaction making use
of a NN ligand, more specifically 6,6’-bipyridine, was disclosed by the group of Zhu in
2017 (Scheme 1.15).99 This reaction was also a hydroarylation of alkenes but using aryl
iodides as electrophile and performing at room temperature. Consequently, the
changing of ligand class allowed for the conditions to become milder while conserving
an excellent selectivity and broad scope. The reaction was selective towards benzylic
functionalization, with very little amounts of linear products observed.

NiCly(5 mol%)

bpy(Me), (6 mol%)
QO/\M/\ OO/ PHMS, CsF -

THF, 1t

55 56
Scheme 1.15: Zhu's hydroarylation with Ni-bipyridine system. PHMS = polymethylhydrosiloxane.

Zhu, later the same year, improved this report by allowing for the coupling of alkyl
bromides with aryl bromides, using the same ligand and with manganese as sacrificial
reductant (Scheme 1.16).100 The group made use of propyl bromide as an additive in
order to generate a Ni-hydride species from BHE in situ for the catalyst to re-engage with
potential alkene side-products in case of metal-alkene dissociation over the chain-
walking process.
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Br Ni(ClO,), 6H,0 (5 mol%)
bpy(Me), (6 mol%)
Br n-PrBr (5 equiv.)

Y

Mn (2 equiv.)
DMA, 25°C, 24h

58 59
Scheme 1.16: Zhu's chain-walking XEC reaction.

To summarize, many different ways have been developed in order to use carbon
dioxide as a C1 synthon. The use of nickel in the chemistry is rather central, especially
when it comes to reductive coupling technologies. Moreover, the emergence of
photoredox catalysis presented and still is an opportunity that is able to bring new
answers to current challenges faced by chemists towards this endeavor.
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CHAPTER 2. Photocatalytic Multicomponent
Radical Coupling for the Direct Incorporation
of Labelled Carbon Dioxide
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2.1. Introduction

2.1.1. Carbon labelling

Carbon, as an atom, can exist as a plurality of various stable isotopes. The three natural
isotopes are 12C, 13C and 14C, while 11C can be made artificially. 12C is the most abundant
isotope with 98.93% followed by 13C with an abundance of 1.07%. Both these isotopes
are stable and do not show any radioactive decomposition. On the other hand, the third
natural isotope of the element, present only in trace amounts, is 14C, which shows
radioactivity decomposing with a half-life of 5730 years (Figure 2.1). The decomposition
turns a neutron to a proton through B-decay, giving 14N.1 It is generated in the high
atmosphere of the earth from nitrogen after interacting with a thermal-neutron,
expelling a proton during the process.

12C 13c

11c 14C

Figure 2.1: Main isotopes of the carbon element.

While it may seem to someone learning organic chemistry that using various isotopes
of carbon is irrelevant, their use in synthesis is in fact a necessity when it comes to drug
development in pharmaceutical companies and medical research. Although labelling
organic compounds can be performed with a plethora of elements (carbon, hydrogen,
nitrogen, iodine, etc.), the present chapter will focus only on carbon isotopomers
labelling. Labelled compounds are used during the ADME studies (Administration,
Distribution, Metabolism, Excretion). Introducing stable isotopes such as 13C allows for
a heavier compound ensuring that it will have a separate yet defined mass on
spectrometric measurement. Therefore, the compound can be retrieved after excretion
from the body, allowing the researchers to follow the path taken from the drug. On the
other hand, radioisotopes such as 1#C grant researchers with an easier detection of the
molecules given the very low background natural radioactivity, giving the possibility for
low amount detections. This, in turn, allows for the investigation of the metabolites
derived from the parent drug. Radioactivity being independent from the structure of the
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labelled molecule, quantification of the drug, or its metabolites, can be done without use
of an external reference.?

R = Alkyl [ o 18¢0,
12
Baran and Martin, 2019 [ R C ONHP
via
9 R= AryI -| 13002 9
12¢ _[Cu] 13c.
R™"OH  Audisio, 2019 { R J R OH
via
R = Alkyl | | c0,
Lundgren and Rotstein, 2021 { via

Figure 2.2: CDC approach for molecular labelling.

When it comes to synthesizing labelled molecules, the cost of production increases
dramatically given that pure isotopomers other than 12C must be artificially produced.
This, in turn, incites the radiochemist to incorporate the labelled atom as late as possible
in the route. This might require changes from the route developed by the medicinal or
process chemists. Additionally, the starting materials used for labelling are typically very
simple for production reasons, and can be 13CO>, 13CN, or Ba!3CO3 (amongst others and
including their 14C counterparts).3-5> Carbon dioxide is therefore very attractive as a
labelling source when it comes to isotope implementation. Also, the need for late-stage
isotope incorporation is greatly appreciated and led to the development of plenty of
methodologies to do so.5 Given the price related to the synthesis of such compounds,
robust methods are preferred, such as the historical carboxylation of a Grignard from
CO; gas.5 More recently, several groups have come up with new ways of introducing a
carbon isotope from CO; in a late-stage fashion as a catalytic decarboxylating-
carboxylation (CDC) strategy. As the name suggests, the purpose of these technologies
consists of decarboxylating a carboxylic acid present in the molecule, typically giving an
organic radical, which can be captured or reduced for further reaction with labelled CO;
present in the reaction medium (Figure 2.2). In 2019, both the groups of Baran and
Martin independently reported a CDC reaction using nickel with activated NHP esters.67
In the case of Baran, the reaction required a stoichiometric equivalent of nickel while
Martin’s report made use of 10 mol%. The same year, Audisio & coworkers
independently reported a CDC reaction using copper as a catalyst, starting from the
cesium salt of the carboxylic acids of interest.8 This method proved to be quite straight-
forward and did not necessitate the use of many reagents. In 2021, Lundgren and
Rotstein disclosed an elegant procedure allowing for a fast, dynamic carbon isotope
exchange technology.® The protocol made use of cesium carbonate to deprotonate the
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carboxylic acids in situ and 4-CzIPN as photocatalyst (PC). Oxidation of the acid by the
PC extruded CO, leaving an organic radical which could be reduced by the PC through
radical polar crossover (RPC) to give the anionic species, nucleophilic enough to attack
CO; from the reaction medium. Since they used an atmosphere of labelled carbon
dioxide, the product will be statistically labelled with the desired isotope. Although this
method is very direct and easy to make use of, it was limited to activated positions such
as benzylic or a-carbonyl.

While many carboxylation reactions have been reported in the context of labelling
from aryl halides or aryl boron materials,5 in practice, such compounds are typically
made from the corresponding acid by means of decarboxylative functionalization. This
is due to the fact that radiochemists, most of the time, get their intermediates through
other departments within the company such as process chemists. Therefore, they cannot
access desired halides or organoboron, for route design reasons, without making those
themselves. Given the structurally complex nature of pharmaceutically relevant
molecules, the development of methodologies offering labelling while building
molecular complexity is highly desirable. One way to gain access to structurally complex
scaffolds in a minimal number of synthetic steps is the use of so-called “multicomponent
reactions”.

2.1.2.  Multicomponent reactions

Strecker synthesis

Q)L &
H HCN H(:N I__IC()zH
1 2 3

Biginelli reaction
o o o )OL o Hreat 7N
—_—
() E; H% HNTN™ EtoH, A N/&O
4 5 6
Scheme 2. 1: Two examples of MCRs developed in the 1800s.

In organic chemistry, a multicomponent reaction (MCR) is a reaction consisting of at
least three different compounds giving a sole product made out of most of the atoms
from the starting materials. Such reaction has been known for almost as long as organic
chemistry has existed, and thus includes textbook organic chemistry examples such as
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the Strecker synthesis or the Biginelli reaction (see Scheme 2.1). While during the 1800s
chemists developing MCRs did not do so in order to achieve step-economy but rather by
the simple desired to make new types of compounds, chemists of our age are interested
in reactions that will yield complex structures in a minimum number of steps, ideally
one, and making use of readily available starting materials. A perhaps more recent
example of a MCR is the A3-coupling, developed by the group of Li in the early 2000s
(Scheme 2.2).10 The name of this reaction comes from its starting materials: an alkyne,
an amine and an aldehyde. Mixed together with a transition metal catalyst, the reaction
yields propargylic amines in good to excellent yields. The reaction is inspired from the
Mannich reaction, generating an iminium species in situ, to which a metal-acetylide will
add, giving the propargylic product. The most used metals for this reaction are metals

iy

known for their affinity with alkynes such as Ru, Cu, Ag or Au.11

H O
// HNO M cat.
O)LH 2 =
8 9

10 11

Scheme 2.2: Li's A3-coupling reaction.

Photochemistry, being intimately linked to open-shell radical intermediates, offered
the ability for chemists to come up with new ways of combining molecules, aiming at
creating new multicomponent technologies. One of the key aspects in this endeavor is
the concept of polarity-match within radical chemistry. This concept, generally speaking,
classifies radicals as being electron-poor or electron-rich. In other words, electrophilic
or nucleophilic. The matching of the SOMO energy levels between two radicals or a
radical and a radical-trap might dictate reactivity, and anticipation of the radical
behaviors can therefore be drawn.12 This concept is rather well exemplified with a work
from Gansduer.13 In their report, the group showed that cyclopropyl carbinyl radicals
undergo ring opening extremely fast (k = 9 x 108 s1) and much slower reversed ring
closure (k » 3 x 10* s1). By designing a specific material in which the cyclopropyl-
containing radical would be electron-poor, being alpha to an ester, the radical could be
reduced by SET to the anion, which would not be the case for the ring-opened product,
being too electron-rich to be reduced. This demonstrates indirectly the fact that radicals
can have different electronic properties and involves more synthetic concepts. The fact
that radicals can be electrophilic or nucleophilic is reminiscent to conventional
electrophiles and nucleophiles. An electron-poor radical will interact faster with an
electron-rich acceptor and vice versa. This phenomenon can be exploited to guide
reactivity in a sequential, well controlled manner, for the obtention of specific structures
as output. Glorius & coworkers have recently disclosed a few methodologies relying on
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iterative radical polarity-match additions giving rise to multicomponent coupling
reactions.14-16 An example from the group’s report from 2022 is shown in Scheme 2.3.
The reaction starts with the photoexcitation of thioxanthone which is quenched by
starting material 12 through an energy transfer. Once itself at the excited state, the
compound undergoes a homolytic cleavage at the N-O bond, giving a nitrogen (16) and
an oxygen-centered (17) radical. According to the authors, the oxygen-centered radical
17, an electrophilic radical, adds into alkene 14, yielding electron-rich radical 18 which
will itself react with 13 following a well-known Giese addition.1” The intermediate
product of the Giese addition is the electron-poor radical 19, being on the a-position of
the electron-withdrawing group. This electrophilic radical can finally react with the
ambiphilic nitrogen-centered radical 16, giving final product 15.

N///\
13

Ph
)\ Thioxanthone (5 mol%) Pho,CN Et Et
ph SN-O~ - OFt - OCO,Et
b Me EtOAc, rt, 12h NC 2
O Blue LEDs
12 Me 15, 64%
14

0

hv
%h
O O 16
S

Thioxanthone

.0___OEt Et_Et
Ph 14 Et Et 13
A QL R e
Ph” N’
16 17 18 19

Scheme 2.3: Glorius' radical multicomponent reaction.

Taking in account the fact that complex structures can be generated with
multicomponent reaction, notably with high chemoselectivity using radical chemistry,
we envisioned to develop a methodology allowing for both the buildup of a complex
molecular scaffold and implementing labelled CO; at once. This would potentially
alleviate the need for a CDC reaction when attempting to add labelled carbons to the
structure.
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2.2. General aim of the project

The field of molecular labelling has only received little attention for the past couple of
decades, still, elegant procedures have been reported allowing for the incorporation of
labelled carbon dioxide gas. On the other hand, photochemistry has been subject to a
skyrocketing expansion over the past two decades. Noticing both of these trends, we
decided to come up with a protocol that would grant elaborated structure while
incorporating labelled carbon dioxide at once.

Q /

Scheme 2.4: Project overview, with proposed mechanism.

We therefore anticipated that oxidizing a sulfinate salt, known to give electrophilic
sulfonyl radicals, would allow for an addition into an electron-rich alkene, which would
be able to add itself into an electron-poor alkene such as an acrylate in a Giese addition
fashion. The final acrylic radical could undergo RPC to give an enolate, nucleophilic
enough to generate a malonate moiety from labelled CO,. Additionally, we anticipated
that the carbonyl group of the acrylate could be removed by careful installment of a
reactive substituent on its esterified moiety, making a decarboxylation feasible only to
leave the desired labelled carbonyl coming from CO-.
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2.3. Reaction Optimization

In order to start the reaction discovery process, sodium benzene sulfinate 20a, methyl
acrylate 21-Me, and dihydrofuran (DHF) 22a were mixed in DMA with a PC at 10°C
under CO atmosphere. The product of the first round of investigation was the desired
product 24. The reaction proved to be working using a few different photocatalysts,
although (Ir[df(CF3)ppy]z(dtbbpy))PFs gave the best results with 54% NMR yield
(Table 2.1, entries 1-4). A change in solvent, testing DMF (entry 5) and DMSO (entry
6) was not improving the yield while changing the stoichiometry of the reaction to
make the sulfinate salt 20a the limiting reagent improved the yield to 65% (entry
7). Finally, increasing the concentration to 0.2 M (entry 8) pushed the yield further
up to 73%.

Table 2.1: Reaction discovery.

Q MeO—"
e
)
O;4-ONa \)kOMe PC (1 mol%) ﬁ\(

21-Me (Y equiv.) CO; (1 bar) > OH
DMA (0.1M) o:é—co
O Blue-LEDs, 10 °C, 16h

20a (X equiv.) 22a (3 equiv.)

Y
o

24
entry PC X Y yield (%)
1 Ru(bpy)s(PFe), 1.2 1.0 49
2 4-CzIPN 1.2 1.0 50
3 (If[df(CF3)ppyls(dibbpy))PFg 1.2 1.0 54
4 (Ir[df(CF3)ppyls(bpy))PFg 1.2 1.0 31
5  (Ir[df(CF3)ppylo(dtbbpy))PFg 1.2 1.0 502
6  (Ir[df(CF3)ppylo(dtbbpy))PFg 1.2 1.0 430
7 (Ir[df(CF3)ppylo(dtbbpy))PFg 1.0 1.5 65
8  (Ir[df(CF3)ppyls(dibbpy))PFg 1.0 1.5 73°

Reaction conditions: on the basis of 0.20 mmol, 20a (x equiv.), 21-Me (y equiv.), 22a (3 equiv., 0.60 mmol), PC (1%),
DMA (0.1 M), 10°C, CO2z (1 bar), 451 nm LEDs,16h. NMR yield using CH2Br2 as internal standard. 2DMF as solvent.
bDMSO used as solvent at 20°C. <DMA (0.2 M).
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Next, as introduced in the general aim of the project, we wanted to modify the acrylate
moiety with a substituent on the esterified side for us to be able to decarboxylate the
final product. After seeing a procedure giving what we were after, we decided to
functionalize the acrylate with an ethyl trimethylsilane group (ETMS).18 After simple
addition of a fluoride source, TBAF more precisely, TMSF could be removed along with
ethylene gas, leaving a malonic carboxylate behind. With the help of heat, the carboxylate
could be extruded by CO; removal, granting us with only the desired carboxylate. The
deprotection was first tested on compound 25, derived from the modified acrylate to
which CO; was not added. Other fluoride sources were tried, without success (Table 2.2).

Table 2.2: ETMS group deprotection screening.

o} ji::> TBAF (2 equiv.) o} ﬁi::>

S THF, 1t

N S.
(\j © d ©
. then H*/H,O .

o I
25 © 26 ©
entry deviation from conditions yield (%)

1 none 99
2 CsF (2 equiv.) n.r.
3 KF (2 equiv.) n.r.
4 HF.Py (2 equiv.) decomp.
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At first, we tried to develop a reaction that would consist of a three-step sequence in
a one pot manner, making the reaction as straight forward as possible, as depicted on
Scheme 2.5. While we could obtain product 23a’ in good 69% yield, a few parameters
made us reconsider this approach. The first observation was that two side products
could be generated at the end of the sequence. The main side-product, 23a-1, was
formed after the final decarboxylation, and is a simple methylation of the formed enolate
with unreacted methyl iodide. This side-product could be obtained in various amounts,
and sometimes in greater quantities than the desired product when the reaction was
tested on different starting materials. The second side-product, 23a-2, observed only in
small amounts, is the product of TMS removal, but protonated at the ethyl group. It is
still unclear to this date how the side-product is formed exactly since the TMSF and
ethylene removal should be a concerted process. In any case, since the one-pot
procedure gave us irregularity problems along with decreased yields when trying the
scope of the reaction, we decided to modify this procedure to a more reliable one even
after many attempts of making the one-pot reaction doable.

0
P 1) [Ir(dF (CF3)ppy),dtbbpy]PFs (1 mol%) COMe
OETMS CO, (1 bar), DMA (0.2 M) o

0 21 blue LEDs, 10 °C, 16 h

Ph™ " "ONa 2)Mel 1 eq., tt, 2h N
| 3) TBAF 2 eq., 35°C, overnight 0]
20a
o] One pot
22
a ETMS = % ~_-TMS 230", 69%
0] /—Me
o0 M 0, 0 o
S S
y COZMe Y COZMe
0] 0]
23a-1 23a-2

Scheme 2.5: One-pot protocol.
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After a few attempts, a very simple modification granted us with a reliable procedure.
The effective change was a solvent swap after methylation, using THF as solvent for the
TBAF addition. Thus, the reaction was worked-up after methylation and the crude,
without purification, submitted to deprotection/decarboxylation. The step itself was
also modified, in the one-pot sequence, blue light irradiation was shone since the PC was
still in solution, believing that it would help decarboxylate the product by SET oxidation
of the carboxylate. Now that the procedure removed most of the PC by work-up,
decarboxylation was triggered purely by a thermal process, and hence heated at 45°C.
After finally having a reliable procedure yielding 65% of product, we ought to try it using
13C0O,, since this was the whole purpose of having a decarboxylative manifold.
Unfortunately, we could only obtain 37% of desired product at first. Luckily, we quickly
understood that the problem came from the CO; pressure used for the reaction. The C-
12 reactions were performed at 1 bar above atmospheric pressure, and the 13C carbon
dioxide bottles we had only given a low pressure. While we could not know the used
pressure, lacking manometers, we could get a qualitative understanding when opening
the flasks after reaction. When changing the bottle to a new one with higher pressure
(still unknown but above atmospheric pressure), the yields could be raised to a
satisfying 51% (Scheme 2.6).

i
0 1) PC1 (1 mol%)

12/13
0 CO,, DMA (0.2 M) N
I 22a  pjye LEDs, 10°C, 16 h O\\SP 7 co,Me

Ph” > ONa > EO
20a O 2) Mel 2 eq. rt, 2h @

\)k then

OETMS 3y TBAF 2 eq., THF (0.2 M), 23
21 45°C, 2h
O\\ /7 3 12C02Me O\\ /7 3 13CO Me
(3 r (3
23a’, 65% 23a, 37%
then 51%

Scheme 2.6:Final sequence developed with first labelling experiments.
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Final optimization of the protocol with 12C0O,, the sulfinate salt was replaced with

sodium 4-fluorobenzene sulfinate for NMR purposes. The results were the following

(Table 2.3). The reaction, with intermediate work-up after methylation, gave product 27
in 68% NMR yield using our new standard conditions. While DMSO (at 20°C) gave the
same result (entry 2), other solvents were detrimental to the reaction outcome (entries

2-5). Decreasing the concentration reduced the yield too (entry 6), as was the case when

decreasing the stoichiometry of 22a (7). Other PCs gave good but lower yields at around
50% (entries 8 and 9), while heating the reaction to 25°C proved to be detrimental (entry
10). Control experiments with no PC or light showed the necessity of these two for the

reaction to happen at all (entries 11 and 12).

Table 2.3: Final optimization and control experiments.

TMSEO °
%

0
Osg-ONa P, 1) PC-1 (1 mol%)
OETMS CO,, DMA (0.2 M)
01 blue LEDs, 10 °C, 16 h
— 2) Mel 2 eq. rt, 2h
F CO then
20b 3) TBAF 2 eq., THF (0.2 M),

entry deviation standard conditions  yield (%)
1 none 68
2 using DMSO instead of DMA 68
3 using NMP instead of DMA 58
4  using MeCN instead of DMA 15
5 using THF instead of DMA <5
6 inDMA (0.1 M) 52
7 using 1 eq. of 22a instead of 3 eq. 33
8 4-CzIPN 2 mol% as PC 50
9  Ru(bpy)s(PFg)2 2 mol% as PC 51
10 at 25°C 39
11 no photocatalyst 0
12 no light 0

22a 45°C, 2h

PC-1

Reaction conditions: 20b (0.20 mmol), 21 (1.5 equiv., 0.30 mmol), 22a (3 equiv., 0.60 mmol), PC (1%), DMA (0.2
M), 10°C, COz (1 bar), 451 nm LEDs,16h. NMR yield using CHzBr: as internal standard. 2DMF as solvent. PDMSO used
as solvent at 20°C. <cDMA (0.2 M).
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2.4. Substrate scope

2.4.1. Four-component coupling

With optimized conditions in hand, we decided to move on with the scope of the
reaction, by evaluating various sulfinate salts and alkenes. It is worth noting that while
the yields seem moderate at first sight, those encompass a total of four new bonds and
the breaking of one. If all the bond making or breaking process happen with an efficiency
0f 90%), the final yield would be about 60%. The sulfinate salts scope (Figure 2.3) showed
good functional group compatibility with electron-poor and electron-rich sulfinate salts,
although electron-rich ones proved to be better tolerated. Halogens (23b, 23e, 23h),
extended m-systems (23g) and pyridine derivative (23c) worked in good yields. The best
results were obtained when unsubstituted (23a), 4-methoxy- (23f) and 4-
methylbenzene (23d) sulfinates were used, showing the preference for a more electron
rich sulfur atom.

In the case of the alkene scope (Figure 2.4), a satisfying variety was compatible with
the conditions. While DHF 22a was used as model substrate, we were delighted to see
that related nitrogen-based Cbz-protected dihydropyrrole 22i gave good 51% yield.
Vinyl amides 22k and 22m gave 47 and 45% yield, respectively. Non-cyclic substrates
such as 22j and 221 proved to react well, though product 23j being the lowest yield
observed for the scope. 23n, a phenyl substituted DHF was obtained in 40% with no
mixture of diastereoisomers, only a pair of enantiomers were found, with the sulfone
being on the same side as the phenyl ring. We rationalize this observation in a similar
way as the endo selectivity for Diels-Alders reaction, in which the m-clouds of the two
reactants overlap, easing a same side approach of the radical to the olefin. The always-
trans configuration between the sulfone and the alkyl substituent for five-membered
rings will be discussed after the scope of the reaction. Finally, 220 gave four-membered
ring compound 230 as product, which we could obtain an X-ray structure of. 220 is a
1,1-disubstituted olefin, interestingly, a different product was obtained when subjecting
other olefins of this class. While we were expecting the typical four-component coupling
product pattern, a heavier compound with two additions of acrylates was
serendipitously obtained, which we therefore named a pseudo-five-component
coupling. After slight modification of the reaction conditions of the newly discovered
reaction, we continued with a scope of 1,1-disubstituted olefins. The reason why 230
was obtained as a four-component product will be explained when discussing the
mechanism, although, minor amount of pseudo-five-component coupling product could
still be observed in that particular case.
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1) PC1 (1 mol%)
13C0,, DMA (0.2 M)

0

9 22 (@) 0 -/1\3
8 a  blue LEDs, 10°C, 16 h g~ CO,Me
- \ONa + ? R/ \/\X
20 O 2) Mel 2 eq. rt, 2h (O
\)J\ then
OETMS 3y TBAF 2 eq., THF (0.2 M), 23
21 45°C, 2h

B Sulfinate salts:

23a, 51%

/o 4>\—OMe
RS

23c, 49%

239, 36%

23b, 50%

0 j:OMe
570
Me
o)

23d, 60%

0
0
@S’
MeO
o

23f, 56%
j;OMe

w_ 0 .

L

23h, 50%

oL

Figure 2.3: Sulfinate salt scope of the reaction.

Reaction conditions: 20 (0.20 mmol), 21 (1.5 equiv., 0.30 mmol), 22a (3 equiv., 0.60 mmol), PC-1 (1%), DMA (0.2
M), 10°C, 13CO2 (1 bar), 451 nm LEDs,16h. Isolated yields, average of two independent runs.
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1) PC1 (1 mol%)

0 “-X  13co,, DMA (0.2 M) o0 —
g 22 blue LEDs, 10 °C, 16 h O,/ : 1co,Me
R"7°ONa + > 5NN
20d ) 2) Mel 2 eq. rt, 2h (S
\)J\ then
OETMS 3) TBAF 2 eq., THF (0.2 M), 4
21 45°C, 2h
B Electron rich alkene:
o}

23m, 45%

)
234()
Me

230, 43%

o
) - OMe
M
© ocy

23, 31%

NBoc

230, [X-ray]

Figure 2.4: Alkene scope of the reaction.
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2.4.2. Pseudo-five-component coupling

The pseudo-five-component reaction was modified compared to the four-component
coupling. Here, DMSO was used as solvent, and thus a temperature of 20°C was preferred
for the reaction to proceed. The reaction proceeds this time by an addition of the sulfonyl
radical into acrylate 21 at first, followed by the addition of the electron-poor radical into
the 1,1-disubstituted olefin, which then follows the normal reactivity. Addition into
acrylate 21 followed by RPC for a nucleophilic attack on carbon dioxide gives the
product. Because of the lower overall yielding process, the full sequence was not
performed on such products and isolation was done after methylation. In this case
electron-poor sulfinates gave better yields. The reaction scope is given in Figure 2.5.28a
was obtained in 63% yield while 28e in 35%. Non-substituted sulfinate (28c), 4-fluoro-
(28b) and 4-methylbenezene (28d) sulfinates were obtained in 55, 64 and 56% yield,
respectively. In the case of alkenes, 6-membered ring nitrogen containing 22f yielded
28f in 41%. 28g was interesting, showing that the reaction was not limited to cyclic
molecules. Although the scope was done after the methylation step, we wanted to
demonstrate that deprotection followed by decarboxylation are still feasible. When
subjecting the protected products to the initial conditions with TBAF at 45°C,
deprotection and decarboxylation happened as expected but no deprotection could be
observed for the internal ester. The temperature was therefore raised to 70°C, allowing
afull sequence from 20d and 22a’, yielding 28j in 31% yield (Scheme 2.7). The attractive
feature with the obtained structure is the plethora of synthetic modifications offered to
the chemist. Having a sulfone, an acid, and an ester at once.

B Full sequence 13co,
PC1 (4 mol%)
Os4-ONa DMSO (0.2 M) Oy_OH
N Blue LEDs, 20°C, 16h; O\\S/,O
229> Mel (4 eq.), 25°C, 2h /©/ OMe
+ then Me x
Me 21 TBAF (4 eq.), THF o)
20d 70°C, 2h 28j, 31%

Scheme 2.7: Full sequence on the pseudo-five-component coupling.
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1) PC1 (4 mol%)

\/R 13C0O,, DMSO (0.2 M) O _OETMS
+ b 22 blue LEDs, 10°C,16h Q. O
g 2) Mel 2 eq. rt, 2h = ROATH) O 0T
““"ONa tlgene ea- ; eET]/OMe
20 o2 3) TBAF 2 eq., THF (0.2 M),
45°C, 2h 28
® Sulfinate salts
O\_OETMS O OETMS
g’ O.__OETMS 0. _OETMS
/(j M
FsC -OMe /(j OMe
o)
28a, 63%° 28b, R = F 64% dr = 4.2:1
dr=1.4:1 28c, R = H 55% dr = 6.3:1
o} o
OETMS OETMS
Q\éj ou
S O.__OETMS O.__OETMS
- i: M Q/ M
Me *0 e *O e
o/ b 0
28d, 56% 28e, 35%
dr=1.6:1 dr=1.6:1
m Alkenes O
0
OETMS OETMS
0.0
: 'S O.__OETMS : S
FsC BocN
0/.C 289, 36%°
281, 41% dr=1:1.4:1:1.2
dr=1:1
O OETMS O OETMS
: ” O.__OETMS :
28h, 50%° 28| 47%Pd
dr=6.7:5.1:1:1 dr = 2.3:1.6:1

Figure 2.5: Scope of the pseudo-five-component reaction.
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2.5. Mechanism

2.5.1. Investigation

After exploring the scope of the reaction, we decided to understand the reason behind
the trans-configuration of the five-membered rings, in addition to why six-membered
rings showed no products when tried. Very simple DFT calculations have been done in
order to have some hints. When computing the structure and orbitals of radical 29, we
obtained what is depicted in Figure 2.6, top. As we can see in red, the main part of the
SOMO orbital is placed trans to the sulfone group, favoring a Giese addition with such
stereoselectivity. We assume that the steric bulk coming from the sulfone on the locked
structure of a ring prohibits addition in a syn fashion. Performing the same DFT
calculation on the related six-membered ring radical 30 showed that the SOMO was
mostly placed syn to the sulfone group, ultimately preventing further reactivity, which is
what we experimentally observe. While these results tend towards our observations, the
results cannot be taken for granted given our lack of expertise in DFT calculations, and
the possible involvement of various other parameters.

Figure 2.6: DFT structure optimization and related SOMO.

We continued towards the understanding of the reactivity of this process, more
specifically, trying to decipher the selectivity observed for the pseudo-five-component
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coupling. Why would a polarity-mismatch such as sulfonyl radical doing a Giese addition
into the acrylate would be more favored than addition into the olefin? To answer this
question, we designed a simple experiment, meant to be a radical kinetic trap for the
sulfonyl radical. Since any addition of the sulfonyl radical into a 1,1-disubstituted olefin
will inevitably lead to a tertiary radical, we wondered if this was the cause for different
selectivity, given that reports are known describing this process as easily reversible. By
using a specific 1,1-disubstituted alkene that would open upon radical addition from the
sulfonyl radical, generating a primary or secondary radical instead, we could probe for
whether the sulfonyl radical adds into 1,1-disubstituted alkenes at all, or if this process
is in fact not feasible, leading directly to the addition into the acrylate. The alkene of
choice for this radical trap was [3-pinene 29.

M
Me “Me
» "S\\O
O ETMSO (o]
31

(@]

‘ 32, 37%

via
(@]

0
QP q )\ 0 N 0\“9*
S ———— S, ——

R S R0 RSy "

Scheme 2.8: Radical trap experiment.

The product obtained from the reaction of 31 with 20d and 21 gave the four-
component coupling scaffold in 37% yield after methylation, compound 32 (Scheme
2.8). The result suggests two separate information allowing us to understand what
happens in a flask when performing a pseudo-five-component coupling reaction. Firstly,
this tells that addition of the sulfonyl radical into 1,1-disubstituted olefins is a feasible
process and therefore happens in solution. The second information, which is indirect
from the observation made, is relating to the kinetics of the additions and therefore the
selectivity. As previously mentioned, 3-sulfonyl radicals are known to undergo sulfonyl
radical elimination, the typical rate being estimated at 1x107 s-1.19 While this might also
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happen when secondary or primary radicals are generated from various alkene
materials in our reaction, the stability of the tertiary radical in this case, in addition to a
bulkier radical, might make the subsequent Giese addition unfavorable, and thus slower
than the rate of sulfonyl radical elimination. Those rates are represented on Scheme 2.8,
bottom, as ki and k; respectively. While the addition of sulfonyl radicals directly into
acrylates should be disfavored due to polarity mismatch, the reaction is likely still a
feasible process, albeit in a relatively slow manner. Our rational is therefore that k;
becomes so high compared to ki that the tertiary radical is virtually inexistent in solution
at any given time. Simultaneously, while addition of the sulfonyl radical into the acrylate
is disfavored and likely slow, its addition would generate an electron-poor radical that
can itself react with the alkene to give another tertiary radical. This intermediate, not
being a B-sulfonyl radical, cannot eliminate any group and is forced to undergo the
expected sequence with another acrylate giving the final product. Coming back to -
pinene as starting material, once the addition of the sulfonyl radical into the olefin
happens, a radical ring-opening reaction takes place, giving a primary radical
intermediate that cannot react backwards to the tertiary radical. The more reactive
primary radical then follows the expected sequence giving 32 as product. By showing
the four-component type of product with B-pinene, we can demonstrate that sulfonyl
radicals and 1,1-disubstituted alkenes are in fact reacting and that the selectivity comes
from the reversible nature of the process when the tertiary radical is stable at the -
sulfonyl position. We propose the mechanism depicted in Figure 2.7.

2.5.2.  Mechanistic proposal

The reaction starts with the activation of the iridium PC with light, which can then
undergo reductive quench with sulfinate 20. The sulfonyl radical 31, as discussed, can
add into alkene 22a’ to generate the tertiary radical 34’, but its reversible reaction being
favored gives back sulfonyl radical 33. This intermediate can instead perform a Giese
addition into 21, itself also theoretically reversible, giving intermediate 34. Once
reacting with alkene 22a’, the generation of intermediate 35 is what drives the reaction
forward being irreversible, through the Le Chatelier principle. From this point on, the
reaction resembles the four-component one, performing a Giese addition followed by
RPC and nucleophilic attack to CO2. While most compounds reacted in this way, this was
not the case when submitting 220, giving the four-component product 230 as major
product. The pseudo-five-component product could be observed in minor amounts and
therefore indicates that both mechanisms are coexisting in this case. We rationalize the
major formation of 230 by the fact that the four-membered ring bearing the tertiary
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makes it less sterically bulky, and thus probably more prone to undergo Giese addition
with acrylate 21. Additionally, the lone pair of nitrogen being parallel with the p-orbital
of the radical might prevent radical elimination by overlap, forming an extended
molecular orbital.

o. 0 O 34
38 o hy OS\ON r22a
g 20 0
|HH* 1
COZ ﬁ O?\\O
|HH 33
O.__OR
o //O A) 21
S O.__OR
) Oo OR
O ’QI
s
37 I 24
Oo OR /
0 222’
O\s O.__OR
O Os_OR
‘\ O\ //O

Figure 2.7: Proposed mechanism for the pseudo-five-component coupling.
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2.6. Conclusions

A new methodology allowing for the synthesis of molecularly complex scaffolds from
simple starting materials while labelling the compounds with carbon dioxide has been
described. The reaction is done through a three step sequence requiring only one final
purification. The deprotection/decarboxylation allows for the incorporation of only one
carboxylate, coming from carbon dioxide. This also allows for a formal coupling of
ethylene gas and CO; instead of an acrylate. The reaction can yield two different types of
products depending on the class of alkene used in the reaction. A radical trap experiment
has been done to show the intricacies involved in the selectivity of the reaction. This
method therefore grants the synthetic chemist with a rapid access to the backbones
described herein, aiding isotope chemists and potentially medicinal chemists to rapidly
generate compounds of this type.
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2.7. Experimental details

2.7.1. Multicomponent carboxylative coupling

7N
k w 1) PC1 (1 mol%)

L.
') X 13Cc0,, DMA (0.2 M) o —
i 2 blue LEDs, 10 °C, 16 h 0\\é/ = 13co,Me
R "ONa + ’ R \/\X
1 o 2) Mel 2 eq. rt, 2h (S

th
kaETMS - 4

3) TBAF 2 eq., THF (0.2 M),
3 45°C, 2h

General Procedure 1 for four-component coupling (GP1):

An oven-dried Schlenk tube containing a magnetic stir bar was charged with the sulfinic
acid sodium salt (1.0 equiv., 0.20 mmol), and PC-1 (1 mol%, 2.0 umol, 2.2 mg). The
Schlenk tube was then connected to a vacuum line where it was evacuated and backfilled
with argon at least three times. DMA (1 mL, 0.2 M), the acrylate 3 (1.5 equiv., 0.30 mmol,
54 pL) and the alkene (3.0 equiv., 0.60 mmol) were added under positive argon flow.
Once all the components were added, the Schlenk tube was put in liquid N> to freeze the
solvent. (Caution! Note that the Schlenk tube was not dipped too much to avoid
solidification of argon on the walls.) Once the mixture was solid, high vacuum was applied
for 30 seconds, followed by 13CO; injection (while the exact pressure could not be
determined, a “hiss” sound when opening a Schlenk tube indicates that pressure is
higher than atmospheric pressure). The tube was then sealed and placed in a
temperature controlled photoreactor with water/IPA cooling at 10 2C. Once thawed, the
reaction mixture was stirred for 16 h in the presence of continuous irradiation with blue
light (451 nm, 2 W LED). The reaction was then quenched with 2 equiv. of Mel (25 pL,
0.40 mmol) to methylate the labelled carboxylate, and the tube sealed again and stirred
at 25°C for 2h. After this, the solution was diluted with EtOAc and washed 3 times with
water. The organic phase was dried over MgSO0,, filtered and solvents removed under
reduced pressure. The crude was dissolved in 1 mL of THF to which was added 2 equiv.
of TBAF (400 pL, 1 M solution in THF), the dark solution was then stirred at 45°C for 2h
(Note: the vial has to be open, or a needle is put in a septum). Finally, a 1 M aqueous HCI
solution was used to quench the reaction. The solution was diluted with EtOAc and
washed 3 times with water and the combined organic phases were dried over MgSO,,
filtered and solvents removed under reduced pressure. Flash column chromatography
was performed to yield the pure products.
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1) PC1 (4 mol%)

\I/R 13C0,, DMSO (0.2 M) O\_OETMS

oo blue LEDs, 10°C, 16 h 0\\ 0O
g 2) Mel 2 eq. rt, 2h = RS f oY
20 + 21 T(

3) TBAF 2 eq., THF (0.2 M),
45°C, 2h

General Procedure 2 for pseudo-five-component coupling (GP2):

An oven-dried Schlenk tube containing a magnetic stir bar was charged with the sulfinic
acid sodium salt (2.0 equiv., 0.40 mmol), and PC-1 (4 mol%, 8.0 umol, 8.8 mg). The
Schlenk tube was then connected to a vacuum line where it was evacuated and backfilled
with argon at least three times. DMSO (1 mL, 0.2 M), the acrylate 21 (2.0 equiv., 0.40
mmol, 72 uL) and the alkene 22’ (3.0 equiv., 0.60 mmol) were added under positive
argon flow. Once all the components were added, the Schlenk tube was put in liquid N;
to freeze the solvent. (Caution! Note that the Schlenk tube was not dipped too much to
avoid solidification of argon on the walls.) Once the mixture was solid, high vacuum was
applied for 30 seconds, followed by 13CO; injection (while the exact pressure could not
be determined, the “hiss” sound when opening a Schlenk tube indicates pressure slightly
higher than atmospheric pressure). The tube was then sealed and placed in a
temperature controlled photoreactor with water cooling at 20 2C. Once thawed, the
reaction mixture was stirred for 16 h in the presence of continuous irradiation with blue
light (451 nm, 2 W LED). The reaction was then quenched with a saturated aqueous
solution of NH4Cl. The mixture was then diluted with EtOAc and washed 3 times with
water. The organic phase was dried over MgSO0,, filtered and solvents removed under
reduced pressure. The crude was purified by quick flash column chromatography to
yield the slightly impure acid product (usually containing photocatalyst impurity). The
compound was then solubilized in 1 mL of Et;0/MeOH (2:1) and cooled to 0°C. TMSCHN
(2 equiv., 0.40 mmol) was added dropwise, and the reaction was stirred at the same
temperature for 1h after which the volatiles were removed under reduced pressure. The
crude was purified using flash column chromatography to yield the pure methylated
product.

General Procedure 3 for pseudo-five-component coupling (GP3):

An oven-dried Schlenk tube containing a magnetic stir bar was charged with the sulfinic
acid sodium salt (2.0 equiv., 0.40 mmol), and PC-1 (4 mol%, 8.0 umol, 8.8 mg). The
Schlenk tube was then connected to a vacuum line where it was evacuated and backfilled

-66 -



UNIVERSITAT ROVIRA I VIRGILI
CARBOXYLATIVE METHODOLOGIES VIA PHOTOREDOX CATALYSIS
Julien Lyonnet

with argon at least three times. DMSO (1 mL, 0.2 M), the acrylate 21 (2.0 equiv., 0.40
mmol, 72 pL) and the alkene 22’ (3.0 equiv., 0.60 mmol) were added under positive
argon flow. Once all the components were added, the Schlenk tube was put in liquid N
to freeze the solvent. (Caution! Note that the Schlenk tube was not dipped too much to
avoid solidification of argon on the walls.) Once the mixture was solid, high vacuum was
applied for 30 seconds, followed by 13CO; injection (while the exact pressure could not
be determined, the “hiss” sound when opening a Schlenk tube indicates pressure slightly
higher than atmospheric pressure). The tube was then sealed and placed in a
temperature controlled photoreactor with water cooling at 20 2C. Once thawed, the
reaction mixture was stirred for 16 h in the presence of continuous irradiation with blue
light (451 nm, 2 W LED). The reaction was then quenched with 3 equiv. of Mel (37 pL,
0.60 mmol), and the tube sealed again and stirred at 25°C for 2h. After this, the solution
was diluted with EtOAc and washed 3 times with water. The organic phase was dried
over MgS0,, filtered and solvents removed under reduced pressure. The crude was
purified by flash column chromatography to yield the product.

jOMe
Oy

Methyl 3-((2S*3R*)-3-(phenylsulfonyl)tetrahydrofuran-2-yl)propanoate-1-13C
(23a). Following GP1, sodium benzenesulfinate 20a (32.8 mg, 0.20 mmol) 2,3-
dihydrofuran 22a (45.4 pL, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (54 puL, 0.30
mmol) afforded the product after flash column chromatography on silica gel (n-
hexane/EtOAc 2:1) as a white solid (on average: 30.2 mg, 51% yield). tH NMR (500
MHz, CDCl3): § (ppm) = 7.95 - 7.87 (m, 2H), 7.71 - 7.64 (m, 1H), 7.64 - 7.55 (m, 2H),
4.27 (ddd, ] = 8.5, 6.0, 4.3 Hz, 1H), 3.87 (ddd, ] = 8.7, 7.4, 4.3 Hz, 1H), 3.75 (td, ] = 8.4, 6.9
Hz, 1H), 3.64 (d, ] = 3.9 Hz, 3H), 3.38 (ddd, ] = 9.8, 6.0, 4.8 Hz, 1H), 2.48 - 2.30 (m, 3H),
2.13 (ddt, ] = 13.4, 9.8, 7.8 Hz, 1H), 1.86 - 1.70 (m, 2H); 13C NMR (126 MHz, CDCl;3) 6
(ppm) = 173.43,138.34,134.20, 129.58,128.72,77.97 (d,] = 3.9 Hz), 68.36, 67.33,51.77
(d,] =2.7 Hz), 30.39 (d, ] = 58.3 Hz), 30.24 (d, ] = 1.4 Hz), 28.75. IR (neat, cm-1): 2870,
1688, 1441, 1358, 1303, 1144, 1107, 1083, 1023, 961, 934, 891, 752, 718, 588, 548;
HRMS calcd. for (C13H1sNa0sS13C) [M+Na]+: 322.0801 found 322.0804. MP = 50°C.
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Methyl 3-((2S*,3R*)-3-((4-fluorophenyl)sulfonyl)tetrahydrofuran-2-
yl)propanoate-1-13C (23b). Following GP1, sodium 4-fluorobenzenesulfinate 20b
(36.4 mg, 0.20 mmol) 2,3-dihydrofuran 22a (454 pL, 0.60 mmol) and 2-
(trimethylsilyl)ethyl acrylate (54 pL, 0.30 mmol) afforded the product after flash column
chromatography on silica gel (pentane/EtOAc 2:1) as a white solid (on average: 31.9 mg,
50% yield). tH NMR (500 MHz, CDCl3): 6 (ppm) = 7.97 - 7.89 (m, 2H), 7.30 - 7.22 (m,
2H),4.27 (ddd, ] = 8.7, 6.0, 4.2 Hz, 1H), 3.87 (ddd, ] = 8.7, 7.4, 4.4 Hz, 1H), 3.75 (td, ] = 8.4,
7.0 Hz, 1H), 3.65 (d, ] = 3.9 Hz, 3H), 3.37 (ddd, ] = 9.8, 6.0, 4.9 Hz, 1H), 2.49 - 2.29 (m, 3H),
2.14 (ddt, ] = 13.4, 9.8, 7.7 Hz, 1H), 1.88 - 1.70 (m, 2H); 13C NMR (126 MHz, CDCl;3) 6
(ppm) = 173.41, 166.14 (d, ] = 257.3 Hz), 134.40 (d, ] = 3.2 Hz), 131.65 (d, ] = 9.6 Hz),
116.95 (d, ] = 22.7 Hz), 77.95 (d, ] = 3.7 Hz), 68.55, 67.27,51.78 (d, ] = 2.8 Hz), 30.30 (d,
]=58.1Hz),30.19 (d,] = 1.4 Hz), 28.77. 19F NMR (471 MHz, CDCI3) § (ppm) =-102.6.IR
(neat, cm-1): 3108, 2956, 2875, 1721, 1588, 1495, 1354, 1290, 1231, 1142, 1078, 1032,
849, 754, 539; HRMS calcd. for (C13H17FNaOsS13C) [M+Na]+: 340.0706 found 340.0718.

MP = 83°C.
(0]
9] jOMe
SRS

Methyl 3-((25*%3R*)-3-(pyridin-3-ylsulfonyl)tetrahydrofuran-2-yl)propanoate-
13C (23c). Following GP1, sodium pyridine-3-sulfinate 20c (33.0 mg, 0.20 mmol) 2,3-
dihydrofuran 22a (45.4 pL, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (54 pL, 0.30
mmol) afforded the product after flash column chromatography on silica gel
(pentane/EtOAc 2:1) as an amorphous solid. (on average: 30 mg, 49% yield). tH NMR
(500 MHz, CDCl3): 6 (ppm) 6 9.12 (dd, ] = 2.4, 0.9 Hz, 1H), 8.90 (dd, J = 4.9, 1.6 Hz, 1H),
8.21 (ddd, J = 8.0, 2.4, 1.6 Hz, 1H), 7.55 (ddd, J = 8.0, 4.9, 0.9 Hz, 1H), 4.32 (ddd, ] = 8.7,
5.9, 4.2 Hz, 1H), 3.97 - 3.85 (m, 1H), 3.77 (td, ] = 8.5, 7.1 Hz, 1H), 3.66 (d, / = 3.9 Hz, 3H),
3.43(ddd,/=9.8,5.9,4.9 Hz, 1H), 2.50 - 2.27 (m, 3H), 2.17 (ddt, /= 13.5, 9.8, 7.7 Hz, 1H),
1.98 - 1.69 (m, 2H). 13C NMR (126 MHz, CDCl3) 6 173.4, 154.7, 149.7, 136.6, 134.9,
124.1, 68.8,67.3,51.8 (d, ] = 2.7 Hz), 30.6, 30.2(d, ] = 1.5 Hz), 30.0, 28.8. (ppm) IR (neat,
cm-1): 2955, 1690, 1575, 1435, 1355, 1244, 1110, 1060, 906, 780, 711; HRMS calcd. for
(C12H17NNaOsS13C) [M+Na]+:323.0753 found 323.0760.
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Methyl 3-((2S*,3R*)-3-tosyltetrahydrofuran-2-yl)propanoate-1-13C (23d).
Following GP1, sodium benzenesulfinate 20d (35.6 mg, 0.20 mmol) 2,3-dihydrofuran
22a (45.4 pL, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (54 pL, 0.30 mmol)
afforded the product after flash column chromatography on silica gel (pentane/EtOAc
2:1) as a colorless oil (on average: 37.3 mg, 60% yield). tH NMR (500 MHz, CDCl3): 6
(ppm) = 7.81 - 7.74 (m, 2H), 7.40 - 7.34 (m, 2H), 4.26 (ddd, ] = 8.6, 6.0, 4.1 Hz, 1H), 3.86
(ddd, ] = 8.7, 7.4, 4.4 Hz, 1H), 3.73 (td, ] = 8.4, 6.9 Hz, 1H), 3.65 (d, ] = 3.9 Hz, 3H), 3.35
(ddd, ] =9.8, 6.0, 4.8 Hz, 1H), 2.44 (s, 3H), 2.44 - 2.30 (m, 3H), 2.12 (ddt,] = 13.4,9.8,7.8
Hz, 1H), 1.88 - 1.70 (m, 2H); 13C NMR (126 MHz, CDCl3) 6 (ppm) = 173.47, 145.28,
135.37,130.19, 128.76, 78.01 (d, ] = 3.8 Hz), 68.44, 67.32, 51.75 (d, ] = 2.8 Hz), 30.42 (d,
] =58.3 Hz), 30.26 (d, ] = 1.4 Hz), 28.79, 21.78. IR (neat, cm'1): 2952, 1696, 1596, 1433,
1351,1288,1191, 1143, 1087, 1024, 904, 822, 750, 667, 613, 566, 540; HRMS calcd. for
(C14H20Na0sS13C) [M+Na]*: 336.0957 found 336.0962. MP = 77°C.

j\TOMe
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Methyl 3-((25*3R*)-3-((4-(trifluoromethyl)phenyl)sulfonyl)tetrahydrofuran-2-
yl)propanoate-1-13C (23e). Following GP1, sodium 4-trifluoromethylbenzenesulfinate
20e (46.4 mg, 0.20 mmol) 2,3-dihydrofuran 22a (45.4 pL, 0.60 mmol) and 2-
(trimethylsilyl)ethyl acrylate (54 pL, 0.30 mmol) afforded the product after flash column
chromatography on silica gel (pentane/EtOAc 3:1) as a white solid (on average: 32.3 mg,
44% yield). tH NMR (500 MHz, CDCl3): 6 (ppm) =8.07 (d, ] = 8.1 Hz, 2H), 7.87 (d,] = 8.2
Hz, 2H), 4.33 (ddd, ] = 8.8, 5.9, 4.1 Hz, 1H), 3.89 (ddd, ] = 8.8, 7.4, 4.4 Hz, 1H), 3.78 (td, ] =
8.5, 7.1 Hz, 1H), 3.66 (d, ] = 3.9 Hz, 3H), 3.43 (ddd, ] = 9.7, 6.0, 4.9 Hz, 1H), 2.52 - 2.39 (m,
2H), 2.37 - 2.30 (m, 1H), 2.20 - 2.09 (m, 1H), 1.92 - 1.74 (m, 2H); 13C NMR (126 MHz,
CDCl3) 6 (ppm) = 173.39, 141.98, 135.90 (q, ] = 33.3 Hz), 129.45, 126.75 (d, ] = 3.7 Hz),
123.17 (d,] =273.1 Hz), 77.82 (d, ] = 3.6 Hz), 68.40, 67.28, 51.82 (d, ] = 2.7 Hz), 30.28 (d,
] =58.1 Hz), 30.24 (d, ] = 1.4 Hz), 28.80. 19F NMR (471 MHz, CDCl3) § (ppm) =-63.2. IR
(neat, cm-1): 2953, 1683, 1407, 1356, 1408, 1146, 1060, 908, 855, 754, 710, 623; HRMS
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calcd. for (C14H17F3Na0OsS13C) [M+Na]*: 390.0695 found 390.0675. MP = 134°C.

Methyl 3-((25*,3R*)-3-((4-methoxyphenyl)sulfonyl)tetrahydrofuran-2-
yl)propanoate-13C (23f). Following GP1, sodium 4-methoxybenzenesulfinate 20f (38.8
mg, 0.20 mmol) 2,3-dihydrofuran 22a (45.4 pL, 0.60 mmol) and 2-(trimethylsilyl)ethyl
acrylate (54 pL, 0.30 mmol) afforded the product after flash column chromatography on
silica gel (n-hexane/EtOAc 3:1) as a colorless oil (on average: 36.8 mg, 56% yield). 1H
NMR (500 MHz, CDCl3): § (ppm) = 7.85 - 7.80 (m, 2H), 7.07 - 7.01 (m, 2H), 4.25 (ddd, ]
=8.7, 6.0, 4.1 Hz, 1H), 3.89 (s, 3H), 3.88 - 3.84 (m, 1H), 3.73 (td, ] = 8.4, 6.9 Hz, 1H), 3.65
(d, ] = 3.8 Hz, 3H), 3.35 (ddd, ] = 9.8, 6.0, 4.9 Hz, 1H), 2.50 - 2.30 (m, 3H), 2.14 (ddt, ] =
13.4,9.8, 7.7 Hz, 1H), 1.89 - 1.72 (m, 2H).; 13C NMR (126 MHz, CDCl3) § (ppm) = 173.5,
164.1, 131.0, 129.7, 114.8, 78.1, 78.1, 68.7, 67.3, 55.9, 51.8, 51.8, 30.7, 30.3, 30.3, 30.2,
28.8. IR (neat, cm1): 2948, 2865, 1695, 1593, 1576, 1497, 1411, 1321, 1268, 1173,
1137, 1079, 1022, 956, 936, 890, 839, 804, 669, 574, 545; HRMS calcd. for
(C14H20Na06S13C) [M+Na]*: 352.0906 found 352.0909.

4>~0Me
*‘“O

Methyl 3-((ZS*,3R*)-3-(naphthalen-z-ylsulfonyl]tetrahydrofuran-Z-
yl)propanoate-1-13C (23g).

Following GP1, sodium naphthalene-2-sulfinate 20g (42.8 mg, 0.20 mmol) 2,3-
dihydrofuran 22a (45.4 uL, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (54 pL, 0.30
mmol) afforded the product after flash column chromatography on silica gel
(pentane/EtOAc 2:1) as a white solid (on average: 25.0 mg, 36% yield). 1H NMR (500
MHz, CDCl3): § (ppm) 6 8.51 (d, /= 1.8 Hz, 1H), 8.03 (dd, J = 8.3, 5.4 Hz, 2H), 7.95 (dd, J
=8.2,1.4 Hz, 1H), 7.87 (dd, /= 8.7, 1.9 Hz, 1H), 7.73 - 7.61 (m, 2H), 4.37 (ddd, ] = 8.6, 6.0,
4.2 Hz, 1H), 3.89 (ddd, /= 8.7, 7.4, 4.4 Hz, 1H), 3.79 (td, ] = 8.4, 6.9 Hz, 1H), 3.62 (d,/ = 3.9
Hz, 3H), 3.48 (ddd, ] = 9.8, 6.0, 4.9 Hz, 1H), 2.52 - 2.30 (m, 3H), 2.14 (ddt,J=13.4,9.7, 7.7
Hz, 1H), 1.95 - 1.71 (m, 2H). 13C NMR (126 MHz, CDCl3) 173.5, 135.6, 135.2, 132.3,
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130.8,129.9, 129.7, 129.6, 128.2,128.0, 123.1, 68.4, 67.4,51.7 (d, ] = 2.7 Hz), 30.7, 30.4
(d, ] =1.5Hz), 30.1, 28.9. § (ppm). IR (neat, cm1): 2945, 1680, 1435, 1300, 1225, 1131,
1107, 1065, 820, 760; HRMS calcd. for (C17H20NaOsS13C) [M+Na]*: 372.0957 found
372.0961. MP = 107°C.

4>70Me

\\é() .

C|/®/ \
0]

Methyl 3-((25*,3R*)-3-((4-chlorophenyl)sulfonyl)tetrahydrofuran-2-
yl)propanoate-1-13C (23h). Following GP1, sodium 4-chlorobenzenesulfinate 20h
(39.7 mg, 0.20 mmol) 2,3-dihydrofuran 22a (454 pL, 0.60 mmol) and 2-
(trimethylsilyl)ethyl acrylate (54 pL, 0.30 mmol) afforded the product after flash column
chromatography on silica gel (pentane/EtOAc 2:1) as a white solid (on average: 33.5 mg,
50% yield). tH NMR (500 MHz, CDCl3): 6 (ppm) = 7.89 - 7.81 (m, 2H), 7.61 - 7.52 (m,
2H), 4.28 (ddd, ] =8.8,5.9, 4.1 Hz, 1H), 3.88 (ddd, ] = 8.8, 7.4, 4.4 Hz, 1H), 3.75 (td, ] = 8.4,
7.0 Hz, 1H), 3.66 (d, ] = 3.9 Hz, 3H), 3.38 (ddd, ] =9.7, 6.0, 4.9 Hz, 1H), 2.49 - 2.37 (m, 2H),
2.37 - 2.29 (m, 1H), 2.14 (ddt, ] = 13.4, 9.8, 7.7 Hz, 1H), 1.90 - 1.72 (m, 2H); 13C NMR
(126 MHz, CDCl3) § (ppm) = 173.41, 141.06, 136.83, 130.24, 129.94, 7790 (d, ] = 3.6
Hz), 68.49,67.27,51.80 (d,] = 2.8 Hz),30.31 (d,] = 58.1 Hz), 30.22 (d,] = 1.4 Hz), 28.78.1IR
(neat, cm1): 3093, 2951, 1687, 1581, 1354, 1302, 1281, 1202, 1145, 1078, 1029, 954,
907, 842, 762, 622, 553, 474; HRMS calcd. for (C13H17CINaOsS13C) [M+Na]*: 356.0411
found 356.0423. MP = 114°C.

Q
O

Benzyl 2-(3-methoxy-3-oxopropyl)-3-tosylpyrrolldme-1-carboxylate-13C (23i).
Following GP1, sodium benzenesulfinate 20d (35.6 mg, 0.20 mmol) benzyl 2,3-dihydro-
1H-pyrrole-1-carboxylate 22i (81 pL, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate
(54 pL, 0.30 mmol) afforded the product after flash column chromatography on silica gel
(pentane/EtOAc 2:1) as a colorless oil. (on average: 45 mg, 51% yield). tH NMR (500
MHz, CDCl3) (253 K): 6 (ppm) 6 7.77 (d, ] = 8.0 Hz, 2H), 7.65 (d, / = 7.9 Hz, 2H), 7.44 -
7.29 (m, 12H), 7.19 (d,J = 7.9 Hz, 2H), 5.16 (d, J = 12.2 Hz, 1H), 5.11 - 4.95 (m, 3H), 4.45

j\—OMe
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(dt, ] = 7.4, 3.7 Hz, 1H), 4.40 (t, ] = 6.9 Hz, 1H), 3.59 (d, ] = 3.8 Hz, 3H), 3.57 (d,] = 3.9 Hz,
3H), 3.48 - 3.25 (m, 6H), 2.60 - 2.50 (m, 1H), 2.41 (d, ] = 2.8 Hz, 6H), 2.36 - 2.12 (m, 5H),
1.99 - 1.65 (m, 4H).; 13C NMR (126 MHz, CDCls) § (ppm) 173.4, 173.2, 154.7, 154.3,
145.5, 145.5, 136.2, 136.2, 133.6, 133.4, 130.2, 130.1, 128.8, 128.7, 128.6, 128.5, 128.5,
128.3,128.2, 128.1, 127.8, 68.3, 67.3, 67.3, 67.0, 58.1, 58.0, 57.0, 57.0, 52.1, 52.0, 51.9,
44.9,44.8,30.5,30.3,30.0, 29.9, 29.8, 29.4, 24.7, 24.4, 21.9, 21.8. IR (neat, cm1): 2950,
1690, 1600, 1420, 1380, 1295, 1118, 10045, 906, 847, 733; HRMS calcd. for
(C22H27N06S13C) [M+Na]+:469.1485, found 469.1491.
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M
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Methyl 4-(cyclohexyloxy)-5-tosylpentanoate-1-13C (23j). Following GP1, sodium 4-
methylbenzenesulfinate 20d (35.6 mg, 0.20 mmol), (vinyloxy)cyclohexane 22j (82 pL,
0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (54 pL, 0.30 mmol) afforded the product
after flash column chromatography on silica gel (pentane/EtOAc 6:1) as a pale-yellow
oil (on average: 22.8 mg, 31% yield). tH NMR (400 MHz, CDCl3): § (ppm) = 7.8 (d, ] =
8.1 Hz, 2H), 7.4 (d, ] = 7.9 Hz, 2H), 4.0 - 3.9 (m, 1H), 3.7 (d, J = 3.8 Hz, 3H), 3.3 (dd, J =
14.4, 4.0 Hz, 1H), 3.2 - 3.1 (m, 2H), 2.5 (s, 3H), 2.4 - 2.4 (m, 2H), 2.1 - 2.0 (m, 1H), 1.8
(dtt, J = 14.5, 7.4, 3.8 Hz, 1H), 1.8 - 1.6 (m, 3H), 1.3 - 1.2 (m, 3H), 1.2 - 1.0 (m, 4H); 13C
NMR (101 MHz, CDCl3) & (ppm) = 173.6, 144.9, 137.3, 130.0, 128.1, 69.8 (d, / = 3.7 Hz),
61.4,51.8 (d,/=2.6 Hz), 32.6 (d,J = 79.9 Hz), 30.8,29.8 (d, / = 58.2 Hz), 25.7,24.3 (d,] =
10.7 Hz), 21.8. IR (neat, cm-1): 2929, 2856, 1693, 1597, 1449, 1302, 1142, 1071, 816,
666, 562; HRMS calcd. for (C1gH28Na05S13C) [M+Na]+: 392.1583 found 392.1588.

Methyl 4-(2-oxoazepan-1-yl)-5-tosylpentanoate-13C (23Kk). Following GP1, sodium
benzenesulfinate 20d (35.6 mg, 0.20 mmol) 1-vinylazepan-2-one 22k (81.2 pL, 0.60
mmol) and 2-(trimethylsilyl)ethyl acrylate (54 pL, 0.30 mmol) afforded the product after
flash column chromatography on silica gel (pentane/EtOAc 2:1) as a colorless oil (on
average: 37.3 mg, 60% yield). tH NMR (500 MHz, CDCl3): 6 (ppm) 7.83 - 7.76 (m, 2H),
7.41-7.30 (m, 2H), 4.82 - 4.35 (m, 1H), 3.64 (d,J = 3.9 Hz, 3H), 3.34 - 3.17 (m, 2H), 3.08
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(dd,J=14.7,4.0 Hz, 1H), 2.44 (s, 3H), 2.42 - 2.35 (m, 3H), 2.34 - 2.20 (m, 2H), 2.15 - 1.97
(m, 1H), 1.93 - 1.81 (m, 1H), 1.78 - 1.56 (m, 6H).13C NMR (126 MHz, CDCl3) & (ppm)
176.7,173.1, 144.9, 136.5, 130.0, 128.3, 57.9, 51.9 (d, J = 2.7 Hz), 38.0, 31.2, 30.6, 30.0,
28.8,28.1,23.2,21.8. IR (neat, cm1): 2925,1697, 1622, 1435, 1356, 1128, 1058; HRMS
calcd. for (C18H27Na0OsS13C) [M+Na]*: 405.1536 found 405.1546.
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Methyl 4-((tert-butoxycarbonyl)amino)-5-tosylpentanoate-13C (231). Following
GP1, sodium benzenesulfinate 20d (35.6 mg, 0.20 mmol) tert-butyl vinylcarbamate 221
(85.9 mg, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (54 pL, 0.30 mmol) afforded
the product after flash column chromatography on silica gel (pentane/EtOAc 2:1) as a
white solid (on average: 34.0 mg, 44% yield). 1H NMR (500 MHz, CDCl3): § (ppm) =8
7.99 - 7.63 (m, 2H), 7.46 - 7.30 (m, 2H), 4.96 (s, 1H), 4.04 - 3.87 (m, 1H), 3.66 (d, ]/ = 3.8
Hz, 3H), 3.49 - 3.39 (m, 1H), 3.24 (dd, J = 14.5, 4.7 Hz, 1H), 2.44 (s, 3H), 2.38 (q,/ = 7.3
Hz, 2H), 2.04 (s, 2H), 1.40 (s, 9H).13C NMR (126 MHz, CDCl3) § (ppm) 175.5, 173.5,
145.0, 137.1, 130.2, 128.0, 59.6, 51.9, 51.9, 47.01, 30.9, 30.4, 29.4, 28.4, 21. 8. IR (neat,
cm1): 3450, 2975, 1685, 1501, 1386, 1224, 1122, 1055, 874, 760; HRMS calcd. for
(C17H27Na0sS13C) [M+Na]*: 409.1485 found 409.1482. MP = 131°C.

Methyl 4-(2-oxopyrrolidin-1-yl)-5-tosylpentanoate-13C (23m).

Following GP1, sodium benzenesulfinate 20d (35.6 mg, 0.20 mmol) 1-vinylpyrrolidin-
2-one 22m (64.1 pL, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (54 pL, 0.30 mmol)
afforded the product after flash column chromatography on silica gel (pentane/EtOAc
2:1) a white solid (on average: 37.3 mg, 60% yield). tH NMR (500 MHz, CDCl3): 6 (ppm)
7.83 - 7.70 (m, 2H), 7.40 - 7.32 (m, 2H), 4.28 (tdd, J = 10.4, 4.6, 3.3 Hz, 1H), 3.70 (dd, J =
14.7,10.2 Hz, 1H), 3.63 (d, ] = 3.9 Hz, 3H), 3.39 - 3.21 (m, 2H), 3.07 (dd, J = 14.7, 3.3 Hz,
1H), 2.43 (s, 3H), 2.35 - 2.13 (m, 4H), 2.03 (ddddd, J = 14.2, 10.7, 8.3, 6.0, 4.6 Hz, 1H),
1.93 - 1.75 (m, 3H). 13C NMR (126 MHz, CDCl3) § (ppm) 175.7, 172.9, 145.1, 136.2,
130.00, 128.3,56.4, 51.9 (d, J = 2.8 Hz), 47.7 (d, ] = 4.0 Hz), 44.7, 31.4, 30.8, 30.2, 27.5,
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21.8,18.3. IR (neat, cm-1): 2935, 1675, 1433, 1383, 1256, 1146, 1108, 1095, 835, 780;
HRMS calcd. for (C16H23Na05S13C) [M+Na]+: 377.1223 found 377.1227. MP = 94°C.

Methyl 3-((25*3R*5R*)-5-phenyl-3-tosyltetrahydrofuran-2-yl)propanoate-13C
(23n). Following GP1, sodium benzenesulfinate 20d (35.6 mg, 0.20 mmol), 2-phenyl-
2,3-dihydrofuran 22n (87.7 mg, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (54 pL,
0.30 mmol) afforded the product after flash column chromatography on silica gel
(pentane/EtOAc 2:1) as a colorless oil (on average: 31.0 mg, 40% yield). tH NMR (500
MHz, CDCl3): § (ppm) =8 7.81 - 7.74 (m, 2H), 7.39 - 7.23 (m, 7H), 4.89 (dd, /= 10.2, 5.4
Hz, 1H), 4.66 (ddd, J = 9.6, 5.8, 4.0 Hz, 1H), 3.63 (d, ] = 3.9 Hz, 3H), 3.62 - 3.57 (m, 1H),
2.59 - 2.47 (m, 2H), 2.45 (s, 3H), 2.43 - 2.38 (m, 1H), 2.30 (dt,J = 12.9, 9.9 Hz, 1H), 2.06
- 1.84 (m, 2H).13C NMR (126 MHz, CDCI3) 6 (ppm) 173.6, 145.3, 140.0, 135.2, 130.2,
128.8,128.6,128.2,126.2,79.6, 77.9 (d, ] = 3.8 Hz), 69.7, 51.8 (d, / = 2.8 Hz), 37.6, 31.0,
30.8 (d,J = 1.6 Hz), 21.8. IR (neat, cm-1): 2943, 1685, 1420, 1295, 1125, 1028, 822, 702;
HRMS calcd. for (C20H24Na0sS13C) [M+Na]+: 412.1270 found 412.1274.
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Tert-butyl 3-(3-methoxy-3-oxopropyl)-3-(tosylmethyl)azetidine-1-carboxylate-
13C (230).

Following GP1, sodium 4-methylbenzenesulfinate 20d (35.6 mg, 0.20 mmol), tert-butyl
3-methyleneazetidine-1-carboxylate 220 (101.5 mg 0.60 mmol) and 2-
(trimethylsilyl)ethyl acrylate (54 pL, 0.30 mmol) afforded the product after flash column
chromatography on silica gel (pentane/EtOAc 2:1) as a white solid (on average: 35.0 mg,
43% yield). 1H NMR (500 MHz, CDCI3): § (ppm) & 7.80 - 7.76 (m, 2H), 7.40 - 7.33 (m,
2H), 3.77 (m, 4H), 3.67 (d, ] = 3.9 Hz, 3H), 3.37 (s, 2H), 2.45 (s, 3H), 2.43 - 2.27 (m, 4H),
1.41 (s, 9H).13CNMR (126 MHz, CDCl3) 6 (ppm) 173.2,156.2,145.3,137.7,130.3,127.8,
80.0, 60.8, 59.1, 52.0 (d, J = 2.8 Hz), 35.4 (d, J = 4.6 Hz), 31.4 (d, ] = 1.4 Hz), 29.7, 29.2,
28.4,21.8.1R (neat, cm1): 2975, 2924, 1685, 1421, 1301, 1126, 1081, 780; HRMS calcd.

-74 -



UNIVERSITAT ROVIRA I VIRGILI
CARBOXYLATIVE METHODOLOGIES VIA PHOTOREDOX CATALYSIS
Julien Lyonnet

for (C19H29Na05S13C) [M+Na-CHs]*: 435.1647 found 435.1648. MP = 124°C.

O 0
00 T TMS

N\ 7/

/[::::]/,S (@] ()\\///\\T“AS
H
FsC °

*

o

(R*)-3-0x0-2-((1-((R*)-3-0x0-2-(((4-(trifluoromethyl)phenyl)sulfonyl)methyl)-3-
(2-(trimethylsilyl)ethoxy)propyl)cyclohexyl)methyl)-3-(2-
(trimethylsilyl)ethoxy)propanoic acid-13C (28a).
Following GP2 but without methylation, sodium 4-(trifluoromethyl)benzenesulfinate
20e (92.8 mg, 0.40 mmol), methylenecyclohexane 22a’ (72 pL, 0.60 mmol) and 2-
(trimethylsilyl)ethyl acrylate (72 pL, 0.40 mmol) afforded the tittle compound after
column chromatography on silica gel (pentane to pentane/EtOAc 8:1) as a colorless oil
(on average: 60.0 mg, 42% yield, dr = 1.4:1). tH NMR (500 MHz, CDCl3): § (ppm) & 8.12
-8.03 (m, 2H), 7.90 - 7.80 (m, 2H), 4.22 - 4.15 (m, 2H), 4.10 - 4.00 (m, 2H), 3.70 (t,] =
3.9 Hz, 3H), 3.61 (dd, ] = 14.2, 9.9 Hz, 1H), 3.28 (dt, J = 8.1, 5.9 Hz, 1H), 3.15 (dt,/ = 14.3,
3.2 Hz, 1H), 2.90 (dp, J = 12.4, 3.9 Hz, 1H), 2.05 - 1.94 (m, 2H), 1.88 - 1.79 (m, 1H), 1.46
-1.29 (m, 6H), 1.18 (d, J = 6.0 Hz, 3H), 1.04 - 0.92 (m, 4H), 0.08 - 0.00 (m, 18H).13C NMR
(126 MHz, CDCl3) 6 (ppm) 174.4,174.1,170.9,170.5,142.7,135.7(q,/ = 33.0 Hz), 129.2,
126.5 (m), 123.3 (q, / = 273.0 Hz)., 64.3, 64.2, 64.1, 59.6 (d, J = 5.5 Hz), 52.8, 52.8, 52.7,
47.7,47.7,47.1,36.3 (d,/ = 2.0 Hz)., 35.8, 35.8, 35.3,34.9, 25.9, 21.5,21.4,17.3,17.3,17.2,
-1.4, -1.4. IR (neat, cm1): 2975, 1735, 1699, 1423, 1286, 1231, 1131, 1082, 831, 750;
HRMS calcd. for (C31Hs1F3Na0gSSiz13C) [M+Na]*: 732.2721 found 732.2716.
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1-methyl 3-(2-(trimethylsilyl)ethyl) 2-((1-(3-0xo0-2-((phenylsulfonyl)methyl)-3-
(2-(trimethylsilyl)ethoxy)propyl)cyclohexyl)methyl)malonate-1-13C (28b).

Following GP2, sodium 4-fluorobenzenesulfinate 20b (729 mg, 0.40 mmol),
methylenecyclohexane 22a’ (72 pL, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (72
uL, 0.40 mmol) afforded the tittle compound after column chromatophraphy on silica
gel (pentane/EtOAc 9:1) as a pale-yellow oil (on average: 84.3 mg, 64% yield, dr = 4.2:1).
1H NMR (400 MHz, CDCl3): 6 (ppm) = 7.98 - 7.89 (m, 2H), 7.28 - 7.17 (m, 2H), 4.25 -
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4.15 (m, 2H), 4.15 - 3.96 (m, 2H), 3.71 (dd, J = 11.7, 3.9 Hz, 3H), 3.62 - 3.44 (m, 1H), 3.33
-3.22 (m, 1H), 3.14 - 3.05 (m, 1H), 2.86 (dh, J = 13.5, 3.6 Hz, 1H), 2.06 - 1.89 (m, 2H),
1.81 (ddd, J = 14.9, 8.2, 2.0 Hz, 1H), 1.67 (dt, / = 9.3, 5.7 Hz, 1H), 1.47 - 1.29 (m, 7H), 1.17
(d, J = 5.9 Hz, 3H), 0.97 (dtt, J = 11.1, 7.3, 3.0 Hz, 4H), 0.08 - -0.02 (m, 18H); 19F NMR
(377 MHz, CDCl3): 8§ (ppm) = -103.2, -103.9.; 13C NMR (126 MHz, CDCl3) § (ppm) =
170.8,170.5, 135.3 - 135.1 (m), 131.4 (d, J = 9.7 Hz), 130.6 (d, ] = 9.5 Hz), 116.6 (d, ] =
22.6 Hz), 64.3, 64.2, 64.2, 64.0, 59.8, 59.8, 52.8, 52.7 (d, / = 2.8 Hz), 52.7 (d, ] = 2.9 Hz),
48.2 (d,J=57.1Hz),47.4 (dd,] =57.1, 2.8 Hz), 36.2 (d, ] = 2.0 Hz), 35.9, 35.8, 35.3, 34.9,
34.9, 259, 21.4,17.3,17.3, 17.2, -1.4. IR (neat, cm-1): 2964, 2852, 1729, 1694, 1411,
1251, 1139, 1018, 906, 882, 724; HRMS calcd. for (C3oHs1FNaOgSSi,13C) [M+Na]*:
682.2753 found 682.2782.
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1-methyl 3-(2-(trimethylsilyl)ethyl) 2-((1-(3-0xo0-2-((phenylsulfonyl)methyl)-3-
(2-(trimethylsilyl)ethoxy)propyl)cyclohexyl)methyl)malonate-1-13C (28c).

Following GP2, sodium benzenesulfinate 20a (65.7 mg 040 mmol),
methylenecyclohexane (72 pL, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (72 uL,
0.40 mmol) afforded the tittle compound after column chromatophraphy on silica gel
(pentane/EtOAc 9:1) as a pale-yellow oil (on average: 70.6 mg, 55% yield, dr = 6.3:1). 1H
NMR (400 MHz, CDCI3): 6 (ppm) =8.0 - 7.9 (m, 2H), 7.7 - 7.6 (m, 1H), 7.6 - 7.5 (m, 2H),
4.2 (tt, ] = 8.8, 2.1 Hz, 2H), 4.1 - 3.9 (m, 3H), 3.8 - 3.7 (m, 3H), 3.6 (ddd, ] = 14.2,9.7, 1.9
Hz, 1H), 3.4 - 3.2 (m, 1H), 3.1 (dt, ] = 14.4, 2.4 Hz, 1H), 2.9 (dt,J = 13.3, 6.5 Hz, 1H), 2.0 -
1.9 (m, 3H), 1.8 (ddd, J = 14.8, 8.3, 2.3 Hz, 1H), 1.4 - 1.3 (m, 5H), 1.3 - 1.2 (m, 2H), 1.2 -
1.1 (m, 3H), 1.0 - 0.9 (m, 3H), 0.1 - 0.0 (m, 18H); 13C NMR (126 MHz, CDCl3) § (ppm) =
170.8, 170.5, 169.5, 168.9 (d, J = 8.8 Hz), 139.2 (d, ] = 1.6 Hz), 133.9, 129.3, 128.4, 64.2,
64.1,63.9,60.5,59.6 (d,] = 4.6 Hz), 52.7 (d, ] = 2.7 Hz), 52.7 (d, ] = 2.8 Hz), 47.7 (d,] = 2.9
Hz),47.1(d,J=2.9 Hz),36.2 (d,/ = 2.0 Hz), 35.8,35.8,35.2,34.8 (d,/ = 2.5 Hz), 25.9, 21.4,
17.3 (d,J= 2.2 Hz), 17.1, 14.3, -1.4, -1.4; IR (neat, cm'1): 2966, 2855, 1731, 1689, 1408,
1260, 1140, 1021, 910, 882, 726; HRMS calcd. for (C3oHs2NaOgSSi»13C) [M+Na]*:
664.2847 found 664.2761.
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1-methyl 3-(2-(trimethylsilyl)ethyl) 2-((1-(3-0x0-2-(tosylmethyl)-3-(2-
(trimethylsilyl)ethoxy)propyl)cyclohexyl)methyl)malonate-1-13C (28d).

Following GP2, sodium 4-methylbenzenesulfinate 20d (71.2 mg, 0.40 mmol),
methylenecyclohexane 22a’ (72 pL, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (72
uL, 0.40 mmol) afforded the tittle compound after column chromatophraphy on silica
gel (pentane/EtOAc 9:1) as a pale-yellow oil (on average: 73.5 mg, 56% yield, dr = 1.6:1).
1H NMR (400 MHz, CDCl3): 6§ (ppm) = 7.8 (dd,J = 8.1, 5.9 Hz, 2H), 7.4 - 7.3 (m, 2H), 4.2
-4.2 (m, 2H), 4.1 - 4.0 (m, 2H), 3.7 - 3.7 (m, 3H), 3.6 - 3.5 (m, 1H), 3.3 (dq,J = 8.4, 5.8 Hz,
1H), 3.1 -3.0 (m, 1H), 2.9 (dh,J = 13.1, 3.6 Hz, 1H), 2.4 (s, 3H), 2.0 - 1.9 (m, 1H), 1.4 - 1.1
(m, 12H), 1.0 - 0.9 (m, 4H), 0.9 (t,/ = 7.0 Hz, 1H), 0.1 - 0.0 (m, 18H); 13C NMR (101 MHz,
CDCI3) & (ppm) = 170.9, 170.6 (d, J = 1.6 Hz), 169.5, 169.0 (d, J = 8.7 Hz), 144.9, 136.3,
130.0, 128.4, 127.7, 64.2, 64.1, 63.8, 59.7, 59.7, 52.7 (d, ] = 2.7 Hz), 52.7 (d, ] = 2.8 Hz),
47.8 (d,J=3.0 Hz),47.2 (d,] = 3.2 Hz), 39.8,36.3 (d,J = 2.0 Hz), 35.8, 35.2,34.8 (d,/ = 3.0
Hz), 25.9, 21.8, 21.7 - 21.2 (m), 17.3, 17.3, 17.2, 14.2, -1.4, -1.4; IR (neat, cm1): 2962,
1722,1692,1409,1256,1138,1018,932, 856, 741; HRMS calcd. for (C31H54Na0sSSi»13C)
[M+Na]*: 678.3004 found 678.2942.
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1-methyl 3-(2-(trimethylsilyl)ethyl) 2-((1-(2-(((4-(tert-
butyl)phenyl)sulfonyl)methyl)-3-oxo0-3-(2-
(trimethylsilyl)ethoxy)propyl)cyclohexyl)methyl)malonate-1-13C (28e).

Following GP3, sodium 4-(tert-butyl)benzenesulfinate 20e’ (88.1 mg, 0.40 mmol),
methylenecyclohexane 22a’ (72 pL, 0.60 mmol) and 2-(trimethylsilyl)ethyl acrylate (72
uL, 0.40 mmol) afforded the tittle compound after flash column chromatophraphy on
silica gel (pentane/EtOAc 9:1) as a viscous colorless oil (on average: 49.2 mg, 35% yield,
dr = 1.6:1). 1H NMR (500 MHz, CDCl3): 6§ (ppm) = 7.85 - 7.80 (m, 2H), 7.58 - 7.53 (m,
2H),4.23 - 4.15 (m, 2H), 4.14 - 4.02 (m, 2H), 3.70 (dd, ] = 3.9, 1.5 Hz, 3H), 3.59 - 3.50 (m,
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1H), 3.33 (dq,] = 8.4, 5.9 Hz, 1H), 3.07 (ddd, ] = 14.2, 3.7, 2.2 Hz, 1H), 2.95 - 2.87 (m, 1H),
2.01-1.94 (m, ] = 4.2 Hz, 2H), 1.78 (ddd, ] = 14.8, 8.1, 3.3 Hz, 1H), 1.34 (s, 16H), 1.21 -
1.10 (m, 4H), 1.03 - 0.95 (m, 4H), 0.05 - 0.02 (m, 18H); 13C NMR (126 MHz, CDCl3) §
(ppm) = 174.32, 170.90, 170.59, 170.54, 157.90, 136.27, 128.20, 126.36, 64.20, 64.12,
63.79,59.67,59.62,52.74 (d,] = 2.8 Hz), 52.66 (d, ] = 2.8 Hz), 47.47 (d,] = 57.1 Hz), 47.44
(d,J=57.0 Hz), 36.25, 36.23, 35.70, 35.39, 35.10, 34.80, 34.78, 31.18, 25.89,21.45 (d,] =
1.7 Hz), 21.42,17.29,17.26,17.19,-1.37,-1.41, -1.43. IR (neat, cm-1): 2953, 1733, 1700,
1322, 1249, 1155, 1108, 1085, 934, 835, 760; HRMS calcd. for (C34HeoNaOgSSi2!3C)
[M+Na]+: 720.3473 found 720.3474.
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1-methyl 3-(2-(trimethylsilyl)ethyl) (R*)-2-((1-(tert-butoxycarbonyl)-4-((R*)-3-
0x0-2-(((4-(trifluoromethyl)phenyl)sulfonyl)methyl)-3-(2-
(trimethylsilyl)ethoxy)propyl)piperidin-4-yl)methyl)malonate-13C (28f).
Following GP2, sodium 4-(trifluoromethyl)benzenesulfinate 20e (93 mg, 0.40 mmol),
tert-butyl 4-methyl enepiperidine-1-carboxylate 22f (118 mg, 0.60 mmol) and 2-
(trimethylsilyl)ethyl acrylate (80 pL, 0.40 mmol) afforded the tittle compound after flash
column chromatophraphy on silica gel (pentane to pentane/EtOAc 8:2) as a colorless oil
(on average: 39.0 mg, 41% yield, dr = 1:1). tH NMR (500 MHz, CDCl3): § (ppm) 8.07 (d,
J=8.0 Hz, 2H), 7.84 (d, ] = 8.0 Hz, 2H), 4.20 (dd, ] = 9.9, 7.4 Hz, 2H), 4.11 - 3.99 (m, 2H),
3.72 (dd, J = 4.0, 2.5 Hz, 3H), 3.56 (dd, J = 14.2, 9.1 Hz, 1H), 3.40 - 3.26 (m, 4H), 3.21 -
3.09 (m, 1H), 3.04 - 2.89 (m, 1H), 2.07 (d, J = 5.5 Hz, 2H), 1.94 (dd, J = 14.9, 8.9 Hz, 1H),
1.43 (s, 9H), 1.27 (d,J = 15.9 Hz, 5H), 1.02 - 0.92 (m, 4H), 0.90 - 0.81 (m, 1H), 0.04 (d,/ =
1.6 Hz, 18H).13C NMR (126 MHz, CDCl3) 6 (ppm) 170.6, 170.2, 168.8, 168.7, 154.8,
142.6,135.8 (q,/ =33.1 Hz),129.1 (q,] = 2.7 Hz), 126.6 (m), 123.2 (q,/ = 273.0 Hz), 79.7,
64.6, 64.5, 64.4,59.5, 59.4, 59.4, 53.0 (d, / = 2.8 Hz), 52.9 (d, ] = 2.9 Hz), 47.5, 47 .4, 47 .1,
47.0,39.1,39.0,35.7,35.6, 35.0 (d, / = 2.2 Hz), 34.2, 34.0, 33.9, 29.8, 28.6,17.3,17.2,-1.4,
-1.5. IR (neat, cm1): 2951, 1712, 1685, 1322, 11476, 1051, 835, 720; HRMS calcd. for
(C14H20Na0sS13C) [M+Na]*: 336.0957 found 336.0962.

FsC
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1-methyl 1,5-bis(2-(trimethylsilyl)ethyl) 3-butyl-3-methyl-6-((4-
(trifluoromethyl)phenyl)sulfonyl)hexane-1,1,5-tricarboxylate-1-13C (28g).

Following GP2, sodium 4-(trifluoromethyl)benzenesulfinate 20e (92.9 mg, 0.40 mmol),
2-methylhex-1-ene 22g’ (84.5 uL, 0.40 mmol) and 2-(trimethylsilyl)ethyl acrylate (72
uL, 0.40 mmol) afforded the tittle compound after flash column chromatophraphy on
silica gel (pentane/EtOAc 10:1) as a pale yellow oil (on average: 51.0 mg, 36% yield, dr
=1:1.4:1:1.2). tH NMR (500 MHz, CDCl3): § (ppm) = 8.06 (d,] = 8.1 Hz, 2H), 7.84 (d, ] =
8.2 Hz, 2H), 4.23 - 4.14 (m, 2H), 4.10 - 3.99 (m, 2H), 3.70 (dd, ] = 3.9, 2.1 Hz, 3H), 3.66 -
3.59 (m, 1H), 3.28 (qd, J = 6.2, 3.1 Hz, 1H), 3.09 (dd, J = 14.3, 3.3 Hz, 1H), 2.91 - 2.81 (m,
1H), 1.96 - 1.82 (m, 2H), 1.78 - 1.68 (m, 1H), 1.38 - 1.26 (m, 2H), 1.21 - 1.11 (m, 5H),
1.00 - 0.95 (m, 4H), 0.84 (q,/ = 7.1 Hz, 3H), 0.76 (dd, / = 7.3, 2.6 Hz, 3H), 0.04 - 0.02 (m,
18H).; 19F NMR (376 MHz, CDCl3) § (ppm) =-63.2. 13C NMR (126 MHz, CDCl3) 6 (ppm)
=170.69, 170.68, 170.52, 170.49, 169.50, 169.47, 169.32, 169.31, 142.59, 135.74 (q,] =
33.1 Hz), 129.14, 126.52, 126.51 (d, ] = 10.6 Hz), 126.49, 64.27, 64.23, 64.05, 59.61,
52.73, 48.04, 47.59, 42.10, 41.94, 38.63, 38.35, 37.61, 36.31, 36.25, 36.22, 29.82, 25.65,
25.56,23.97,23.93,23.43,23.41,17.29,17.23, 14.15, 14.13, -1.44, -1.46, -1.47. IR (neat,
cm1): 2955, 1734, 1701, 132, 1250, 1134, 1061, 835; HRMS calcd. for
(C31Hs3F3Na0gSSi213C) [M+Na]+: 734.2878 found 734.2894.

Oy0
0,0 TS
/J[::::r/s (0] C)\V//\\Thﬁs
+ _OM
FsC OMe
Ph (0
1-methyl 3-(2-(trimethylsilyl)ethyl) 2-((1-(3-ox0-2-(((4-

(trifluoromethyl)phenyl)sulfonyl)methyl)-3-(2-(trimethylsilyl)ethoxy)propyl)-

4-phenylcyclohexyl)methyl)malonate-1-13C (28h). Following GP2, sodium 4-
(trifluoromethyl)benzenesulfinate 20e (92.9 mg, 0.40 mmol), (4-
methylenecyclohexyl)benzene 22h’ (64.0 mg, 0.40 mmol) and 2-(trimethylsilyl)ethyl
acrylate (72 pL, 0.40 mmol) afforded the tittle compound after flash column
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chromatophraphy on silica gel (pentane/EtOAc 15:1) as a pale yellow oil (on average:
79.2 mg, 50% yield, dr = 6.7:5.1:1:1). tH NMR (400 MHz, CDCl3): 6 (ppm) = 7.80 (d, ] =
8.1 Hz, 2H), 7.36 (d, /= 7.9 Hz, 2H), 4.03 - 3.87 (m, 1H), 3.66 (d, J = 3.8 Hz, 3H), 3.31 (dd,
J=14.4,4.0 Hz, 1H), 3.24 - 3.08 (m, 2H), 2.45 (s, 3H), 2.43 - 2.35 (m, 2H), 2.13 - 1.99 (m,
1H), 1.82 (dtt, J = 14.5, 7.4, 3.8 Hz, 1H), 1.76 - 1.62 (m, 3H), 1.49 (s, 1H), 1.34 - 1.21 (m,
2H), 1.19 - 1.05 (m, 4H).; 19F NMR (376 MHz, CDCl3) § (ppm) =-63.3,-63.3, -63.3. 13C
NMR (101 MHz, CDCl3) & (ppm) =170.8,170.4, 170.4, 168.9, 168.9, 146.8, 146.7, 142.7,
135.56 (q, ] = 33.4 Hz), 129.2, 129.2, 129.1, 128.5, 126.9, 126.8, 126.6, 126.5, 126.5,
126.5, 126.2, 124.6, 121.9, 64.5, 64.4, 64.3, 64.2, 64.1, 59.6, 59.5, 57.5, 52.9, 52.8, 52.8,
52.8,52.8,49.7,49.1, 47.9, 47.8, 47.3, 47.3, 44.0, 43.9, 43.6, 43.5, 39.0, 38.4, 35.9, 35.9,
35.9, 35.7, 35.7, 35.6, 35.5, 35.3, 35.3, 34.9, 32.0, 31.4, 31.3, 31.0, 29.8, 29.5, 29.1, 28.9,
22.8,17.4,17.3,17.3,17.2,14.2,-1.4,-1.5. IR (neat, cm'1): 2954,1732,1699, 1404, 1322,
1250, 1135, 1061, 911, 835, 730, 699; HRMS calcd. for (C37Hs5F3Na0gSSi»13C) [M+Na]+:
808.3034 found 808.3010.

1-methyl 3-(2-(trimethylsilyl)ethyl) 2-((8-(3-ox0-2-(((4-
(trifluoromethyl)phenyl)sulfonyl)methyl)-3-(2-(trimethylsilyl)ethoxy)propyl)-

1,4-dioxaspiro[4.5]decan-8-yl)methyl)malonate-1-13C (28i). Following GP3 with
slight modification of stoichiometry, using sodium 4-(trifluoromethyl)benzenesulfinate
20e (92.9 mg, 0.40 mmol), 8-methylene-1,4-dioxaspiro[4.5]decane 22i’ (61.7 mg, 0.40
mmol) and 2-(trimethylsilyl)ethyl acrylate 3 (72 pL, 0.40 mmol) afforded the tittle
compound after flash column chromatophraphy on silica gel (pentane/EtOAc 6:1) as a
white solid (on average: 71.8 mg, 47% yield, dr = 2.3:1.6:1). tH NMR (400 MHz, CDCl;):
S (ppm) = 8.09 - 7.97 (m, 2H), 7.82 (d, ] = 8.0 Hz, 2H), 4.24 - 4.14 (m, 2H), 4.13 - 3.98
(m, 2H), 3.90 (s, 1H), 3.89 - 3.85 (m, 3H), 3.74 - 3.66 (m, 3H), 3.64 - 3.47 (m, 1H), 3.29
(dtd,] =8.4,5.9,4.4 Hz, 1H), 3.16 - 3.09 (m, 1H), 2.90 (td, ] = 8.7, 4.8 Hz, 1H), 2.05 - 1.97
(m, 1H), 1.86 (dd, ] = 14.9, 8.4 Hz, 1H), 1.76 - 1.44 (m, 4H), 1.42 - 1.31 (m, 3H), 1.27 -
1.21 (m, 2H), 1.03 - 0.91 (m, 3H), 0.90 - 0.79 (m, 2H), 0.03 - 0.01 (m, 18H); 19F NMR
(376 MHz, CDCl3) 6 (ppm) = -63.3, -63.3, -63.3. 13C NMR (101 MHz, CDCI3) § (ppm) =
174.1,173.8,170.6,170.3,170.2, 145.0, 142.6, 135.7 (q,] = 33.2 Hz), 130.8,129.6, 129.1,
129.1, 128.4, 128.2, 127.3, 126.6, 126.6, 126.6, 126.5, 126.5, 126.4, 126.1, 124.6, 108.2,
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107.8,107.0, 64.5, 64.4, 64.4, 64.3, 64.3, 64.2, 64.1, 64.0, 60.5, 59.5, 59.5,52.8, 52.8, 52.8,
52.8,52.7,52.7,48.7, 48.1, 47.8, 47.8, 47.3, 47.2, 39.1, 37.8, 37.8, 36.2, 36.2, 35.9, 35.9,
35.5, 35.5, 35.3, 34.8, 34.1, 33.5, 32.8, 32.3, 32.0, 31.7, 31.0, 30.5, 30.5, 30.4, 30.4, 29.8,
29.4,29.1,27.9, 25.4,22.7,22.7,21.1,18.8,17.3,17.2,17.2,17.2,14.3, 14.2, 11.5, - 1.4, -
1.5, -1.5. IR (neat, cm1): 2954, 1732, 1686, 1317, 1248, 1141, 1061, 835, 763, 700;
HRMS calcd. for (C33Hs3F3Na010SSiz13C) [M+Na]+: 790.2776 found 790.2773. MP = 80°C.

Oy_OH

\ 7/

o5
Me OMe

*

(o)

3-(1-(3-methoxy-3-oxopropyl-3-13C)cyclohexyl)-2-(tosylmethyl)propanoic acid
(28j). Following GP3 with some modifications, using sodium 4-
(trifluoromethyl)benzenesulfinate 20d (929 mg, 0.40 mmol), 8-methylene-1,4-
dioxaspiro[4.5]decane 221’ (61.7 mg, 0.40 mmol) and 2-(trimethylsilyl)ethyl acrylate 3
(72 pL, 0.40 mmol) afforded the ETMS protected crude. The crude was dissolved in 1 mL
of THF to which were added 4 equiv. of TBAF (1 M, 800 L), the reaction was then stirred
at 70°C for 2h. The tittle compound was obtained after flash column chromatophraphy
on silica gel (pentane/EtOAc 1:1 with 1% EtzN; then 1:2 with 1% HCOOH) as a colorless
oil (on average: 25.8 mg, 31% yield). tH NMR (400 MHz, CDCl3): 6 (ppm) = 9.1 (s, 1H),
7.8 (d, J = 8.3 Hz, 2H), 7.4 (d, ] = 8.1 Hz, 2H), 3.7 (d, ] = 3.8 Hz, 3H), 3.6 (dd, J = 14.3, 8.8
Hz, 1H), 3.1 (dd, J = 14.3, 4.0 Hz, 1H), 2.9 (dp, J = 11.5, 4.3 Hz, 1H), 2.4 (s, 3H), 2.2 - 2.1
(m, 2H), 1.8 (dd, J = 14.8, 7.3 Hz, 1H), 1.7 - 1.6 (m, 2H), 1.5 (dd, J = 14.8, 4.5 Hz, 2H), 1.4
(p,J = 5.9 Hz, 5H), 1.3 - 1.1 (m, 7H), 0.9 - 0.8 (m, 1H); 13C NMR (101 MHz, CDCl3) §
(ppm) = 174.6,172.8, 145.2, 136.0, 128.4,59.2,51.8 (d, ] = 2.8 Hz), 39.8, 35.7 (d, ] = 4.3
Hz), 35.6, 35.2 (d, ] = 21.6 Hz), 30.7, 28.5, 27.9, 26.0, 21.8, 21.4 (d, ] = 7.1 Hz). IR (neat,
cm1): 2925, 2854, 1692, 1597, 1436, 1302, 1139, 1086, 814, 558; HRMS calcd. for
(C20H30Na06S13C) [M+Na]*: 434.1689 found 434.169.
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1-methyl 3-(2-(trimethylsilyl)ethyl) 2-(2-(2,2-dimethyl-4-(((4-
(trifluoromethyl)phenyl)sulfonyl)methyl)cyclohex-3-en-1-yl)ethyl)malonate-1-
13C (32).

Following a modified GP1, not performing the final deprotection, sodium 4-
methylbenzenesulfinate 20d (35.6 mg, 0.40 mmol) (3-Pinene (93.7 pL, 0.60 mmol) and
2-(trimethylsilyl)ethyl acrylate (54 pL, 0.30 mmol) afforded the product after flash
column chromatography on silica gel (n-hexane/EtOAc 15:1) as a colorless oil (on
average: 42.8 mg, 37% yield). 1H NMR (400 MHz, CDCI3): 6 (ppm) = 7.80 - 7.68 (m, 2H),
7.33(d,J=7.9 Hz, 2H), 5.40 (d, ] = 4.7 Hz, 1H), 4.26 - 4.15 (m, 2H), 3.72 (t,] = 4.0 Hz, 3H),
3.65 (s, 2H), 3.34 (dt, / = 8.3, 6.2 Hz, 1H), 2.44 (s, 3H), 2.17 - 2.02 (m, 2H), 1.94 (t,/ = 5.7
Hz, 2H), 1.82 - 1.69 (m, 3H), 1.30 - 1.19 (m, 1H), 1.13 (ddd, j = 11.5, 9.3, 5.6 Hz, 1H), 1.03
-0.95 (m, 2H), 0.78 (s, 6H), 0.03 (d, / = 1.5 Hz, 9H).; 13C NMR (101 MHz, CDCl3) & (ppm)
=171.0 (d,] = 2.9 Hz), 144.6, 135.9, 132.7,129.7, 128.6, 126.3, 64.5, 64.1,52.7 (d,] = 4.5
Hz),48.4,47.9,41.8 (d,] =5.1 Hz), 38.1 (d, ] = 2.5 Hz), 34.8 (d,] = 1.7 Hz), 30.2, 27.0, 24.0,
23.8,21.8, 17.3, -1.4. IR (neat, cm'1): 2954, 1736, 1698, 1249, 1146, 1087, 914, 836,
730,570, 514; HRMS calcd. for (C26H42Na0¢SSit3C) [M+Na]*: 546.2403 found 546.2397.
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2.7.2. NMR Spectra
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CHAPTER 3. Kinetically-Controlled Ni-
Catalyzed Direct Carboxylation of
Unactivated Secondary Alkyl Bromides
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3.1. Introduction

As was discussed in the general introduction, carboxylation reactions have come a
long way, starting from stoichiometric carboxylation with simple nucleophiles to
modern catalytic methods making use of elaborated systems. The contents of this
chapter focus on the field of reductive catalytic carboxylation, where the use of sacrificial
reductants is required for catalyst turnover to occur. The first report of the sort was
disclosed in 2009, when Martin & coworkers showed a palladium -catalyzed
carboxylation of aryl bromides with CO; (Scheme 3.1, top).! The work made use of
Pd(0OAc)2, tBuXPhos as ligand and ZnEt; as reductant at 40°C in DMA. Additionally, 10
atm of CO; pressure were used for optimal reactivity. The first appearance of nickel as a
catalyst, within reductive catalytic carboxylation reactions was when the group of Tsuji
reported a similar method as Martin but using NiCly(PPhs3), as precatalyst for the
carboxylation of more challenging aryl chlorides (Scheme 3.1, middle).2 The ease of
nickel to perform oxidative addition into aryl chlorides compared to palladium was key
for the improvement over Martin’s report. Nickel’'s use, in turn, allowed for the
introduction of a new sacrificial reductant in the field, powdered manganese metal.

Martin, 2009

CO, (10 atm)
Br Pd(OAc), (5 mol%) CO,H
BuXPhos (10 mol%)

: = : =
N | Et;Zn (2.0 equiv) N |
DMA, 40°C
1 2
Tsuiji, 2012
CO, (1 atm)
Cl NiCly(PPhs), (5 mol%) CO.H

PPh3 (10 mol%)

= - 74
QL | = Of |
™ Mn, Et4NI (10 mol%) X
DMI, rt
3 4
Daugulis, 2013
C02 (1 atm)
! Cul (3 mol%) CO.H
_ DMEDA or TMEDA (3 mol /o)> _
: X | Et,Zn : 2 |
5 DMSO or DMA, rt-70°C 6

Scheme 3.1: Martin’s, Tsuji's and Daugulis’ reductive carboxylation reports.
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The reaction developed by the group of Tsuji allowed for more available aryl chlorides
to be used while operating at a decreased pressure compared to Martin’s conditions,
using 1 atm, which set a gold standard for future reports of the sort. Manganese is also
an operationally simple reductant, although being heterogeneous which comes with its
own drawbacks when scaling up a reaction. In 2013, Daugulis & coworkers reported the
reductive catalytic carboxylation of aryl iodides (Scheme 3.1, bottom), which was done
with a copper catalyst. Although diethyl zinc, a pyrophoric and generally reactive
compound, was used as reductant, the group of Daugulis showed that the methodology
was amenable to ortho substituted starting materials, which was one of the limitations
of the previous reports from both Martin and Tsuji. All three of these protocols (Scheme
3.1), together, allow for the carboxylation of a broad variety of aryl halides. Nevertheless,
further improvement could be made for making the carboxylation of aryl halides milder,
especially given the sacrificial reductants used. The implementation of photochemistry
has allowed for different other reductants to be used instead.3 Additionally,
pseudohalides, electrophiles having a similar role as an organic halide but not containing
a halide atom such as triflates or sulfonates, have been investigated too.3

The next step in the reductive carboxylation arena was to carboxylate a sp3 carbon.
Naturally, the first report consisted of the carboxylation of benzyl halides, which was
done by Martin et al. in 2013 (Scheme 3.2).* Within the same report, the group showed
the carboxylation of primary, secondary and tertiary benzyl halides, individual
conditions for the primary halides were identified. In all cases, the catalyst was based on
NiCl; precatalysts with electron-rich phosphines. Zinc dust was used as reductant along
with Lewis pairs such as HBFs or BusNI. The group also showed that subjecting a
potential Ni(II) benzyl intermediate to CO. did not yield any product but doing the
otherwise similar reaction with addition of Zn led to a high conversion to the product,
showing the innocent role of Ni(II) in the carboxylation step and involvement of a more
reduced species. The Ni(II) complex Ni-1 that was isolated showed an n3 type
coordination from the benzylic carbon along with two other carbons of the aromatic
ring. This suggests that Ni as a catalyst might be kinetically stable at benzylic sites given
the stabilization by extra coordination. This stabilization, in turn, might prevent the
reaction to undergo unproductive pathways, notably BHE.
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CO, (1 atm)
NiCl,.glyme (10 mol%)
PCps, HBF4 (20 mol%)

Zn, MgCl,
DMF, rt N CO,H
oL e
NN
8
©E’/\,\III,PCP3
CO, (1 atm) Cl
NiClo(PCys)s (10 mol%) Ni-1

Zn, BuyNI (20 mol%)
DMA, rt

Scheme 3.2: Martin's benzyl halide carboxylation.

While the benzylic site has been suggested to be more robust against unwanted BHE
processes, this would not be the same when it comes to unactivated carbon atoms
bearing vicinal hydrogen atoms. The key for success in this endeavor came from Martin,
in 2014, when disclosing the carboxylation of primary alkyl bromides with nickel
catalysis (Scheme 3.3).5 The ligand used in their report, being the first time such ligand
class was used in the carboxylation arena, was a 1,10-phenanthroline bearing two
substituents, on positions 2 and 9. The authors claimed that the substituents would in
fact make the catalyst more robust with better activity and stability. The efficiency of the
system is reflected by the absence of additives in the reaction. The scope of the reaction
was broad, showcasing various functional groups, including some groups typically
regarded as reactive within organometallic catalysis, such as aryl stannanes, phenols,
aryl tosylates and aryl chlorides. The authors also showed the compatibility of primary
alkyl sulfonates with the reaction after slight condition modifications. Since this work,
NN ligands of the phenanthroline type, but also related bipyridines, became the state-of-
the-art ligands within the field of nickel carboxylation. By substituting the ligand with
electron donating methyl groups on other positions, the Martin group managed to
further improve their results, carboxylating primary alkyl chlorides including a few
examples of secondary and tertiary chlorides.6 Although the substrates were somewhat
biased due to their structures using C>-symmetric secondary bromides and adamantyl
bromide as tertiary bromide, this also consisted of the first report of carboxylation on all
types of unactivated non-primary alkyl halides, namely secondary and tertiary alkyl
halides.
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CO, (1 atm)
NiCl,.glyme (10 mol%)
L1 (22 mol%)

Y

O/YBr O/YCOZH

H Mn (2.2 equiv) H
DMA, 40°C

10

Scheme 3.3: Martin's primary alkyl bromide carboxylation.

After focusing on primary alkyl halides, the group then moved their efforts on the
reactivity of unactivated secondary alkyl bromides specifically. In 2017, Martin &
coworkers disclosed a remote C-H carboxylation from internal unactivated secondary
bromides, leading to a carboxylation event happening at more thermodynamically
favored positions for nickel.” The work therefore consisted of the merging of known
carboxylation processes at benzylic and primary positions with what was at the time an
emerging field, nickel-catalyzed chain-walking chemistry.8 The general picture of the
methodology described consists of the formation of fatty acids from internal secondary
bromide precursors, regardless of the exact position of the bromide. Indeed, even
isomeric mixtures of secondary alkyl bromides would lead to a sole product after
reaction, as depicted in Scheme 3.4.

Nil, (2.5 mol%)
Br L2 (4.4 mol%) CO,H

u
+
(@]
(@]
N
Y

Mn, DMF, 25°C .

T =
o
Y
oY)
; ?\ -
=
o
Y
=
o

H COZH

13 14 15
65% from 13

Scheme 3.4: Martin's chain-walking reductive carboxylation methodology.
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For example, alkane 13 is brominated in a non-selective manner from elemental
bromine and MnO, leading to the bromide mixture 14, which after being submitted to
the standard conditions give caprylic acid 15 as sole product in 65% yield over two
steps. The conditions disclosed use Nil; as a nickel source in a 2.5 mol% amount, with a
designed phenanthroline ligand allowing the process to reach completion. Manganese
powder was used as a reductant in the reaction with DMF at 25°C. As depicted on
Scheme 3.5, if both a carbonyl and terminal methyl would be present on the brominated
chain 11a, the authors demonstrated the ability to selectively carboxylate one of these
positions by the sole change of reaction temperature, giving 12a or 12b. The observed
selectivities ranged from good to excellent. This report from Martin & coworkers on the
chain-walking carboxylation of secondary alkyl bromides is perhaps the work that is the
most relevant for the context of the current chapter of the thesis, as a direct
carboxylation from similar starting materials will be discussed, avoiding any BHE
processes.

co, H Br H co,
42°C WMe 10°C
0 11a

CO,H H H CO,H
Ty Ty
n n Me n n Me
o) o)
12a 12b

Scheme 3.5: Temperature-dependent chain-walking selectivity.

Moving on to different methodologies, a few mentions can be made in the context of
photoredox chemistry when it comes to reductive carboxylation reactions. The first
report of photoredox Ni carboxylation was disclosed by the Konig group in 2018 with a
selective hydrocarboxylation of styrenes, which could be selective depending on the
conditions used (Scheme 3.6).° The authors showed that a reductive system could
efficiently be obtained when combining a nickel neocuproine (or phosphine) complex,
4-CzIPN as PC and Hantzsch ester (HEH) as a sacrificial reductant.
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CO, (1 atm)
NiBr,.dme (10 mol%) CO, (1 atm)
dppb (20 mol%) L3NiBr, (10 mol%)
4-CzIPN (1 mol%) 4-CzIPN (1 mol%)
ArTX
HEH (1.0 equiv) HEH (1.5 equiv)
K2003, LiOAc 16 K2003 (1 .0 equV)
DMF, blue LEDs, rt DMF, blue LEDs, rt

17

Scheme 3.6: Konig's reductive hydrocarboxylation of styrenes.

In comparison to the methodologies shown prior in this introduction, the
Markovnikov-selective hydrocarboxylation can be compared to the last steps of the
remote chain-walking carboxylation chemistry from Martin. A Ni-H species inserts into
a double bond, to form a stable alkyl-Ni intermediate which, once reduced to Ni(I), is
able to carboxylate the alkyl counterpart to give the desired product. It is therefore
known that part of a chain-walking process can coexist with metallaphotoredox
chemistry, and hence led to a second report from the Kénig group, this time collaborating
with Martin.10 This work thus consisted in a full chain-walking carboxylation process, as
envisioned by Martin in his publication from 2017, but performed under a photocatalytic
manifold. The conditions reported were very close to the initial publication from Konig,
only slight modifications were made. The ligand used for the remote carboxylation of
benzylic systems was the same, being L3. When applying this methodology on phenyl
ring-free compounds (Scheme 3.7), the conditions were slightly modified again, but this
time the ligand was changed too. The best ligand was shown to be L4. While the
carboxylation was obtained in 49%, the selectivity was not excellent, although good,
giving the ratio of 201:20, as 83 to 17, respectively. While the formation of 20, was to be
minimized in this case, a methodology specifically and selectively generating this
compound would be of great interest. Indeed, given the fact that it had never been
reported and would represent the first carboxylation done on unactivated secondary
alkyl halides in a retentive manner, such a process would also allow for the difficult
avoidance of undesired BHE. While Ni cross-couplings on secondary alkyl halides are
known without chain walking,!! this is not the case within the carboxylation arena, most
likely due to the fact that the CO incorporation step requires prior reduction of Ni(II) to
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Ni(I). Carboxylation has been shown to happen at the Ni(I) stage for Ni-alkyl complexes
and it is suspected that chain-walking happens at the Ni(II) stage.12-16 Therefore, if the
SET is slow, such as when heterogeneous metals are used as reductants, chain-walking

will likely happen before carboxylation. The results from Koénig & Martin showing a

selectivity of 17% retained carboxylation is a sign that incorporating a homogeneous

system increases the reduction kinetics and therefore gives the opportunity to design a

system prioritizing the selective, retentive carboxylation event. The homogeneous

environment thereof enables the ability for a retained carboxylation, while ligand design

would most likely achieve it thanks to stabilization of intermediates and prevention of

BHE side processes.

CO, (1 atm)
Br L4NiBr, (10 mol%)

(\)\ 4-CzIPN (1 mol%)
Me >
HEH (2.0 equiv)

Me Rb,CO5 (1.0 equiv.)
19 DMF, blue LEDs, 10°C

Me Me
L4, 49% 83:17 (20,:20,)

20,

CO,H
Me

CO,H

Me
20,

Me

Scheme 3.7: Konig & Martin's photoredox remote carboxylation of secondary alkyl bromides.
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3.2. General aim of the project

The reductive catalytic carboxylation of (pseudo)halides has received considerable
attention over the last 15 years. Starting from aryl simple (pseudo)halides, all the way
to photoredox remote C-H carboxylation techniques, . Nonetheless, the direct
carboxylation of unactivated secondary alkyl halides has never been reported for non-
biased starting materials, such as C;-symmetric compounds, for which it cannot be
distinguished whether chain-walking happened prior to carboxylation or not. The
approach that was envisioned was to render the SET from Ni(II) to Ni(I) of a Ni-alkyl
intermediate faster by employing controlled homogeneous conditions, such as a
photoredox system. This strategy, according to our initial beliefs, should drastically
increase the kinetics of the reduction and thus act to attenuate BHE which we believe to
happen mostly at the Ni(Il) oxidation state. Additional ligand design would likely help
stabilize key intermediates, further diminishing undesired BHE.

heterogeneous
reductants

chain m CcO,

walking insertion
— then — W SET W —
co, HOH H OH no p-hydride

insertion W elimination

homogeneous
reductants
CO,H
site-selectivity H
— guided by Ni ~
HO,C speciation H
remote retained
carboxylation carboxylation

Figure 3.1: Site-selectivity guided by Ni speciation.
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3.3. Optimization

The reaction discovery of this project started on the basis of the previous report from
our group in collaboration with the Konig group.l® We therefore started our
investigation using similar conditions, with 2-bromoheptane 19 as starting material. We
started with a ligand screen using (TBA):[NiBr4] as a Ni source, Table 3.1 shows a
selection of ligands tried in the initial phase of the optimization. The precatalyst was
used in 10 mol% while the ligand was used in slight excess of 15 mol% in total. The PC
of choice was, as indicated, the same as in the previous report, 4-CzIPN, along with
cesium carbonate as a base, in DMF at 20°C with one bar of carbon dioxide pressure.
Both ligands that were used in the two previous reports of Ni photoredox carboxylation,
L3 and L4, gave carboxylation in 31 and 37% yield respectively, although with poor
selectivity towards target product 20u). The reactions gave mostly linear, chain-
walking product. Bulkier ligand L5 gave the first result tending towards a retentive
carboxylation with 64% selectivity, albeit with low carboxylation yield of 34%. Testing
another phenanthroline with phenyl substituents (L6) did not improve the results
obtained from L3, giving lower yield. Increasing further the bulkiness of the ligand, L7
granted us gratifyingly with an excellent selectivity, showing no detectable traces of
other carboxylic acids in the crude. introducing steric bulk around the nitrogen atoms
of the ligand with n-hexyl groups, L8 gave an improvedyield of 57% with good selectivity
of 90% of desired product. When trying a different class of ligands, L9 showed excellent
selectivity with a low yield, when increasing the sterics, L10 gave no carboxylation
whatsoever. Finally, L11 gave the best results with an excellent selectivity and a yield of
56%. We therefore continued our investigation with L11 as ligand. As can be deduced
with ease, the scaffold for a good ligand required bulky substituents next to the nitrogen
atoms for selectivity improvements, the yield could instead beincreased with the
introduction of tert-butyl groups on the 4,4’ positions of the bipyridine. Phenanthroline
did not show good compatibility with the reaction, neither did PyOx-type ligands.
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Table 3.1: Initial ligand screen.

(TBA),[NiBr,] (10 mol%) Mo~ - COzH
L (15 mol%) 20
Br 4CzIPN (10 mol%) I(m) o
2

HEH (1.5 eq.), Cs,CO3 (2.0 eq.)

19 DMF (0.08M), 20 °C, 20 h Me
CO, (1 bar), blue LEDs

L3 Conv. >99% L4 Conv. >99% L5 Conv. 95%
20(31%), 21(34%), 22(3%) 20(37%), 21(21%), 22(4%) 20(34%), 21(16%), 22(10%)
I(m):b(r):b(m)=72:28:0 I(m):b(r):b(m)=55:44:1 I(m):b(r):b(m)=33:64:3

Me — — Me

L6 Conv. >99% L7 Conv. 88% L8 Conv. 98%
20(12%), 21(36%), 22(9%) 20(25%), 21(6%), 22(7%) 20(57%), 21(16%), 22(10%)
I(m):b(r):b(m)=62:38:0 I(m):b(r):b(m)=0:100:0 I(m):b(r):b(m)=10:90.:0

— 0 — Oj
/) \
Q_QN:L"Me N e
Me M
Me Me Me
M

Me Me Me Me

e Me
L9 Conv. 99% L10 Conv. 49% L11 Conv. 99%
20(18%), 21(17%), 22(21%) 20(—), 21(5%), 22(17%) 20(56%), 21(7%), 22(3%)
I(m):b(r):b(m)=0:100:0 I(m):b(r):b(m)=0:99:1
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Next, we continued our optimization focusing on the nickel source of the mixture
(Table 3.2). After screening different sources, we could see that this parameter had little
effect on the selectivity of the reaction, showing the fast formation of the desired
complex in solution, but rather, it affected the yield of the reaction and therefore the
mass balance. The optimal Ni source proved to be NiBrz.glyme, giving 20 in 64% with
nearly full selectivity.

Table 3.2: Ni source screen.

[Ni] (10 mol%) Me
5 L11 (15 mol%) CO,H
r

/\/\)\ 4CzIPN (10 mol%) 20[(m)
Me Me  HEH (1.5eq.), Cs,CO3(2.0eq) Me CO,H
19 DMF (0.08M), 20 °C, 20 h
CO, (1 bar), blue LEDs Me 20b() Me
r,
Me

20p(m) co,H

entry  Ni source Conv. (%) 20 (%) I(m):b(r):b(m) 21+22

1 NiCl,.glyme 99 61 0:99:1 742
2 NiBry.glyme 99 64 0:99:1 6+3
3 NiBr,.diglyme 99 59 4:94:1 7+5
4 Nil, 92 13 0:100:0 14+17
5 (TBA)5[NiBr,] 99 56 0:99:1 743
6  Ni(acac), 99 35 2:96:2 13+13
7 Ni(acac-Fg)» 99 38 2:96:2 1045
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Then, we moved on to investigate whether a ligand-bound nickel complex would
perform better than individual sources of nickel with free ligand (Table 3.3). Essentially
testing an exact metal-to-ligand stoichiometry. This proved to improve our results
considerably in terms of yield, keeping L11 as optimal ligand, giving the product in 81%.

Table 3.3: Precomplex screen.
Me
CO,H

20,(m)

LNiBr, (10 mol%)
Br 4CzIPN (5 mol%)

HEH (2.0 eq.), Cs,CO3 (2.0 eq.) Me Boc
19 NMP (0.08M), 20 °C, 24 h
CO, (1 bar), blue LEDs

L11NiBr, Conv. >99%
2(81%), 3(6%), 4(2%)
I(m):b(r):b(m)=0:99:1

L7NiBr, Conv. 99%
2(37%), 3(28%), 4(24%)
I(m):b(r):b(m)=0:99:1

Me N

Me NN

M
eMe

L12NiBr, Conv. >99%
2(23%), 3(45%), 4(5%)
I(m):b(r):b(m)=55:43:2

L3NiBr, Conv. >99%
2(9%), 3(59%), 4(3%)
I(m):b(r):b(m)=36:64:0

L13NiBr, Conv. >99%

2(39%), 3(41%), 4(15%)

I(m):b(r):b(m)=6:84:10

L14NiBr, Conv. 99%
2(41%), 3(20%), 4(3%)
I(m):b(r):b(m)=13:86:1
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Once an optimal precatalyst was identified, we continued our optimization with a base
screen (Table 3.4). Alkali carbonates were mainly considered given their use in the two
previous reports that were known at the time.%10 Lighter alkali metals gave overall lower
yields together with a poorer selectivity. The base used from the beginning of the
optimization, Cs;CO3, therefore proved to be the best. When changing base class to a
phosphate, the results were again poorer. We attribute the more successful use of Cs2CO3
to its higher solubility in organic solvent, given the bigger radius of the cesium atom
compared to its smaller counterparts, allowing for more solvent molecules to coordinate
it. Interestingly, using CsHCO3 had negligible effect in the outcome of the reaction.

Table 3.4: Base screen.

Me
B L11NiBr;, (10 mol%) CO,H
r

N\)\ 4CzIPN (5 mol%) 20,(m)
Me Me  HEH (2.0eq.), Cs,CO5(2.0eq) Me CO,H
19 NMP (0.08M), 20 °C, 24 h
CO, (1 bar), blue LEDs Me 20b() Me
I,
Me
205m) co,H

entry  Ni source Conv. (%) 20 (%) I(m):b(r):b(m) 21+22

1 Li,CO4 99 8 8:88:4 26+36
2  NayCO4 99 62 11:85:4 1743
3  KyCO4 99 75 2:97:1 6+1
4 Rb,CO4 92 72 0:99:1 5+2
5  Cs,CO4 99 81 0:99:1 6+2
6  CsHCO3; 99 80 1:98:1 5+1
7 K3POy4 99 65 8:89:3 11+6
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The PC screen shown on Table 3.5 revealed the superiority of 4CzIPN in this protocol.
All other PCs tested gave lower yield and selectivity. Only 3DPAFIPN showed somewhat
similar reactivity, although still inferior to 4CzIPN.

Table 3.5: Photocatalyst screen.

Me
B L11NiBr;, (10 mol%) CO,H
r

/\/\)\ P (6 mo) 20[(m)
Me Me  HEH (2.0eq.), Cs,CO3(2.0eq) Me CO,H
19 NMP (0.08M), 20 °C, 24 h
CO, (1 bar), blue LEDs Me 20b() Me
I
Me

205(m) co,H

entry  Ni source Conv. (%) 20 (%) I(m):b(r):b(m) 21422

1 4CICzIPN 100 29 30:64:6 31+19
2 4CzTPN 99 26 11:83:5 22+16
3 [Ir]-1 50 50 25:70:4 11+8
4 [Ir]-2 50 70 3:95:1 4+3
5 [Ir-3 6 6 2:96:2 8+3
6  4CzIPN 99 84 2:97:1 2145
7  3DPAFIPN 100 74 5:92:3 7+32
8 5CzBN 100 50 9:87:3 11+43
9 4DPAIPN 76 22 15:83:2 13+44

[Ir]-1 = [Ir(dF(CF3)ppy)dtbpy]PFs; [Ir]-2 = [Ir(ppy)2dtbpy]PFe; [Ir]-3 = Ir(ppy)3
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Control experiments were done to test whether non photoredox systems would be
suitable. After trying a few conditions, only conditions similar to ones reported by Hazari
et al. (Table 3.6, entry 3) gave product,1? albeit in 9% yield with a 1:1 ratio of linear to
branched acids.

Table 3.6: Homogeneous reductants control experiments.

Me
Br L11NiBr;, (10 mol%) CO,H

/\/\/L Reductant (1.2 eq.) 0I(m)
Me Me Additives (x eq.)
19 NMP (0.08M) Me CO,H
CO, (1 bar)
Me
20b(,)

MeoN NMe, N é é
Y= /
MeoN NMe,
TDAE Me2N NMe,
DMAP-OED

[Co]
Entry Conditions Conv. (%) Yield(%) (m):b(r)

1 TDAE, 10°C, 2h 29 0 ;

2 TDAE, [Co] (2 mol%), 10°C, 2h 29 0 ;
DMAP-OED, Cs,CO3 (2 eq.), )

3 LiCl (1.5 eq.), THF, 50°C, 20h 95 9 56:44

4  DMAP-OED, 25°C, 2h 87 0 -
DMAP-OED, [Co] (2 mol%),

5 25°C, 2n 63 0 -
DMAP-OED, Csl (1.5 eq.), . 0 ]

6 25°C 2n

aThe reactions were performed in the dark in the absence of the photocatalyst and HEH.
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Finally, we have done a series of control experiments, showing that the developed
conditions were the optimal ones (Table 3.7). Changing the ligand to various other ones
led only to a decrease in yield and selectivity (entries 2-8). Though, ligand L7 showed
excellent selectivity despite a low yield. This shows the importance of the bulky
substituents on the 6,6’ positions for the selectivity of the process and the presence of
the tertbutyl groups at the 4,4’ positions for an optimal yield. Directly using a Ni(I)
source (entry 9) did not affect the selectivity of the reaction but was detrimental for the
yield. Adding more ligand to the reaction mixture (entry 10) lowers both the yield and
the selectivity of the process, this supports well the need for a ligand-bound nickel
precatalyst, corresponding to a precise metal-to-ligand stoichiometry. Decreasing the
loading of both catalyst and PC gave poorer results (entries 11, 12). Changing base or
solvent also had negative effects on the outcome (entries 13-15). All reagents were
important for the success of the reaction and could not be replaced by a thermal set of
conditions (entries 16-18). The secondary alkyl bromides could not be replaced by
secondary alkyl iodides, tosylates or chlorides (entry 19), even when TBAB is used as a
bromide source (entry 20).

-135-



UNIVERSITAT ROVIRA I VIRGILI
CARBOXYLATIVE METHODOLOGIES VIA PHOTOREDOX CATALYSIS
Julien Lyonnet

Table 3.7: Final control experiments.

CO,H

Br . Me

(L11)NiBr, (10 mol%)
@/I\e 4CzIPN (5 mol%) Me
Me HEH (2.0 equiv), Cs,CO; (2.0 equiv) 20a CCOZH

CO, (1 bar), NMP (0.08 M)

19 blue LEDs, 15 °C + Me
20a’
Entry Deviation from standard conditions  Yield(%) 2a:2a’
1 none 81 (80) 99:1

(L12)NiBr; (10%) instead of (L11)NiBr, 23 43:55
(L7)NiBr;, (10%) instead of (L11)NiBr, 37 99:0
(L15)NiBr; (10%) instead of (L11)NiBr, 46 79:18
(L14)NiBr; (10%) instead of (L11)NiBr, 41 86:13
(L13)NiBr; (10%) instead of (L11)NiBr, 39 84:6

(L4)NiBr; (10%) instead of (L11)NiBr, 14 64:36
(L3)NiBr, (10%) instead of (L11)NiBr, 9 64:36
9  (L11)NiBr (10%) instead of (L11)NiBr, 54  100:0

10  using additional L1 (10 mol%) 32 82:16
11 (L1)NiBr; (5%) & 4CzIPN (2.5 %) 16  84:14
12 using 4CzIPN (1 %) 29 88:8
13  K,COjsinstead of Cs,CO4 75 972
14 K3PO,instead of Cs,CO3 65 89:8
15  using DMA instead of NMP 52 84:12
16  using Mn (2.0 equiv) as reductant 0 —

17  no Cs,CO;5 0 —

18  no (L1)NiBry, no 4CzIPN, no light 0 —

19  with 1-1, 1-OTs, 1-Cl instead of 1 0 —
20 with 1-Cl and TBAB (1 eq) traces —

aConditions: 19a (0.25 mmol), NiBr.L11 (10 mol%), 4-CzIPN (5 mol%), HEH (0.5 mmol), Cs2CO3 (0.5 mmol), CO: (1
bar), NMP (0.08 M) at 15°C for 24h under blue LEDs irradiation. *Other isomers were detected in negligible amounts,

GC yields using anisole as internal standard. ¢Isolated yield.
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3.4. Substrate scope

3.4.1. Direct carboxylation of secondary alkyl bromides

With optimal conditions in hand, we moved on towards the study of the reaction
scope. As expected, aryl group containing starting materials were well tolerated (20b-
20e), the presence of benzylic positions was therefore not detrimental. Branched chains
a carbon away from the site of reactivity did interfere with the reaction outcome (20d)
The method was gratifyingly compatible with a range of functional groups, including
indoles (20f), esters (20j, 20s, 20w), aryl halides (20c, 201, 20m), alkyl (200) halides,
nitriles (20p), silanes (20q), unprotected alcohols (20t), amides (20u) and ketones
(20v). The reaction was not limited to a-methyl groups, ethyl (20g) but also n-butyl
(20s-20x) could be tolerated although the selectivity was generally decreased. To
increase selectivity , such compounds (20g-1I, 20s-x, 20ac-ae) were subjected to higher
PC loading, lower temperature, and longer reaction times. Cyclic compounds were also
carboxylated with success, even when bearing protecting groups on amines (20y-20ab).
Pharmaceutically relevant valproic acid 20ad could be obtained in 81% yield. Finally,
more complex substrates containing heterocycles, or a steroid backbone were
carboxylated in high yields (20ag-20ati).
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Table 3.8: Scope of the retained carboxylation (I).

L1NiBr, (10 mol%)

Br 4-CzIPN (5 mol%) COH
Q_A_O + co, -~
19 HEH (2.0 equiv), Cs,CO3 20
NMP, Blue-LEDs, 15°C, 24h retained carboxylation
CO,H CO,H CO,H
CO,H
Me Me Me Ph
M Me
F tBu ©
20b, 67% (R =H) 20c, 73% (R=F) 20d, 88%° 20e, 77%
dir=1:1
\N CO,H CO,H CO,H OMe . CO,H
M M*
Me M€ Bt Ph” X7 nBu O 3 Me
20f, 76% 209, 75%°4 20h, 73% (n 20j, 90%

= 12)0
20i, 75% (n = 2)>de

CO,H

R! R2 CO.H CO,H
2
@E/K R\/\)\Me R~
Me

n-Bu

20k, 71% (R' = R2 = H)P

201, 92% (R' = F; R = H)°
20m, 69% (R = Cl; R2 = H)¢
20n, 65% (R' = H; R2 = OMe)?d

X
"\ CO,H

20y, 71% (X = NCbz)
20z, 70% (X = NBoc)

200, 72% (R = (CH5),Cl)
20p, 79% (R = C(Me),CN)°
20q, 80% (R = CH,OTIPS)

o)
20r, 72% (R =§— j )
o)

CO,H

CO,H
WH'BU MGW

20ac, 67%°

Me

20ad, 81%°4
Valproic acid

20s, 63% (R = CO,Me)®®
20t, 86% (R = CH,OH)°

20u, 73% (R = CON(Ph)Me)°
20v, 78% (R = COMe)°

20w, 83% (R = CH,OAc)Pe

20x, 80% (R =§— j p.de
0

CO,H
BocN Me

20ae, 56%Pde

20aa, 65% (X = NTs)
20ab, 57% (X = O)

aConditions: As for Table 3.7. Isolated yields, average of at least two independent runs; branched:linear selectivities
for 20a-20ai rank from 8:1 to 99:1, see the experimental part for details. »4-CzIPN (10 mol%). ¢ 4-CzIPN (8 mol%).
dReaction ran at 10°C. ¢Reaction conducted for 48h./HEH (3 equiv).
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Table 3.9: Scope of the retained carboxylation (II).

L1NiBr, (10 mol%)

Br 4-CzIPN (5 mol%) COH
w + COZ s
19 HEH (2.0 equiv), Cs,CO4 20
NMP, Blue-LEDs, 15°C, 24h retained carboxylation
CO,H
MeO 0._0 o) e
con L) N
2 O CO,H 5 CO,H
2 Me Mew
20af, 80% 20ag, 82% 20ah, 74%°" 20ai, 77%

(from Nabumetone) (from Hymecromone) (from Epiandrosterone)

aConditions: As for Table 3.7. Isolated yields, average of at least two independent runs; branched:linear selectivities
for 20a-20ai rank from 8:1 to 99:1, see the experimental part for details. »4-CzIPN (10 mol%). ¢ 4-CzIPN (8 mol%).
dReaction ran at 10°C. ¢Reaction conducted for 48h./HEH (3 equiv).

3.4.2. Unsuccessful substrates

During the investigation of this positionally retentive carboxylation of alkyl bromides
incompatible substrates were identified (Figure 3.2). From these starting materials, some of
them did not give satisfactory results (low yield and/or low selectivity) while others
decomposed or led to complex mixtures of products. To mention a few, compound 26
decomposed due to its highly electron-deficient aromatic ring, protodebromination was
observed for compound 27 and C-S bond cleavage occurred when subjecting 28 to our
reaction conditions. Alkynes such as 33 and 36 were very poorly supported while alkene
bearing compounds such as 29 and 31 gave a mixture of products in low yield. Substrate 25
was obtained in satisfactory yield but with poor selectivity of about 70%. The phthalimide
moiety is believed to do an intramolecular interaction, probably destabilizing the Ni-alkyl
species involved, leading to chain-walking.
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o Br 0 Br
Ph o) /©/ OMMG N/\/\)\Me
Me
23 ' 24 25
F V\j'\r Br Br
F (0]
Me /©/O\/\)\Me /©/S\/\)\Me
F F Br Cl
F 2 27 28
Br
M Br &
Me Me
30 31

(0]
Br
Me Br TIPS Br @\
Ph J M S/\/LMG
Me
e} (0]

0]
Me Ph S Br Me
A (0]
\/\)\Me @)’k /\/\Brr

36 37

Figure 3.2: Unsuccessful substrates.
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3.5. Mechanism

With the scope of the reaction explored, we sought to perform some preliminary
investigations of the mechanism The first experiments that were performed consisted
of stoichiometric reactions between a Ni(0) precatalyst and starting material 19a with
various conditions. Ni(0) complex Ni(L11), was made by mixing the Ni(Il) complex
L11NiBr; with one equivalent of L11 and an excess of Mg powder in THF for 5h at room
temperature in a glovebox, as depicted in Scheme 3.8.

Bu N Bu Bu N Bu
| ; [
t j
N~ Mg (excess)  BU~= N Bu N~
+ —_— “Ni
N7 THF, rt, 5h (N7 N7
tBU .
S | 'Bu S~ |
Bu Bu Bu By
L11NiBr, L11 (L11),Ni

Scheme 3.8: Synthesis of the Ni(0) complex (L11):Ni.

At first, Ni(L11); was mixed with 19a under CO; (Scheme 3.9) to see if the oxidative
addition complex would be able to undergo carboxylation , which was not the case, and
no carboxylic acid product could be obtained. Then, the same experiment was repeated
but this time using two equivalents of manganese powder to attempt the generation of
lower valent Ni species for carboxylation of the alkyl chain. Though, no product could be
observed and mostly mixtures of heptene were identified by GC. This showcases the
slow kinetics of heterogeneous systems, hampering the rapid reduction of Ni(II) to a
lower oxidation state prior to deleterious BHE processes. Indeed, in this case, not even
the linear acid could be observed, additionally demonstrating that our ligand is not
suitable for chain-walking chemistry, consistent with its design purpose. Finally, when
subjecting the same two compounds to our optimized photoredox conditions, the target
product could be obtained in 28% yield. This demonstrates the efficiency of photoredox
homogeneous systems at delivering electrons in an efficient manner to the catalyst.

B stoichiometric experiments with Ni(L11),
Ni(L11), (1 equiv)

19a HEH (2 equiv) Me COH  NiL11),(1equiv) 4o,
4-CzIPN (1 equiv) Mn (x equiv)
+ > 20a -
Blue LEDs, NMP, 24 h NMP, 24 h
Me COZ

2 28% yield 0% yield (x = 0, 2)

Scheme 3.9: Stoichiometric experiments with Ni(0).
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A second experiment that we performed was to subject a chiral substrate, (S)-19b, to
our reaction conditions and probe for the retention or loss of chiral information (Scheme
3.10). The obtained carboxylic acid was reduced to the corresponding alcohol with
LiAlH4 for the sole purpose of analysis suitability. Product 20b-OH was received in a
racemic mixture. This observation gives an indication for the formation of a free radical
would escapes the solvent cage of the metal after being generated. Later recombination
with a metal center to close the catalytic cycle through either face of the pro-chiral alkyl
radical, giving rise to racemization. Given the literature precedents on the interaction
between Ni(I) bipyridyl complexes and bromides,8 we therefore had a hint that free
radicals were involved, most likely through the oxidative addition process, in a SET
fashion. We believe that loss of chirality through the formation of a carbocation is
unlikely given the reductive conditions used.

W carboxylation of enantioenriched substrates _ radical
intermediates
Me as Table 1 Me ~ OH via
Br (entry 1) /
—then ——> MH
Ph LiAIH, Ph Ph
(5)-19%b 54% yield 20b-OH
(94.5% ee) (0% ee) electron-transfer

Scheme 3.10: Carboxylation of enantioenriched substrates.

After discovering that free alkyl radicals were likely generated as intermediates from
our conditions, we sought to explore the reactivity of our Ni system towards unactivated
secondary bromides. We knew from our first experiments, and general organometallic
chemistry, that Ni(0), specifically Ni(L11)2, would react with the secondary bromides
through an oxidative addition. We therefore needed to investigate whether Ni(I) was
interacting in any way with the starting materials. We performed a second
stoichiometric experiment, this time mixing only starting material 19a with a Ni(I)
complex, L11NiBr (Scheme 3.11). The Ni(I) complex was synthesized by stirring
NiBr;.dme, with one equivalent of Ni(cod); and two equivalents of ligand L11 in THF for
24h. The experiment yielded only 2-heptene 21 as identifiable organic product and
L11NiBr; as the inorganic part. Other products were present in small quantities on the
1H NMR analysis which could not be identified. The observation proved that Ni(I) is able
to react with secondary bromides, which would alleviate the need to access Ni(0). At this
point, our results did nevertheless not indicate that Ni(0) was not playing a role, for
which proof was beyond the scope of this project. Though, we believed that the reactivity
of Ni(I) would suffice to trigger reactivity.
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Il control experiments

Me L11NiBr, L11NiBr,
Br L11Ni'Br + (68% yield)
Me ~— ~ - Me — +
. CeDeg, 1t npentyl H Me/\/ n-Bu
19a ( 2 equiv) (21, 78% yield)

Scheme 3.11: Stoichiometric experiment with Ni(I).

A recent investigation led by Hazari et al., which was not published at the time of our
investigation, shows the behavior that Ni-bipyridine (bpy) systems.!® Their report
focused on bpy bearing tert-butyl groups on the 4,4’ positions and bulky substituents on
the 6,6’ positions. Their investigation revealed that when large substituents are put on
the 6,6’ positions of the ligand, the redox potential of the Ni(II)/Ni(I) and NI(I)/Ni(0)
couples get further separated, pushing the latter even lower than -2 V vs Fc*/Fc. While
we were not aware of this phenomenon, this finding reinforces the idea that Ni(0) would
not be involved in our reaction conditions given the fact that it could not be generated
with our mildly reducing conditions using 4-CzIPN as photocatalyst. They also showed,
as could be expected, that large substituents increase the stability of Ni(I) intermediates
and could therefore have helped our methodology given that we suggested the
important role of such oxidation state for Ni in our catalytic cycle.

B mechanistic rationale (energies in kcal/mol relative to I; 4CzIPN = PC)

Me
MeﬁH
11}
+
L11Ni"Br, %6 R-Br Me
" Ni'BrL11
. + Me
: —-\_ 13.2
HEH" p¢ v e
HER L. PC L11Ni'Br -12.4 HEH
hv 52 ! 58°| PG per
0.0 A
Me PC hy
Me
Me 0 11_3i Me
CsBr <—<
OCs v Ni'L11
Me co, 0.3
Me L11Ni'O -
o VI
-25.7

Figure 3.3: Proposed mechanistic rational for the retained carboxylation.
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In order to propose and draw a full catalytic cycle, we approached experts of DFT
calculations, Prof. K. Hopmann, and Dr. P.-O. Norrby. Their results, which will not be
extensively discussed here, supported the major roles of Ni(I) intermediates in our
protocol. A full proposed catalytic cycle is given in Figure 3.3. The cycle starts with the
reduction of precatalyst L11NiBr, with the reduced PC to give Ni(I) I. Then, this
intermediate reacts with the alkyl bromide giving back the Ni(Il) precatalyst II and the
free alkyl radical III. Another Ni(I) I species then recombines with the radical to give
Ni(II) intermediate IV, believed to be the resting state of the cycle. SET reduction of IV
with the PC leads to Ni(I) species V, the active carboxylation species giving rise to the Ni-
carboxylate compound VI, which yields the product after metal exchange with a cesium
cation in solution, or other cations.

A final experiment we thought about doing was a deuterium labelling experiment,
aiming a seeing whether any BHE would be happening followed by rapid re-insertion of
the Ni-H generated (Scheme 3.12). The methyl group next to the brominated carbon or
our model substrate was therefore deuterated in order for us investigate such a
phenomenon. When 19a-dz was subjected to our reaction conditions (Scheme 3.12,
right), the desired product 20a-d3 was obtained as sole product in 68% yield with full
deuterium retention at the terminal carbon. When the same starting material was
subjected to otherwise similar conditions but using L12 instead, a 1:1 mixture of
retained carboxylation and linear carboxylic acid 20a’-d3z was obtained in 26% yield.
While the retained carboxylation product was exactly the same as when using L11, the
linear acid showed that a deuterium scrambling happened, giving rise to various ratios
along the different carbons of the alkyl chain.

M isotope-labelling studies

D,C 20a-d;
CO,H
D3C
n-Pr with L12 with L11 CO,H
+
n-pentyl 26% yle/d 68% y/eld
/\/COZH D-scrambling no D-scrambling  qa. -d;
D 20a-d; 193"’3

Scheme 3.12: Deuterium scrambling experiment.
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3.6. Conclusions

A new protocol granting access to alkyl carboxylic acids from unactivated secondary
alkyl bromides from CO; is demonstrated. The reaction consists of a reductive catalytic
coupling using a Ni complex as catalyst. The key parameter for achieving such products
for the first time was to introduce faster kinetics when reducing the system by means of
homogeneous conditions. A ligand design helped the reaction to stay selective while
achieving high yields. Additionally, a preliminary mechanistic investigation revealed the
intermediacy of free alkyl radicals and the importance of Ni(I) species for the reaction
to occur and suggests a general Ni(II)/Ni(I) cycle. A proposed overall mechanism has
been given thanks to the help of DFT studies in collaboration with other research groups.
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3.7. Experimental details

Analytical methods.

1H, 2H, 19F and 13C NMR spectra were recorded on Bruker 300 MHz, Bruker 400 MHz
and Bruker 500 MHz at 20 °C. All tH NMR spectra are reported in parts per million (ppm)
downfield of TMS and were calibrated using the residual solvent peak of CHCI3 (7.26
ppm), unless otherwise indicated. All 13C NMR spectra are reported in ppm relative to
TMS, were calibrated using the signal of residual CHCl3 (77.16 ppm). Coupling constants,
J, are reported in Hertz. Melting points were measured using open glass capillaries in a
Biichi B540 apparatus. Gas chromatographic analyses were performed on Hewlett-
Packard 6890 gas chromatography instrument with FID detector. Flash chromatography
was performed with EM Science silica gel 60 (230-400 mesh) using bromocresol,
potassium permanganate, or cerium molybdate as TLC stains. SFC analysis was carried
out on an Agilent 1260 Infinity II SFC system.
The yields reported in Tables 3.8 and 3.9 refer to isolated yields and represent an
average of at least two independent runs. The procedures described in this section are
representative. Thus, the yields may differ slightly from those given in the Schemes of
the manuscript.

Light source.

All reactions were performed with 451 nm LEDs (OSRAM Oslon® SSL 80 royal- blue
LEDs), which were installed at the bottom of a custom-made 8 flat-bottom Schlenk tubes
holder, equipped with a cooling system (the temperature was set at 15 °C, or different if
stated) and a magnetic stirrer (~ 1200 rpm).

Reagents.

Commercially available materials were used as received without further purification.
NiBrz.glyme (97% purity), NiBr..diglyme Ni(acac)2 (99.5% purity), Ni(acac-Fe)2 (98%
purity) were purchased from Aldrich, NiClz.glyme (97% purity), Nil; (99.5% purity) was
purchased from Strem, Cesium carbonate (Cs2C03, 99.9% purity, 20 Mesh Powder) were
purchased from Alfa Aesar, Hantzsch Ester was purchased from Fluorochem, anhydrous
NMP (99.5% purity) was purchased from Acros or Scharlau.
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3.7.1. Optimization of the reaction conditions

General procedure.

An oven dried Schlenk tube containing a magnetic stir bar was charged with LNiBr;
(0.10 equiv., 0.025 mmol), 4CzIPN (0.05 equiv., 0.0125 mmol, 10 mg), Hantzsch ester
(HEH, 2.0 equiv., 0.50 mmol, 127 mg). The Schlenk tube was then taken inside a
glovebox, where Cs2CO3 (2.0 equiv., 163 mg, 0.50 mmol,) was added. The tube was then
taken out of the glovebox and connected to a vacuum line where it was evacuated and
backfilled under positive CO; flow at least three times. The NMP (3 mL, 0.08 M) and 2-
bromoheptane (1.0 equiv., 0.25 mmol, 39 pL) were added under CO- flow. Once all the
components were added, the Schlenk tube was closed at 1 bar of CO; and placed in a
temperature controlled photoreactor with water cooling at 15 2C (which gives an in situ
reaction temperature of ca. 20 2C) and stirred for 24 h in the presence of continuous
irradiation with blue light (451 nm, 2 W LED). The reaction mixture was quenched with
2 M HCl aq. solution (5 ml) to release free acid by protonation of the carboxylate salt and
diluted with ethyl acetate (10 ml). Internal standard (anisole) was added to determine
GC-Yield and selectivity of regioisomers.

3.7.2. Starting material and ligand synthesis

Commercially available compounds (19g, 19k, 19y, 19z. 19aa, 19ab, 19ae, 19ai)
were used as received without further purification. Compounds 19b20, 19¢20, 19e21,
19h?22, and 1907, were known and prepared according to literature procedures.

Procedure for the Preparation of Ligand L11

4,4'-di-tert-butyl-6,6'-diisobutyl-2,2'-bipyridine (L11): To a solution of 4,4'-di-tert-
butyl-6,6'-bipyridine (1.34 g, 5.00 mmol, 1.00 equiv.) in THF (25 mL), isobutyllithium
(1.7 M) in heptane (25 mL, 40 mmol, 8.0 equiv.) was added dropwise at 0°C. The
resulting red reaction mixture was heated at 60°C overnight. The reaction was cooled to
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rt and quenched with aq. NH4Cl solution. The organic layers were extracted with DCM,
washed with brine, dried with MgSO4 and solvents were evaporated under reduced
pressure. The crude product was solubilized in DCM (17 mL), and then activated MnO
(4.35 g, 50 mmol, 10 equiv.) was added. After stirring for 4h at rt, the reaction mixture
was filtrated through celite and silica. The filtrate was concentrated, and the crude was
purified through silica gel (pentane/Et,0 = 100/2 to 100/4) followed by
recrystallization from ethanol or acetone to afford desired ligand L11 (1.02 g, 2.68
mmol, 54%) as white solid. tH NMR (300 MHz, CDCI3): § (ppm) =8.19 (d,/ = 1.8 Hz, 2H),
7.08 (d,/=1.8 Hz, 2H), 2.72 (d,] = 7.2 Hz, 4H), 2.21 (dt,] = 13.5, 6.7 Hz, 2H), 1.37 (s, 18H),
0.99 (d,/=6.7 Hz, 12H). 13CNMR (101 MHz, CDCl3): 8§ (ppm) = 160.7,160.6, 156.7,120.3,
115.8,47.8, 34.9, 30.8, 29.10, 22.7. IR (neat, cm1): 2954, 2898, 2866, 1587, 1552, 1463,
1389, 1360, 1293, 1200, 1166, 1114, 885, 723, 667. HRMS calcd. for (C26H41N2) [M+H]*:
381.3264, found 381.3257. Melting Point: 120°C
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Scheme 3.13: General procedures for starting material synthesis.

General procedure 1 (Scheme 3.13). Step 1: To a solution of the corresponding aldehyde
(1 equiv.) in THF (0.3 M) at 0 2C was added a Grignard solution in THF (1.2 equiv.) and the
solution was allowed to warm to rt. After 2-3 hours, saturated aqueous solution of NH4ClI
was added and the mixture extracted with EtOAc (3x). The combined organic layers were
dried over MgS04 and concentrated under reduced pressure. The crude was purified by flash
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column chromatography on silica if required or taken onto the next step without further
purification. Step 2: To a solution of triphenylphosphine (1.2 equiv.) in dry DCM (0.2 M) at 0
2C, bromine or CBrs (1.2 equiv.) was added dropwise, and the mixture stirred for 30 min.
Then, a solution of the corresponding alcohol (1 equiv.) in dry DCM (0.2 M) and pyridine (1.2
equiv.) were subsequently added and the mixture was stirred for 4 h at room temperature.
After completion, the mixture was partially concentrated and filtered through a plug of silica
eluting with pentane. The filtrate was evaporated, and the residue purified by flash column
chromatography on silica if required.

General procedure 2 (Scheme 3.13). The corresponding lactone (1 equiv.) was added to a
flask containing a solution of 33% HBr in AcOH (3 M) and fitted with a reflux condenser. The
reaction was heated to 75 °C for 4 hours then cooled to room temperature. Then, an excess
of the appropriate alcohol was added and the solution stirred at room temperature
overnight. After completion, the reaction was partially concentrated under reduced
pressure, extracted with EtOAc and washed with a saturated aqueous solution NaHCO3 (3x)
and brine. The organic layer was then dried over anhydrous MgSO4 and concentrated under
reduced pressure. The residue was purified by flash column chromatography in silica gel
with hexane:EtOAc (98:2).

General procedure 3 (Scheme 3.13). Step 1: The corresponding lactone (1 equiv.) was
added to a flask containing a solution of 33% HBr in AcOH (3 M) and fitted with a reflux
condenser. The reaction was heated to 75 °C for 4 hours then cooled to room temperature.
The mixture was then partially concentrated by rotary evaporation. The residue was
extracted with DCM and washed with saturated aqueous solution of NaS;03. The aqueous
layer was extracted with DCM (3x) and the combined organic layer were washed with brine,
dried over MgS0O4 and concentrated. The crude carboxylic acid was used in the next step
without further purification. Step 2 (Oxalyl bromide): To a cooled solution (0 2C) of oxalyl
bromide (1.4 equiv.) in anhydrous DCM (0.3 M) was added the corresponding carboxylic
acid (1.0 equiv.). Then, DMF (0.2 equiv.) was added dropwise, and the reaction was stirred
at 0 °C during 2 h. After completion, the reaction was concentrated affording the
corresponding crude acyl bromide that was used without further purification in the next
step. Step 2 (DCC coupling): To a solution of DCC (1.2 equiv.), DMAP (10 mol%) and the
alcohol (1.0 equiv.) in DCM (0.2 M) at 0°C was added dropwise a solution of the carboxylic
acid in DCM (1.0 M), the solution was then stirred at the same temperature for 15 min. The
reaction mixture was allowed to warm to rt and stirred overnight. Afterwards, the reaction
was diluted with DCM and H:0, the aqueous phase extracted twice with DCM, the combined
organic phase dried over MgSO0,, filtered and solvent was removed under reduced pressure.
The crude was then purified by flash column chromatography in silica gel with
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pentane:EtOAc (9:1). Step 3: To a solution of the acyl bromide in anhydrous toluene (0.2 M)
was added the corresponding secondary amine (1.2 equiv.) and the mixture stirred at room
temperature overnight. After completion, the mixture was extracted with Et,0 and washed
with brine. The organic layer was dried over anhydrous MgSO4 and concentrated. The
residue was purified by flash column chromatography in silica gel with hexane:EtOAc (8:1
to 2:1).

General procedure 4 (Scheme 3.13). A solution of the corresponding alcohol (1.0 equiv)
and K»CO3 (1.2 equiv.) in DMF (0.6 M) was stirred for 1 h at room temperature. Then, the
dibrominated compound (2.0 equiv) was subsequently added. The mixture was stirred at
room temperature for 24-48 h. After completion, the mixture was extracted with EtOAc and
washed with brine (3x). The organic layer was dried over anhydrous MgSOs and
concentrated. The residue was purified by flash column chromatography in silica gel with
hexane:EtOAc.

General procedure 5 (Scheme 3.13). To a solution of the corresponding ketone (1.0 equiv)
in Et20 (if DIBAL-H is used, 0.4 M) or EtOH (if NaBH4 is used, 0.4 M) at 0°C was added DIBAL-
H (dropwise, 1.1 equiv.) or NaBH4 (1.1 equiv.), the mixture was then stirred at 0°C for an
hour, slowly warmed to rt and further stirred for 3h. After completion, the reaction was
quenched using a sat. aq. solution of NH4Cl. The mixture was then extracted with EtOAc and
washed with water (3x). A 10% solution of sodium potassium tartrate can be used to wash
if the extraction is messy due to lithium complexes. The organic layer was dried over
anhydrous MgSO. and concentrated. The residue was purified by flash column
chromatography in silica gel with pentane:EtOAc.

MeWMe

2-Bromoheptane (19a). General Procedure 1 (GP1): To a stirred solution of
triphenylphosphine (1.1 equiv. 20 mmol, 5.3 g) in dry DCM (0.2 M, 100 ml) at 0 2C, bromine
(1.2 equiv., 20 mmol, 1.0 ml) was added dropwise and the mixture stirred at this
temperature for 30 min. Then, a solution of 2-heptanol (1.0 equiv., 17 mmol, 2.4 ml) [or other
alcohol] in dry DCM (0.2 M, 50 ml) and pyridine (1.2 equiv., 20 mmol, 1.5 ml) were
subsequently added drop wise and the mixture was allowed to warm to room temperature
and stirred for 4 h. After completion, the mixture was partially concentrated and filtered
through a plug of silica eluting with pentane to give 19a as a colorless liquid (2.5 g, 83%) H
NMR (400 MHz, CDCl3): § (ppm) =4.16 (m, 1H), 1.91 - 1.75 (m, 2H), 1.73 (d, ] = 6.6 Hz, 3H),
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1.55 - 1.25 (m, 6H), 0.96 - 0.88 (d, / = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): § (ppm) =
52.16,41.31,31.32,27.59, 26.61, 22.66, 14.15. Data in agreement with the literature.23

Br

Me
Me Me

M
eMe

1-(3-bromo-2-methylbutyl)-4-(tert-butyl)benzene (19d). Following GP1 from Lilial (4.1
g, 20.0 mmol), 23% over two steps. Purification by flash column chromatography (pentane)
to give 19d as a colorless oil (1.26 g, 23%, d:r = 1:1). tH NMR (500 MHz, CDCl3): § (ppm)
=7.34 - 7.28 (m, 2H), 7.17 - 7.07 (m, 2H), 4.26 - 4.15 (m, 1H), 2.87 - 2.69 (m, 1H), 2.59 -
2.40 (m, 1H), 2.17 - 2.04 (m, 1H), 1.81 - 1.73 (m, 1H), 1.72 (d, ] = 6.8 Hz, 3H), 1.67 (d, ] = 6.9
Hz, 3H), 1.32 (s, 9H), 1.00 (d, J = 3.5 Hz, 2H), 0.99 (d, J = 3.6 Hz, 1H).13C NMR (75 MHz,
CDCl3): 6 (ppm) = 149.1, 137.2,137.1, 129.0, 128.9, 125.4, 43.3, 42.7, 41.3, 39.6, 34.5, 31.6,
24. 1R (neat, cm1): 2960, 2865, 1509, 1443, 1377, 1268, 1202, 1108, 1055, 1019, 837, 808,
776,736, 679. HRMS calcd. for (C15H22Br) [M-H]*: 281.0899 found 281.0899. The presence
of additional peaks/proton count in NMR spectra are due to diastereoisomers.

N\/\)\Me

1-(4-bromopentyl)-1H-indole (19f). To a solution of Indole (1.0 equiv., 3.0 mmol, 351 mg)
in dry DMF (0.4 M, 7.5 mL) under argon at rt was added by portions NaH (60% w/w, 1.1
equiv,, 3.3 mmol, 132 mg). After stirring the mixture for 30 min, it was cooled to 0°C and 1,5-
dibromopentane (2.0 equiv., 6.0 mmol, 1.38 g, 817 uL) was added quickly. The reaction
mixture was further stirred at the same temperature for an hour and slowly brought back to
rt to be stirred overnight. The reaction was quenched by addition of H>0, and then diluted
with extra portion of H,0 as well as EtOAc. The layers were separated, and the organic was
further washed with three portions of H;0. The organic layer was collected, dried over
anhydrous MgS0,, filtered and solvent evaporated under reduced pressure to give a crude
that was purified by flash column chromatography (pentane - pentane:Et;0 100:2),
yielding 19f as a colorless oil (733 mg, 92%) *H NMR (500 MHz, CDCl3): § (ppm) = 7.67 (dt,
]=7.9,1.0 Hz, 1H), 7.37 (dq, ] = 8.2, 0.9 Hz, 1H), 7.28 - 7.22 (m, 1H), 7.14 (ddd, ] = 8.0, 7.0,
1.0 Hz, 1H), 7.11 (d, ] = 3.1 Hz, 1H), 6.53 (dd, ] = 3.1, 0.9 Hz, 1H), 4.17 (td, ] = 7.0, 2.8 Hz, 2H),
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4.13 - 4.06 (m, 1H), 2.19 - 2.08 (m, 1H), 2.06 - 1.95 (m, 1H), 1.88 - 1.72 (m, 2H), 1.69 (d,] =
6.7 Hz, 3H).13C NMR (75 MHz, CDCl3): 6 (ppm) = 136.1, 128.7, 127.7, 121.6, 121.2, 119.5,
109.4, 101.4, 50.9, 45.8, 38.3, 28.7, 26.6. HRMS calcd. for (C13H17BrN) [M+H]+*: 266.0539
found 266.0538.

Me

N
“OMe
O

N-methoxy-N-methyl-4-phenylbutanamide (19i-a). To 4-phenylbutanoic acid (1.9
equiv, 20 mmol, 3.3 g,) and MeON(Me)H (1.05 equiv, 21 mmol, 2.1 g) in dry DCM (60 ml)
at 0 °C was added Et3N (2.0 equiv, 40 mmol, 5.6 ml), DMAP (0.05 equiv, 1.0 mmol, 0.12
g) and DCC (1.05 equiv, 21 mmol, 4.4 g). The reaction mixture was allowed to slowly
warm to room temperature and stirred for 16 h, after which it was diluted with DCM and
H;0. The layers were separated, and the aqueous layer was extracted with DCM (x 2).
The combined organic layers were dried (MgS04), filtered and reduced in vacuo.
Purification by column chromatography on silica gel eluting with hexane:EtOAc (8:2
—7:3) gave the corresponding Weinreb amide 19i-a (3.0 g, 72%) as colorless oil. 1H
NMR (500 MHz, CDCl3): § (ppm) = 7.31 - 7.24 (m, 2H), 7.22 - 7.15 (m, 3H), 3.62 (s, 3H),
3.17 (s, 3H), 2.73 - 2.62 (m, 2H), 2.44 (t,] = 7.5 Hz, 2H), 2.02 - 1.92 (m, 2H). 13C NMR
(126 MHz, CDCl3): § (ppm) = 6 141.9, 128.6, 128.4, 126.0, 61.3, 60.5, 35.5, 31.3, 26.2,
21.2,14.3. Data in agreement with the literature.24

Me
O

1-phenyloctan-4-one (19i-b). To 19i-a (1.0 equiv, 5.0 mmol, 1.04 g) in dry THF (15 ml)
at 0 °C was added nBuMgBr (1.5 equiv, 15 mmol, 2 M in THF, 3.8 ml) dropwise over 10
minutes. The mixture was allowed to warm to room temperature and then quenched
with NH4Cl (sat.) and diluted with Et;0 (15 ml). The layers were separated and then aq.
layer was extracted with Et;0 (15 ml x 2). The combined organic layers were dried
(MgSO04), filtered and reduced in vacuo. Purification by column chromatography on silica
gel eluting with hexane:EtOAc (9:1) gave the n-butyl ketone 19i-b (0.91 g, 89%) as a
colorless oil. 1H NMR (400 MHz, CDCl3): 6 (ppm) = 7.31 - 7.26 (m, 2H), 7.22 - 7.15 (m,
3H), 2.64 - 2.58 (m, 2H), 2.39 (dt, ] = 15.3, 7.4 Hz, 4H), 1.98 - 1.85 (m, 2H), 1.57 - 1.49
(m, 2H), 1.35 - 1.23 (m, 2H), 0.90 (t,/ = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3): 6 (ppm)
= 211.3, 141.8, 128.6, 128.5, 126.1, 42.7, 42.0, 35.3, 26.1, 25.4, 22.5, 14.0. Data in
agreement with the literature.2s

-153-



UNIVERSITAT ROVIRA I VIRGILI
CARBOXYLATIVE METHODOLOGIES VIA PHOTOREDOX CATALYSIS
Julien Lyonnet

Me
Br

(4-bromooctyl)benzene (19i). To a stirred solution of the n-butyl ketone 19i-b in dry
MeOH (8 ml) at 0 °C was added NaBH4 (1.1 equiv, 4.9 mmol, 0.19 g) portionwise. The
reaction was stirred at this temperature for 2 h and then quenched with NH4ClI sat. and
extracted with Et;0 (30 ml x 3). The combined organic layers were dried (MgSO4),
filtered and reduced in vacuo. Purification of the crude by column chromatography on
silica gel eluting with hexane:EtOAc (9:1 — 8:2) gave the targeted alcohol (0.89 g, 97%)
as a colorless oil. Following GP1 from the alcohol 4-hydroxyoctylbenzene (1.0 equiv, 4.3
mmol, 0.89 g) gave 1i (1.0 g, 86%) as a colorless oil after purification by column
chromatography on silica gel eluting with pentane. 1H NMR (500 MHz, CDCl3): 6 (ppm)
=7.37 - 7.24 (m, 2H), 7.23 - 7.16 (m, 3H), 4.04 (tt,] = 7.9, 5.1 Hz, 1H), 2.71 - 2.57 (m,
1H), 1.97 - 1.65 (m, 6H), 1.57 - 1.24 (m, 5H), 0.91 (t,] = 7.2 Hz, 3H); 13C NMR (126 MHz,
CDClI3) 6 (ppm) = 142.1,128.5,128.5, 126.0, 58.6, 39.0, 38.8, 35.4, 29.9, 29.4, 22.3, 14.1.
IR (neat, cm1): 3026, 2954, 2930, 2859, 1709, 1603, 1496, 1454, 1379, 1308, 1235,
1189, 1030; HRMS calcd. for (C14H21) [M-Br]+: 189.1638 found 189.1633

O Br

MeO O\/\)\ Me

methyl 3-((4-bromopentyl)oxy)benzoate (19j). Following GP4, methyl 3-
hydroxybenzoate (781 mg, 5.00 mmol) afforded the title compound 19j as a colorless oil
after purification by column chromatography on silica gel eluting with pentane/Et,0 (95:5).
1H NMR (300 MHz, CDCl3): § (ppm) = 7.63 (dt, /= 7.6, 1.3 Hz, 1H), 7.54 (dd, / = 2.7, 1.5 Hz,
1H), 7.34 (t,/ = 7.9 Hz, 1H), 7.09 (ddd, J = 8.2, 2.6, 1.0 Hz, 1H), 4.24 - 4.16 (m, 1H), 4.08 - 4.00
(m, 2H), 3.91 (s, 3H), 2.12 - 1.87 (m, 4H), 1.76 (d,/ = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3):
S (ppm) =167.1,159.0,131.6,129.6, 122.2,120.0,114.8, 67.4,52.3,51.3,37.8, 27.7, 26.7; IR
(neat, cm1): 3310, 2941, 1702, 1586, 1455, 1274, 1209, 1130, 1041, 753; HRMS calcd. for
(C13H170s) [M-H]-: 301.0434 found 301.0436.
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1-(2-bromopropyl)-4-fluorobenzene (191). Following GP5, in an oven-dried Schlenk
flask containing a magnetic stir bar under inert atmosphere, a DIBAL-H 1M solution (1.1
equiv, 5.5 mmol, 5.50 mL) was added dropwise to a solution of 1-(4-fluorophenyl)propan-
2-one (1.0 equiv, 5.0 mmol, 761 mg, 667 pL) in Et;0 (8 mL) at 0 2C. The reaction mixture was
then allowed to warm up to room temperature and stirred for 5h. The reaction was
quenched with a saturated aqueous NH4ClI solution. Then, the mixture was extracted with
EtOAc three times and potassium sodium tartrate solution used to solubilize the lithium
salts. The organic layers were combined, dried (MgS04), filtered and concentrated in vacuo
to give the crude alcohol intermediate that was purified by flash column chromatography
(eluent: pentane/ethyl acetate = 3/1 - 2/1) to afford pure 1-(4-fluorophenyl)propan-2-ol
(585 mg, 76%) In an oven-dried Schlenk flask containing a magnetic stir bar, CBr4 (1.51 g,
4.55 mmol, 1.2 equiv.) was dissolved in dry DCM (0.6 M based on alcohol). After cooling the
solution to 0 2C, PPhs (1.49 g, 5.69 mmol, 1.5 equiv.) in DCM (1.5 M) was added dropwise
and allowed to stir for 10 min to obtain a yellow solution. Then, 1-(4-fluorophenyl)propan-
2-0l (585 mg, 3.79 mmo], 1.0 equiv.) in DCM (2 mL) was added dropwise to the mixture and
stirred at 0°C for 15 min. The reaction mixture was allowed to warm up to rt and stirred
overnight. Pentane was added to precipitate PPh30, which was removed by filtration and the
organic filtrate was evaporated to give a crude which was purified by flash column
chromatography through silica gel (eluent: pentane/diethyl ether = 100/0 - 8/1) to afford
the pure product 191 (608 mg, 2.80 mmol, 74%) as a pale-yellow oil. tH NMR (500 MHz,
CDCl3): 6 7.22 - 7.15 (m, 2H), 7.07 - 6.98 (m, 2H), 4.28 (h, ] = 6.7 Hz, 1H), 3.19 (dd, ] = 14.2,
7.3 Hz, 1H), 3.08 (dd,J=14.2, 6.8 Hz, 1H), 1.72 (d, ] = 6.6 Hz, 3H). 19F NMR (471 MHz, CDCl;):
6 -116.01 (q, / = 4.5 Hz). 13C NMR (126 MHz, CDCl3): 6 162.8, 160.9, 134.2, 134.2, 130.7,
130.7, 115.4, 115.2, 50.5, 50.5, 46.6, 25.7; IR (neat, cm-1): 3040, 2969, 2921, 1889, 1600,
1507, 1446, 1377, 1219, 1157, 1112, 901, 819, 764; HRMS calcd. for (CoH1oBrF) [M]*:

215.9950 found 215.9940.
(/J::::}//A\j/,Br
M
cl ©

1-(2-bromopropyl)-4-chlorobenzene (19m). Following GPS5, in an oven-dried Schlenk
flask containing a magnetic stir bar under inert atmosphere, a DIBAL-H 1M solution (1.1
equiv, 5.5 mmol, 5.50 mL) was added dropwise to a solution of 1-(4-chlorophenyl)propan-
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2-one (1.0 equiv, 5.0 mmol, 843 mg, 600 pL) in Et;0 (8 mL) at 0 2C. The reaction mixture was
then allowed to warm up to room temperature and stirred for 5h. The reaction was
quenched with a saturated aqueous NH4ClI solution. Then, the mixture was extracted with
EtOAc three times and a potassium sodium tartrate solution used to solubilize the lithium
salts. The organic layers were combined, dried (MgS04), filtered and concentrated in vacuo
to give the crude alcohol intermediate that was purified by flash column chromatography
(eluent: pentane/ethyl acetate = 3/1 - 2/1) to afford pure 1-(4-chlorophenyl)propan-2-ol
(817 mg, 96%) In an oven-dried Schlenk flask containing a magnetic stir bar, CBr4 (1.91 g,
5.75 mmol, 1.2 equiv.) was dissolved in dry DCM (0.6 M based on alcohol). After cooling the
solution to 0 2C, PPhs (1.88 g, 7.18 mmol, 1.5 equiv.) in DCM (1.5 M) was added dropwise
and allowed to stir for 10 min to obtain a yellow solution. Then, 1-(4-chlorophenyl)propan-
2-0l (817 mg, 4.79 mmo], 1.0 equiv.) in DCM (2 mL) was added dropwise to the mixture and
stirred at 0°C for 15 min. The reaction mixture was allowed to warm up to rt and stirred
overnight. Pentane was added to precipitate PPh30, which was removed by filtration and the
organic filtrate was evaporated to give a crude which was purified by flash column
chromatography through silica gel (eluent: pentane/diethyl ether = 100/0 - 9/1) to afford
the pure product 19m (916 mg, 3.92 mmol, 82%) as a pale-yellow oil. tH NMR (400 MHz,
CDCI3): 6 7.31 - 7.26 (m, 2H), 7.17 - 7.11 (m, 2H), 4.26 (dt, /] = 7.4, 6.6 Hz, 1H), 3.16 (dd, ] =
14.2, 7.3 Hz, 1H), 3.05 (dd, J = 14.2, 6.7 Hz, 1H), 1.70 (d, ] = 6.6 Hz, 3H). 13C NMR (101 MHz,
CDCI3): & 136.9, 132.8, 130.6, 128.6, 50.1, 46.7, 25.7; IR (neat, cm-1): 3025, 2968, 2920,
1896, 1596, 1490, 1440, 1406, 1376, 1241, 1178, 1087, 1014, 835, 798; HRMS calcd. for
(CoH10BrCl) [M]*: 231.9649 found 231.9644.

OMe
Br

Me

1-(2-bromopropyl)-2-methoxybenzene (19n). In an oven-dried Schlenk flask containing
a magnetic stir bar under inert atmosphere, NaBH4 (1.4 equiv, 2.30 mmol, 86 mg) was added
portion wise to a solution of 1-(2-methoxyphenyl)propan-2-one (1.0 equiv, 1.60 mmol, 264
mg, 250 pL) in Et;0 (4 mL) at 0 2C. The reaction mixture was then allowed to warm up to
room temperature and stirred for 3h. The reaction was quenched with a 1M HCI solution.
Then, the mixture was extracted with EtOAc three times. The organic layers were combined,
dried (MgSO0.), filtered and concentrated in vacuo to give the crude alcohol intermediate that
was used in the next step without further purification. In an oven dried Schlenk flask
containing a magnetic stir bar, CBrs (584 mg, 1.76 mmol, 1.1 equiv.) was dissolved in dry
DCM (0.6 M based on alcohol). After cooling the solution to 0 C, PPh3z (462 mg, 1.76 mmol,
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1.1 equiv.) in DCM (1.5 M) was added dropwise and allowed to stir for 10 min to obtain a
yellow solution. Then, 1-(2-methoxyphenyl)propan-2-ol (266 mg, 1.60 mmol, 1.0 equiv.) in
DCM (1 mL) was added dropwise to the mixture and stirred at 0°C for 15 min. The reaction
mixture was allowed to warm up to rt and stirred overnight. Pentane was added to
precipitate PPh30, which was removed by filtration and the organic filtrate was evaporated
to give a crude which was purified by flash column chromatography through silica gel
(eluent: pentane) to afford the pure product 19n (233 mg, 1.02 mmol, 64%) as a pale-yellow
oil. tH NMR (500 MHz, CDCl3): § (ppm) =7.22 (ddd, ] =8.2,7.4,1.8 Hz, 1H), 7.14 (dd, ] = 7 .4,
1.8 Hz, 1H), 6.92 - 6.82 (m, 2H), 3.81 (s, 3H), 3.07 (dd, ] = 13.3, 6.8 Hz, 1H), 2.91 - 2.83 (m,
1H), 2.72 (dd, ] = 13.3, 7.6 Hz, 1H), 1.17 (d, ] = 7.0 Hz, 3H);13C NMR (126 MHz, CDCl;3): 6
(ppm) =157.5,131.5,128.2,127.0,120.3,110.3,55.2,50.0,42.6, 25.9; IR (neat, cm-1): 2956,
2920, 2833, 1599, 1490, 1462,1375,1287,1240,1175,11233,1047,1027, 998, 748; HRMS
calcd. for (C10H130) [M-Br]+*: 149.0961 found 149.0960.

Me Me Br

NCWMG

6-Bromo-2,2-dimethylheptanenitrile (19p). Diisopropylamine (2 equiv, 20 mmol, 2.0 g)
was dissolved in dry THF (35 ml) and cooled to 0 °C. n-BuLi (14 mmol, 2.5 M, 5.6 ml) was
added drop wise and then the solution was cooled to -782C. Isobutyronitrile (1.0 equiv., 10.0
mmol, 0.69 g) was added dropwise and the reaction mixture was stirred for 1 h. This solution
was then transferred dropwise to a solution of 1,4-dibromopentane (2 equiv, 20 mmol, 4.6
g) in dry THF (5 ml) at -78 2C and stirred at this temperature for 2 h. The reaction mixture
was allowed to warm to room temperature and stirred overnight. The reaction was
quenched with H;0 and extracted with DCM (3 x 50 ml). The combined organic layers were
dried (MgSO04), filtered and concentrated in vacuo. The crude mixture was purified by
column chromatography on silica gel eluting with hexane:ethyl acetate (9:1) to afford the
pure product 19p (1.62 g, 74%) as a pale-yellow oil. 1tH NMR (300 MHz, CDCl3): § (ppm) =
4.18 - 4.07 (m, 1H), 1.88 - 1.49 (m, 6H), 1.72 (d, / = 6.7 Hz, 3H), 1.35 (s, 6H); 13C NMR (75
MHz, CDCl3): 6§ (ppm) =125.1,50.9,40.9,40.4, 32.4, 26.8, 26.7, 26.6. Data in agreement with
the literature.10

Br

TIPSO/\/\)\ Me

((5-bromohexyl)oxy)triisopropylsilane (19q). To alcohol 5-bromohexan-1-ol (1.0 equiv.,
3.0 mmol, 0.54 g) in dry DCM (0.3 M, 5 ml) was added imidazole (2.5 equiv., 4.0 mmol, 0.27
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g) followed by TIPSCI (1.25 equiv., 2.0 mmol, 0.39 g). The reaction mixture was allowed to
warm to room temperature and stirred overnight. The reaction was quenched with
NaHCO3 (sat.) and extracted with DCM (x3). The combined organic layers were washed with
brine, dried (MgS04), filtered and reduced in vacuo. Column chromatography on silica gel
eluting with hexane:EtOAc (95:5) gave 19q (0.63 g, 62%) as a colorless oil. 1TH NMR (400
MHz, CDCl3): 6 (ppm) = 3.70 - 3.61 (m, 2H), 2.51 - 2.40 (m, 1H), 1.77 - 1.66 (m, 1H), 1.63 -
1.51 (m, 2H), 1.51 - 1.36 (m, 3H), 1.18 (dd, ] = 7.0, 4.4 Hz, 3H), 1.10 - 1.02 (m, 21H); 13C NMR
(101 MHz, CDCl3): § (ppm) = 63.3, 51.9, 41.2, 32.5, 26.5, 24.4, 18.2, 12.2. IR (neat, cm1):
2941, 2865, 1463, 1100, 996, 881, 678, 657. HRMS calcd. for (CisH34BrOSi) [M+H]*:
337.1557, found 337.1558.

=

(@] Me

2-(4-bromopentyl)-1,3-dioxolane (19r). To the corresponding ester26 (4.0 mmol, 0.84 g)
in DCM (0.2 M, 10 ml) was added DIBAL-H (1 M in hexanes, 1.1 equiv, 4.4 mmol, 4.4 ml)
dropwise. The mixture was stirred at this temperature for 1 h before being poured onto
crushed ice and 1.5 ml of conc. HCl. The mixture was stirred until it reached room
temperature and then the organic phase was separated, dried (MgS0.), filtered and reduced
in vacuo. The crude was purified by flash column chromatography on silica gel eluting with
pentane: Et;0 (9:1) to give 5-bromohexanal (0.46 g, 64%) as a colorless oil. tH NMR (400
MHz, CDCl3): § (ppm) =9.78 (t,/ = 1.5 Hz, 1H), 4.20 - 4.06 (m, 1H), 2.48 (tt, /] = 6.7, 1.5 Hz,
2H), 1.93 - 1.74 (m, 4H), 1.72 (d, ] = 6.6 Hz, 1H) 2H missing. 13C NMR (126 MHz, CDCl3) &
(ppm) = 202.0, 50.9, 43.2, 40.4, 26.5, 20.5. IR (neat, cm-1): 2951, 2922, 2878, 1739, 1455,
1410,1379,1279,1211,1140,1122. To 5-bromohexanal (1.0 equiv, 3.0 mmol, 0.54 g) in dry
toluene (0.5 M, 6 ml) was added dry ethylene glycol (1.1 equiv, 3.3 mmol, 185 pl) and
TsOH.H20 (0.1 equiv, 0.2 mmol, 57 mg) and heated to reflux with Dean-Stark condenser for
2 days. After this time, the crude was concentrated and purified by column chromatography
on silica gel eluting with hexane:EtOAc (9:1) to give 19r (0.33 g, 49%) as a colorless oil. 1H
NMR (400 MHz, CDCl3): 6 (ppm) = 4.86 (t, ] = 4.4 Hz, 1H), 4.21 - 4.07 (m, 1H), 4.01 - 3.92
(m, 2H), 3.90 - 3.80 (m, 2H), 1.94 - 1.76 (m, 2H), 1.71 (d, J = 6.7 Hz, 3H), 1.70 - 1.60 (m, 3H),
1.56 - 1.50 (m, 1H); 33CNMR (101 MHz, CDCl3): 6 (ppm) = 104.5, 65.1, 65.0,51.5,41.1, 33.3,
26.5, 22.5; IR (neat, cm'1): 2951, 2922, 2878, 1739, 1455, 1410, 1379, 1279, 1211, 1140,
1122; HRMS calcd. for (CgH16Br0Oz) [M+H]*: 223.0328, found 223.0319.
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M
MeOJW\/\/ e

Methyl 5-bromononanoate (19s). Following GP2, §-Nonalactone (1.0 equiv., 20 mmol, 3.5
ml) was added to a flask containing a solution of 33% HBr in AcOH (3.5 M, 5.7 ml) and fitted
with a reflux condenser. The reaction was stirred at 75 °C for 4 hours and then cooled to
room temperature. MeOH (10 ml) was added, and the reaction was stirred overnight at room
temperature. After completion, the reaction was partially concentrated under reduced
pressure, extracted with EtOAc, and washed with a saturated aqueous solution NaHCO3 (x3)
and brine. The organic layer was then dried (MgS04), filtered and concentrated in vacuo. The
crude was purified by flash column chromatography on silica gel eluting with hexane:EtOAc
(9:1) to give 19s (4.3 g, 85%) as a colorless oil. tH NMR (400 MHz, CDCl3): § (ppm) = 4.07
-3.96 (m, 1H), 3.68 (s, 3H), 2.41 - 2.30 (m, 2H), 1.98 - 1.68 (m, 6H), 1.59 - 1.37 (m, 2H), 1.37
-1.21 (m, 2H), 0.91 (t,] = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3): 6 (ppm) = 173.78,57.8,
51.7,38.9, 38.4 33.4,29.78, 23.1, 22.2, 14.1. IR (neat, cm-1): 2995, 2933, 2872, 1736, 1435,
1364, 1195, 1173, 1113, 1001; HRMS calcd. for (C1oH19BrNaO) [M+Na]*: 273.0461, found
273.0457.

Br

HO/\/\)\/\/Me

5-bromononan-1-ol (19t). To a solution of ester 19s (1.0 equiv, 3.0 mmol, 0.75 g) in
dry Etz20 (12 mL) at 0°C was added dropwise a solution of LiAlH4 in Et20 (1 M, 1.5 equiv.,
2.2 mL). The reaction was allowed to warm to rt and stirred until completion. The
reaction was quenched by slow addition of a 2 M aqueous NaOH solution. The salts were
removed by filtration and the aqueous phase extracted with Et;0 three times. The
alcohol 19t (0.65 g, 97%) was obtained as a colorless oil after purification by column
chromatography on silica gel eluting with hexane:EtOAc (4:1—2:1). 1TH NMR (500 MHz,
CDCl3): 8 (ppm) = 6 4.03 (tt,J = 7.7, 5.3 Hz, 1H), 3.67 (t, / = 6.1 Hz, 2H), 1.90 - 1.76 (m,
4H), 1.69 - 1.47 (m, 5H), 1.46 - 1.26 (m, 4H), 0.91 (t,/ = 7.3 Hz, 3H).13C NMR (101 MHz,
CDClI3): § (ppm) = 62.9, 58.7, 39.0, 32.3, 29.9, 24.0, 22.3, 14.1; Data in agreement with
the literature.2”
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0] Br

HO)]\/\/K/\/Me

5-bromononanoic acid: §-Nonalactone (1.0 equiv., 20 mmol, 3.5 ml) [or other lactone] was
added to a flask containing a solution of 33% HBr in AcOH (3.5 M, 5.7 ml) and fitted with a
reflux condenser. The reaction was heated to 75 °C for 4 hours and then cooled to room
temperature. The residue was diluted with DCM and washed with saturated aqueous
solution of NaS;03 (x3). The aqueous layer was extracted with DCM (x3) and the combined
organic layers were washed with brine, dried (MgS04) and concentrated in vacuo to give 5-
bromononanoic acid (4.7 g, 99%) was used in the next step without further purification. 1H
NMR (400 MHz, CDCl3): 6 (ppm) = 4.01 (tt,/ = 7.7, 5.1 Hz, 1H), 2.46 - 2.32 (m, 2H), 1.99 -
1.69 (m, 6H), 1.57 - 1.46 (m, 1H), 1.45 - 1.24 (m, 3H), 0.91 (t,/ = 7.2 Hz, 3H). 13C NMR (101
MHz, CDCl3): 6 (ppm) = 179.8,57.7, 39.0, 38.3, 33.5, 29.8, 22.9, 22.3, 14.1; IR (neat, cm-1):
2956, 2931, 2872,1704, 1457, 1413, 1282, 1231, 1114.

O Br
Ph. A~ M
N e
Me

5-bromo-N-methyl-N-phenylnonanamide (19u): To a cooled solution (0 °C) of oxalyl
bromide (1.4 equiv., 2.8 mmol, 0.4 ml) in anhydrous DCM (0.3 M, 6.7 ml) was added the
carboxylic acid from the previous step (1.0 equiv., 2 mmol, 0.47 g). Then, DMF (0.2 equiv,
0.4 mmol, 31 pl) was added dropwise and the reaction was stirred at 0 2C during 2 h. After
completion, the reaction was concentrated affording the corresponding crude acyl bromide
that was used without further purification in the next step. To a solution of the acyl bromide
in dry toluene (0.2 M, 10 ml) was added the N-methyl aniline (1.2 equiv., 2.4 mmol, 260 pl)
and the mixture stirred at room temperature overnight. After completion, the mixture was
extracted with Et,0 and washed with brine. The organic layer was dried over anhydrous
MgS0,4 and concentrated. The residue was purified by flash column chromatography in silica
gel with hexane/EtOAc (8:1 to 2:1) to give 19u (0.27 g, 41%) as a pale orange oil. 1TH NMR
(400 MHz, CDCl3): § (ppm) =7.46 - 7.38 (m, 2H), 7.34 (t,/ = 7.4 Hz, 1H), 7.21 - 7.12 (m, 2H),
3.93 (m, 1H), 3.26 (s, 3H), 2.08 (t, / = 6.1 Hz, 2H), 1.85 - 1.66 (m, 6H), 1.56 - 1.38 (m, 1H),
1.40 - 1.23 (m, 3H), 0.89 (t, /] = 7.2 Hz, 3H).13C NMR (126 MHz, CDCl3): 6 (ppm) = 172.7,
144.2,130.0, 128.0, 127.5, 58.3, 38.8, 38.7, 37.5, 33.5, 29.8, 23.7, 22.3, 14.1. IR (neat, cm-1):
2955, 2931, 1733, 1655, 1595, 1495, 1454, 1419, 1385, 1290, 1238, 1117, 1027; HRMS
calcd. for (C16H25BrNO) [M+H]*: 326.1114 found 326.1115.
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0] Br
MeO. )J\/\)\/\/M
eO I}l e
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5-bromo-N-methoxy-N-methylnonanamide. To the carboxylic acid from the previous
step (1.0 equiv, 5 mmol, 1.19 g) in dry DCM (0.33 M, 15 ml) at 0 °C was added CDI (1.2 equiv,
6.0 mmol, 0.97 g). The reaction mixture was stirred for 30 mins at this temperature before
adding MeON(Me)H (2.4 equiv, 12 mmol, 1.17 g) was added. The mixture was allowed to
warm to room temperature and stirred overnight. After this time, the suspension was
filtered and the filter cake washed with DCM. The filtrate was then washed with H,0 and
brine, dried (MgS04), filtered and reduced in vacuo. Purification by column chromatography
on silica gel eluting with hexane:EtOAc (9:1 —8:2) gave the targeted Weinreb amide (1.39
g, 99%) as a pale yellow oil. 1TH NMR (400 MHz, CDCl3): 6 (ppm) = 4.00 - 4.09 (m, 1H), 3.68
(s, 3H), 3.18 (s, 3H), 2.51 - 2.36 (m, 2H), 1.95 - 1.70 (m, 6H), 1.59 - 1.47 (m, 1H), 1.43 - 1.24
(m, 3H), 0.91 (t, / = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3): § (ppm) = 172.2, 61.34, 58.3,
38.9,38.8,32.3,31.3, 29.8, 22.8, 22.3, 14.1.
O Br

M
“Ae/Jl\\//»\\v//L\\//A\\// e

6-bromodecan-2-one (19v): To the previous Weinreb amide (1.0 equiv, 5.0 mmol, 1.39 g)
in dry THF (15 ml) at0 °C was added MeMgBr (1.1 equiv, 5.5 mmol, 3 M in Et;0, 1.8
ml) dropwise over 10 minutes. The mixture was allowed to slowly warm to room
temperature and then quenched with NH4Cl sat. and diluted with Et,0 (15 ml). The layers
were separated and then aq. layer was extracted with Et;0 (15 ml x 2). The combined organic
layers were dried (MgSO4), filtered and reduced in vacuo. Purification by column
chromatography on silica gel eluting with pentane:Et,0 (9:1) gave the methyl ketone 19v
(1.14 g, 97%) as a colorless oil. tH NMR (400 MHz, CDCl3): 6 (ppm) = 4.05 - 3.94 (m, 1H),
2.46 (td,] = 6.6, 2.3 Hz, 2H), 2.14 (s, 3H), 1.89 - 1.77 (m, 5H), 1.76 - 1.66 (m, 1H), 1.55 - 1.45
(m, 1H), 1.43 - 1.24 (m, 3H), 0.91 (t, / = 7.2 Hz, 3H); 13C NMR (126 MHz, CDCl;3): § (ppm) =
208.6, 58.1, 43.0, 38.9, 38.5, 30.0, 29.8, 22.3, 22.0, 14.1. IR (neat, cm-1): 2956, 2932, 2862,
1715, 1456, 1431, 1411, 1361, 1259, 1235, 1162, 1116; HRMS calcd. for (Ci0H19BrNaO)
[M+Na]+: 257.0511, found 257.0509.

-161-



UNIVERSITAT ROVIRA I VIRGILI
CARBOXYLATIVE METHODOLOGIES VIA PHOTOREDOX CATALYSIS
Julien Lyonnet

Br

M
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5-bromononyl acetate (19w). To a solution of alcohol 19t (1.0 equiv, 2.0 mmol, 0.42 g) in
dry DCM (0.2 M) at 0°C was added DMAP (10 mol%, 0.2 mmol, 24 mg), followed by acetic
anhydride (2.0 equiv., 4.0 mmol, 0.38 mL) and EtsN (2.0 equiv., 4.0 mmol, 0.56 mL). The
reaction was allowed to warm to rt and stirred overnight. The mixture was quenched with
H;0 and extracted using DCM three times. The organic phase was dried over anhydrous
MgS0,, filtered and solvent removed under reduced pressure. 19w (0.32 g, 60%) was
obtained as a colorless oil after purification by column chromatography on silica gel eluting
with hexane:EtOAc (9:1—8:2). tH NMR (400 MHz, CDCl3): 6 (ppm) = 4.07 (t,] = 6.4 Hz, 2H),
4.01 (tt, ] = 7.5, 5.4 Hz, 1H), 2.05 (s, 3H), 1.90 - 1.73 (m, 4H), 1.73 - 1.59 (m, 3H), 1.59 - 1.45
(m, 2H), 1.44 - 1.22 (m, 3H), 0.91 (t, ] = 7.2 Hz, 3H).13C NMR (101 MHz, CDCl;3): § (ppm) =
171.3, 64.4, 58.34 39.1, 38.8, 29.9, 28.2, 24.2, 22.3, 21.1, 14.1. IR (neat, cm-1): 2955, 2934,
2862, 1737, 1458, 1434, 1365, 1232, 1040; HRMS calcd. for (Ci11H2:BrNaO;) [M+Na]*:
287.0617 found 287.0614.

QS\/\)&\/\/ Me

2-(4-bromooctyl)-1,3-dioxolane (19x). To a solution of ester 19s (1 equiv, 2.0 mmol, 0.50
g) in DCM (0.2 M, 10 ml) at -78°C was added DIBAL-H (1 M in hexanes, 1.1 equiv., 2.2 mmol,
2.2 mL) dropwise. The reaction was stirred at -78°C for an hour and then poured onto
crushed ice and aq. HCI (36%, 1.5 mL). The mixture was stirred until it reached rt, the layers
were separated, and the organic phase was dried over anhydrous MgS0y,, filtered and solvent
evaporated under reduced pressure to give the intermediate aldehyde (0.44 g, quant.) that
was utilized without further purification. tH NMR (400 MHz, CDCI3): § (ppm) =9.80 (t,] =
1.6 Hz, 1H), 4.04 (ddt,J=12.3,10.5, 3.9 Hz, 1H), 2.59 - 2.33 (m, 2H), 2.01 - 1.74 (m, 6H), 1.60
- 1.49 (m, 1H), 1.47 - 1.27 (m, 3H), 0.94 (t, ] = 7.2 Hz, 3H). To a solution of the previous
aldehyde (1.0 equiv, 1.4 mmol, 0.44 g) in toluene (0.5 M, 4.0 mL) was added ethylene glycol
(1.1 equiv., 2.2 mmol, 136.6 mg) and TsOH.H20 (0.1 equiv., 0.2 mmol, 38 mg) and set on a
Dean-Stark apparatus. The reaction was stirred at reflux for 2 days. After this time, the crude
was concentrated and purified by column chromatography on silica gel eluting with
hexane:EtOAc (9:1) to give 19x (0.3 g, 57%) as a colorless. tH NMR (400 MHz, CDCl3): 6
(ppm) =4.86 (t,] = 4.3 Hz, 1H), 4.02 (ddd, J = 12.9, 7.5, 5.5 Hz, 1H), 3.99 - 3.93 (m, 2H), 3.89
-3.81 (m, 2H), 1.90 - 1.78 (m, 4H), 1.75 - 1.62 (m, 3H), 1.56 - 1.47 (m, 2H), 1.44 - 1.25 (m,
3H), 0.91 (t, ] = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3): 6 (ppm) = 104.5, 65.1, 65.0, 58.5,
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39.1,39.0,33.4,29.9,22.3, 14.1. IR (neat, cm-1): 2954, 2931, 2872, 1737, 1458, 1434, 1410,
1380, 1235, 1140, 1034; HRMS calcd. for (C11H20Br0z) [M-H]*: 263.0641 found 263.0638.

Br
Me

(1-bromopentyl)cyclohexane (19ac). To a stirred solution of cyclohexanecarbaldehyde
(1.00 equiv, 15.0 mmol, 1.8 mL) under argon in dry THF (43 ml, 0.35 M) at 0 2C, nBuMgCl
(1.2 equiv, 18 mmol, 2 M, 9 mL) was added dropwise. Then the reaction was allowed to warm
up to rt and stirred until starting material disappeared, monitored by TLC (ca. 3 h).
Afterwards, the reaction was quenched with a saturated aqueous solution of NH4Cl and
extracted with Et,0 (3 x 20 mL). The organic phases were collected and dried over MgSQa,
the volatiles were removed in vacuo and the crude of the reaction was purified by flash
column chromatography (gradient Hexanes/AcOEt 5% to 20%) to afford 1-
cyclohexylpentan-1-ol (2.25g, 13.2 mmol, 88%) as colorless oil. 1H NMR (400 MHz, CDC13)
§3.34 (dt,] =8.6,4.0 Hz, 1H), 1.85 - 1.71 (m, 3H), 1.65 (m, 2H), 1.55 - 0.95 (m, 13H), 0.91 (t,
] = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCI3) & 76.4, 43.7, 34.0, 29.4, 28.3, 27.8, 26.7, 26.5,
26.4,23.0,14.2.

To a stirred solution of 1-cyclohexylpentan-1-ol (1.00 equiv, 13.2 mmol, 2.25 g) in DCM
(0.5 M, 27 mL) at 0 2C under argon atmosphere, EtzN (2 equiv, 26.5 mmol, 3.7 mL) was
added. The reaction was stirred for 5 min and then MsCl (1.2 equiv, 1.2 mL, 15.9 mmol) was
added dropwise. Afterwards, the reaction was allowed to warm up to rt and stirred for an
additional 2h. The reaction was quenched with water. The organic phase was washed with
1M solution of HCI (2x), a saturated solution of NaHCO3 (2x) and brine (2x), dried over
MgS0, and the solvent was removed in vacuo to yield the desired product that was used in
the next step without further purification.

To a stirred solution of the previously synthesized 1-cyclohexylpentyl methanesulfonate
in acetone (0.5 M, 27 mL) was added LiBr (4.0 equiv, 4.6 g, 53 mmol) and the reaction was
stirred for 16 h at 45 2C. Then, the reaction was quenched with water and extracted with
Et,0 (2x). The combined organic layers were washed with brine, dried over MgS0,4 and the
solvent was removed carefully in the rotavapor (30 2C, 500 mbar). The crude of the reaction
was dissolved in pentane (20 mL) and filtered through a plug of silica, to yield the desired
product with some impurities (alkene elimination product) of around 30%, judged by NMR
crude.

To a solution of the desired impure product (1.3 g) in Et,0 (20 mL) at 0 °C under argon
atmosphere was added a solution of 0sO4 (1 g, 4 mmol) in Et,0 (20 mL). After 30 min the
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reaction was warmed up to rt and stirred for 90 min. Once the reaction reached completion,
according to TLC (alkene rf: 0.98, bromide rf: 0.95 in pure hexane) the solvent was removed
in the rotavapor (30 2C, 500 mbar) and pentane (20 mL) was added to the crude. The crude
was filtered through a silica/celite/flurosil (1:1:1) plug and washed with pentane to yield
the target product 19ac (800 mg, 3.22 mmol, 25% (3 steps)) as a colorless oil. 1H NMR (400
MHz, CDCl3): 6§ (ppm) = 3.97 (dt,] = 8.8,4.3 Hz, 1H), 2.15 - 1.45 (m, 7H), 1.44 - 1.11 (m, 8H),
0.90 (dt, ] = 12.2, 7.2 Hz, 5H); 13C NMR (101 MHz, CDCl3) & (ppm) = 66.3, 44.6, 36.0, 31.2,
30.4, 29.3, 26.5, 26.4, 26.3, 22.3, 14.1; IR (neat, cm1): 2924, 2853, 2666, 1699, 1448, 1417,
1289, 1236, 1202; HRMS calcd. for (C11Hz21) [M-Br]*: 153.1638 found 153.1632.

Br

Et
BocN

tert-butyl 4-(1-bromopropyl)piperidine-1-carboxylate (19ae). In an oven-dried round
bottom flask containing a magnetic stir bar under inert atmosphere, EtMgBr (1.05 equiv,
8.40 mmol, 3 M, 2.80 mL) was added dropwise to a solution of tert-butyl 4-formylpiperidine-
1-carboxylate (1.0 equiv, 8.0 mmol, 1.71 g) in THF (23 mL) at 0 2C. The reaction mixture was
stirred for 1h and then allowed to warm up to room temperature and further stirred for 3 h.
The reaction was quenched using 1M HCl. DCM was added and the mixture transferred to a
separatory funnel. The organic phase was collected, and the aqueous phase extracted twice
more with DCM. The combined organic phase was dried over MgSO,, filtered, and
evaporated under reduced pressure. Purification by flash column chromatography
(pentane:EtOAc 2:1) gave the alcohol intermediate (1.01 g, 52%). In an oven-dried Schlenk
flask containing a magnetic stir bar, triphenylphosphine (1.31 g, 4.98 mmol, 1.2 equiv.) and
CBr4 (1.65 g, 4.98 mmol, 1.2 equiv.) were dissolved in dry DCM (0.6 M based on alcohol).
After cooling the solution to 0 2C, the alcohol intermediate (1.01 g, 4.15 mmol, 1 equiv.)
diluted in DCM (0.5 M) was added dropwise and the reaction stirred for 10 min. The reaction
mixture was allowed to warm up to rt and stirred overnight. Then, the solution was
concentrated in vacuo to ca. 10 mL, followed by addition of pentane to precipitate the
triphenylphosphine oxide side product which was filtered off. The collected organic phase
was concentrated under reduced pressure. The crude mixture was purified by flash column
chromatography through silica gel (eluent: pentane:EtOAc 95:5-9:1) to afford the pure
product 19ae (470.2 mg, 1.54 mmol, 37%) as a colorless viscous oil. 1H NMR (500 MHz,
CDCl3): 6 (ppm) =4.19 (d, ] = 13.2 Hz, 2H), 3.92 (dt, J = 9.0, 4.7 Hz, 1H), 2.70 (t, ]/ = 12.9 Hz,
2H),1.94 - 1.79 (m, 3H), 1.78 - 1.67 (m, 2H), 1.48 (s, 9H), 1.46 - 1.32 (m, 2H), 1.09 (t,] = 7.2
Hz, 3H).13C NMR (126 MHz, CDCI3): 6 (ppm) = 154.9, 79.6, 65.7,43.8,42.9, 30.1, 29.2, 28.6,
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12.6.; IR (neat, cm'1): 2968, 2934, 2851, 1685, 1418, 1363, 1277, 1231, 1159, 1098, 967,
865; HRMS calcd. for (C13H24BrNNaOz) [M+Na]*: 328.0883 found 328.0884.

Br

oy
MeO

2-(3-bromobutyl)-6-methoxynaphthalene  (19ag). Following  GP5, sodium
tetrahydroborate (0.240 g, 6.35 mmol) was added in small portions to the solution of
Nabumetone (1.00 g, 4.38 mmol) in absolute ethanol (12 mL) at -10°C under an N>
atmosphere. The reaction mixture was stirred for 1 h at-10°C and 3 h at rt. The solvent was
evaporated under reduced pressure and the residue was dissolved in dichloromethane (50
ml), washed carefully with cold H,0O (2x30 ml), dried through a phase separator and
concentrated in vacuo to provide 4-(6-methoxynaphthalen-2-yl)butan-2-ol (964 mg, 96 %)
as a white solid. To a solution of 4-(6-methoxynaphthalen-2-yl)butan-2-ol (964 mg, 4.19
mmol) in dry DCM (8 ml) at 0°C, perbromomethane (1.67 g, 5.02 mmol) was added. After 10
min, a solution of triphenylphosphine (3.35 ml, 5.02 mmol) in DCM (1.5 M) was added
dropwise at 0°C. Then, the reaction mixture was allowed to warm to rt and was stirred for
3h. After reaction was completed, the solvent was evaporated under vacuum and the
product was purified by column chromatography (heptane:EtOAc gradient 0% -> 40%) to
yield 2-(3-bromobutyl)-6-methoxynaphthalene 19ag (1.14 g, 93 %) as a white solid. H
NMR (500 MHz, CDCl3): § (ppm) = 7.72 - 7.64 (m, 2H), 7.61 - 7.56 (m, 1H), 7.31 (dd, ] = 8.3,
1.8 Hz, 1H), 7.17 - 7.08 (m, 2H), 4.15 - 4.05 (m, 1H), 3.92 (s, 3H), 2.99 (ddd, ] = 14.0, 8.8, 5.2
Hz, 1H), 2.88 (ddd, ] = 13.8, 8.7, 7.2 Hz, 1H), 2.21 (dtd, ] = 14.2, 8.8, 5.3 Hz, 1H), 2.12 (dddd, ]
= 14.4, 8.7, 7.2, 4.4 Hz, 1H), 1.75 (d, ] = 6.7 Hz, 3H).13C NMR (126 MHz, CDCl3) é (ppm)
=157.4,136.2,133.3,129.2,129.1, 127.9, 127.1, 126.7, 119.0, 105.8, 55.5, 51.1, 42.8, 34.0,
26.7. Melting Point: 60°C. Data in agreement with the literature.10

Br
0O O~y
N
Me

7-((4-bromopentyl)oxy)-4-methyl-2H-chromen-2-one (19ah). 4-Methylumbelliferone
(1.0 equiv, 8.0 mmol, 1.41 g) and K»CO3 (1.2 equiv., 9.6 mmol, 1.33 g) were stirred at room
temperature in dry DMF (13 mL) for an hour. Then, 1.5-dibromopentane (2.0 equiv., 16.0
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mmol, 3.68 g, 2.2 mL) was subsequently added. The mixture was stirred at room
temperature for 24h. After completion, water was added, and the mixture was extracted
twice with EtOAc and combined organic layers combined and washed with brine. The
organic layer was then dried over MgSO,, filtered, and concentrated in vacuo. The residue
was purified by flash chromatography (Pentane:EtOAc 3:1) to afford 7-((4-
bromopentyl)oxy)-4-methyl-2H-chromen-2-one 19ah (1.45 g, 97%) as a white solid. 1H
NMR (400 MHz, CDCl3): 6 (ppm) = 7.49 (d,] = 8.8 Hz, 1H), 6.85 (dd, J = 8.8, 2.5 Hz, 1H), 6.80
(d,J=2.5Hz, 1H), 6.13 (q,/ = 1.2 Hz, 1H), 4.25 - 4.14 (m, 1H), 4.10 - 4.01 (m, 2H), 2.40 (d, ]
= 1.3 Hz, 3H), 2.13 - 1.91 (m, 4H), 1.76 (d, J = 6.7 Hz, 3H).; 13C NMR (126 MHz, CDCl3):
(ppm) = 13C NMR (101 MHz, CDCI3) § 162.1,161.4,155.4,152.7,125.7,113.7,112.7, 112.1,
101.5,67.8,51.0,37.7,27.6,26.7, 18.8; IR (neat, cm1): 3074, 2955, 2920, 1709, 1609, 1562,
1511,1470, 1445, 1425,1389,1372,1347,1283,1262,1239,1204,1169, 1152, 1134, 1071,
1042, 1017; HRMS calcd. for (CisH1sBrOs) [M+H]*: 325.0434 found 325.0437. Melting
Point: 75°C

(35,55,105,135,145)-10,13-dimethyl-17-oxohexadecahydro-1H-

cyclopenta[a]- 166 -henanthrene-3-yl 5-bromohexanoate (19ai). Following GP3. A-
Hexanolactone (1.0 equiv., 20 mmol, 2.2 ml) was added to a flask containing a solution
of 33% HBr in AcOH (3.5 M, 5.7 ml) and fitted with a reflux condenser. The reaction was
heated to 75 °C for 4 hours and then cooled to room temperature. The residue was
diluted with DCM and washed with saturated aqueous solution of NaS;0z and H,0 twice.
The organic layer was dried (MgSO.) and concentrated in vacuo to give 5-
bromohexanoic acid (3.6 g, 89%) which was used in the next step without further
purification. To a solution of Epiandrosterone (1.0 equiv., 3.0 mmol, 871 mg), DCC (1.2
equiv., 3.6 mmol, 743 mg) and DMAP (0.1 equiv., 0.3 mmol, 37 mg) in DCM (0.2 M) at 0°C
was added a solution of 5-bromohexanoic acid (2 M, 1 equiv., 3.0 mmol, 585 mg, 1.5 mL)
dropwise. The reaction was then allowed to warm to rt and stirred overnight. Water was
added and the mixture transferred to a separatory funnel. The organic phase was
collected, and the aqueous phase further washed with two portions of DCM. The
combined organic layers were dried over anhydrous MgSO,, filtered and solvent
evaporated under reduced pressure. The crude was purified trough flash column
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chromatography (Pentane:EtOAc 9:1) to yield 19ai (1.16 g, 83%) as a white solid. 1H
NMR (400 MHz, CDCl3): 6 (ppm) =4.70 (tt,] = 11.3,4.9 Hz, 1H), 4.18 - 4.06 (m, 1H), 2.49
-2.37 (m, 1H), 2.36 - 2.25 (m, 2H), 2.13 - 1.99 (m, 1H), 1.98 - 1.86 (m, 1H), 1.85 - 1.74
(m, 7H), 1.71 (d, ] = 6.7 Hz, 4H), 1.69 - 1.57 (m, 2H), 1.57 - 1.42 (m, 3H), 1.42 - 1.15 (m,
7H), 1.10 - 0.90 (m, 2H), 0.87 - 0.82 (m, 6H), 0.71 (ddd, ] = 11.9, 10.2, 4.1 Hz, 1H); 13C
NMR (101 MHz, CDCl3): § (ppm) = 173.1, 73.6, 54.4, 51.5, 47.9, 44.8, 36.8, 36.0, 35.8,
35.2, 34.6, 34.1, 33.0, 31.7, 30.9, 284, 27.6, 25.0, 22.8, 21.9, 20.6, 17.8, 17.1, 13.9, 12.3;
IR (neat, cm1): 2944, 2914, 2847, 1732, 1718, 1449, 1419, 1377, 1357, 1322, 1295,
1273, 1249, 1232, 1188, 1152, 1132, 1116, 1101, 1059, 1014; HRMS calcd. For
(C25H40Br03) [M+H]*: 467.2155 found 467.2159. Melting Point: 109°C

Preparation of the Ni precatalysts
The synthesis of Ni precatalyst was based on a the modification of a known procedure
reported in the literature.28

R3 R3
/_;; i;_/ R3 R3 RS R3
R2 R DrysggS/OEéOH =S N N\
or + NiBr, - =N. N or =N_ _N=
RS R3 4-16 hours RZ 'Ni_ R R' Ni_ R?
TN\ N Br” "Br Br Br
= el
R |x R LxNiBr,

General procedure: To an oven-dried reaction vial or sealed tube was added
NiBrz.glyme (1 equiv) and the corresponding ligand (1.1-1.2 equiv). The tube was then
connected to a vacuum line where it was evacuated and backfilled under Argon flow at
least three times. Then, dry ethanol or dry THF was added as solvent. The mixture was
stirred for 4-16 hours upon heating (60-80 °C). The mixture was allowed to cool to rt
and the solid was collected by filtration, washed with cold EtOH followed by cold
pentane to yield pure complex of the type LniBr-.
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Me Me
Me Me
Me = l
N J 0 EtOH (0.1M), 60 °C, 18 h
+ Me™ Ni’ ~Me
Z >N Br Br
Me X l .
(NiBr,.glyme)
Me
Me
Me Me
(1.05 equiv.) (1.00 equiv.) 87%

Synthesis of L11NiBr;. A two-neck round-bottom flask equipped with reflux condenser
and magnetic stir bar was charged with NiBrz.glyme (154 mg, 0.500 mmol, 1.0 equiv.),
ligand L11 (200 mg, 0.525 mmol, 1.05 equiv.) and ethanol (5 mL). The resulting reaction
mixture was heated at 60 2C for 18 h. After cooling to rt, the solid precipitate was filtered,
washed with ethanol followed by pentane and dried under reduced pressure to deliver
desired complex as purple solid (262 mg, 0.44 mmol, 87%). The complex was
recrystallized from dichloromethane/pentane (6/1) to afford the paramagnetic purple
crystals that were analyzed by X-ray diffraction.

1H NMR (400 MHz, THF-dg) & 72.72 (s, 4H), 58.66 (s, 4H), 24.63 (s, 5H), 20.33 (s, 3H).
13C omitted due to line broadening of paramagnetic (L11)NiBr;.
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3.7.3. Retained Carboxylation of Secondary Alkyl bromides

General Procedure 6 (GP6): An oven-dried Schlenk tube containing a magnetic stir bar was
charged with L11NiBr; (0.10 equiv), 4CzIPN (0.05 equiv.), Hantzsch ester (HEH, 2.0 equiv)
and the alkyl bromide (1.0 equiv, if it is solid). The Schlenk tube was then taken inside a
glovebox, where Cs2COs3 (2.0 equiv.) was added. The tube was then taken out of the glovebox
and connected to a vacuum line where it was evacuated and back-filled under CO; flow at
least three times. The alkyl bromide (1.0 equiv., if it is liquid) and NMP (0.08 M) were added
under CO; flow. Once all the components were added, the Schlenk tube was closed at the
atmospheric pressure of CO2 (1 bar) and placed in a temperature controlled photoreactor
with cooling set at 152C (which gives an in situ reaction temperature of ca 202C) and stirred
for 24 h in the presence of continuous irradiation with blue light (451 nm, 1 W LED).

Work-up 1 (W1): The reaction mixture was carefully quenched with 2 M HCI aq. solution
and diluted with EtOAc (10 ml). The layers were separated, and the aqueous layer was
extracted with EtOAc (10 ml). The combined organic layers were then washed with 2 M HCI
solution (10 ml x 3), dried (MgS04) and concentrated in vacuo. Then the crude mixture was
dissolved in Et,0 (10 ml) and the organic phase was extracted with 1 M NaOH agq. solution
(5 ml x 3). The combined aqueous phases were acidified to < pH = 2 using 2 M HCI ag.
solution (8 ml). Finally, the acidic aqueous phase was extracted with EtOAc or Et;0 (10 ml x
2) depending on how soluble the compound is in the solvent used. The combined organic
layers were washed with 2 M HCl solution (10 ml x 3), dried (MgS04), filtered and reduced
in vacuo to give the pure carboxylic acid.

Work-up 2 (W2): The reaction mixture was carefully quenched with H,0 (10 ml) and
diluted with EtOAc (10 ml). The layers were separated, and the mildly basic aq. layer was
extracted with EtOAc (10 ml). The combined organic layers were then back extracted with
mildly basic NaOH (0.2 M) to avoid loss of any product to the organic layer. The combined
aqueous layer was then carefully acidified with 2 M HCI solution (~20 drops) until pH = 3-4
and then extracted with EtOAc (10 ml x 2). The combined organic layers were then washed
with 2 M HCI solution (10 ml x 5) to remove NMP, dried (MgS0s4), filtered and reduced in
vacuo to give the pure carboxylic acid.

Work-up 3 (W3): The reaction mixture was carefully quenched with H,0 (10 ml) and
diluted with EtOAc (10 ml). The layers were separated, and the mildly basic aq. layer
was extracted with EtOAc (10 ml). The combined organic layers were then back
extracted with mildly basic NaOH (0.2 M) to avoid loss of any product to the organic
layer. The combined aqueous layers were then carefully acidified with 2 M HCI solution
(~25 drops) until pH = 3-4 and then extracted with EtOAc (10 ml x 2). The combined
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organic layers were then washed with H,0 (10 ml), dried (MgS04), filtered and reduced
in vacuo to ~5 ml. The residue was then further washed with H,0/ brine (10 ml x 3),
dried (MgS04), filtered and reduced in vacuo to give the pure carboxylic acid.

CO,H
Me Me

2-methylheptanoic acid (20a). Following GP6, 2-bromo-heptane 19a (44.8 mg, 0.25
mmol, 40 uL) afforded the title compound as colorless liquid after W1 (On average: 29 mg,
81%, 99:1 selectivity by GC-fid). 1H NMR (500 MHz, CDCl3): § (ppm) =6 2.52 - 2.39 (m, 1H),
1.75 - 1.62 (m, 1H), 1.50 - 1.38 (m, 1H), 1.38 - 1.22 (m, 6H), 1.18 (d, ] = 7.0 Hz, 3H), 0.92 -
0.84 (m, 3H); 13C NMR (101 MHz, CDCl3) § (ppm) = 183.4, 39.5, 33.6, 31.84, 267.0, 22.6,
17.0, 14.6. Spectroscopic data for 200a match those previously reported in literature.

CO,H
Me

2-Methyl-4-phenylbutanoic acid (20b). Following GP6, (3-bromobutyl)benzene (19b)
(0.25 mmol, 53 mg) afforded the title compound 20b as colorless liquid after W1 (On
average: 30 mg, 0.17 mmol, 67%, >20:1 selectivity determined by H NMR). tH NMR (300
MHz, CDCl3): § (ppm) = 7.27 - 7.32 (m, 2H), 7.17 - 7.22 (m, 3H), 2.68 (t, ] = 7.9 Hz, 2H), 2.47
-2.58 (m, 1H), 2.00 - 2.12 (m, 1H), 1.70 - 1.82 (m, 1H), 1.25 (d, / = 7.0 Hz, 3H); 13C NMR (75
MHz, CDCl3) 6 (ppm) = 183.2,141.6,128.6,128.6,126.1, 39.0, 35.3, 33.5, 17.1. Spectroscopic
data match those previously reported in literature.2?

CO,H
Me
F

4-(4-Fluorophenyl)-2-methylbutanoic acid (20c). Following GP6, 1-(3-bromobutyl)-4-
fluorobenzene (19c¢) (0.25 mmol, 58 mg) afforded the title compound 20c as pale-yellow
liquid after W1 (In average, 36 mg, 0.18 mmol, 73%, >20:1 selectivity determined by 1H
NMR). 1H NMR (400 MHz, CDCl3): § (ppm) = 7.13 - 7.16 (m, 2H), 6.94 - 6.99 (m, 2H), 2.65
(t,J=7.9 Hz, 2H), 2.46 - 2.54 (m, 1H), 1.98 - 2.07 (m, 1H), 1.68 - 1.77 (m, 1H), 1.24 (d,J= 7.0
Hz, 3H);13C NMR (101 MHz, CDCl3) & (ppm) = 183.2,161.5 (d,/ = 243.6 Hz), 137.2 (d,/ = 3.3

-170 -



UNIVERSITAT ROVIRA I VIRGILI
CARBOXYLATIVE METHODOLOGIES VIA PHOTOREDOX CATALYSIS
Julien Lyonnet

Hz), 129.9 (d, ] = 7.9 Hz), 115.3 (d, ] = 21.2 Hz), 38.9, 35.4, 32.7, 17.1; 19F NMR (376 MHz,
CDCls) § (ppm) = -117.59; IR (neat, cm-1): 3030, 3001, 2983, 1701, 1598, 1560, 1539, 1431,
1219, 1180, 813; HRMS calcd. for (C11H12FO2) [M-H]-: 195.0827 found 195.0826.

CO,H

Me
Me
Bu
4-(4-(tert-Butyl)phenyl)-2,3-dimethylbutanoic acid (20d). Following GP6 with 8 mol%
of 4-CzIPN, 1-(3-bromo-2-methylbutyl)-4-(tert-butyl)benzene (19d) (70.8 mg, 0.25 mmol)
afforded the title compound 20d as colorless liquid after W1 (On average: 55.1 mg, 0.22
mmol, 88%, >95:5 selectivity, dr = 1:1). tH NMR (400 MHz, CDCI3): 6 (ppm) =7.31 (d,J =
7.6 Hz, 2H), 7.12 (d, ] = 7.6 Hz, 2H), 2.83 (dd, J = 13.5, 5.3 Hz, 1H), 2.67 (dd, J = 13.5, 6.4 Hz,
1H), 2.53 - 2.34 (m, 2H), 2.32 - 2.04 (m, 1H), 1.32 (s, 9H), 1.20 (dd, J = 23.3, 7.1 Hz, 3H), 0.91
(dd,J=13.2, 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) & (ppm) = 182.7 (d, /] = 58.7 Hz), 148.9
(d,J=10.3 Hz), 137.5 (d,] = 24.6 Hz), 128.9 (d, = 16.5 Hz), 125.3 (d, ] = 8.4 Hz), 43.7 (d,] =
71.5 Hz), 40.10 (d, /= 110.4 Hz), 37.7 (d, ] = 126.5 Hz), 34.5 (tertiary C of tBu), 31.6 (Methyl
C signal of tBu), 16.2 (d, J = 127.3 Hz), 12.9 (d, ] = 248.3 Hz); IR (neat, cm1): 2960, 1700,
1457, 1411, 1266, 1231, 1108, 1018, 906, 808, 729; HRMS calcd. for (CisH2302) [M-H]-

247.1704 found 247.1707.
Me

2-Methyl-5-phenylpentanoic acid (20e). Following GP6 with 10 mol% of 4-CzIPN at 10°C
for 48h, (4-bromopentyl)benzene 19e (57 mg, 0.25 mmol) afforded the title compound 20e
as colorless liquid after W2 (on average: 37 mg, 77%, >20:1 selectivity determined by 1H
NMR). 1H NMR (500 MHz, CDCl3): § (ppm) = 7.30 (dd, ] = 8.7, 6.7 Hz, 2H), 7.21 (dd, ] = 8.3,
6.7 Hz, 3H), 2.65 (t, ] = 7.5 Hz, 2H), 2.51 (h, ] = 6.9 Hz, 1H), 1.82 - 1.64 (m, 3H), 1.57 - 1.46
(m, 1H), 1.21 (d, ] = 7.0 Hz, 3H); 13C NMR (101 MHz, CDCl;3) & (ppm) = 183.5, 142.2, 128.5,
128.4,125.9,39.4,35.9, 33.2, 29.1, 17.0; HRMS calcd. for (C12H1502) [M-H]: 191.1078 found
191.1079. Data in agreement with the literature.30
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— COzH
Me

5-(1H-Indol-1-yl)-2-methylpentanoic acid (20f). Following GP6, 1-(4-bromopentyl)-1H-
indole (191, 67 mg, 0.25 mmol) afforded the title compound 20f as brown liquid after W1
(On average: 44 mg, 0.19 mmol, 76%, >20:1 selectivity determined by 'H NMR). tH NMR
(300 MHz, CDCl3): 6 (ppm) = 7.65 (d,] = 7.8 Hz, 1H), 7.35 (dd, J = 8.2, 1.0 Hz, 1H), 7.22 (ddd,
J=8.3,6.9, 1.3 Hz, 1H), 7.10 - 7.14 (m, 2H), 6.51 (d, / = 3.2 Hz, 1H), 4.14 (td, ] = 7.0, 1.5 Hz,
2H), 2.42 - 2.54 (m, 1H), 1.86 - 1.96 (m, 2H), 1.67 - 1.79 (m, 1H), 1.41 - 1.53 (m, 1H), 1.18
(d, /= 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) § (ppm) = 182.8, 136.0, 128.7, 127.8, 121.6,
121.1, 119.4, 109.4, 101.3, 46.2, 39.2, 30.8, 28.0, 17.1; IR (neat, cm-1): 3126, 2935, 1702,
1601, 1465, 1321, 1198, 1120, 781; HRMS calcd. for (C14H16NO2) [M-H]-: 230.1187, found
230.1187.

CO.H
Me\/\)\/ Me

2-ethylhexanoic acid (20g). Following GP6 but with 8 mol% 4-CzIPN and a reaction
temperature of 10°C (ca. 15°C in situ), 3-bromo-heptane 19g (0.25 mmol, 39 pL) afforded
the title compound 20g as colorless liquid after W1 (On average: 27 mg, 0.19 mmol, 75%,
16:1 selectivity determined by 'H NMR). tH NMR (400 MHz, CDCI3): § (ppm) = 6 2.38 (tt, J
=8.5,5.5 Hz, 1H), 1.81 - 1.54 (m, 4H), 1.48 - 1.33 (m, 4H), 1.03 (t,/ = 7.4 Hz, 3H), 0.98 (t,] =
7.2 Hz, 3H).13C NMR (126 MHz, CDCI3) 6 (ppm) = 183.1, 47.3, 31.6, 29.7, 25.3, 22.8, 14.0,
11.9. Spectroscopic data match those previously reported in literature.3!

CO,H

Me

2-Phenethylhexanoic acid (20h). Following GP6 but with 8 mol% 4-CzIPN, (3-
bromoheptyl)benzene (19h, 64 mg, 0.25 mmol) afforded the title compound 20h as
colorless liquid after W1 (On average: 40 mg, 0.18 mmol, 73%, 20:1 selectivity determined
by tH NMR). 1H NMR (400 MHz, CDCl3): § (ppm) = 7.30 (dd, ] = 8.0, 6.9 Hz, 2H), 7.25 - 7.16
(m, 3H), 2.77 - 2.58 (m, 2H), 2.43 (tt, ] = 8.7, 5.3 Hz, 1H), 2.08 - 1.95 (m, 1H), 1.88 - 1.77 (m,
1H), 1.74 - 1.66 (m, 1H), 1.61 - 1.50 (m, 1H), 1.40 - 1.29 (m, 4H), 0.94 - 0.87 (m, 3H); 13C
NMR (101 MHz, CDCI3) & (ppm) = 183.0, 141.7, 129.0, 128.5, 126.1, 45.1, 33.9, 33.7, 32.0,
29.5,22.7,14.0. Data in agreement with the literature.32
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CO,H

2-(3-phenylpropyl)hexanoic acid (20i). Following GP6 but with 10 mol% 4-CzIPN (20
mg), a reaction temperature of 10°C (ca. 15°C in situ) and irradiated for 48 h, 19i (67 mg,
0.25 mmol) afforded the title compound 20i as colorless liquid after W2 (On average: 44 mg,
75%, >20:1 selectivity determined by quantitative 13C NMR). tH NMR (400 MHz, CDCl3): &
(ppm) =10.03 (s, 1H), 7.32 - 7.24 (m, 2H), 7.22 - 7.15 (m, 3H), 2.63 (t, ] = 7.3 Hz, 2H), 2.46 -
2.33 (m, 1H), 1.79 - 1.59 (m, 4H), 1.59 - 1.43 (m, 2H), 1.38 - 1.25 (m, 4H), 0.90 (t,/ = 6.2 Hz,
3H); 13CNMR (101 MHz, CDCl3) 6 (ppm) = 183.0, 142.2,128.5,128.5,125.9,45.5, 35.9, 32.0,
31.9,29.6,29.3,22.7,14.0; IR (neat, cm-1): 3026, 2929, 2858, 1702, 1649, 1496, 1454, 1408,
1288,1235,1113, 1030; HRMS calcd. for (C15H2102) [M-H]: 233.1547 found 233.1548.

(e} CO,H
MeO Me

5-(3-(Methoxycarbonyl)phenoxy)-2-methylpentanoic acid (20j). Following GP6,
methyl 3-((4-bromopentyl)oxy)benzoate (19j, 75 mg, 0.25 mmol) afforded the title
compound 20j as pale-yellow liquid after W1 (On average: 60 mg, 0.23 mmol, 90%, 16:1
selectivity determined by 1H NMR). 1H NMR (300 MHz, CDCl3): § (ppm) = 7.63 (dt, /] = 7.7,
1.3 Hz, 1H), 7.56 (dd, J = 2.7, 1.5 Hz, 1H), 7.34 (t, ] = 7.9 Hz, 1H), 7.08 - 7.12 (m, 1H), 4.32 (t,
J=6.2 Hz, 2H), 3.85 (s, 3H), 2.50 - 2.61 (m, 1H), 1.78 - 1.89 (m, 3H), 1.56 - 1.66 (m, 1H), 1.23
(d, / = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) § (ppm) = 182.8, 166.6, 159.7, 131.7, 129.5,
122.1,119.6,114.2,64.9,55.6,39.1, 30.0, 26.5,17.1; IR (neat, cm-1): 3310, 2941,1702, 1586,
1455, 1274, 1209, 1130, 1041, 753; HRMS calcd. for (C14H1705) [M-H]-: 265.1081 found

265.1078.
CO,H
S

2-methyl-3-phenylpropanoic acid (20k). Following GP6 with 10% of 4-CzIPN (19.7 mg),
(2-bromopropyl)benzene (49.8 mg, 0.25 mmol) afforded the title compound 20k as
colorless liquid after W1 (On average: 29 mg, 71%, = 95% selectivity determined by 1H
NMR). tH NMR (400 MHz, CDCl3): § (ppm) = 7.29 (tt, / = 6.8, 1.1 Hz, 2H), 7.25 - 7.16 (m,
3H), 3.08 (dd, J = 13.4, 6.4 Hz, 1H), 2.78 (h, / = 6.7 Hz, 1H), 2.68 (dd, J = 13.4, 8.0 Hz, 1H), 1.19
(d, /= 6.9 Hz, 3H).; 13C NMR (101 MHz, CDCl3) § (ppm) = 181.1, 139.2, 129.2, 128.6, 126.6,
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41.2,39.5,16.7. Data in agreement with the literature.33

/@/\(C()zH
M
F e

3-(4-fluorophenyl)-2-methylpropanoic acid (201). Following GP6 with 8% of 4-CzIPN
(15.8 mg), (1-(2-bromopropyl)-4-fluorobenzene 191 (54.3 mg, 0.25 mmol) afforded the title
compound 201 as a pale-yellow oil after W1 (On average: 42 mg, 92%, 93% selectivity
determined by 19F NMR). tH NMR (400 MHz, CDCl3): 6 (ppm) = 7.20 - 7.13 (m, 2H), 7.03 -
6.96 (m, 2H), 3.05 (dd, J = 13.2, 6.4 Hz, 1H), 2.76 (dq, ] = 12.6, 6.5 Hz, 1H), 2.69 (dd, ] = 13.2,
7.6 Hz, 1H), 1.21 (d, / = 6.7 Hz, 3H).; 19F NMR (471 MHz, CDCl3): 6 (ppm) =116.67 --116.79
(m).; 13C NMR (101 MHz, CDCl3): § (ppm) = 182.4, 162.7, 160.8, 134.8, 134.7, 130.6, 130.5,
115.5, 115.3, 41.5, 38.6, 16.6; HRMS calcd. for (CyoH{gFO,) [M-H]: 181.0670 found

181.0665. Data in agreement with the literature.34

Cl Me

3-(4-chlorophenyl)-2-methylpropanoic acid (20m). Following GP6 with 8% of 4-CzIPN
(15.8 mg), (1-(2-bromopropyl)-4-chlorobenzene 19m (58.4 mg, 0.25 mmol) afforded the
title compound 20m as a pale-yellow oil after W1 (On average: 34.0 mg, 69%, = 95%
selectivity determined by tH NMR). 1H NMR (500 MHz, CDCl3): § (ppm) = 7.30 - 7.26 (m,
2H),7.19-7.10 (m, 2H), 3.05 (dd, J = 13.5, 6.7 Hz, 1H), 2.82 - 2.72 (m, 1H), 2.68 (dd, / = 13.5,
7.7 Hz, 1H), 1.21 (d, ] = 6.9 Hz, 3H).; 13C NMR (126 MHz, CDCl;3): § (ppm) 182.2,137.5,132.3,
130.4, 128.6, 41.19, 38.6, 16.6; HRMS calcd. for (C;oH¢oCIO,) [M-H]: 197.0375 found

197.0381. Data in agreement with the literature.34

OMe
CO,H

Me

3-(2-methoxyphenyl)-2-methylpropanoic acid (20n). Following GP6 with 10% of 4-
CzIPN (19.7 mg) at 10°C, 1-(2-bromopropyl)-2-methoxybenzene 19n (57.3 mg, 0.25 mmol)
afforded the title compound 20n as a pale-yellow oil after W1 (On average: 31.3 mg, 65%, =
95% selectivity determined by 1H NMR). tH NMR (500 MHz, CDCl3): 6 (ppm) = 7.22 (ddd, J
=8.1,7.4,1.8 Hz, 1H), 7.14 (dd, ] = 7.4, 1.8 Hz, 1H), 6.88 (td, J = 7.4, 1.1 Hz, 1H), 6.85 (dd, ] =
8.2,1.1 Hz, 1H), 3.81 (s, 3H), 3.07 (dd, J = 13.3, 6.8 Hz, 1H), 2.87 (h, 1H), 2.72 (dd, ] = 13.3, 7.7
Hz, 1H), 1.17 (d, ] = 7.0 Hz, 3H).; 13C NMR (126 MHz, CDCl3) 6 (ppm) = 183.1, 157.6, 130.9,
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127.8, 127.5, 120.3, 110.2, 55.1, 39.4, 34.3, 16.8; HRMS calcd. for (C{;{H4303) [M-H]-
193.0870 found 193.0870. Data in agreement with the literature.35

CO,H
Cl Me
9-Chloro-2-methylnonanoic acid (200). Following GP6, 8-bromo-1-chlorononane (190,
60.4 mg, 0.25 mmol) afforded the title compound 200 as pale-yellow liquid after W1 (On
average: 37 mg, 0.18 mmol, 72%, >20:1 selectivity determined by 1H NMR). 1H NMR (400
MHz, CDCl3): § (ppm) = 3.52 (t,] = 6.7 Hz, 2H), 2.50 - 2.39 (m, 1H), 1.80 - 1.71 (m, 2H), 1.67
(dt,J=14.9,7.5 Hz, 1H), 1.47 - 1.37 (m, 3H), 1.37 - 1.28 (m, 6H), 1.17 (d, / = 7.0 Hz, 3H); 13C
NMR (101 MHz, CDCl3) 6 (ppm) = 183.6, 45.2, 39.5, 33.6, 32.7, 29.4, 28.8, 27.1, 26.9, 17.0;
IR (neat, cm-1): 3104, 2930, 2856, 1702, 1483, 1319, 1236, 970, 643, 507; HRMS calcd. for
(C10H18Cl02) [M-H]-: 205.1001 found 205.0996.

Me Me CO,H
NC Me

6-Cyano-2,6-dimethylheptanoic acid (20p). Following GP6 but with 8 mol% 4-CzIPN, 6-
bromo-2,2-dimethylheptanenitrile (19p, 55 mg, 0.25 mmol) afforded the title compound
20p as colorless oil after W1 (On average: 36 mg, 0.20 mmol, 79%, >20:1 selectivity
determined by 'H NMR). 1H NMR (400 MHz, CDCl3): § (ppm) 2.55 - 2.43 (m, 1H), 1.77 -
1.67 (m, 1H), 1.55 - 1.43 (m, 5H), 1.33 (s, 6H), 1.20 (d, J = 7.0 Hz, 3H); 13C NMR (101 MHz,
CDCl3) & (ppm) = 182.8, 125.1, 40.9, 39.3, 33.3, 32.4, 26.8 (d, ] = 3.7 Hz, two methyl group
split), 23.1, 17.0; IR (neat, cm1): 3035, 2987, 2640, 2240, 1703, 1453, 1361, 1260, 1245,
983, 824; HRMS calcd. for (C10H16NO2) [M-H]: 182.1187 found 182.1187.

CO,H

TIPSO Me
2-methyl-6-((triisopropylsilyl)oxy)hexanoic acid (20q). Following GP6, 19q (0.25
mmol, 84 mg) afforded the title compound 20q as colorless oil (On average: 60 mg, 80%,
>20:1 selectivity determined by 'H NMR) after purification by column chromatography (in
this case the product was too apolar and unstable to be successfully purified by W1-3). 1H
NMR (500 MHz, CDCI3): § (ppm) 8.86 (s, 1H), 3.67 (t, /] = 6.4 Hz, 2H), 2.50 - 2.40 (m, 1H),
1.75 - 1.66 (m, 1H), 1.59 - 1.51 (m, 2H), 1.50 - 1.35 (m, 3H), 1.20 - 1.14 (m, 3H), 1.10 - 0.99
(m, 21H).13CNMR (101 MHz, CDCl3) 6 (ppm) = 183.3, 63.3, 39.5, 33.5, 33.0, 23.6, 18.2, 16.9,
12.2. IR (neat, cm1): 2940, 2865, 1706, 1463, 1416, 1382, 1284, 1239, 1103, 1071, 1013;
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HRMS calcd. for (C16H3303Si) [M-H]: 301.2204 found 301.2215.

BB

@) Me
5-(1,3-dioxolan-2-yl)-2-methylpentanoic acid (20r). Following GP6, 19r (0.25 mmol, 56
mg) afforded the title compound 20r as colorless oil after W3 (On average: 34 mg, 72%,
>20:1 selectivity determined by tH NMR). 1tH NMR (500 MHz, CDCl3): 6 (ppm) =4.84 (t,] =
4.7 Hz, 1H), 4.02 - 3.88 (m, 2H), 3.89 - 3.77 (m, 2H), 2.51 - 2.37 (m, 1H), 1.77 - 1.69 (m, 1H),
1.69 - 1.62 (m, 2H), 1.53 - 1.40 (m, 3H), 1.17 (d, = 7.0 Hz, 3H).13C NMR (101 MHz, CDCl3)
S (ppm) = 183.0,104.6, 104.4, 65.0,39.4, 33.8,33.4, 21.8, 16.9.; IR (neat, cm1): 2944, 2880,
1703, 1463, 1410, 1212, 1140, 1124, 1055, 1028; HRMS calcd. for (CoH1504) [M-H]-
187.0976 found 187.0977.

0 CO,H

Me
MeO

2-butyl-6-methoxy-6-oxohexanoic acid (20s). Following GP6 but with 8 mol% 4-CzIPN
and irradiated for 48h, 19s (0.25 mmol, 63 mg) afforded the title compound 20s as colorless
oil after W3 (On average: 34 mg, 0.20 mmol, 63%, >20:1 selectivity determined by
quantitative 13C NMR). tH NMR (500 MHz, CDCl;3): § (ppm) = 3.66 (s, 3H), 2.38 - 2.28 (m,
2H), 1.70 - 1.58 (m, 4H), 1.57 - 1.43 (m, 2H), 1.36 - 1.24 (m, 4H), 0.88 (t,/ = 7.0 Hz, 3H). 13C
NMR (126 MHz, CDCl3) § (ppm) = 182.5,174.0, 51.7, 45.3, 34.0, 31.9, 31.5, 29.5, 22.8, 22.7,
14.0; IR (neat, cm1): 2932, 2862, 1703, 1646, 1508, 1458, 1408, 1302, 1194, 1115; HRMS
calcd. for (C10H1904) [M-H]~: 215.1289 found 215.1297.

CO,H

M
HO ©

2-butyl-6-hydroxyhexanoic acid (20t). Following GP6 but with 8 mol% 4-CzIPN, 19t
(0.25 mmol, 56 mg) afforded the title compound 20t as colorless oil after W2 (On average:
32 mg, 86%, 20:1 selectivity determined by quantitative 13C NMR). tH NMR (500 MHz,
CDCl3): 6 (ppm) = 6.72 (s, 1H), 3.62 (t,/ = 6.4 Hz, 2H), 2.32 (tt,/=9.1,5.2 Hz, 1H), 1.71 - 1.17
(m, 13H), 0.87 (t, ] = 6.8 Hz, 3H); 13C NMR (126 MHz, CDCl3) 6 (ppm) = 181.8, 62.5, 45.7,
32.4,32.1,32.0, 29.6, 23.7, 22.7, 14.0. IR (neat, cm-1): 3334, 2932, 2860, 1702, 1459, 1408,
1379, 1229, 1193, 1049; HRMS calcd. for (C10H1903) [M-H]: 187.1340 found 187.1341.
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0 CO,H
i ’}l JW\/\/ Me
Me

2-butyl-6-(methyl(phenyl)amino)-6-oxohexanoic acid (20u). Following GP6 but with 8
mol% 4-CzIPN, 19u (0.25 mmol, 82 mg) afforded the title compound 20u as a colorless oil
after W2 (On average: 53 mg, 73%, 16:1 selectivity determined by quantitative 13C NMR).
1H NMR (400 MHz, CDCI3): 6 (ppm) =9.16 (s, 1H), 7.40 (t,/ = 7.4 Hz, 2H), 7.32 (t,] = 7.3 Hz,
1H), 7.15 (d, J = 7.6 Hz, 2H), 3.24 (s, 3H), 2.32 - 2.17 (m, 1H), 2.07 (t,/ = 7.3 Hz, 2H), 1.68 -
1.45 (m, 4H), 1.45 - 1.32 (m, 2H), 1.32 - 1.12 (m, 4H), 0.85 (t,/ = 6.7 Hz, 3H). 13C NMR (101
MHz, CDCI3) 8§ (ppm) = 181.3, 173.3, 144.1, 129.9, 128.0, 127.3, 45.3, 37.5, 34.1, 31.8, 31.8,
29.5, 23.4, 22.7, 14.0; IR (neat, cm-1): 3061, 2931, 2860, 1725, 1704, 1655, 1622, 1592,
1496, 1457, 1391, 1274, 1187, 1159, 1117, 1027; HRMS calcd. for (C17H24NO3) [M-H]-
290.1762 found 290.1760.

0 CO,H

Me
Me

2-butyl-6-oxoheptanoic acid (20v) Following GP6 but with 8 mol% 4-CzIPN, 19v (0.25
mmol, 56 mg) afforded the title compound 20v as colorless oil after W2 (On average: 39 mg,
78%, 12:1 selectivity determined by quantitative 13C NMR). 1H NMR (400 MHz, CDCl3): §
(ppm) =6 2.43 (t, 2H), 2.40 - 2.27 (m, 1H), 2.11 (s, 3H), 1.68 - 1.54 (m, 4H), 1.52 - 1.41 (m,
2H), 1.34 - 1.24 (m, 4H), 0.90 - 0.81 (m, 3H); 13C NMR (101 MHz, CDCl3) 6 (ppm) = & 209.0,
182.5,45.4, 43.5, 31.9, 31.5, 30.0, 29.5, 22.7, 21.6, 14.0; IR (neat, cm1): 2933, 2861, 1702,
1458, 1411, 1360, 1288, 1230, 1179, 1160, 1112; HRMS calcd. for (C11H1903) [M-H]~
199.1340 found 199.1343.

CO,H

Me
AcO

6-acetoxy-2-butylhexanoic acid (20w). Following GP6 but with 10 mol% 4-CzIPN, a
reaction temperature of 10 °C (ca. 15°C in situ) and irradiated for 48 h, 19w (0.25 mmol, 66
mg) afforded the title compound 20w as colorless oil after W3 (On average: 42 mg, 83%,
220:1 selectivity determined by quantitative 13C NMR). 1H NMR (400 MHz, CDCl3): § (ppm)
=2.32(tt,] =8.7,5.3 Hz, 1H), 2.01 (s, 3H), 1.74 - 1.54 (m, 4H), 1.57 - 1.15 (m, 10H), 0.86 (td,
] = 6.2, 2.4 Hz, 3H); 13C NMR (101 MHz, CDCl3): 6 (ppm) = 182.5, 171.4, 64.4, 45.5, 32.0,
31.8, 29.6, 28.6, 23.9, 22.7, 21.1, 14.0; IR (neat, cm-1): 2932, 2860, 1728, 1708, 1650, 1459,
1405, 1336, 1302, 1237, 1169, 1115, 1043; HRMS calcd. for (Ci12H2104) [M-H]: 229.1445
found 229.1443.
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[S\/\)Cizi\/ Me

O

2-(3-(1,3-dioxolan-2-yl)propyl)hexanoic acid (20x). Following GP6 but with 10 mol% 4-
CzIPN and a reaction temperature of 10 °C (ca. 15°C in situ) for 48 h, 19x (0.25 mmol, 66 mg)
afforded the title compound 20x as colorless oil after W3 (On average: 46 mg, 80%, 7:1
selectivity determined by tH NMR). tH NMR (400 MHz, CDCl3): § (ppm) = 4.84 (t,/ = 4.6 Hz,
1H), 4.00 - 3.88 (m, 2H), 3.88 - 3.78 (m, 2H), 2.38 - 2.26 (m, 1H), 1.75 - 1.57 (m, 4H), 1.56 -
1.39 (m, 4H), 1.38 - 1.18 (m, 4H), 0.92 - 0.84 (m, 3H); 13C NMR (126 MHz, CDCl3, major
isomer) § (ppm) = 182.6, 104.5, 65.0, 45.6, 33.9, 32.1, 31.9, 29.6, 22.7, 22.0, 14.0; IR (neat,
cm1): 2930, 2862, 1734, 1703, 1459, 1441, 1286, 1233, 1141, 1033, 943; HRMS calcd. for
(C12H2104) [M-H]-: 229.1445 found 229.1438.

CszC>7002H

1-((Benzyloxy)carbonyl)piperidine-4-carboxylic acid (20y). Following GP6, N-Cbz-4-
bromo-piperidine 19y (75 mg, 0.25 mmol) afforded the title compound 20y as a yellow oil
after W2 (On average: 47 mg, 71%, single regioisomer). tH NMR (400 MHz, CDCl3): 6 (ppm)
=10.14 (s, 1H), 7.42 - 7.28 (m, 5H), 5.14 (s, 2H), 4.10 (d, J = 15.0 Hz, 2H), 2.96 (t,] = 12.4 Hz,
2H), 2.51 (tt,J=10.8,3.9 Hz, 1H), 1.93 (d,/ = 12.8 Hz, 2H), 1.76 - 1.57 (m, 2H); 13C NMR (101
MHz, CDCl3) 6 (ppm) = 180.2, 155.4, 136.7, 128.6, 128.2, 128., 67.4, 43.3, 40.7, 27.7. Data in

agreement with the literature.3¢
BOCNC>7 CO,H

1-(Tert-butoxycarbonyl)piperidine-4-carboxylic acid (20z). Following GP6, N-Boc-4-
bromo-piperidine 19z (66 mg, 0.25 mmol) afforded the title compound 20z as a white solid
after W2 (On average: 40 mg, 70%, single regioisomer). tH NMR (400 MHz, CDCl3): 6 (ppm)
=4.00 (d,J = 13.3 Hz, 2H), 2.85 (t, ] = 12.2 Hz, 2H), 2.47 (tt,J = 11.0, 3.8 Hz, 1H), 1.90 (d,] =
11.8 Hz, 2H), 1.63 (qd, J = 11.3, 4.1 Hz, 2H), 1.44 (s, 9H).13C NMR (101 MHz, CDCl3) & (ppm)
=180.4,154.9,79.9,43.1 (br), 41.0, 28.6, 27.9. Melting Point: 114°C. Data in agreement with

the literature.36
TsNQcozH

1-Tosylpiperidine-4-carboxylic acid (20aa). Following GP6, N-Ts-4-bromo-piperidine
19aa (80 mg, 0.25 mmol) afforded the title compound 20aa as a white solid after W2 (On
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average: 46 mg, 65%, single regioisomer). tH NMR (400 MHz, CDCl3): 6 (ppm) = 10.48 (s,
1H), 7.61 (d,J = 7.9 Hz, 2H), 7.31 (d, ] = 7.9 Hz, 2H), 3.64 (dt,J = 12.2, 4.1 Hz, 2H), 2.54 - 2.36
(m, 5H), 2.27 (tt, J = 10.8, 4.0 Hz, 1H), 2.11 - 1.91 (m, 2H), 1.79 (dtd, J = 14.5, 11.7, 3.9 Hz,
3H).13CNMR (101 MHz, CDCl3) 6 (ppm) = 180.2,143.8,133.1,129.8,127.7,45.4,39.9,27.3,
21.6. Melting Point: 167°C. Data in agreement with the literature.3¢

Tetrahydro-2H-pyran-4-carboxylic acid (20ab). Following GP6, 4-bromo-morpholine
19ab (41 mg, 0.25 mmol) afforded the title compound 20ab as a white solid after W2 (On
average: 19 mg, 57%, single regioisomer). 1H NMR (500 MHz, CDCl3): § (ppm) = 9.52 (s,
1H), 3.95 (dt,J = 11.6, 3.7 Hz, 1H), 3.43 (td,J = 10.7, 2.0 Hz, 1H), 2.41 (t, ] = 8.1 Hz, 2H), 2.05
-1.99 (m, 2H), 1.88 - 1.73 (m, 2H). 133C NMR (126 MHz, CDCl3) 6 (ppm) = 180.48, 67.11,
39.93, 28.50. Melting Point: 84°C Data in agreement with the literature.36

CO,H
Me

2-cyclohexylhexanoic acid (20ac). Following GP6 with 8 mol% of 4-CzIPN, 19ac (58 mg,
0.25 mmol) afforded the title compound 20ac as colorless liquid after W1 (On average: 33
mg, 67%, 20:1 selectivity determined by quantitative 13C NMR). 1H NMR (500 MHz, CDCl3):
S (ppm) = 2.14 (ddd, ] =9.6, 7.5, 4.8 Hz, 1H), 1.85 - 1.77 (m, 1H), 1.77 - 1.61 (m, 4H), 1.60 -
1.48 (m, 3H), 1.39 - 1.21 (m, 6H), 1.21 - 1.14 (m, 1H), 1.12 - 1.06 (m, 1H), 1.05 - 0.92 (m,
1H), 0.89 (t, ] = 7.0 Hz, 3H); 13C NMR (126 MHz, CDCl3) 6 (ppm) = 182.5, 52.1, 40.2, 31.1,
30.6, 30.1, 29.0, 26.5, 26.5, 26.4, 22.8, 14.1.IR (neat, cm1): 2924, 2853, 2666, 1699, 1448,
1417,1289, 1236, 1202; HRMS calcd. for (C12H2102) [M-H]: 197.1547 found 197.1547.

CO,H
Me Me

2-propylpentanoic acid (20ad). Following GP6 but with 8 mol% 4CzIPN and a reaction
temperature of 10°C (in situ temperature ca. 15°C), 4-bromo-heptane 19ad (0.25 mmol, 39
uL) afforded the title compound 20ad as colorless liquid after W1 (On average: 29.5 mg,
81%, 20:1 selectivity determined by 1H NMR integration). tH NMR (500 MHz, CDCl3): 6
(ppm) = 6 2.38 (tt, / = 8.8, 5.3 Hz, 1H), 1.67 - 1.56 (m, 2H), 1.50 - 1.38 (m, 2H), 1.35 (dddd, J
=14.1, 9.3, 7.1, 4.1 Hz, 4H), 0.91 (t, ] = 7.3 Hz, 6H). 13C NMR (126 MHz, CDCl3) é (ppm)
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= 183.3, 45.3, 34.5, 20.7, 14.1. Spectroscopic data for match those previously reported in
literature.37

CO,H

Et
BocN

2-(1-(tert-butoxycarbonyl)piperidin-4-yl)butanoic acid (20ae). Following GP6 with
10% of 4-CzIPN (19.7 mg) at 10°C for 48h, tert-butyl 4-(1-bromopropyl)piperidine-1-
carboxylate 19ae (76.6 mg, 0.25 mmol) afforded the title compound 20ae as a colorless
viscous oil after W3 (On average: 37.8 mg, 56%, = 95% selectivity determined by 'H NMR).
1H NMR (500 MHz, CDCl3): 6 (ppm) = 4.11 (s, 2H), 2.66 (s, 2H), 2.16 - 2.07 (m, 1H), 1.78 -
1.55 (m, 5H), 1.44 (s, 9H), 1.33 - 1.11 (m, 2H), 0.93 (t, ] = 7.4 Hz, 3H);13C NMR (126 MHz,
CDCI3) 6 (ppm) = 181.0, 155.0, 79.7, 52.8, 38.1, 30.1, 29.6, 28.6, 22.3, 12.1; IR (neat, cm-1):
2966, 2935, 1717, 1621, 1474, 1443, 1365, 1288, 1252, 1223, 1146, 1071, 972, 861, 780;
HRMS calcd. for (C14H24NO4) [M-H]-: 270.1711 found 270.1718. Boc rotamers lead to extra
13C peaks and broaden peaks.

ﬂb CO,H
CO,H

(15,2S5,4R)-bicyclo[2.2.1]heptane-2-carboxylic acid (20af). Following GP6, exo-2-
bromonorbornane 19af (44 mg, 0.25 mmol) afforded the title compound 20af as a white
solid after W2 (On average, 28 mg, 80%, endo:exo 20:1). 1TH NMR (400 MHz, CDCl;): 6 (ppm)
=2.80 (dt, J =9.7, 4.5 Hz, 1H), 2.56 - 2.53 (m, 1H), 2.36 (dd, J = 9.2, 5.3 Hz, 1H), 2.30 (d,] =
4.4 Hz, 1H),1.90 - 1.78 (m, 1H), 1.61 - 1.43 (m, 4H), 1.31 - 1.12 (m, 3H).13C NMR (101 MHz,
CDCl3) 6 (ppm) = 182.6,46.5,41.1, 36.7, 36.2, 34.2, 29.6, 28.7. Melting Point: 50°C. Data in
agreement with the literature.38

CO,H

oy
MeO

4-(6-Methoxynaphthalen-2-yl)-2-methylbutanoic acid (20ag). Following GP6, 2-(3-
bromobutyl)-6-methoxynaphthalene 19ag (73 mg, 0.25 mmol) afforded the title compound
20ag as white solid after W1 (On average: 53 mg, 0.21 mmol, 82%, >20:1 selectivity
determined by 1H NMR). tH NMR (500 MHz, CDCl3): § (ppm) = 7.68 (d, / = 8.3 Hz, 2H), 7.56
(s, 1H), 7.31 (dd, J = 8.4, 1.8 Hz, 1H), 7.11 - 7.14 (m, 2H), 3.91 (s, 3H), 2.81 (t,] = 7.2 Hz, 2H),
2.52-2.59 (m, 1H),2.10 - 2.17 (m, 1H), 1.79 - 1.86 (m, 1H), 1.26 (d, J = 7.0 Hz, 3H); 13C NMR
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(126 MHz, CDCls) § (ppm) = 183.0, 157.4, 136.8, 133.2, 129.2, 129.1, 127.9, 127.0, 126.5,
118.9, 105.8, 55.4, 39.0, 35.3, 33.5, 17.1; IR (neat, cm-1): 3055, 2972, 2937, 1703, 1634,
1606, 1483, 1391, 1265, 1229, 1031, 850; HRMS calcd. for (C16H1sNaO3 [M+Na]*: 281.1148.
found 281.1150; Melting Point: 113°C.

CO,H
0._0 0 Vo
NS
Me

2-methyl-5-((4-methyl-2-o0xo0-2H-chromen-7-yl)oxy)pentanoic acid (20ah). Following
GP6 but with 8 mol% 4-CzIPN, 7-((4-bromopentyl)oxy)-4-methyl-2H-chromen-2-one 19ah,
81.3 mg, 0.25 mmol) afforded the title compound 20ah as beige solid after W3 (On average:
54 mg, 74%, 20:1 selectivity). 1tH NMR (400 MHz, CDCl3): 6 (ppm) = 7.46 (d, / = 8.8 Hz, 1H),
6.83 (dd, J = 8.8, 2.5 Hz, 1H), 6.76 (d, ] = 2.5 Hz, 1H), 6.11 (q, / = 1.2 Hz, 1H), 4.04 - 3.96 (m,
2H), 2.53 (dt,J=11.3, 6.8 Hz, 1H), 2.37 (d,J = 1.2 Hz, 3H), 1.91 - 1.79 (m, 3H), 1.72 - 1.60 (m,
1H), 1.23 (d, / = 7.0 Hz, 3H); 13C NMR (126 MHz, CDCl3): 6§ (ppm) = 6 182.3, 162.1, 161.7,
155.2,152.9,125.6,113.5,112.7,111.8,101.4, 68.2,39.1, 29.9, 26.7,18.7, 17.1. IR (neat, cm-
1): 3059, 2961, 2935, 2875, 1719, 1678, 1603, 1555, 1509, 1460, 1389, 1370, 1347, 1270,
1227, 1205, 1162, 1136, 1071, 1011; HRMS calcd. For (C4gH;705) [M-H]: 289.1081 found

289.1085; Melting Point: 1032C.

Me
6-(((3S,10S5,135)-10,13-dimethyl-17-oxohexadecahydro-1H-
cyclopenta[a]- 181 -henanthrene-3-yl)oxy)-2-methyl-6-oxohexanoic acid (20ai).
Following GP6, (35,10S,135)-10,13-dimethyl-17-oxohexadecahydro-1H-
cyclopentala]- 181 -henanthrene-3-yl 5-bromohexanoate 19ai (117 mg, 0.25 mmol)
afforded the title compound 20ai as white solid after W2 (On average: 84 mg, 77%,
single isomer). 1H NMR (400 MHz, CDCl3): § (ppm) = 4.69 (tt,J = 10.8, 4.8 Hz, 1H), 2.43
(dd,J =19.4, 8.7 Hz, 1H), 2.27 (t,] = 6.9 Hz, 2H), 2.06 (dt, ] = 19.0, 8.7 Hz, 1H), 1.92 (ddd,
J=12.0,8.5,5.8 Hz, 1H), 1.85 - 1.13 (m, 24H), 1.08 - 0.93 (m, 2H), 0.85 (d, J = 3.4 Hz, 6H),
0.71 (td,J = 11.3, 4.0 Hz, 1H); 13C NMR (101 MHz, CDCl3) 6 (ppm) = 221.6, 182.3,173.0,
73.6,54.4,51.4,47.9, 44.7, 39.2, 36.8, 35.9, 35.7, 35.1, 34.5, 34.0, 32.9, 31.6, 30.9, 28.3,
27.5,22.7,21.9, 20.5, 16.9, 13.9, 12.3; IR (neat, cm-1): 2933, 2858, 1728, 1452, 1407,
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1373, 1248, 1173, 1151, 1129, 1103, 1060, 1013; HRMS calcd. For (C26H390s5) [M-H]:
431.2803 2 found 431.2799; Melting Point: 123°C.

3.7.4. Mechanistic investigation

(1) Deuterium Labeling Experiment:

Br (L11)NiBr, (10 mol%) CO,H ~99%
4CzIPN (5 mol%) <
CDs CD,
HEH (2.0 equiv), Cs,CO3 (2.0 equiv)
Me CO, (1 bar), NMP (0.08 M) Me
iue LEDs, 15 °C, 24 h
10a-dy blue LEDs, 15 °C, 20a-ds, 68%
(L11)NiBr,

The photocarboxylation of deuterated 2-bromoheptane (19a-ds; 0.25 mmol) was
performed under standard conditions. The desired product 20a-d3 (25 mg, 0.17 mmol,
68%) was obtained as colorless oil. The 2H NMR spectra revealed no scrambling of
deuterium isotope throughout the hydrocarbon chain via B-hydride
elimination/migratory insertion.
2H NMR (77 MHz, CHCl3): 6 (ppm) = 1.15 (s, 3D).
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2H NMR of 20a-d;3

7.26
115

COH _.>99%

&
Me CD3

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5
1 (ppm)

Br (L12)NiBr, (10 mol%)

4CzIPN (5 mol%) CO,H
HEH (2.0 equiv), Cs,CO3 (2.0 equiv)
Me CO, (1 bar), NMP (0.08 M) Me

10a-ds blue LEDs, 15 °C, 24 h 208'-ds, 26%

(L12)NiBr,

The photocarboxylation of deuterated 2-bromoheptane (19a-ds; 0.25 mmol) was
performed under standard conditions but using (L12)NiBr; (10%) instead as a catalyst.
A mixture of products 20a-d3 and 20a’-d3 (9.6 mg, 0.06 mmol, 26%) was obtained as
colorless oil. The 2ZH NMR spectra revealed no scrambling of deuterium for 20a-dz while
scrambling is observed for the chain-walking product 20a’-ds;. The following peak
integration is performed only on the peaks corresponding to 20a’-d;s for calculation of
deuterium scrambling. The internal deuterium counts are marked as unknown since
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their integration falls under the peak of compound 20a-ds. Therefore, the other values
are given as qualitative measurements. 2H NMR (77 MHz, CHCI3): 6 (ppm) = 2.23 (s,
1.20D), 1.55 (s, 0.69D), 0.79 (s, 1.11D).

2H NMR of 20a-dsand 20a’-ds;

34%D I I
unknown 4
| —— :
A~ _-COoH
H .
O,
40% D 58% D / *
CO,H
CD,
t 3
e
‘\2‘5 12‘.0 ‘\‘\‘5 |1‘0 165 '\0‘0 9‘5 9‘0 8‘5 8‘0 7‘5 7‘0 5‘5 6‘0 5‘5 " 5‘0’ 4‘5 4‘0 3‘5 3‘0 2‘5 2‘0 1‘5 '\‘0 0‘5 0‘0 -0‘5 -1‘0 -1‘5 -Z‘O
Br (L11)NiBr, (10 mol%) COH o0
4CzIPN (5 mol%) Ve
CD; CDs
HEH (2.0 equiv), Cs,CO3 (2.0 equiv)
Ph CO, (1 bar), NMP (0.08 M) Ph
biue LEDs, 15 °C, 24 h
19b-ds ue LEbs, 20b-ds, 53%
(L11)NiBr,

The photocarboxylation of deuterated 19b (19b-d3, 0.25 mmol) was performed under
standard conditions. The desired product 20b-d; (24 mg, 0.13 mmol, 53%, 97%
selectivity by tH NMR) was obtained as a pale yellow oil. The 2H NMR spectra revealed
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little scrambling of deuterium isotope throughout the hydrocarbon chain via B-hydride
elimination/migratory insertion, corresponding to the benzylic carboxlic acid side
product 20b’-ds. Although the selectivity is lower with 97%, the target product 20b-d3
shows no scrambling itself, the other peaks only come from the side product.

2H NMR (77 MHz, CHCl3): 6 (ppm) = 1.21 (s, 3D).

2H NMR of 20b-d3

236
—o92

CO,H
CD,
— — Ve
CO,H
Me
D3
3k

*

T
O 2 T T B B S A B IR S
Br (L12)NiBr, (10 mol%) o
CDs 4CzIPN (5 mol%) 2
Ph HEH (2.0 equiv), Cs,COg (2.0 equiv) Ph p e

CO, (1 bar), NMP (0.08 M)
19b-d, biue LEDs, 15 °C, 24 h 20b’-dg, 34%
(L12)NiBr,

The photocarboxylation of deuterated 19b (19b-d3, 0.25 mmol) was performed under
standard conditions but using (L12)NiBr; (10%) instead as a catalyst. A mixture of
products 20b-dz and 20b’-d3 (15,4 mg, 0.09 mmol, 34%) was obtained as a pale-yellow
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oil. The selectivity is 1.6 : 1 (20b-d; : 20b’-d3), determined by 'H NMR. The 2H NMR
spectra revealed no scrambling of deuterium for 20b-ds while scrambling is observed
for the chain-walking product 20b’-d;. No peak integration has been done for this
compound as the peak from 20b-d; covers one peak out of four. The results of the
integration would be too off to be meaningful. Though, the peak distribution is
qualitatively similar than for 20a’-ds;.2H NMR (77 MHz, CHCI3): 6 (ppm) = 2.32 (s), 1.66
(s), 0.88 (s).

H NMR of 20b-d; and 20b’-d;3

CO,H
CDs

CO,H
Me

T T T T T T T T T T T T T T T T T
15 14 13 12 n 10 9 8 7 6 5 4 3 2 1 [ A -2
1 (ppm)

(2) Reaction with enantiopure Alkyl bromide

The photocarboxylation of (5)-19b (53.3 mg, 0.25 mmol, 94.5% ee) furnished desired
carboxylic acid 20b (30 mg, 0.17 mmol, 67%, branched:linear ratio of >99:1), which was
reduced to the corresponding alcohol 20b-OH to determine the corresponding ee value.
The formation of racemic product 20b-OH indicated that the reaction likely proceeds
through alkyl radical intermediate.
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(L11)NiBr;, (10 mol%)
4CzIPN (5 mol%)

HEH (2.0 equiv), Cs,CO3 (2.0 equiv)
CO, (1 bar), NMP (0.08 M)
blue LEDs, 15°C, 24 h

then

LiAlH, (4.0 equiv), THF, rt, 12 h
54% (2 steps)

Br

@A%Me

(S)-19b, 94.5% ee

20b-OH, racemic

(L11)NiBr,

The enantiopure alkyl bromide (5)-19b (94.5% ee) was synthesized following the
modified literature reported by Denmark et al.3 Colorless liquid: 1H NMR (300 MHz,
CHCI3): 6 (ppm) = 7.26 - 7.31 (m, 2H), 7.15 - 7.21 (m, 3H), 3.44 - 3.52 (m, 2H), 2.55 -
2.56 (m, 2H), 1.64 - 1.83 (m, 2H), 1.41 - 1.49 (m, 2H), 0.99 (d, ] = 6.6 Hz, 3H); 13C NMR
(75 MHz, CHCI3): 6 (ppm) = 142.60, 128.34, 125.72, 68.21, 35.37, 34.97, 33.30, 16.51.
Spectroscopic data for 20b-OH match those previously reported in literature.40
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(3-bromobutyl)benzene
Racemic Sample

CTAE ID CO2-ACN 0-40 3mLmin 1500psi (1mg/ml in HEX) 21-Feb-2020
BDS-305-racemic_ID_ACN_03 Sm (Mn, 2x3) Diode Array
1.13

3 Range: 1.037
Time Height Area  Area%

113 1019516 4704831 49.58
9.5e-15 132 814240 4783911 5042

9.0e-14

8.5e-14

8.0e-14

7.5e-14 Me
7.0e-1: (+
6.5e-14
6.0e-14
5.5e-1

5.0e-14

AU

4.5e-14

4.0e-14

3.5e-14

3.0e-14

2.5e-14

2.0e-14

1.5e-14

1.0e-14

5.0e-2

0.04— Uw.4¥‘4;\‘4\4¥4‘4‘47

-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
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Enantioenriched Sample

AU

9.5e-14
9.0e-14
8.5e-14
8.0e-14
7.5e-15
7.0e-19
6.5e-13
6.0e-14
5.5e-13
5.0e-1:
4.5e-1:
4.0e-14
3.5e-15
3.0e-13
2.5e-15
2.0e-1:
1.5e-14
1.0e-14

5.0e-24

0.04

CTAE ID CO2-ACN 0-40 3mLmin 1500psi (1mg/ml in HEX) 21-Feb-2020
BDS-305-enantiopure_ID_ACN_03 Sm (Mn, 2x3) Diode Array

1.30 215
Range: 1.06

Time Height Area  Area%
1.17 52514  1881.05 2.74
1.30 1042582 66816.27 97.26

Br

Me
(S)

-0.00
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2-methyl-4-phenylbutan-1-ol
Racemic Sample

CTAE ID CO2-ACN 95:5 3mLmin 1500psi (sample 1mg/ml MeOH)
BDS-318-racemic_ID_ACN_5_03 Sm (Mn, 2x3)
257

1.8e-14

1.7e-14
1.6e-14

1.5e-14

1.4e-19

1.3e-15

1.2e-14
1.1e-14
1.0e-14

9.0e-24

AU

8.0e-24

7.0e-2

6.0e-24

5.0e-2

4.0e-24
3.0e-2

2.0e-24

1.0e-2

]

004

Time
257
3.44

Height

21-Feb-2020
Diode Array
215

Range: 1.843e-1
Area Area%,

181205 2312320  50.18
135197 22954.05  49.82

000 ' 050 100 ' 150 ' 200 ' 250 ' 300 ' 3.50
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Enantioenriched Sample

AU

5.5e-2

5.0e-2-

4.5e-24

4.0e-2

3.5e-2

3.0e-2

2.5e-24

2.0e-24

1.5e-2

1.0e-2

5.0e-3

CTAE ID CO2-ACN 95:5 3mLmin 1500psi (sample 1mg/ml MeOH)
BDS-318-enantiopure_ID_ACN_5_03 Sm (Mn, 2x3)

HO

Me

2.62

21-Feb-2020
Diode Array

Range: 5.898e-2
Time Height Area  Area%,
2.62 33135 4503.15  50.46|
3.52 26386 4420.53 49.54)

(3) Radical trapping experiment:

Br

TEMPO (2.0 equiv.)

Me/\/\)\ Me standard conditions

19a

CO,H

Me Me
20a

An oven-dried Schlenk tube containing a magnetic stir bar was charged with L11NiBr;
(15 mg, 10 mol%, 25 pumol), 4CzIPN (10 mg, 5 mol%, 12.5 umol), Hantzsch ester (HEH,
127 mg, 2.0 equiv, 0.50 mmol) and TEMPO (78 mg, 2.0 equiv., 0.50 mmol). The Schlenk
tube was then taken inside a nitrogen-filled glovebox, where Cs,CO3 (163 mg, 2.0 equiv.,
0.50 mmol) was added. The tube was then sealed, taken out of the glovebox and
connected to a vacuum line where it was evacuated and back-filled under CO; flow at
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least three times. The alkyl bromide 19a (45 mg, 40 pL, 1.0 equiv, 0.25 mmol) and NMP
(3.0 mL, 0.08 M) were added under CO; flow. Once all the components were added, the
Schlenk tube was closed at the CO; pressure of 1 bar and placed in a temperature
controlled photoreactor with cooling set at 152C (which gives an in situ reaction
temperature of ca. 209C) and stirred for 24 h in the presence of continuous irradiation
with blue light (451 nm, 1 W LED). The reaction was then quenched with dropwise
addition of a saturated aqueous NH4Cl solution and extracted twice using EtOAc. The
combined organic layers were dried over MgS0.4 and used directly for sampling with LC-
MS and GC-FID. The solvent was then removed in vacuo to perform a proton NMR of the
crude, revealing not even traces of 20a but with 57% conversion of 19a. The
corresponding 20a-TEMPO was detected by LC-MS as an acetonitrile adduct in ESI
positive mode. The fragmentations’ m/z values support the structure of the adduct.

MSD1 TIC, MS File (C:\Users\Public\Documents\ChemStation\1\Data\Julien \JL-1 2023-11-08 09-18-25\JL.-1123.D) MM-ES, Pos, Scan, Frag:

4 \

600000 [\
500000 |

400000 |

300000 | / A
/ \ /A ﬂ Jf/ \

/ VAN
200000 /\ J v “l | V\/\/
[ / |/
| / |/

] / /
100000 _ \\ J 7\7\/\ Ve

0- T T T T

*MSD1 SPC, time=2.033:2.742 of C:\Users\Public\Documents\Chel

100 Max: 27563

158.1

80 |

60 —|

100.1
1561

40—

20

197.1
2951

o4 sl uﬂm\,ﬂ“..w

oS-
E

r T T T T T T
0 400 m/

N

Scheme 1: TEMPO trapping experiment.

(4) Stoichiometric Studies:
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(L11),Ni (1.0 equiv) COzH
CO, (1 bar), NMP, 15 °C, 24 h Me
’ Mn (x equiv) Me
x=0or2; Yield (2) = 0% 20a
Br +
(e SN
Me
1 (L11),Ni (1.0 equiv) 0u Me
| €O, (1 bar), NMP, 15 °C, 24 h R
- - HO,C
HEH (x equiv), Cs,CO3 (y equiv) \C’\ﬁe
4CzIPN (z equiv), blue LEDs Me
x=2y=2z=1; Yield (2) = 28% (2a:2a’:2a” = 80:17:3) 20a” ! (L11)Ni® (X-ray)

Scheme 2: Stoichiometric studies.

Several stoichiometric experiments were carried out with preformed 1.0 equiv of
(L11)Ni(0) complex. While 2-bromoheptane (19a) was treated with (L11)Ni(0)
complex (1.0 equiv) in CO2 atmosphere in the absence of sacrificial reductant, no desired
carboxylic acids were obtained, rather 2-heptene (70%) and n-heptane (7%) obtained
as byproducts. Performing the same reaction in the presence of Mn (2.0 equiv) furnished
no acids as well, with significant amounts of n-heptane (95%) and traces of 2-heptene
(<5%). However, the catalytic activity for carboxylation can be recovered in the presence
of 4CzIPN (1.0 equiv), HEH (2.0 equiv) and Cs2CO03 (2.0 equiv), delivering desired acids
20a (28%, 2a:2a’:2a” = 80:17:3).

Synthesis of (L11)2Ni
Bu._ - Bu
; |
S N—ni7
o NT N~
Bu Bu |
NN
Bu '‘Bu

In the glovebox, (L11)NiBr; (201 mg, 0.34 mmol) was added to a 10 mL vial with L11
(140 mg, 0.37mmol) and Mg powder (204 mg, 8.39 mmol). A stir bar was added, then
the vial was charged with 6 mL of THF turning the pink powder to a pink suspension.
After 5 hours the solvent was removed and dissolved in minimal amount of toluene to
give a blue solution. This solution was filtered through a pipette plug of celite and a blue
solution collected. The solvent was again removed to give an (L11).Ni (286 mg, 98 %
yield) as a blue powder.
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1H NMR (400 MHz, Toluene-ds) § 7.75 (s, 1H), 7.65 (s, 1H), 3.23 (d,] = 7.0 Hz, 2H), 2.74
- 2.42 (m, 1H), 1.28 (s, 9H), 0.64 (d, ] = 6.6 Hz, 6H). 13C NMR (126 MHz, Toluene-ds) &
162.1,140.56,137.8, 119.4, 118.5, 52.0, 37.0, 30.7, 28.5, 27.5, 22.7, 22.3.

Synthesis of (L11)NiBr

In the glovebox, (L11)NiBr; (40.1 mg, 0.07 mmol) was added to a 10 mL vial with L11
(25.6 mg, 0.07 mmol) and Ni(COD); (18.8 mg, 0.07 mmol). A stir bar was added, then the
vial was charged with 3 mL of THF turning the pink powder to a pink suspension. After
18 hours the solvent was removed to afford a deep green solid. The solid was washed
with cold (-36 °C) pentane (1 mL x 3) to give (L11)NiBr (47.1 mg, 68 % yield) as a green
powder.
1H NMR (400 MHz, Toluene-dg): 6 35.00 (s, 1H), 20.83 (s, 1H). 13C omitted due to line
broadening of paramagnetic (L11)NiBr,.

Stoichiometric experiment of (L11)NiBr and 2-bromoheptane

In the glovebox, 2-bromoheptane 19a (7.3 mg, 0.04 mmol) and 1,3,5-
trimethoxybenzene (TMB) (2.0 mg, 0.01 mmol) were added to a 4 mL vial and dissolved
in 1 mL Ce¢Ds. This solution was then transferred to a J. Young NMR tube, and the initial
integration ratio of 2-bromoheptane and TMB was measured. This solution was then
brought back into the glovebox and added to a stirred solution of (L11)NiBr (11.0 mg,
0.02 mmol) in 1 mL CeDs. After 10 min of stirring, this solution was then transferred back
into the J. Young NMR tube and measured by 'H and paramagnetic 1H NMR showing full
conversion to (L11)NiBr; and 76% yield of 2-hexene to (L11)NiBr. This solution was
then brought back into the glovebox and transferred to a 10 mL vial. Pentane (4 mL) was
then added to precipitate a pink solid, where the light pink filtrate was decanted. The
remaining solid was dried to afford (L11)NiBr; (8.3 mg, 68 % yield) as a pink powder.
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Br
t i M i Br
Bu s Bu Me Me Bu~ . Bu )éKV/A\V/”\
N (2 equiv.) L_N_ _Br Me Me
_Ni-Br NI (53% conversion)
~N TMB, CgD ~N Br
. L (] [
Bu 'Bu ‘Bu iBl.l RN
Me a Me
68% 76%
"H NMR 400 MHz
(CeDg): ° 2-heptene
~
Reference: 2-heptene 9 NJ

tinai = + Ni(l)

22—
2-BrHeptane I
L

i
=]
=]

+ 2-BrHeptane

T T T T T T T T

T T T T T T T T T
45 40 35 30 25 20 15

0 95 9.0 85 80 75 7.0 65 6.0 55 50
11 (ppm)

T T d
10 05 0.

Figure 0.1: 1H spectra (C6D6, 400 MHz) of the reaction between (L11)NiBr and 2-bromoheptane (blue)

forming 2-heptene (red) (internal standard = TMB (1,3,5-trimethoxybenzene, green)).
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(5) Effect of Photocatalyst-to-Ni Catalyst ratio on Selectivity:

Br CO,H
(L11)NiBr, (10 mol%) 2
Me 4CzIPN (x mol%) Me
Me"' Mell-
Me” CN HEH (2.0 equiv), Cs,CO5 (2.0 equiv) Me” CN
CO, (1 bar), NMP (0.08 M)
blue LEDs, 15°C, 24 h
x =2, Yield =87%, rm = 92:8
X =4, Yield = 89%, rm = 95:5
X =6, Yield =87%, rm =97:3
x =8, Yield = 89%, r-m = over 99:1
100 T T T T T T T T T T T T T
99 o .
98 - -
1 R?=0,98 L .
— 974 o g
2 96 .
= 1 1
B 95 - ° .
S 1 . ]
D 94 - -
93 - i
924 o -
91 T + T + T + T + T + T + T
2 3 4 5 6 7 8

PC loading (mol%)

Figure 0.2: Influence of photocatalyst loading on the selectivity outcome.

As shown in the above scheme and graph, an improved branched to linear selectivity
can be observed with the increasing loading of photocatalyst. This indicates that the rate
of SET reduction of Ni(II) to Ni(I) by the Photocatalytic cycle is crucial to ensure a good
retained selective carboxylation.
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3.7.5. NMR spectra
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CHAPTER 4. Redox Neutral Ni-Catalyzed
Direct Carboxylation of Unactivated
Secondary Alkyl Bromides
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4.1. Introduction

The birth of photoredox catalysis has opened new avenues for methodology
development. Particularly, as has been discussed in the previous chapters of the present
thesis, photoredox catalysis has unearthed previously unattainable one-electron
reactivity, generating open-shell intermediates under mild reaction conditions, enabling
a plethora of diverse transformations.l2 Among other fields, photoredox catalysis has
been employed within the context of carboxylation chemistry for the generation of
carboxylic acids. A notable example in such context is the photochemical
hydrocarboxylation of unactivated alkenes with CO2 through the corresponding CO;
radical anion (CRA) (Scheme 4.1).3 In this scenario, the excited photocatalyst undergoes
oxidative quenching with DIPEA, generating a reduced PC-1 intermediates which can be
photoexcited under the light irradiation employed. Such highly reducing *PC-1 species is
able to reduce CO; to the CRA, which inserts into an unactivated olefin. The newly formed
alkyl radical 3 engages in a HAT process with DIPEA to yield the desired carboxylate
product.
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Scheme 4.1: Yu's hydrocarboxylation of unactivated olefins.

This approach allowed for an efficient carboxylation of alkenes using CO2 as C1 source,
bypassing the need for transition metal catalysts. Although representing an elegant
solution to a previously unmet challenge, the use of sacrificial reductants and a gas
system - typically in the carboxylation arena* - limits the uptake at an industrial level
when compared to a potential redox-neutral process that would make use of a safer and
more user-friendly solid C1 synthon.5 A cheap chemical, which can also be made in bulk
from CO, is formic acid. The exploitation of its salts as potential CRA precursors makes
it a chemical of high interest in this endeavor.

4.1.1. CO; radical anion

The one electron reduction of CO; gives rise to the CRA, a highly reducing species with
a redox potential of -2.2 V vs SCE, as shown in 1984 by Vianello et al. in their seminal
study on the electroreduction of styrene and benzonitrile with C02.6 In their work, the
authors report the first carboxylation of an activated olefin, styrene, using CO; in a
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reducing environment by generation of the CRA (Scheme 4.2). Despite the apparent
serendipity of the discovery, it was observed that benzonitrile (BN) was a good catalyst
to generate the CRA in solution, yielding oxalate as sole product by CO2 dimerization.
While attempting to translate this chemistry to styrene 4, a harder to reduce substrate,
the authors observed formation of 3-phenylpropiolic acid 6 along with doubly
carboxylated phenylsuccinic acid 7. This shows the direct addition of CO; into the double
bond. After investigating the process with electrochemical methods, they suggested the
formation of the CRA from CO2, which could then add directly into the double bond of
styrene, constituting the very first example of carboxylation with the CRA. Although the
carboxylation of styrene with CO; happened at a very low potential (ca. -2.5 V vs SCE),
mixing benzonitrile and styrene together in the presence of CO; decreased the potential
needed for the carboxylation to -2.2 V vs SCE instead. This result ruled out the possibility
of preliminary styrene reduction followed by addition to CO2, suggesting that
benzonitrile acts as catalyst to generate the CRA, instead. The CRA is proposed to react
with neutral styrene 4 by a radical addition mechanism. The authors suggested that the
radical intermediate 5 can either be reduced further and then getting protonated by
residual water (5 to 6) or react with another CRA to yield doubly carboxylated
compound 7. Nowadays, a more accepted mechanism for the formation of 7 would be
radical-polar crossover of 5 to its corresponding benzylic anion followed by a
nucleophilic carboxylation with CO2.
Ph/\ 0

PhMO_

5
o )/e'/H’f

- e7/CO,
CO, O

\o Ph O_ -
7
Scheme 4.2: Investigation of the CRA-mediated carboxylation of styrene by Vianello et al.

In 1993, Kubiak showed that the CRA could be photochemically generated by the
photoexcitation of a tri-nickel cluster.” The CRA was trapped using cyclohexene, leading
to the 1,2- dicarboxylated products as a cis/trans mixture. The Ni cluster used in this
study required a very short wavelength (~300 nm) for productive photoinduced
electron transfer (PET) with COz in a non-catalytic manner. After these two reports, the
field became somewhat dormant until Jamison’s report in 2017 on the synthesis of
amino acids from amines in flow chemistry (Scheme 4.3).8 The use of highly reducing p-
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terphenyl as PC in a flow-chemistry setting allowed the direct single electron reduction
of CO2 and radical-radical coupling between the CRA and the in situ generated alpha
amino radical. Although the scope was limited to alpha aryl amine, this protocol
represented the first example of CRA generation through a photocatalytic manifold and
paved the way to further developments.

Jamison, 2017

p-terphenyl (20 mol%) CO,H
©/\,\© co, KOCOCF; (3 equiv.) _ N
DMF, 35°C

hv> 280 nm, tg = 10 min

8 9, 92%

Scheme 4.3: Jamison's photocatalytic amino acid synthesis.

4.1.2. Hydrogen-Atom Transfer

Hydrogen-atom transfer (HAT) processes have been known for a long time and
consist of the single-step transfer of a hydrogen atom from a neutral molecule to a
radical species (Figure 4.1). When the HAT event takes place from a C-H bond, a C-
centered radical is generated. While HAT processes have been known to happen through
thermal processes with metals,° or, more commonly, using azobisisobutyronitrile
(AIBN), the emergence of photochemistry led to a renaissance in HAT-based synthetic
methods.10.11

Me Me
M X* —_— : HX
e Me
Figure 4.1: Hydrogen atom transfer process.
HAT can be utilized as a tool to generate CRA without using highly reducing
conditions. Specifically, the relatively low bond dissociation energy (BDE) of the C-H

bond in formate salts make them viable substrates for HAT events, liberating the sought-
after CRA.12
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4.1.3. Formate salts as reducing agents

CO, (1 atm) Ph
[Ir] (2 mol%) CO,Me
l = | X o0 DABCO (50 mol%)  Ph
Ph X H™ "OK  K,CO; (2.5 equiv.) 2
y ;,  DMSO(0.1M) 1, 24n 37O
10 blue LEDs (440 nm) 13
O _ X
H=L o< ]
12 O X 14
+e
N 0]

N N O || +co,
NI W >
DABCO DABCO*-H 14

Scheme 4.4: Li's arycarboxylation of alkenes.

The first example of the use of formate salts in a carboxylation context was reported
in 2020 by the group of Li (Scheme 4.4).13 In this reaction, the CRA was not involved in
the carboxylation step but rather enabled the reduction of aryl chlorides to their
corresponding radicals. The odd-electron intermediates react with alkenes and in fine,
give carboxylic acids from CO>. As previously mentioned, the authors introduced a new
way of generating the CRA using HAT. In this case, DABCO was used as a catalytic
mediator between the PC and formate. The oxidation of DABCO to its radical cation by
*PC leads to the generation of a good HAT reagent, able to abstract the hydrogen atom
of formate. The newly formed CRA could reduce the aryl halides 11 to the corresponding
radical 14, which engages in further steps. The protonated DABCO, obtained after the
HAT step, regenerates the free base by simple introduction of a stoichiometric inorganic
base.
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Jui, 2021
4-CzIPN (1 mol%)

mesna (20 mol%)
Cl HCOONa (5 equiv.)
)y ~o
MeCN/DMSO
blue LEDs, 16h

15 16 17
Naoss\/\SH mesna

Y

Wickens, 2021
4-DPAIPN (10 mol%)

CySH (5 mol%)
©/0| HCOONa (3 equiv.) ©/©
o DMSO

405 nm LEDs

18 19 20
(O = P(OEt)3, Bopin,, N-vinyl carbamate

Scheme 4.5: Jui's and Wickens” methodologies based on the reduction of aryl chlorides with formate.

The following year, the Jui group reported a similar reaction employing more
challenging aryl chlorides as aryl radical precursors to react with unactivated alkenes in
a hydroarylation protocol (Scheme 4.5, top).14 Thiols were used as HAT catalysts instead
of DABCO. Shortly after, Wickens & coworkers independently reported a similar
protocol consisting of a dechlorofunctionalization of aryl chlorides (Scheme 4.5,
bottom).15 This photocatalytic methodology was also based on the generation of the CRA
by HAT, using a thiol as HAT catalyst.

4.1.4. Formate salts as carboxylation reagents

In 2021, the Wickens group disclosed the first example of hydrocarboxylation of
activated alkenes by HAT-generated CRA as the carboxylation reagent using a thiol as
HAT-catalyst.1¢ Here, the protocol followed an earlier observation by Jui on the ability of
CRA to reduce alkenes with more positive redox potential but adding to those with more
negative potentials. In fact, Wickens demonstrated the systematic addition of formate
salts derived CRA into activated alkenes, giving rise to homobenzylic carboxylic acids
(Scheme 4.6). By deuterium-labeling experiment, the authors convincingly proved that
the hydrogen atom added on the benzylic position does come mostly from formate,
giving credit to the role of the thiol as hydrogen shuttle. The PC of choice, 4-DPAIPN was
added in 0.1 mol%, effectively acting as a radical initiator for the thiol catalyst to
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function. Adventitious water present in the solvent could also, after proton exchange
with the thiol catalyst, act as a hydrogen source for the benzylic position when present.
The group showcased a wide substrate scope, though, no reaction with unactivated
olefins was observed. The following year, Yu & coworkers disclosed a
hydrocarboxylation protocol based on conPET generated CRA, which targeted
unactivated olefins. While it comes as a surprise that such strikingly different results
were achieved by the two groups utilizing very similar conditions. As mentioned by the
authors, a possible explanation might come from the fact that the CRA was generated
less efficiently under Yu’s conditions, reducing the concentration of such reactive species
in solution, thus preventing their parasitic dimerization. Indeed, given that both the CRA
and unactivated alkenes are considered electron-rich, their coupling is electronically
mismatched, raising the activation barrier, thus leading to slow addition step.

| o 4-DPAIPN (0.1 mol%) H
J\ T1 (2 mol%) CO,H
H™ "OK 467 nm LEDs
DMSO, 2h
21 12 22, 80%
SH JOL N H o
H o Ar” A
Ph 0
CO2Me 12 T1° 29
T
DPA
NC CN
0 S o
DPA ppA [ Ar”H PhMo_
DPA o T 23
4-DPAIPN CRA

Scheme 4.6: Wickens' hydrocarboxylation of activated alkenes.

In 2023, the Wickens’ group extended their hydrocarboxylation protocol to
unactivated olefins, a HAT-mediated formation of CRA.17 This methodology proves more
attractive to industrial application, due to the use of solids reagents and milder reducing
conditions. Mechanistic investigation showed that 4-DPAIPN was not required, as the
thiol could be activated by sole irradiation of the reaction mixture system, providing
even simpler reaction conditions.
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4.1.5. Radiolabeling

As was discussed in the second chapter of this thesis, labeling of organic molecules is
of utmost importance when it comes to studying the pharmacokinetic properties of a
drug candidate. Specifically, pharmaceutical companies are able to perform ADME
studies thanks to heavier isotope incorporation, which differentiates the masses of the
starting compound and its metabolites within a complex mixture of non-labeled
compounds. In turn, this allows for the quantitative measurement of metabolite
formation and rates of excretion of the drug. Alternatively, radioactive isotopes rather
than heavier but stable isotopes can be incorporate into a drug candidate. Among other
radioactive isotopes, 14C instead of 13C, because it is particularly well-suited to ADME
studies because of its (-decay mode and a half-life of 5700 years. The use of
radioisotopes makes compounds more easily detected and quantified, thus representing
an unvaluable tool for tracing the fate of a drug candidate within the body. As for 13C
incorporation, many methods have been developed, although special attention is placed
to safety concerns, given the health hazards associated with radioactivity. Hence,
radiochemists tend to favor more classical carboxylation methods, such as the
carboxylation of Grignard reagents or cross-couplings of aryl halides, to the installation
of labeled cyanide anions, followed by nitrile hydrolysis (Scheme 4.7).

.0
140~ 14
H* / H,0
Br Pd cat. / Zn(**CN), '4CN

Scheme 4.7: Typical procedures used to access 14C-labeled compounds.

Besides reaction yield and selectivity, additional metrics need to be considered, when
performing a radiolabeling reaction: the radiochemical yield (RCY) and specific activity
(SA). The RCY corresponds to the amount of radioactivity present in the product
compared to the amount introduced with starting materials. This can be compared to a
normal yield, being the amount of moles of product collected compared to the amount
of moles of the limiting starting reagent used. The RCY is given in percent, with the
related radioactivities measured in Becquerel (Bq) or Curie (Ci) (1 MBq = 27.03 pCi). It
is important to note that the RCY is an independent value to the yield in moles. A reaction
could have a low yield but high RCY, the opposite or any other combination. The RCY,

-271-



UNIVERSITAT ROVIRA I VIRGILI
CARBOXYLATIVE METHODOLOGIES VIA PHOTOREDOX CATALYSIS
Julien Lyonnet

therefore, generally is a measure of how efficiently the radioisotope has successfully
been incorporated in the product and not a report of how well the reaction itself worked,
although in some cases, the RCY can be equal to the yield if the mechanism allows for the
incorporation of precisely one equivalent of radioactive isotope and none of the so-
called cold isotopes. The SA is the amount of radioactivity of a compound given per unit
of moles, typically given in TBq/mol, KBq/nmol or Ci/mmol. It is measured by
quantitatively comparing the mass spectra of a labelled compound to the spectra of its
non-labeled counterpart, typically using the total ion count values. It is also possible to
give the gravimetric specific activity (GSA), given in MBq/mg. The GSA is more easily
measured, using the total activity of a sample and dividing it by its mass, and is therefore
a measure of the activity per unit of mass rather than of unit per mole.
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4.2. General aim of the project

In 2024, Martin and co-workers disclosed the first protocol for the carboxylation of
unactivated secondary alkyl bromides.!8 While this methodology represents the first
reportin this context, some aspects could be improved - as previously described for with
the work of Yu and Wickens. The reaction proceeds under reducing conditions and using
gaseous CO; as a C1 source. Despite the very good results described in Martin’s work, we
wondered whether it would be feasible to further improve the system, combining our
knowledge in Ni-based carboxylation chemistry with the recently described use of
formate salts as carboxylation agents in a redox neutral process.

L i O qj:b

W HLOM y g

H H H H
Figure 4.2: Redox-neutral Ni-photocatalyzed carboxylation.
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4.3. Optimization

Our investigation started with combining the conditions previously reported by
Martin for alkyl halide retained carboxylation and known procedures using formate salts
as carboxylating reagents (Table 4.1).1318 A few PC were tried in both NMP and DMSO,
using DABCO with inorganic bases at 40°C, targeting a HAT-based strategy. To our
delight, product was found in 27% yield with 96% selectivity when the ligand (15 mol%)

and metal source (10 mol%) were mixed in situ

at 20°C.

Table 4.1: Initial screens.

Me
(L1)NiBr, (10 mol%), PC (5 mol%)CVcozn

Br DABCO (50 mol%) 25,
M M
© ® HCO,K (2.0 eq.), K,CO3 (2.0 eq.) Me CO,H
24 solvent (0.05M), 40°C, Me
24h, blue LEDs Me 25,
Me
25:  Co,H
entry PC Solvent Conv./% 20/% (20,) 26+27
1 4CzIPN NMP 91 0 64+19
2b 4CzIPN NMP 85 0 43+25
3 4CzIPN DMSO 99 0 11412
4 4CzIPN NMP:DMSO 94 0 8+17
5 4ADPAIPN NMP 69 0 35+26
6 4DPAIPN DMSO 99 0 28+16
7 [Ir(ppy),dtbpy]PFg NMP 100 0 50+32
8 [Ir(ppy)odtbpy]PFg DMSO 100 0 n.d.
¢ 4DPAIPN DMSO 100 27 (96) 28+16

adetermined by GC-FID after workup ®no DABCO was used creaction performed with NiBrz.glyme (10 mol%) and

L1 (15 mol%) at 20 °C
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Next, we screened different HAT catalysts, including S-or N-based compounds. The
stoichiometry of DABCO was tested as well and control experiments were performed.
DABCO proved to be the best catalyst when used in 50 mol%, resulting in 31% yield of
the desired retained carboxylation product in 97% selectivity. The control experiments
showed that both the HAT catalyst (Table 4.2, entry 3) and the formate salt (entry 8) are
necessary for the reaction to occur. Removal of the inorganic base (entry 9) led to a
decrease in yield and selectivity, showing the importance of its presence in the reaction
mixture. Looking through this series of results, it is quite striking that only DABCO gave
promising results, whilst no other catalyst was able to yield any product. Nonetheless, it
is important to keep in mind that the HAT catalyst and the PC work as a binary system
since their respective redox potentials need to match for productive SET. This
fundamental aspects hints to the fact that only a dearth of HAT-catalysts is optimal for a
given PC, and vice versa. In retrospect, this suggests that high throughput experiment
(HTE) techniques would have been the perfect platform to find the best PC/HAT-catalyst
combination.

Table 4.2: HAT catalyst screen.

Me
NiBrjy.glyme (10 mol%) (\/\/C02H
Br L1 (15 mol%), 4DPAIPN (5 mol%)

25
Me/\/\)\

Me HCOo,K (2.0 eq.), KoCO5 (2.0 eq.) Me CO,H
24 DMSO (0.05 M).30°C, 24h W\Me
Kessil lamps (50 W, 456 nm) Me 25,
Me
25:  Co,H

entry HAT reagent (eq.) Conv. / % 20/ % (20,) 26+27
1 DABCO (0.5) 100 31 (97) 14410
2 DABCO (0.25) 100 13 9+10
3 - 99 0 15+9
4 BusN (0.25) 100 8 16+4
5 PhSH (0.25) 100 0 4412
6 Methyl thioglycolate (0.25) 100 0 4+10
7 Quinuclidine (0.5) 94 0 6+10

8b DABCO (0.5) 53 0 7+4
9° DABCO (0.5) 100 22 (88) 28+16
109 DABCO (0.5) 100 0 3+32

adetermined by GC-FID after workup Pno HCOzK ¢no K2CO34no Ni/L. A Kessil lamp system was used here instead of
a blue LED photoreactor.
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We continued our investigation with the screening of photocatalysts. While the use of
3DPAFIPN proved promising (Table 4.3, entry 2), the results were unfortunately not
reproducible. Given that no other result was satisfactory in terms of selectivity over
yield, 4DPAIPN was selected as the optimal photocatalyst for further studies.

Table 4.3: Photocatalyst screen.

Me
NiBr,.glyme (10 mol%), L1 (15 mol%) Cvcoz"'
Br

PC (5 mol%), DABCO (50 mol%) 25,
Me Me HCOLK (2.0 eq.), K,CO5 (2.0 eq.)  Me CO,H
24 DMSO (0.05 M), 20°C, Me
24h, blue LEDs Me 25,
Me
25:  Co,H
entry PC Conv. / % 20/ % (20,) 26+27
1 5CzBN 75 0 5+3
2 3DPAFIPN 100 48 (100)°4 12+7
3 3DPA2FIPN 92 18 (96) 8+2
4 3DPACIIPN 91 17 (85) 6+2
5 3CICzIPN 79 6 (n.d.) 5+3
6 4CzIPNe 23 0 2+3
7 3DPAFIPN® 98 49 (82) 7+6
8 3DPA2FIPN® 99 42 (59) 12+10
9b TBADT 55 0 4+0
10° (p-F-CgH4)oCO 55 0 3+2

adetermined by GC-FID after workup P no DABCO was added ©46% isolated but unable to reproduce this result. 4
only 2a was detected. ¢ performed in DMF.
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The effect of the nature of the cation on the reaction performance was targeted next
(Table 4.4). We reasoned that different cations might have an impact on the solubility of
the salts or other species in solution - therefore on reaction kinetics indirectly - but also
act as potential Lewis acids. The results indicated that the cations of choice had little
effect on the selectivity but more pronounced effect on the yield. The best combinations
were found with potassium formate while the carbonate could bear potassium, cesium
or be changed to potassium phosphate without negatively impacting the outcome of the
reaction. The addition of a crown-ether (entry 7) had a slight detrimental effect and was
therefore deemed unnecessary.

Table 4.4: Salts screen.

Me
NiBr,.glyme (10 mol%), L1 (15 mol%) C\/COZH

Br  4DPAIPN (5 mol%), DABCO (50 mol%) 25,

Me M HCO,X (2.0 eq.), Y,CO5 (2.0 eq) Me COH
24 DMSO (0.05 M), 20°C, Me
24h, blue LEDs Me 25,
Me
25:  Co,H
entry X=Y= Conv. / % 20/ % (20,) 26+27
1 K, K 100 32 (99) 1247
2 Na, K 94 12 (100)® 8+13
3 Cs, K 99 7 (100)° 11+10
4 NH,, K 73 4 (100)° 4421
5 K, Cs 100 31 (98) 1545
6 K, K3PO, 100 31 (98) 1449
7° K, K 100 29 (97) 6+1

adetermined by GC-FID after workup P only 2a was detected. ¢ 18-crown-6_(2 eq.) was added.
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A few solvents gave higher yields than DMSO, but the selectivity was consistently
lower (Table 4.5). Nonetheless, we chose DMF to conduct further studies, due to a better
balance between yields and selectivity (entry 3).

Table 4.5: Solvent screen.

Me
NiBr,.glyme (10 mol%), L1 (15 mol%) CVCOzH

Br 4DPAIPN (5 mol%), DABCO (50 mol%) 25,
Me Me

HCO.K (2.0 eq.), K,CO5 (2.0 eq.) Me CO,H
24 solvent (0.05 M), 20°C, Me
24h, blue LEDs Me 25,
Me
25:  Co,H
entry Solvent Conv. / % 20/ % (20,) 26+27
1 MeCN 76 6 (94) 16+10
2 THF 13 0 2+4
3 DMF 100 50 (83) 9+9
4 DMA 90 37 (76) 8+11
5 NMP 90 35 (67) 10+8
6 Acetone 98 0 15+30
7 DCM 100 11 (82) 5+21
8 DMSO 100 32 (99) 1247
9 DMSO (0.08 M) 100 38 (98) 11+2
10 DMSO (0.1 M) 100 29 (98) 10+3

adetermined by GC-FID after workup
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Using DMF as solvent, we embarked in a second round of screening of salts, bases, and
temperature (Table 4.6). We found that superior results were obtained conducting the
reactions at 10°C rather than at 20°C. Moreover, using cesium cation for both formate
and carbonate salts or a combination of potassium formate with cesium pivalate at 10°C,
afforded 25a in 55% or 45% yield, respectively, and in almost perfect selectivity in both
cases (entries 7 and 9). We therefore continued our investigation based on these results.

Table 4.6: Salt, base and temperature screen.

Me
NiBr,.glyme (10 mol%), L1 (15 mol%) C\/C()zH

Br 4DPAIPN (5 mol%), DABCO (50 mol%) 25,

Me Me  HCO,X (2.0 eq.), Y,CO5 (2.0 eq) Me CO,H
24 DMF (0.08 M), T°C, Me
24h, blue LEDs Me 25,
Me
25:  Co,H

entry X=Y= T/°C Conv. / % 20/ % (20,) 26+27
1 K, K 20 100 50 (83) 9+9
2 K, K 10 91 61 (88) 6+8
3 Cs, K 10 100 59 (97) 5+8
4 Cs, K 20 100 34 (96) 7+10
5 K, Cs 10 99 54 (93) 7+6
6 K, Cs 20 99 50 (92) 8+7
7 Cs, Cs 10 100 55 (98) 5+8
8 K, CsOAc 10 100 49 (95) 7+10
9 K, CsOPiv 10 100 45 (98) 8+10
10 K, CsF 10 48 5 (n.d.) 3+14
11 K, CSHCO, 10 99 60 (95) 8+8
12 K, Rb 10 100 48 (89) 9+9
13 K, K 10 100 50 (82) 10+3
14 K, K 10 97 45 (90) 10+9

adetermined by GC-FID after workup ® 18-crown-6 (2 eq.) was added. ¢4 eq. of HCO:K was added.
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4.4. “Clabeling

Based on a collaboration with AstraZeneca, we decided to use this methodology for
the incorporation of radioactive 1#C into organic molecules using labeled formate salt as
carboxylating agent. The state-of-the-art strategy of making carbon-labeled carboxylic
acids relies either on gaseous systems (CO2 or CO), on solids CO; precursors (Ba2CO3),
or through a two-step synthesis protocol using labeled cyanide salts first, then
hydrolyzing the corresponding nitrile group.19-22 However, unactivated secondary alkyl
carboxylic acids, with only one report, can only be accessed with Martin & coworker’s
protocol,’8 employing gaseous CO» with an overpressure of 1 bar, constituting a
hazardous method in the context of radiolabeling chemistry. Therefore, the use of
formate, a non-volatile compound would prove useful. At the time of the collaboration,
the conditions of the reaction were not fully optimized and corresponded to what is
shown in Table 4.6. For commercial availability reasons, we could not get labeled cesium
formate, thus preventing the application of the conditions shown in entry 7. Instead, we
decided to pursue the conditions using cesium pivalate as a base along with potassium
formate as carboxylating agent (entry 9). After a few attempts to reproduce our results
with naturally abundant 12C potassium formate in the AstraZeneca laboratories in
Goteborg in Sweden, we managed to obtain the desired product in 39% isolated yield
with excellent selectivity (Scheme 4.8).

NiBr,.glyme (10 mol%), L1 (15 mol%) CO.H
Br 4DPAIPN (5 mol%), DABCO (50 mol%) 2
Me/”\\//\\//L\Me ) [j\\v/i\Me
HCO,K (2.0 eq.), CsOPiv (2.0 eq.)
24 DMF (0.08 M), 10°C, Me 25,
24h, blue LEDs 39%, (99%)

Scheme 4.8: Reproducing our initial results at AstraZeneca, Géteborg. Isolated yield.

Before being able to try the same reaction using 14C-labeled formate salt, the
experimental protocol had to be modified for incorporation of the radioactive
compound. Indeed, while the cold reaction is performed in a classical fashion, adding all
solids in the flask followed by all liquids, the radioactive 14C potassium formate was
purchased as a 2 M aqueous solution, which would not be compatible with our reaction
conditions. Therefore, different procedures were tried before continuing with our
studies. At this stage, it was considered not necessary to achieve full isotope labelling in
the carboxylation reaction, therefore, and to limit the doses of radioactivity to handle,
both hot and cold formate salts were used in the reactions, thus “diluting” the 14C content
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The final experimental protocol (Figure 4.3) consisted in pre-mixing the nickel
precursor, the ligand, the PC, and DABCO in a Schlenk tube, followed by exchange of
atmosphere to nitrogen and addition of dry DMF. In a second Schlenk flask, the desired
amount of hot aqueous formate solution was dried - by heating under a nitrogen flow,
first, and vacuum, then - the cold formate and the appropriate base were then added. At
this stage, the Ni-containing stock solution was added into the second Schlenk flask
under nitrogen atmosphere, followed by the starting material, 2-bromoheptane 19. The
sealed tube was then placed in a water-cooled photoreactor and irradiated for 24h
before work up and purification.

14C-formate Base,

aq. solution \ 12C-formate \

1) N, stream + heat

=
Y

2) Vacuum + heat

1) Vac/N, cycles

2) Stock solution -
Ni, L1, DABCO, PC;
2-Br-Hept 19

Figure 4.3: Visual representation of the protocol used for radiolabeling.

The procedure was standardized employing cold formate only, in order to minimize
radioactive handling. With a good procedure in hand, we tested the reaction with hot
formate, and we were delighted to find that very similar yields and selectivity were
obtained with respect to the cold version (Scheme 4.9). The obtained RCY was 34%,
along with a selectivity of 94%, determined by radio-HPLC. The measured SA was of 0.31
TBq/mol.

NiBryglyme (10 mol%), L1 (15 mol%) 1
Br  4DPAIPN (5 mol%), DABCO (50 mol%) COH
Me/\/\)\Me (\)\Me
H14CO,K (0.2 eq.), H'2CO,K (1.8 eq.)

24 CsOPiv (2.0 eq.), DMF (0.08 M), 10°C, RMCGY ) 225’ 4o
24 h, blue LEDs = 34%, (94%)

SA =0.31 TBg/mol
Scheme 4.9: Radiocarboxylation of a secondary alkyl bromide.

In order to demonstrate the generality of this radiolabeling method, two more alkyl
bromides were tried, using 100 MBq of hot formate (Figure 4.4). Nabumetone-derived
compound 21 was obtained in a RCY of 35% with a SA of 0.24 TBq/mol and >99%
regioselectivity. Unfortunately, we were not able to obtain the Troglitazone-derived
compound 22 in an analytically sufficient quantity to carry out all the required
measurements. Considering the relative structural complexity of this molecule, the
presence of an acidic proton, and of a S-containing moiety, it is conceivable that the

-281-



UNIVERSITAT ROVIRA I VIRGILI
CARBOXYLATIVE METHODOLOGIES VIA PHOTOREDOX CATALYSIS
Julien Lyonnet

reaction did not work at all. The endocyclic sulfur atom could also be susceptible to SET
processes with the photocatalyst, potentially leading to a decomposition of the starting
material along with premature ending of the reaction. Additionally, three benzylic
methyl groups are present, which are notoriously reactive under HAT conditions.

10% '“C-formate @ 100 MBq
""""""""""""""""""""""""" iiéaz',.','
14CO,H
e T
Me Me
MeO
25, 28
RCY = 34% RCY = 35%
SA = 0.31 TBg/Mol SA = 0.24 TBg/Mol
Me 14C02H
o © Me
>¥S © M (0] Me
HN € Me
© 29
traces

Figure 4.4: Summary of the radiolabeling scope.

4.5. Reproducibility issues

During the development of a protocol for the radiolabeling of secondary alkyl
bromides with formate, the cold reaction was still being optimized in parallel (vide infra).
Although the optimization campaign highlighted some excellent results, these could not
be reproduced.

Salt combinations were investigated again, including a broader temperature range
going down to 0°C (Table 4.7). The results showed that cesium formate seems to be
giving better selectivity along with slightly higher yields, with low temperatures also
being beneficial (entries 8-11). Although the reactions were set up in the glovebox, we
reasoned that the solvent and salts employed are known to be particularly hygroscopic,
so we investigated to understand if traces of water could have a detrimental effect on
the reaction (entries 5-7). The experimental finding clearly pointed towards the negative
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effect of water on the system. Simply setting the reaction on the bench, under air, before
transferring to the glovebox for solvent addition already decreased the reaction
regioselectivity (entry 5), while conducting the reaction completely under air (entry 6)
or with intentionally added water (entry 7) were even worse in both yields and

selectivity.
Table 4.7: Second screen of salt combinations with temperature.
Cx
NiBrs.glyme (10 mol%), L1 (15 mol%) CO,H
Br  4DPAIPN (5 mol%), DABCO (50 mol%) ~25j,
Me Me  HCOo,X (2.0 eq.), Y,CO5 (2.0 eq) Me CO,H
24 DMF (0.08 M), T°C, Me
24h, blue LEDs 25,

entry X=Y= T/°C Conv. / % 20/ % (20,)
1 K, K 20 100 50 (83)
2 K, K 10 91 61 (88)
3 K, K 5 80 48 (85)
4 K, K 0 67 36 (83)
5b K, K 5 98 50 (85)
60c K, K 5 97 37 (89)
7bd K, K 5 97 33 (95)
8 Cs, K 20 100 34 (96)
9 Cs, K 10 100 59 (97)
10 Cs, K 5 99 69 (97)
1 Cs, K 0 95 75 (99)
12 Cs, Cs 10 100 55 (98)
13 K, Cs 20 99 50 (92)
14 K, Cs 10 99 54 (93)

adetermined by GC-FID after workup. b all reaction components added on the bench. cunder air. dwith 2 eq. H20
added

We therefore pursued further optimization aiming at improving the selectivity with
potassium formate (Table 4.8). The first observation was that using this salt in
combination with cesium pivalate gave excellent selectivity (entries 1-4), in accordance
to previous results (table X, entry X). The yield could be raised to 63% when temperature
decreased to 0°C. When setting the reaction at 5°C but weighing solids on the bench, the
yield was negatively impacted, decreasing from 55% to 35%. If the same reaction was
performed under air with additional water added, no product was obtained. Other bases
were tried but did not give satisfactory selectivity and were therefore not considered for
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further studies. However, at this point we faced significant reproducibility issues, with
the last reproducible results being the ones shown in Table X, entry 2, which are the
same used during the radiolabelling studies.

Table 4.8: Screening of other reaction parameters, using potassium formate, to improve the

Me

10
11b
120¢
13
14

regioselectivity of the transformation.

Me
NiBr,.glyme (10 mol%), L1 (15 mol%) C\/COZH

Br  4DPAIPN (5 mol%), DABCO (50 mol%) ~25,

Me

HCO,X (2.0 eq.), Y,CO5 (2.0 eq.) Me CO,H
24 DMF (0.08 M), T°C, Me
24h, blue LEDs 25,
X=Y= T/°C Conv. /% 20/ % (20,)
K, CsOAc 10 100 49 (95)
K, CsOPiv 10 100 45 (98)
K, CsOPiv 5 99 55 (98)
K, CsOPiv 0 95 63 (98)
K, CsOPiv 5 100 35 (98)
K, CsOPiv 5 98 24 (97)
K, CsF 10 98 5 (-)
K, CsHCO3 15 48 60 (95)
K, CsHCO, 5 99 61 (93)
K, CsHCO; 0 89 /81 55 (90) / 46 (83)
K, CsHCO4 5 99 57 (93)
K, CsHCO;4 5 44 1(-)
K, Rb 10 100 48 (89)
Na, CsOPiv 10 78 35 (76)

adetermined by GC-FID after workup. ball reaction components added on the bench. cunder air with H20 (2 equiv.)

added.

The results shown on Table 4.9 are part of the reproducibility issues, and were
obtained within a short timeframe, which were not reliable on the long term. In this
series of results, the selectivity was always excellent (>96%) along with high yields. Due
to the surprisingly positive results, when compared to previous findings, and their
unreproducible nature, we decided to investigate the effect external factors, such as the
presence of impurities or the potential use of wrong/mislabelled reagents.
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Table 4.9: Final optimization attempts.

Me
NiBrs.glyme (10 mol%), L1 (15 moI%)C\/cozH
Br

4DPAIPN (5 mol%), DABCO (50 mol%) 25,

Me Me  HCO,X (2.0 eq.), YCOs5 (2.0 eq.) Me COH
24 DMF (0.08 M), 5°C, Me
24h, blue LEDs 25,
entry X=Y=(eq.) Deviation Conv. / % 20/ % (20,)
1 Cs (2), K (2) ; 99 97 (99)
2 Cs (1), K (2) ; 89 71 (98)
3 Cs (2), K (1) ; 99 92 (99)
4 Cs (1), K (1) ; 87 72 (96)
5 Cs (1.5), K (1.5) - ) 72 (97)
6 Cs (2), K (2) (L1)NiBr; 90 83 (99)
7 Cs (2), K (2) (L1)NiBry, 0.13 M 89 79 (98)
8 Cs (2), K (2) (L1)NiBr, 0.2 M 81 69 (98)
9 Cs (2), K (2) (L1)NiBry, 0.05 M 94 89 (99)

adetermined by GC-FID after workup

Our initial rationalization for the loss of reactivity was the presence of water traces
but the high yields observed in Table 4.9 could not be reproduced even after careful
drying solvents - monitored by Karl-Fisher analysis - and monitoring all the reagents
used. Given that 2-bromoheptane 24 was homemade by an Appel reaction from the
corresponding alcohol, we wondered whether traces of triphenylphosphine or
triphenylphosphine oxide in the compound would be helping the reaction, acting as
potential ligand for the metal center. We therefore performed control experiments using
various amounts of added phosphine (Table 4.10). However, the addition of
triphenylphosphine from 1 to 20% (entries 2-4) delivered no product, as well as using
triphenylphosphine oxide (entry 5). When trying the reaction using a phosphine
additive, without any bipyridine ligand - to avoid competition for binding to the metal
center - (entry 6), again no product was formed.

We then tested whether using the more soluble ammonium formate could improve
the reactivity, but, despite the excellent regioselectivity, only 12% yield was attained
(entry 7). Although this was not nearly as good as we expected, the reaction proved to
work to some extent.
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Table 4.10: Effect of triphenylphosphine and triphenylphosphine oxide on the reaction outcome.

(L1)NiBr, (10 mol%), Ligand (x mol %) Me
4DPAIPN (5 mol%) CO.H
Br DABCO (50 mol%) 25, °

Me/\/\)\ Me

HCOzx (20 eq), K3PO4 (20 eq) Me COZH

24 DMF (0.08 M), 5°C, Me
24h, blue LEDs 25,

entry Ligand Formate Conv. /% 20/ % (20,)
1 No ligand HCOOCs - -
2 PPh; 1% HCOOCs - -
3 PPh; 5% HCOOCs - -
4 PPh; 20% HCOOK - -
5 P(O)Ph; 1-5% HCOOCs - -
6° PPhg 20% HCOONH, - -
7 PPhg 20% HCOONH, - 12 (95)

adetermined by GC-FID after workup. ? NiBrz.dme was used as nickel source.

At this point, we decided to pause the project and focus on other methodologies
ongoing in the group.

Soon after this decision, Fu and co-workers published the metallaphotoredox Ni-
catalyzed carboxylation of aryl halides with formate salts, demonstrating the feasibility
of a closely related transformation using the same approach we have attempted.23
Intriguingly, the authors showcased the essential role of the bipyridine/phosphine
binary system for the successful realization of the desired transformation.

Ni(PCys),Cl, (5 mol%)

/©/l i dtbbpy (6 mol%), 4DPAIPN (1 mol%) /©/COZH
Ph H™ "OK DMA (0.1 M), t, Ph

30 12 20 h, blue LEDs 31, 92%

Scheme 4.10: Fu's metallaphotoredox Ni-catalyzed carboxylation of aryl halides with potassium formate.

This report suggests that residual P-containing impurities might play a key role in our
system, too, auguring well for a future successful implementation of our target reaction.
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4.6. Conclusions

An extension to our previous protocol, aiming at synthesizing secondary alkyl
carboxylic acids from secondary alkyl bromides is described. The reaction is redox
neutral and based on nickel metallaphotoredox chemistry, wherein a highly reactive CO-
radical anion is employed as both carboxylating agent and reductant. The protocol has
been modified in order to be used within the context of radiolabeling, giving
incorporation of 1#C in target products. The radiolabeling proved to be working as well
as the normal reaction using cold formate. Therefore, by improving the general outcome
of the methodology, higher amounts of labeling products could likely be obtained. The
methodology was not fully optimized since reproducibility issues arose, resulting in
pausing further development. Early investigation aiming at solving this issue and the
precedent furnished by a recently published work by the Fu group suggests that the
incorporation of both a bipyridine and phosphine ligand might be key for future
improvements of the reaction.
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4.7. Experimental details

Analytical methods.

1H, 2H, 19F and 13C NMR spectra were recorded on Bruker 300 MHz, Bruker 400 MHz
and Bruker 500 MHz at 20 °C. All tH NMR spectra are reported in parts per million (ppm)
downfield of TMS and were calibrated using the residual solvent peak of CHCI3 (7.26
ppm), unless otherwise indicated. All 13C NMR spectra are reported in ppm relative to
TMS, were calibrated using the signal of residual CHCl3 (77.16 ppm). Coupling constants,
J, are reported in Hertz. Melting points were measured using open glass capillaries in a
Biichi B540 apparatus. Gas chromatographic analyses were performed on Hewlett-
Packard 6890 gas chromatography instrument with FID detector. Flash chromatography
was performed with EM Science silica gel 60 (230-400 mesh) using bromocresol,
potassium permanganate, or cerium molybdate as TLC stains. SFC analysis was carried
out on an Agilent 1260 Infinity II SFC system.
The procedures described in this section are representative. Thus, the yields may differ
slightly from those given in the Schemes of the manuscript.

Light source.

All reactions were performed with 451 nm LEDs (OSRAM Oslon® SSL 80 royal- blue
LEDs), which were installed at the bottom of a custom-made 8 flat-bottom Schlenk tubes
holder, equipped with a cooling system (the temperature was set at 10 °C, or different if
stated) and a magnetic stirrer (~ 1000 rpm).

Reagents.

Commercially available materials were used as received without further purification.
NiBrz.glyme (97% purity) was purchased from Aldrich, anhydrous DMA and DMSO
(99.5% purity) were purchased from Acros or Scharlau and dried additionally when
needed.
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4.7.1. Optimization of the reaction conditions

General procedure.

An oven dried crimp vial containing a magnetic stir bar was brought into a glovebox.
The vial was charged with NiBrz.dme (0.10 equiv., 0.025 mmol), the formate salt (1.0
equiv., 0.25 mmol), 4DPAIPN (0.05 equiv., 0.0125 mmol, 10 mg), DABCO (0.5 equiv.,
0.125 mmol, 14 mg), the base (2.0 equiv., 0.5 mmol) and the solvent. The vial was then
sealed with a crimped cap and taken out of the glovebox to be placed in a temperature
controlled photoreactor with water cooling at a set temperature (which gives an internal
reaction temperature of ca. 5 °C superior to the set one) and stirred for 24 h in the
presence of continuous irradiation with blue light (451 nm, 2 W LED). The reaction
mixture was quenched with 2 M HCl aq. solution (5 ml) to release free acid by
protonation of the carboxylate salt, diluted with ethyl acetate (10 ml), and washed three
times with an aqueous 1 M HCI solution. The organic phase was collected, dried over
MgS04, and filtered. Internal standard (anisole) was added to determine GC-Yield and
selectivity of regioisomers.

4.7.2. Starting materials’ preparation

Compounds 24 and 28-Br were known and prepared according to literature
procedures.18

5-(4-((6-((4-bromopentyl)oxy)-2,5,7,8-tetramethylchroman-2-

yl)methoxy)benzyl)thiazolidine-2,4-dione (29-Br). A solution of troglitazone (73.2 mg,
0.17 mmol) and potassium carbonate (27.5 mg, 0.20 mmol) in DMF (1 ml) was stirred for 1h
at room temperature. Then, 1,4-dibromopentane (0.027 ml, 0.20 mmol) was subsequently
added. The mixture was stirred at room temperature for 24h. After completion, the mixture
was extracted with EtOAc and washed with brine. The organic layer was dried and
concentrated. The residue was purified by flash chromatography (Heptane:EtOAc 30%) to
afford 5-(4-((6-((4-bromopentyl)oxy)-2,5,7,8-tetramethylchroman-2-
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yl)methoxy)benzyl)thiazolidine-2,4-dione 29-Br (97 mg, 99 %) as an off white gum. 1H NMR
(500 MHz, CDCl3): § (ppm) =7.2-7.1 (m, 2H), 6.9 - 6.8 (m, 2H), 4.4 (ddd, /= 8.7, 3.9, 2.2 Hz,
1H), 4.1 - 4.0 (m, 1H), 4.0 (d,J = 9.0 Hz, 1H), 3.9 (d,J = 1.5 Hz, 1H), 3.6 - 3.5 (m, 2H), 3.4 (dtd,
J=14.2,3.8,1.5 Hz, 1H), 3.1 (dddd, J = 14.1, 8.6, 3.9, 1.6 Hz, 1H), 2.7 - 2.6 (m, 2H), 2.2 (s, 3H),
2.1(d,J=6.4Hz 7H), 1.9 (dt,J = 13.5, 6.7 Hz, 1H), 1.8 - 1.5 (m, 7H), 1.4 (s, 3H); 13C NMR
(126 MHz, CDCl3): 6 (ppm) = 174.0 (d, /= 3.0 Hz), 171.2 (d,J = 2.5 Hz), 158.7, 145.1 (d, ] =
5.7Hz),130.6 (d,/ = 6.2 Hz), 127.6,122.7,121.4,118.7,117.4,115.0 (d,] = 4.0 Hz), 74.1, 72.7
(d,J=3.9 Hz), 51.7 - 51.4 (m), 50.5, 50.4, 41.1 (d, J = 12.5 Hz), 37.7, 38.1 - 37.4 (m), 28.8,
26.5 (d, ] = 6.3 Hz), 26.1, 25.9, 22.8, 20.4, 12.3, 11.9, 11.4; MS calcd. for (C,9H;,BrNO:S)

[M+H]*: 590.16 found 590.20.

4.7.3. Radiolabeling

General Procedure 1 (GP1):

In a Schlenk flask were introduced 4,4'-di-tert-butyl-6,6'-diisobutyl-2,2'-bipyridine
(L1) (14 mg, 0.04 mmol), NiBrz.glyme (7.7 mg, 0.03 mmol), 4-DPAIPN (10.0 mg, 0.01
mmol), the alkyl bromide - if solid - (0.25 mmol) and DABCO (14.3 mg, 0.13 mmol). An
inert atmosphere was set in the flask by performing three cycles of vacuum/N;
backfilling. Then, DMF (3 mL) was added, and the solution was stirred at rt for 15 min.
In a second Schlenk flask was added an aqueous solution of 14C potassium formate (4.16
mg, 0.05 mmol, 100 MBq). Water was evaporated by heating gently the flask while
flushing N; gas inside and then kept heating while putting the flask under vacuum for 15
min. Cesium pivalate (117 mg, 0.50 mmol) was added, followed by 12C potassium
formate- (38 mg, 0.45 mmol). An inert atmosphere was introduced in the flask through
3 cycles of vacuum/N; backfilling. Under a Nz flow, 3 mL of stock solution from the first
Schlenk flask was added, followed by the alkyl bromide - if liquid - (0.25 mmol). The
Schlenk tube was then sealed and put on a water-cooled photoreactor (450 nm) for 24h.
The reaction mixture was then quenched with an aqueous 3M HCI solution. Water (5
mL) was added, and the mixture extracted with Et,0 3 times. The combined organic
layer was washed twice with an aqueous 1M HCI solution and then extracted twice with
an aqueous 2M NaOH solution. The layers were separated, and the aqueous phase was
acidified using an aqueous HCl solution to obtain a slightly cloudy aqueous phase. This
layer was finally extracted twice with Et;0 or EtOAc, from which the solvent evaporated
in vacuo to give the pure product.
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14CO,H

Me Me

2-methylheptanoic-1-14C acid (25.’). Following GP1, 2-bromoheptane 24 (45.0 mg, 39
uL, 0.25 mmol) afforded the title compound 20,’ as a pale-yellow oil (17.01 MBq, RCY = 34%,
8.0 mg, 22%, 94% branched product, determined by radio-HPLC, SA = 0.31 TBq/mol). 1H
NMR (500 MHz, CDCl3): § (ppm) = 2.5 (h,/ = 6.9 Hz, 1H), 1.7 - 1.6 (m, 1H), 1.5 - 1.4 (m, 1H),
1.4-1.3 (m, 6H), 1.2 (dd,J = 7.1, 1.4 Hz, 3H), 0.9 - 0.8 (m, 3H); 13C NMR (126 MHz, CDCl3):
S (ppm) = 183.4, 39.5, 33.6, 31.8, 27.1, 26.9, 22.6, 17.0, 14.2; MS calcd. for (C,14CH;50,) [M-
H]-: 145.11 found 145.05.

The additional peaks in the carbon NMR are attributed to the linear carboxylic acid side
product.

14CO,H

oy
MeO

4-(6-methoxynaphthalen-2-yl)-2-methylbutanoic-1-14C acid (28). Following GP1, 2-(3-
bromobutyl)-6-methoxynaphthalene (54.3 mg, 0.25 mmol) afforded the title compound 28
as a white solid (17.32 MBq, RCY = 35%, 22.5 mg, 35%, >99% selectivity determined by
radio-HPLC, SA = 0.24 TBq/mol). tH NMR (500 MHz, CDCl3): § (ppm) = 7.7 - 7.7 (m, 2H),
7.6 (s, 1H), 7.3 - 7.3 (m, 1H), 7.2 - 7.1 (m, 2H), 3.9 (s, 3H), 2.9 - 2.8 (m, 2H), 2.6 (h,/ = 7.0 Hz,
1H), 2.2 - 2.1 (m, 1H), 1.9 - 1.8 (m, 1H), 1.3 (d, ] = 1.6 Hz, 3H); 13C NMR (126 MHz, CDCl3):
S (ppm) = 183.3, 157.3, 136.7, 133.2, 129.2, 129.1, 127.8, 127.0, 126.5, 118.8, 105.8, 55.4,
39.0,35.2,33.4,17.1; MS calcd. for (C;51*CH;,03) [M-H]: 259.12 found 259.12.
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4.7.4. NMR Spectra
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The peaks at 177 and 21 ppm correspond to acetic acid, arising from hydrolysis of EtOAc
during the purification procedure, which was not removed to avoid further handling of
radioactive material.
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5.1.

Conclusions

In order to summarize the present thesis, the main points of all chapters involving

experimental work will be highlighted. All the protocols showcased in this thesis fall

within the context of photoredox catalysis for the purpose of making carboxylic acids

from C1 molecules. These methods proved to be mild and selective.

5.1.1

5.1.2

5.1.3

. Chapter 2

The development of a multicomponent coupling reaction has been disclosed,
involving cheap and available starting materials to build larger scaffolds.

The use of isotopically enriched CO; allowed for the incorporation of 100% 13C
in the final carboxylic acid.

The mechanism involves a series of radical coupling, terminating with a radical
polar crossover for the nucleophilic addition to CO..

The selectivity can be modified depending on the class of starting material used.

. Chapter 3

A selective carboxylation of unactivated secondary alkyl bromides have been
described with mild metallaphotoredox conditions.

The method makes use of easily accessible alkyl bromides to directly gain access
to valuable carboxylic acids with excellent selectivity.

Preliminary mechanistic investigation demonstrates the important
intermediacy of Ni(I) complexes along with the formation of free alkyl radicals.

. Chapter 4

A redox neutral approach to the generation of alkyl carboxylic acids from
unactivated secondary alkyl bromides using formate salts has been shown.

The protocol shows excellent selectivity ,although not fully optimized in terms
of yield.

The incorporation of 14C in organic molecules could be performed using this
method, showing the potential implementation in a radiochemistry context.
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