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IDENTIFICATION AND REFLECTION ON THE SUSTAINABLE
DEVELOPMENT GOALS (SDG)

In 2015 the 17 Sustainable Development Goals (SDG) were defined by the United Nations
(UN) as a framework of action to address the current challenges we face as humanity such as
poverty, inequality, and climate change!. As members of the scientific community, we chemists
are compelled to apply those guidelines in our work when settling our goals and peace of action,
as we are key in society's evolution and development.

Over the last decades, the asymmetric organocatalysis topic overcame spectacular
development, peaking with the 2021 Nobel Prize in Chemistry awarded to Benjamin List and
David MacMillan for their independent but simultaneous development in 2000 of this particular
catalysis method2. This project is part of this big effort to develop new synthetic routes to chiral
compounds, expanding our understanding of asymmetric catalysis and how to tune chiral
environments to achieve faster, cheaper, cleaner, and more sustainable ways of synthesizing
relevant chiral molecules. The main areas of application are medicine, pharmacology, agriculture,
materials, and the chemical industry, as these fields often use many of those chiral products of
interest. This project relates to goals 3 and 9 of the SDGs, those being “Good Health and Well-
Being” and “Industry, innovation and infrastructure” respectively.

GOOD HEALTH INDUSTRY, INNOVATION
AND WELL-BEING AND INFRASTRUCTURE
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3Rr0 GOAL: GOOD HEALTH AND WELL-BEING

Target 3.b:

“Support the research and development of vaccines and medicines for the communicable and
non-communicable diseases that primarily affect developing countries, provide access to
affordable essential medicines and vaccines, in accordance with the Doha Declaration on the
TRIPS Agreement and Public Health, which affirms the right of developing countries to use to the
full the provisions in the Agreement on Trade-Related Aspects of Intellectual Property Rights
regarding flexibilities to protect public health, and, in particular, provide access to medicines for
all”

Chirality is crucial in biochemistry as many biological receptors are chiral and that property is
what makes it possible for molecules as drugs to interact effectively with them. This project
revolves around the ability to control the configuration of chiral axes in molecules, allowing us to
create more effective and targeted pharmaceutical compounds. Designing ligands contributes to
the creation of new catalysts, which can potentially decrease production costs, making synthesis
more efficient and sustainable.

9™ GOAL: INDUSTRY, INNOVATION AND INFRASTRUCTURE

Target 9.5:

“Enhance scientific research, upgrade the technological capabilities of industrial sectors in all
countries, in particular developing countries, including, by 2030, encouraging innovation and
substantially increasing the number of research and development workers per 1 million people
and public and private research and development spending”

The execution of this project has been hosted by CSIC, a public, governmental organization,
and will contribute to the upgrade of the scientific capabilities of the country as atroposelective
amination and ligand synthesis is a cutting-edge research topic in chemistry.
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1. SUMMARY

Atropisomeric C-N compounds are integral to numerous molecules of significance in nature,
bearing relevance in both biological contexts and fine chemistry. Despite the considerable
attention directed towards C-H amination within the scientific community, there is limited
exploration surrounding the asymmetric synthesis of such compounds. Following several
unsuccessful attempts using chiral carboxylic acids as ligands in C-H amination reactions, this
study focuses on the design of easily modifiable chiral cyclopentadienyl ligands to enable
enantioselective C-H aminations catalysed by Rh and Ir complexes.

R = OMe (this project)

R
O D R =iPrO
R = OEt

O R = OPh
R=Ph

R

Keywords: asymmetric catalysis, C-H amination, cyclopentadienyl ligands, enantioselective
catalysis
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2. RESUMEN

Los compuestos atropisoméricos C-N forman parte de un gran nimero de moléculas
relevantes en la naturaleza, de interés biologico y en quimica fina. A pesar de la amplia atencién
recibida por la comunidad cientifica hacia la aminacion C-H, hay poca investigacién alrededor de
la sintesis asimétrica de dichos compuestos. Tras varios ensayos usando ligandos basados en
acidos carboxilicos quirales en reacciones de aminacion C-H de manera insatisfactoria, en este
trabajo se estudia el disefio de ligandos ciclopentadienilo quirales facilmente modulables para
realizar llevar a cabo aminaciones C-H enantioselectivas catalizadas por complejos de Rh e Ir.

R = OMe (this project)

R
O D R =iPrO
R = OEt

O R = OPh
R=Ph

R

Palabras clave: catélisis asimétrica, aminacion C-H, ligandos ciclopentadienilos, catalisis
enantioselectiva.
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3. INTRODUCTION

3.1. CHIRALITY

An object is chiral when it can’t be superimposed onto its mirror image. A chiral molecule
exists as at least a pair of mirror images known as enantiomers. Enantiomers have the same
atomic composition, atom connections and bonds but differ in the three-dimensional relative
orientation of substituents. As similar as they are, enantiomers have almost the exact physical
and chemical properties, excluding their specific rotation and their behaviour in a chiral
environment, which we use to characterise them. Many drugs, biological molecules, and other
relevant chemical compounds present chirality, but only one of the enantiomers often achieves
the desired effect. (S)-Citalopram is used as a medication against depression and anxiety,
whereas its enantiomer, (R)-Citalopram, exhibits significantly less activity and may even inhibit
the effects of the former (figure 1)3. This different behaviour is shown because many biological
receptors in our body are chiral and therefore the interaction and effect of each enantiomer is
different.

(S)-Citalopram (R)-Citalopram
Figure 1. Citalopram enantiomers.

This is one of the reasons why synthesising enantiopure compounds is of great interest to
chemists. Additionally, selectively producing the desired products is more efficient and less
wasteful, aligning with contemporary goals of prioritising atom economy and utilizing cleaner
reagents.
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3.2. ASYMMETRIC SYNTHESIS

Over the years, chemists have developed different ways to synthesize enantiopure

compounds, the main methods are as follows:

= Resolution of racemates: it consists of the separation of both enantiomers in a

racemic mixture. This can be done by several means:

O

Mechanical separation based on the visual and physical differences of
the salt crystals formed by different enantiomers. This technique is
obsolete and was first discovered by Louis Pasteur.

Biochemical separation. This includes any technique based on the
selective reaction of biological chiral enzymes with one of the
enantiomers on a racemic mixture, this technique sometimes leads to
the destruction of one of the enantiomers and is limited to the available
organisms producing the specific enzymes so it’s not an ideal. It was also
first reported by Louis Pasteur on the fermentation of tartaric acid®.
Chemical separation. This includes any technique based on the addition
of a chiral resolving agent that reacts differently with each enantiomer.
The most common chemical separation is the formation of
diastereomeric compounds which have different physical properties and
can be easily separated®.

Chromatography. As said before, enantiomers behave differently in a
chiral environment, therefore passing a racemic mixture through a
chromatography column filled with a chiral resin can separate the
components as they will elude at different ratios. This is how High-
performance liquid chromatography (HPLC) determines enantiomeric
EXCesS.

= Chiral pools: This strategy revolves around finding a naturally occurring product

that is similar to the desired molecule for its use as the substrate of the reaction.

Many natural substrates are already available in an enantiopure form, which is

good if the target has the same chirality but can also be limiting®.

= Asymmetric synthesis: This method consists of converting an achiral starting

material to a chiral product in a chiral environment that selects one enantiomer over
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the other. To do so, one of the reactants must have a chiral element that will induce
asymmetry at the reaction site’.

3.3. ASYMMETRIC CATALYSIS

There are several ways to approach asymmetric synthesis, one of the most efficient and
currently studied is asymmetric catalysis. This strategy involves the use of a chiral catalyst to
favour the formation of one specific enantiomer, in this case, the element that induces chirality in
the product is the catalyst.

Let's say we have a reaction that generates two enantiomers, “A” and “B”, and our goal is to
favour the formation of “A”. In that case, we would design a catalyst that provides a chiral
environment around the active centre of the reactants given that the formation of “A” is chemically
favoured, and the approach of the reactants to form “B” is sterically hindered or somehow
difficulted. Considering that the catalyst has its own chirality, the possible transition states (TS) to
form the “A” and “B” enantiomers are diastereomeric and therefore have different energies (lower
for A), making its formation faster and therefore making it the major product of the reaction (figure
2).

diastereomeric TS
of B

diastereomeric TS
of A

_______ E,
enantiomer B

Energy

Ea
enantiomer A

Products

Reaction progress

Figure 2. Energy diagram for an asymmetric catalysed reaction towards the formation of
enantiomer A.
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3.4. ATROPOSELECTIVE C-H AMINATION

Arylamines are privileged scaffolds present in a wide range of biological products and other
fine-chemistry compounds. For this reason, direct C-H amination has been a topic of interest for
along time. Over the last few years, many transition metal catalysts have been used for direct C-
H amination using azides as the nitrogen source®.

There are different types of chirality; central, planar, axial and helical. A special type of axial
isomers are atropisomers. Atropisomerism is a conformational chirality that occurs when rotation
around a o-bond is sterically restricted®. Biaryls such as BINOL, BINAM and NOBIN are clear
examples of atropisomerism (figure 3). (R)-BINOL and (S)-BINOL are enantiomers because the
rotation around the bond between the two naphthalene groups is energetically too high due to the
collision of the hydroxyl groups (figure 3).

OH : !"'OHE ! ! NH, ‘ ‘ NH,
ooty cry
)

(R)-BINOL (S-BINOL ! BINAM NOBIN

Figure 3. BINOL enantiomers. BINAM and NOBIN biaryls.

Biaryl atropisomers are key structural components of many chiral ligands, natural products,
biologically active compounds and much more, hence they have been extensively researched. In
contrast, asymmetric synthesis of C-N axially chiral compounds has barely received some
attention and is yet to be developed™.

Atroposelective amination refers to the functionalisation of a C-H group in a way that the
environment surrounding the C-N bond hinders the rotation of its axis, retaining its configuration.
The chiral C-N axis typically connects a substituted nitrogen and a carbon from a bulky aryl system
that causes hinderance!.
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4. OBJECTIVES

This project’s main objective is the synthesis of a chiral Cp ligand with methoxy lateral chains

to create a chiral environment around a coordinated transition-metal centre (Rh and Ir) to control

the stereoselectivity of C-H aminations.

Apart from the synthesis, other objectives include:

Reflection of the project’s background.

Understanding the reason why developing new asymmetric catalysis methods is
important in today’s world.

Gain insight into the theoretical basis of the chemical transformations conducted in
the laboratory.

Set new milestones for the future of this project.
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5. PROJECT BACKGROUND: C-H AMINATION

Previous work from the research group consisted of some tests of N-chelator-directed C-H
amination assisted by chiral carboxylic acids using an Ir-based Cp* catalyst (figure 4). [Cp*IrCl2).
is a pre-catalyst, the active catalytic species is generated in situ in the presence of AgNTf2, and
the different chiral acids act as ligands'2.

O N [Cp*IrClale (2 mol%) O o
ZN AgNTT, (8.5 mol%) ZN
+ TsNs - H
Ligand (4 mol%) N‘Ts
0 =N ee

Figure 4. General reaction scheme for the atroposelective C-H amination. (Image from
Vazquez Dominguez, P, ref 12)

The carboxylic acid acts as a co-catalyst, occupying one of the coordination positions of the
metal centre. When the Ir atom activates the C-H bond, the acid’s side chain provides a chiral
environment that, in theory, should determine the geometry of the product (figure 5).

Me
Me Me Me@,l\ne
o Me\@,Me Me@,l\ne . ,Jq Me
ﬁR4 + Me n‘,q Me Me h‘ﬂ Me substrate DG/( g
OH — T
L - C]) 'H\‘o//LR*
L L O//\R' H

Figure 5. Carboxylic acid assisted C-H activation mechanism. (Image from Vazquez
Dominguez, P. ref12)

Four different acids were tested, but the enantiomeric excess was very low in all cases, or
even negligible (figure 6). The low selectivity may be due to the carboxylate anion dissociating
from the metal centre during the reaction, the first step of the catalytic cycle is a base-assisted
concerted metalation deprotonation process, where the proton binds to the carboxylate and the
metal coordinates with the carbon from the original C-H bond*3. This leads to the loss of the lateral
scaffold that controls the stereoselectivity of the reaction.

(o}
Ph
O Q P W7 Ph, ,?,\/ o
HOﬁOH [ IEN [ }ié,\l ): v
- OH OH Ph N OH
Boc Boc 0 o Ho O )\Ph

12 % ee racemic 4% ee 12 % ee
Figure 6. Enantiomeric excesses per acid tested.
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Despite the low enantiomeric excesses, there has been a certain degree of atroposelectivity.
This phenomenon could be attributed to the substrate's geometry, incorporating bulky groups that
sterically control the amination process favouring the formation of one enantiomer over the other.
To enhance enantiomeric excess, a more restrictive chiral environment around the reaction centre
is essential. Hence, it was hypothesized that the metal should possess a chiral environment
provided by the Cp ligand as it is the only species that stays coordinated with the metal the whole
catalytic cycle.
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6. CP LIGAND SYNTHESIS

Cyclopentadienyl ligands are widely used for complexing transition metals used as catalysts
in organic synthesis. Cp is an aromatic anion that has a 6 electron 1 system, it is a good o and
m-donor and generally binds in 5n hapticity (figure 7). It forms high-stability complexes with many
transition metals that are easy to prepare, and the ring itself can be modified to alter the properties
of its electron donation capacities or to restrict the rotation around the Cp-metal axis, which is one
of the key features explored in this project. Another advantage of Cp as a ligand is that it only
needs one coordination site to complexate a metal, leaving all the remaining free, which is needed
for some catalytical reactions that use three or more catalytic active sites'.

CpM

Figure 7. Cp metal complex. (Image from Mas-Rosello, J. et al. ref 14)

The ligand that is being synthesized in this project consists of a biaryl backbone with two side
chains that can be modified to achieve steric hindrance around the metal centre (figure 8). This
creates a chiral environment that modulates how reactants approach the free coordination sites
on the metal in a C-H amination reaction.

R
OO R = OMe (this project)
D R=iPr0
R = OFt
OO R = OPh
R=Ph

R
Figure 8. General Cp ligand structure.

This research is very extensive and will take a lot of time to fully cover the whole range of
possibilities of Cp ligand tuning. In this project, the goal was to successfully synthesize a chiral
Cp ligand with methoxy groups as side chains. This ligand would be used to form complexes with
Rh and Ir for catalytical C-H amination reactions.
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6.1. SYNTHESIS OF (R)-2,2'-BIS(BROMOMETHYL)-3,3'-DIMETHOXY-1,1'-BINAPHTHYL
(10)

The synthesis pathway used for this ligand is the one reported in the referenced literature!s.
Every compound was purified and identified by 'H-NMR and cross-checked with the literature
description. It consists of a multistep synthesis based on substitution of 2,2" and 3,3’ positions of
the naphthalene rings. The general scheme for the whole process is illustrated in the following
image and detailed below.

Li
OO DIPEA, MOMCI OO BuLi OO B(OMe),
OH  0%C~RT oMom  T8C~0C oMo T8°C~RT
] ! OH CH,Cl, ] ! OMOM ] ! OMOM
1 2 3 Li
SO -
e
omom "% omoM __ omom  Cone Hel
OMOM  cHcl, OMOM  acetone OMOM  pioxane
O‘ reflux reflux OO 50°C
B(OMe OMe
. (OMe), 5 6

OMe OO © MeMgar, N|CI2 dppp) OO OMe
T6,0, EtsN
78°C~RT oTf NBS, AIBN

OH ., o

OH CH,Cl, O O OoTf Ether O O Benzene
OMe OMe

OMe 8 9

k

OMe

Br

Br

10 OMe

Figure 9. Reaction diagram for the Cp ligand synthesis.

The first half of the process is to attach the side methoxy chains to the initial (R)-BINOL (1)
substrate. To do so the hydroxy groups are protected with MOMCI protecting agent. An ortho
metalation with buthyllithium functionalises 3,3' positions on the ring, and substitution with
trimethyl borate followed by oxidation with hydrogen peroxide gives the di-hydroxylated product
(5). The methoxy group is obtained by nucleophilic substitution with methyl iodide. The second
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half of the process starts with the deprotection of the original hydroxy groups using HCI. Another
nucleophilic substitution reaction with tetrafluoromethanesulfonic anhydride followed by a
Kumada cross-coupling Ni-catalysed reaction to achieve a new C-C bond (9). The last reaction is
a Wohl-Ziegler bromination on the benzylic group.

6.1.1. Synthesis of the MOM (methoxymethoxy) protected binaphthyl (2)

The first step of the synthesis was the protection of the hydroxyl groups of BINOL (1) to carry
out the further lithiation of the product. DIPEA is not a strong enough base to deprotonate the
phenol, therefore the first step of the reaction is the attack by the hydroxyl group, which is not a
good nucleophile either, on the electron-deficient carbon of MOMCI. An equilibrium is formed, but
the protonated intermediate is now acidic enough for DIPEA to deprotonate, shifting the
equilibrium to the formation of the final ether product (2). Sodium hydride may be used for this
reaction but DIPEA is a mild, non-reducing, organic soluble base so it was used instead. The
reaction lasted 24 hours and gave the desired product (2) with a 96% yield.

\

& oo )
1) ) U1 ) O
O' +O/\O/_. O/\O/—> O/\O/
Cort ot cox” O
1 2

Figure 10

6.1.2. Synthesis of the di-hydroxylated product (5)

The lithiation of (2) consists of a directed ortho metalation (DOM). This reaction is a type of
electrophilic aromatic substitution that was discovered by Gilman and Wittig in 1939-194016
independently. It involves a directing metalating group (DMG) and an alkyl-lithium. The
heteroatom of the DMG can also have inductive effects lowering the pKa of the adjacent proton,
making the reaction faster'”. In this case, there is only one available ortho position to the ether,
making the reaction fully regioselective. The DMG must have a heteroatom that coordinates with
the lithium, forming an intermediate that allows the deprotonation of the nearest ortho position on
an arene by the alkylHithium species, an alkane is generated and the lithium replaces the
hydrogen in the ortho position (figure 11, 2a). Due to the high polarity, the lithium-carbon bond is
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very labile as carbon’s electronegativity is 2.5 and lithium’s is 1.0, so the lithium will be readily
replaced in front of other electrophiles'8, in this case, the electrophile is trimethyl borate. To obtain
the borated product (4), BuLi was added to the MOM-protected product (2) in THF at 0 °C for 2h
and then quenched with trimethyl borate at -78 °C. The reaction was left for 24 hours at room
temperature. The next step is oxidation, which is identical to the second step of a hydroboration-
oxidation reaction. To achieve the hydroxylated product (5), hydrogen peroxide is added to the
borated product (4) suspended in CHCI3 at 0 °C and refluxed for 2 hours, then left for 24 hours
at room temperature. The desired product (5) is obtained with an 84.8% yield. The peroxide ion
attacks the boron, followed by a 1,2-alkyl shift that displaces a hydroxide ion. The hydroxide then
attacks the electron-deficient boron, eliminating an alkoxide ion which is protonated to form the
final alcohol8 (5).

DMG
groups
OO L OO

50" slove
ol O"\‘:
o (" ol

MeQ, OM B (OMe

g Con & —OH

OO
00 o

—
O B(OMe), B(OMe),

B(OMe),
1,2-alkyl shift
MeO H
H
MeO © 8)
OH
O /\ / OO OO O/\O/
S o O
B(OMe), B(OMe), 5 OH
Fzgure 11

Note that the intermediate boration reaction is used to control the oxidation reaction, given
that the organolithium compound is highly reactive and could lead to undesired side reactions if
hydrogen peroxide was directly added.
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6.1.3. Synthesis of the di-methoxylated product (6)

This reaction is a typical nucleophilic substitution (Sn2). The di-hydroxylated compound (5)
was dissolved in acetone along with K2COs, and then Mel was added dropwise and refluxed for
24 hours. The hydroxide group is a weak nucleophile because it's a weak base, therefore K2CO3
is added as a catalyst to speed up the reaction. The base withdraws a proton from the hydroxy
group which is converted to an alkoxide, a much stronger nucleophile that will readily attack the
methyl iodide, generating an iodine ion, which is a great leaving group as it is a very stable, weak
base. The desired product (6) was obtained with a 57.5% vyield.

- R YY
X (oo, o Med OMe
Lt O L
O/\O/ O/\O/ O/\O/
SY NN ¢¢ N ¢4 i
5 OH OH 6 OMe
Figure 12

6.1.4. Deprotection of (6)
The MOM protecting group is removed with acidic hydrolysis using HCI in 1,4-dioxane for 24

hours at 50 °C then quenched with water. The product of the reaction (7) was obtained with a 64
% yield. Hydrochloric acid protonates the ether, making it a better-leaving group than the alkoxide
ion, water attacks the electron-deficient carbon between the two oxygens and displaces the
alcohoal.

OMe_- g OO OMV‘;{ OMe /_\: B
OO 5 o i OO Enor

o © A OH * H+

e

—_—

SN OGN ¢ i
6 OMe OMe

! OMe l OMe
OH — » OH
OH
owos 0
99
OMe

7
Figure 13
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6.1.5. Triflation of (7)

The conversion of the alcohol group to the triflate was carried out in solution with DCM, EtsN
was added as the base and tetrafluoromethanesulfonic anhydride as the electrophile at -78 °C.
The reaction was left for 24 hours and the desired product (8) was obtained with an 86 % vyield.
Similar as seen before in section 6.1.1, EtsN is not a strong enough base to deprotonate the
phenol, the hydroxyl group attacks the very labile tetrafluoromethanesulfonic anhydride and
trifuoromethanesulfonate anion is released, which is an excellent leaving group. Then, EtsN
deprotonates the intermediate species shifting the equilibrium to the formation of the triflate (8).

OMe ‘ /‘\S’: OMe
o TO O cr, \N
O/H .S7 N

0%
OH D H —
99 or
C0)
7 OMe

OMe OMe
OO Q _CF, OO

-5, 0o

O 0 — oTf Os

] ! OH l ] otf -O/S‘CF3
OMe
8

OMe

Figure 14

6.1.6. Synthesis of (9) through a Kumada cross-coupling reaction

The Kumada reaction was developed in 1972 by Makoto Kumada, Kohei Tamao and Koji
Sumitani. It is a catalytic reaction for preparing unsaturated compounds. It involves the selective
cross-coupling of a Grignard reagent with a vinyl or aryl halide catalysed by a nickel-phosphine
complex'®. The reaction was carried by adding NiClz(dppp) to a solution of (8) in ether at 0 °C,
then MeMgBr was added and left reacting for 24 hours at room temperature. The desired product
(9) was obtained with a 70.2 % vyield. In this case, a pseudo-halide (triflate) is used instead of a
halide. The catalytic cycle of the Ni catalyst can be seen in the following scheme (figure 16):

= The active form of the catalyst is the Ni species but it is very reactive so it must be
generated in situ. NiClo(dppp) undergoes two consecutive transmetalations with
MeMgBr, giving NiMez(dppp) and 2MgBrCl. The reductive elimination of ethane
forms Ni%(dppp). This is the reason why the Grignard reagent is added in excess.
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= Oxidative addition. Nickel is inserted between the carbon of the substrate (8) and
the pseudo-halide (triflate).

= The methyl group from the Grignard displaces the triflate.

= Reductive elimination. Nickel is eliminated and a new C-C bond is formed, the
catalyst is regenerated and can react with the substrate again20.

Note that [1,3-bis(diphenylphosphino)propane] is a bidentate ligand and therefore there’s no

cis-trans isomerization as in many cross-coupled catalytic cycles, the groups are already inserted
in vicinal positions.

O . OMe O . OMe
OTf Q
OTf MeMgBr Me
el Nes
OMe Ether

OMe
8 9
Figure 15
PPh, PPh2 PPh,
\ ”/Cl Transmetalation Me Transmetalation \N'”/Me
Ni 7—T’ 7T’ i
/ \Cl / \Me
PPh, PPh2 PPh,
MeMgBr  MgCIBr MeMgBr MgCIBr ‘
Reductive elimination
Me-Me
PPh,
—R? /Nio R'OTF
Reductive elimination PPh, Oxidative addition
PPh,
L2 =dppp =
PPh,
R1 R1
”/ ”/ OMe
LoNilT_ LoNi
2 SOTf 1 _ oTf
R S & i
OMe
R?MgBr = MeMgBr
MgBrOTf R2MgBr

Figure 16. Catalytic nickel cycle.
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6.1.7. Benzylic bromination of (9)

The bromination of the previously incorporated methyl groups was done by adding AIBN and
NBS to the substrate dissolved in benzene and refluxed for 4 hours. This is a Wohl-Ziegler
reaction, it is a radical reaction. When brominating allylic or benzylic carbons, NBS is used as a
bromine radical initiator, otherwise, the presence of high quantities of Br2 and HBr needed for the
direct bromination would cause the addition reaction to the aromatic system to compete with
benzylic substitution. The reaction begins with the homolytic cleavage of the N-Br bond of NBS
assisted by AIBN, which is a radical initiator as it readily decomposes at relatively low
temperatures in N2 and two radicals. This generates a bromine radical that will remove a benzylic
hydrogen to form HBr and a benzylic radical, this can happen because the aromatic system
stabilises the benzylic radical by electron delocalization. The benzylic radical will react with a
bromine molecule, giving the benzylic bromide and regenerating the bromine radical. The bromine
in the reaction mixture comes from the reaction between NBS and the HBr generated in the first

OMe
#;N CHs
CH
_ 3 OMe
o N
OMe .

step’s.

AIBN CH;
<§N—Br N o+ B = cHy Her
O 0 g ‘ OMe
OMe OMe
BI'Z
CHjy
OMe OMe

Figure 17.

It is important to note that reaction time plays a crucial role in this reaction because the
bromine radical can either react with the benzylic hydrogen of a non-brominated molecule or a
brominated one. In the beginning, the non-brominated is the most abundant species, but as the
reaction carries forward the concentration of the benzylic bromide rises, making it possible to
obtain undesired multiple additions. This happened when this reaction was first tested, as it was
left reacting overnight. When examining the '"H-NMR spectra of the product it was seen that there
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were fewer aromatic hydrogens than it should be, meaning that the ring was brominated as well
as the benzylic position.

6.2. FUTURE STEPS

Sadly, due to time restrictions, the final Cp-ligand could not be obtained. The next step of the
synthesis would be the addition of cyclopentadienyl to the brominated species (10). The proposed
reactions are from the referenced literature?!. This reaction (figure 18) is carried out with sodium
cyclopentadienide as the Cp source and NaH.

l O OMe OMe OMe
1) NBS, AIBN, 76 % CO OO
OO 2) CpNa, NaH, 76 % O .G * C .Q
OMe

OMe 1:1.9 OMe
Figure 18. (Image from Ye, B. Et al. Ref 22)

At this point, the ligand is ready to coordinate with the metal, in this case, as mentioned earlier,
the goal is the catalysis of C-H amination reactions. Rhodium (Rh) and Iridium (Ir) have been
widely recognized for their ability to catalyse such reactions with excellent results, hence they

would be utilized in this catalyst. The reaction depicted in the figure illustrates the synthesis of the
Rhodium compound.

R
CO 1) TIOEt
.D 2) [Rh(C3H4)2Cllo
OO 56-87 %
R

Figure 19. (Image from Ye, B. Et al. Ref 22)

The last step would be to test this catalyst in C-H amination reactions, study their enantiomeric
excess and synthesize other compounds of the same family with different side chains (figure 8).
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7. EXPERIMENTAL SECTION

7.1. MATERIALS AND METHODS

Inert atmosphere reactions were carried on a Schlenk line under nitrogen current. Nuclear
Magnetic Resonance (NMR) spectra were recorded on a Bruker Avance AV Ill 400 MHz. A
commercial CDCls solution was used as a solvent for sample preparation. Thin-layer
chromatography (TLC) analysis was used throughout the project for qualitative control of reaction
progress with Merk 60 F254 chromatography sheets. Products were purified by flash column
chromatography on Merk 60 silica gel with 0.063 to 0.0200 mm particle size. Evaporation of
solvents was carried under low pressure around 40 °C.

In reactions requiring dry solvents, THF was pre-dried over sodium and distilled in situ using
Na-benzophenone as an indicator, other anhydrous solvents were used previously stored in vials
under nitrogen in a glove box. Other reactants and solvents were used directly in their commercial

format.

7.2. SYNTHESIS OF (R)-2,2'-BIS(METHOXYMETHOXY)-1,1"-BINAPHTHYL (2)

To a solution of (R)-BINOL (1) (5.776 g, 20.00 mmol) in anhydrous DCM (41.14 ml) in a dry
and deoxygenated Schlenk flask DIPEA (20.90 ml, 120 mmol, 6 eq.) was added at 0 °C under
nitrogen atmosphere. MOMCI (7.59 ml, 100 mmol, 5 eq.) was added dropwise. The reaction was
allowed to warm to room temperature and then heated in a heating bath at 40 ° C overnight. After
extraction with ethyl acetate and water, the organic extracts were dried over MgSQa. Evaporation
of solvents gave the product (R)-2,2’-bis(methoxymethoxy)-1,1-binaphtyl (2) (7.527 g, 20.10
mmol, 96%).

H NMR (CDCl3, 400 MHz): 6 7.98 (d, J = 9.04 Hz, 2H, Ar-H), 7.90 (d, J =

OO P 8.12 Hz, 2H, Ar-H), 7.60 (d, J = 9.04, 2H, Ar-H), 7.37 (t, J = 6.88 Hz, 2H,
0”7 07 ArH),7.25(m, 2H, Ar-H), 7.18 (d, J = 8.4 Hz, 2H, Ar-H), 5.11 (d, J = 6.8

Hz, 2H, OCH:0) 5.00 (d, J = 6.4 Hz, 2H, OCH:0), 3.17 (s, 6H, OCHs)

O\/O\
(1
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7.3. SYNTHESIS OF (R)-3,3’-DIHYDROXY-2,2’-BIS(METHOXYMETHOXY)-1,1’-
BINAPHTHYL (5)

To a solution of (R)-2,2-bis(methoxymethoxy)-1,1-binaphtyl (2) (7.527 g, 20.10 mmol) in
anhydrous THF in a dry and deoxygenated Schlenk flask a 1.6M hexane solution of BuLi (30.30
ml, 48.3 mmol, 2.4 eq.) was added dropwise at -78 °C under nitrogen atmosphere. An insoluble
precipitate appeared. The reaction was then transferred to an ice bath at 0 °C and left for 2 hours,
then cooled to -78 °C again. Trimethyl borate (6.730 ml, 60.3 mmol, 3 eq.) was added dropwise
and the reaction was allowed to warm to room temperature and left stirring overnight. A viscous
yellow precipitate formed. Evaporation of THF afforded the crude borate (4), which was
suspended (is insoluble) in CHCI3 (71.154 ml) and hydrogen peroxide was added dropwise at 0
°C. A precipitate appeared. The mixture was heated and refluxed at 60 °C for 2 hours. The
reaction mixture was allowed to warm to room temperature and was left stirring over the weekend.
The resulting mixture was quenched into an ice-cooled saturated Na2COs solution and extracted
with CHCls. The organic extracts were washed with brine and dried over MgSQa. After evaporation
of solvents, purification by flash column chromatography on silica gel (hexane/ethyl acetate 4:1
to compact, 2:1 to elude) gave (R)-3,3-dihydroxy-2,2'-bis(methoxymethoxy)-1,1’-binaphthyl (5)
(6.934 g, 17.06 mmol, 84.8%).

OH 'H NMR (CDCls, 400 MHz): & 7.79 (d, J = 8.24 Hz, 2H, Ar-H), 7.53
OO (s, 2H, Ar-H), 7.45 (s, 2H, Ar-OH), 7.39 (m, 2H, Ar-H), 7.14 (m, 2H,
~__ ArH), 7.07 (d, J = 8.36 Hz, 2H, Ar-H), 4.73 (d, J = 6.28 Hz, 2H,
O 'O OCH,0)4.66 (d, J = 6.24 Hz, 2H, OCH20), 3.40 (s, 6H, OCHs) ppm.
O
OH
7.4. SYNTHESIS OF (R)-3,3’-DIMETHOXY-2,2’-BIS(METHOXYMETHOXY)-1,1’-
BINAPHTHYL (6)

To a solution of (R)-3,3"-dihydroxy-2,2"-bis(methoxymethoxy)-1,1-binaphthyl (5) (6.934 g,
17.06 mmol) in acetone (226.2 ml) in a round-bottomed flask K2CO3 (7.071 g, 51.24 mmol, 3 eq.)
was added. Then Mel (5.315 ml, 85.4 mmol, 5 eq.) was added dropwise, the reaction mixture was
heated and refluxed at 60 °C overnight. It was observed on a control TLC that there was no initial

reactant left but there was a mixture of two products, probably the mono and di-substituted
products, this is because the boiling point of Mel is 42 °C and it was boiled off the reaction. More
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Mel (3.19 ml, 51.24 mmol, 3 eq.) was added and the reaction was refluxed at 45 °C over the
weekend. After the weekend another TLC showed there was only one product, so the reaction
was finished. The reaction was allowed to cool down to room temperature, poured into water and
extracted with ethyl acetate. The organic extracts were washed with brine and dried over MgSOsa.
Evaporation of solvents gave (R)-3,3-dimethoxy-2,2'-bis(methoxymethoxy)-1,1’-binaphthyl (6)
(4.2646 g, 9.815 mmol, 57.53%).

o O
0O«
L

7.5. DEMETHOXYMETHYLATION OF (R)-3,3’-DIMETHOXY-2,2’-BIS(METHOXYMETHOXY)-
1,1’-BINAPHTHYL (6)

To a solution of (R)-3,3"-dimethoxy-2,2’-bis(methoxymethoxy)-1,1-binaphthyl (6) (4.2646 g,
9.815 mmol) in 1,4-dioxane (30.26 ml) concentrated HCI was added (0.69 ml). The reaction was
heated to 50 °C in a heating bath and left stirring overnight. The crude was purified by flash column
chromatography on silica gel (hexane/ethyl acetate 3:1 to compact, 1:1 to elude) and gave (R)-
3,3'-dimethoxy-1,1-bi-2-naphthol (7) (2.162 g, 6.485 mmol, 64%). The sum of other batches gave
a total of 4.6085 g of product (7).

H NMR (CDCls, 400 MHz): & 7.81 (d, J = 8.12 Hz, 2H, Ar-H), 7.30-7.39

0]
~ (m, 4H, Ar-H), 7.15-7.22 (m, 4H, Ar-H), 5.93 (s, 2H, Ar-OH), 4.11 (s, 6H,
OCHs) ppm.

OH

O
O/

7.6. SYNTHESIS OF (R)-3,3’-DIMETHOXY-2,2'-
BIS(TRIFLUOROMETHANESULFONYLOXY)-1,1’-BINAPHTHYL (8)

To a solution of (R)-3,3-dimethoxy-1,1’-bi-2-naphthol (7) (2.1004 g, 6.07 mmol) in anhydrous
DCM in a dried and deoxygenated Schienk flask Et3N (2.610 ml, 18.21 mmol, 3 eq.) was added.
The solution was cooled down to -78 °C and tetrafluoromethanesulfonic anhydride (2.307 ml,
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13.35 mmol, 2.2 eq.) was added dropwise. The reaction was allowed to warm to room temperature

and was left stirring overnight. The reaction mixture was poured into an ice-cooled 1M HCI solution

and extracted with hexane. The organic extracts were washed twice with a saturated NaHCO3

and twice with brine and then dried over MgSOs. Purification by flash column chromatography

(hexanelethyl acetate 7:1 to compact, 51 to elude) gave (R)-3,3-dimethoxy-2,2"-

bis(trifluoromethanesulfonyloxy)-1,1’-binaphthyl (8) (3.088 g, 5.058 mmol, 83.4%). The sum of
other batches gave a total of 7.423 g of product (8).

O._  'HNMR (CDCl, 400 MHz): 8 7.87 (d, J = 8.2 Hz, 2H, Ar-H), 7.53 (d, J =

7.4 Hz, 2H, Ar-H), 7.49 (s, 2H, Ar-H), 7.23 (d, J = 7.24 Hz, 2H, Ar-H), 7.14

OO (d, J = 8.44 Hz, 2H, Ar-H), 4.11 (s, 6H, OCHs) ppm; '°F NMR (CDCls, 400

OTf MHz): §-73.92 ppm.
O
O/

7.7. SYNTHESIS OF (R)-3,3’-DIMETHOXY-2,2’-DIMETHYL-1,1’-BINAPHTHYL (9)

A mixture of (R)-3,3-dimethoxy-2,2"-bis(trifluoromethanesulfonyloxy)-1,1-binaphthyl (8)
(3.6124 g, 5.92 mmol) and NiClz(dppp) (160.44 mg, 5 mol%) was dissolved in diethyl ether (5.92
ml). MeMgBr (9.86 ml, 29.6 mmol, 5 eq.) was added dropwise at 0 °C, the mixture was allowed
to warm to room temperature and was left stirring overnight. The resulting solution was poured
into an ice-cooled 1M HCI solution, a precipitate appeared instantly. The solid was vacuum-
filtrated and extracted with diethyl ether. The organic extracts were washed with brine and dried
over MgS0s. Evaporation of solvents gave (R)-3,3"-dimethoxy-2,2'-dimethyl-1,1’-binaphthy! (9)
(1.868 g, 5.455 mmol, 92.2%). The sum of other batches gave a total of 3.095 g of product (9).

'H NMR (CDCls, 400 MHz): 8 7.82 (d, J = 8.12 Hz, 2H, Ar-H), 7.38 (t, J =

0]
™ 7.42Hz, 2H, Ar-H), 7.26 (s, 2H, Ar-H), 7.09 (t, J = 7.32 Hz, 2H, Ar-H), 6.99
(d, J = 8.32 Hz, 2H, Ar-H), 4.06 (s, 6H, OCHs), 1.96 (s, 6H, Ar-CHs) ppm.

99 ®
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7.8. SYNTHESIS OF (R)-2,2'-BIS(BROMOMETHYL)-3,3'-DIMETHOXY-1,1'-BINAPHTHYL
(10)

A mixture of (R)-3,3'-dimethoxy-2,2"-dimethyl-1,1-binaphthyl (9) (29.2 mg, 0.1 mmol), NBS
(39.25 mg, 0.22 mmol, 2.2 eq.) and AIBN (1.645 mg, 0.01 mmol, 0.1 eq.) was dissolved in
benzene (0.5 ml), warmed and refluxed at 85 °C for 4 hours. The workup could not be finished
hence there is no data on the yield of this reaction.

O\
OO Br
998

O/
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8. CONCLUSIONS

After completing this project, the following conclusions can be drawn:

It has not been possible to reach the target compound due to a lack of time. This is attributed
to logistical issues in receiving some reagents on time and also to the fact that the majority of
syntheses performed involve reagents sensitive to moisture and atmospheric oxygen. As a result,
the setups are tedious and time-consuming.

All intermediate compounds have been successfully synthesized with moderate and high
yields, and have been analysed by 'H-NMR, the results matching the literature reports.

The demethylated product (9) had not been successfully synthesized in previous attempts by
the research group. The achievement of successfully reaching it and even progressing from that
point represents a significant advancement. This progress will enable the research group to
further work on this topic in the future, aligning with the initial objectives of this project.

The unsuccessful efforts in previous attempts of atroposelective C-H amination by the
research group and the lack of literature and properly set methodology on the subject demonstrate
the difficulty of modulating the chiral environment in chemical reactions.
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10. ACRONYMS
AIBN Azobisisobutyronitrile
BINAM 2,2'-Bis(diphenylamino)-1,1’-binaphthyl
BINOL 2,2'-bis(diphenylhydroxy)-1,1-binaphty!
Cp, Cp* Cyclopentadienyl
CsSIC Centro Superior de Investigaciones Cientificas
DCE Dichloroethane
DCM Dichloromethane
dppp 1,3-Bis(diphenylphosphino)propane
DG Directing Group
DIPEA N,N-Diisopropylethylamine
Et Ethyl
H-NMR Hydrogen-Nuclear Magnetic Resonance
iPro Isopropoxide
NBS N-Bromosuccinimide
NOBIN 2-amino-2'-hydroxy-1,1'-binaphthyl
Me Methyl
MOMCI Chloromethyl methyl ether
Ph Phenyl
PivOH Pivalic acid
TH.0 Tetrafluoromethanesulfonic anhydride

Ts Tosyl
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APPENDICES
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APPENDIX 1: NMR SPECTRA

(R)-2,2'-BIS(METHOXYMETHOXY)-1,1"-BINAPHTHYL (2)

'H-NMR (400 MHz, CDCI3)

1722

I Il B

6 5 4 [ppm]

(R)-3,3’-DIHYDROXY-2,2’-BIS(METHOXYMETHOXY)-1,1"-BINAPHTHYL (5)

'H-NMR (400 MHz, CDCI3)

_ 178071
—_7.7865

4.7462
= 47305
456712
= 4.6556
3.4079

O
o/\ e
o™

OH

6 5 4 [ppm]
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(R)-3,3’-DIMETHOXY-1,1’-BI-2-NAPHTHOL (7)

Ll

'H-NMR (400 MHz, CDCI3)

5.9299

|

41147

Ao

[ppm]

(R)-3,3’-DIMETHOXY-2,2’-BIS(TRIFLUOROMETHANESULFONYLOXY)-1,1"-BINAPHTHYL (8)

H-NMR (400 MHz, CDCI3)

75178

28
£k
58

I

——7.4909

—7.2404
72223

_ 71518
=-17.1307

o
OTf

O OTf
O o~

4.1129

[ppm]
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19F-NMR (400 MHz, CDCI3)

73.9246

T T T T T T T T T T T T T T T T T T T
-50 -100 -150 -200 -250 [ppm]

(R)-3,3’-DIMETHOXY-2,2’-DIMETHYL~1,1’-BINAPHTHYL (9)

1H-NMR (400 MHz, CDCI3)

—7.8362
= 738159
0609
1.9568

6 5 4 3 [ppm]



