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Chapter 1.

General Introduction and Objectives
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Introduction

1.1 Nanoparticles: Background

This chapter is divided in two parts. The first part describes the synthetic
methods and usual techniques of characterization for metal nanoparticles
(NPs). The second part of this introduction is devoted to the applications of
metallic NPs as catalysts in asymmetric reactions.

NPs are defined as clusters of metallic atoms with a size comprised between
1 and 100 nm. The synthesis of these colloids entities can be carried out by
aggregation or dispersion methods.! A wide range of methods have been
reported for the synthesis of metal NPs and can be separated into two main
groups: the physical methods (dispersion of metallic aggregates) and the
chemical methods (nucleation of metallic atoms).’ Metal NPs have
interesting chemical and physical properties, which differ from those of their
bulk and molecular counterparts. One of these features is that as particles
get smaller, their surface area to volume ratio increases. For a very large
particle, the number of atoms at the surface is very small compared to the
number of internal atoms; in contrast, very small particles contain the
majority of their atoms at the surface (Scheme 1.1).2
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Scheme 1.1 Dependence of the percentage of atoms at the surface (n) to
total atoms (N) as a function of the NP size.
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Chapter 1

As shown in Scheme 1.1, the surface area per unit weight increases
exponentially as the size decreases. Thus, the percentage of the surface
atoms that are available is higher for smaller NPs C. (87%) >B. (58%) >A
(33%). Several methods for the syntheses of NPs have been reported.' Metal
NPs have been obtained either by the so-called “top down methods”, i.e. by
the mechanical grinding of bulk metals, or via “bottom-up methods” which
rely on the wet chemical reduction of metal salts or, alternatively, the
controlled decomposition of organometallic compounds such as metal
carbonyls. The reported “bottom-up” approaches to generate metal NPs are
the following:®

1. Chemical reduction of a metal salt.

2. Thermal, photochemical, sonochemical decomposition of a metal (0)
complex.

3. Hydrogenation of coordinated oleofinic ligand.

4. Vapor phase decomposition.

5. Electrochemical reduction of higher valent species of the metal.

Independently of the route chosen, a key issue in their synthesis is their
stabilization by a protective agent to avoid the formation of bulk metal. Two
types of stabilization can be achieved (Figure 1.1) depending on the nature of
the protecting agents: a) electrostatic stabilization can be obtained using
ionic compounds as protecting agents; b) steric stabilization can be achieved
by the use of neutral molecules such as polymers or other bulky molecules.
While the electrostatic stabilization is mainly used in aqueous media, the
steric protection can be used in both organic and aqueous solvents. *

ee%eee 00990 “ﬁ%;;j
@@ o @@@ee@ o 1"'-,
Koo ko ‘iﬁw
e@e% @e 66%@ ;5 Ei}‘

electrostatic stabilization steric stabilization

Figure 1.1. Schematic representation of electrostatic and steric stabilization
of metal particles.
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Introduction

The electrostatic stabilization of NPs (Figure 1.1) can be performed by ionic
compounds such as carboxylates or polyoxoanions in solution (generally
aqueous solution). The presence of these compounds and the related
counteranions surrounding the metal surface generate a coulombic repulsion
between the NPs, which form an electrical double layer hampering the
aggregation.l

Poly(vinyl-pyrrolidone)
PVP

> 1

Scheme 1.2. Poly(vinyl-pyrrolidone) stabilised metal NPs.

The steric stabilization (Figure 1.1) involves the use of compounds that
contain coordinating groups in its molecular structure and that prevent
particle agglomeration by providing a protective layer. Polymers are very
often used in the synthesis of NPs and the most commonly used polymer for
NPs stabilization is PVP. Polyvinyl pyrrolidone (PVP) is a cheap, commercially
available stabilizer that is widely used in the preparation of nanoparticles in
organic or inorganic solvents (Scheme 1.2).*

1.2  Synthesis of metal NPs.

As previously mentioned, the most common methods for the synthesis of
NPs are: chemical reduction of metal salts, thermal, photochemical or
sonochemical decomposition, metal vapour synthesis, electrochemical
method and decomposition of organometallic precursors.

The reduction of metal salts is the most common method for synthesizing
metal NPs. The reducing agents used are hydrides or salts such as sodium
borohydride, or oxidable agents such as alcohols.

The metal vapour synthesis is a method for the formation of metal NPs that
consists in evaporating volatile metals at reduced pressure and subsequent
co-condensing at low temperatures with the vapour of organic solvents. The
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colloidal particles nucleate and grow as the frozen mixture warms up to
melting point. !

The electrochemical method was developed by Reetz. > This method consists
in the reduction of a metal solution (anode) in the presence of ammonium
salts, which are both electrolyte (cathode) and stabilising agent.

Using these methods, some impurities generated during the synthesis such
as salts or water can adsorb at the surface and modify the properties of the
NPs.

The displacement from organometallic compounds consists in the
decomposition of an organometallic precursor, mainly zerovalent
organometallic complexes, in an organic solvent.! This method makes
possible the synthesis of NPs exhibiting a “clean surface” since no salts are
formed during the synthesis.

1.3 Characterization techniques of NPs

Part of NPs characterization is to establish their particle size and the in
overall composition. Surface composition is sometimes also probed, but this
is @ more complicate task. Several methods are nowadays available and
complementary for the characterization of metal NPs. The Scheme 1.3
provides a general picture of the most used techniques to characterize NPs.°
These techniques include transmission electron microscopy (TEM), UV—
Visible spectroscopy (UV-Vis.), nuclear magnetic resonance spectroscopy
(NMR), infrared spectroscopy (IR), elemental analysis, and energy dispersive
spectroscopy (EDS). To a lesser extent, the analytical ultracentrifugation—
sedimentation, extended X-ray absorption fine structure (EXAFS), scanning
tunneling microscopy (STM), atomic force microscopy (AFM), high
performance liquid chromatography (HPLC), light scattering, time-of-flight
mass spectrometry, magnetic susceptibility, and electrophoresis or ion-
exchange chromatography are also used.
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Scheme 1.3. Common methods available for the characterisation of metal
NPs.®

The most important techniques in nanocluster characterization and the
structural or compositional information gained from them are discussed in
the next section. Although X-ray crystallography would be the ideal method
of characterizing such molecules, nanoclusters generally do not crystallize.

Transition electronic microscopy (TEM) is the most commonly used technique
with the Scattering Electronic Spectroscopy (SEM) and provides direct visual
information on their size, shape, dispersity, structure and morphology
(Figure 1.2). TEM allows the visualization of thin slices of material with
nanometre resolution. Top of the line instruments have sub-nanometer

resolution, and can almost resolve the electron density of individual atoms.’
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Figure 1.2. TEM image of Pt-Ni NPs. (b) HRTEM image of Pt-Ni NPs. (c) TEM
image of nanoporous Pt-Ni alloys. (d) HRTEM image of nanoporous Pt-Ni
alloys.

Scanning Electron Microscopy (SEM) generates a lower-resolution image, but

allows the direct mapping of surface features, and can even be used for
elemental analysis.

X-Ray Diffraction (XRD) is a non-destructive technique that can identify the

crystal phase for particles larger than 3 nm. When the NPs are smaller, the
acquisition of structural information is more difficult.2 EXAFS (Extended X-ray
Absorption Fine Structure) is a more sophisticated technique to determine
the atomic number, distance and coordination number of the atoms
surrounding the metal center whose absorption edge is being examined.

Infrared _spectroscopy (IR) provides information on organic groups

surrounding the metallic atom and has been used as a surface probe in NPs
systems. This technique is commonly used to determine the adsorption of
carbon monoxide onto the surface of the metal NPs. Carbon monoxide is an
ideal ligand because it readily adsorbs to metal surfaces, and it has
characteristic vibrational frequencies around 1800-2100 cm™ once adsorbed
or coordinated to the metal surface. Baker and co-workers reported studies
of ATR-IR to determine the adsorption geometry of (rac)-BINAP, 1 on Pd NPs
surface (Figure 1.3).

10
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the ATR-IR investigation of Pd1 NPs stabilised with (rac)-BINAP, 1, revealed
clear differences between the spectra of powdered 1, 1 dissolved in
ethylbenzene, and 1 adsorbed on a Pd surface.’

0L
Cc ! l PPh,

d Pd1 NPs

*

*
*
* o kE e

1600 1500 1400 1300 1200 1100 1000
1

Wavenumber / em”
Figure 1.3. Experimental ATR-IR spectra of (a) 1 powder and (b) 1 adsorbed
on PdNPs as well as the calculated spectra of (c) 1 and 1 adsorbed on PdNPs
(d) without and (e) with the surface selection rule consideration. The band
that changes considerably upon 1 adsorption on Pd are marked with
asterisks.

UV-Vis spectroscopy is a technique used to quantify the light absorbed and

scattered by a sample. This spectroscopic technique is particularly effective
for characterizing semiconductor-type NPs or metal particles whose plasmon
resonance lies in the visible range (such as Cu, Ag and Au).'® The UV-Vis has
been used to determine both particle size and the degree of cluster
aggregation in the sample."!

NMR spectroscopy provides information on the molecules that surround the

metal core of the NPs. Recently, the first direct NMR evidence for the
presence of mobile and reactive hydride ligands coordinated to a ruthenium
NPs was reported by Chaudret et al. using gas phase NMR."* They studied the
hydrogen—deuterium exchange between the surface of the RUHDA NPs and
ligand sites (Scheme 1.4). These studies extended the works that previously

11
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evidenced the coordination of ancillary ligands such as amines or thiols at
the NPs surface.” The reactivity of the hydrogen detected on the
nanoparticles was demonstrated by the finding of hydrogen—deuterium
exchange between surface and ligand sites (Scheme 1.4).

p Ru/HDA = RuNPs
| ¢ HDA = NH-(CH,),-CH, [ \

Scheme 1.4. RUHDA NPs showing hydrogen—deuterium exchange between
surface and gas phase.”

Other interesting studies were reported by Chaudret and co-workers about
of the coordination of CO at the surface of very small ruthenium
nanoparticles by IR and solid state NMR spectroscopies. Two sets of
ruthenium nanoparticles stabilized either by a polymer
(polyvinylpyrrolidone; PVP) or a ligand (bisdiphenylphosphinobutane; dppb)
were studied in order to evidence any influence of the stabilizer on the
location and dynamics of CO molecules at the particles surface. It was found
that CO groups are mobile on the surface of the nanoparticles even in the
solid state and that bulky ancillary ligands such as dppb may slow down the
fluxionality of CO and prevent exchange at certain positions.

Scanning Tunneling Microscopy (STM) and Atomic Force Microscopy (AFM)

Scanning Tunneling Microscopy makes possible the determination of the
total diameter of the NPs, including the stabilizing ligand shell.”

X-ray photoelectron spectroscopy (XPS) has become an increasingly available

and powerful tool for understanding the nature of many different types of
surfaces.” Characterization of nanostructures using XPS is not new. From the
earliest days, XPS or ESCA (electron spectroscopy for chemical analysis) was
widely used to study many aspects of NPs.'®

XPS is routinely used to determine what elements and the quantity of those
elements that are present within the top 1-12 nm of the sample surface,

12
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what contamination, if any, exists in the surface or the bulk of the sample,
empirical formula of a material that is free of excessive surface
contamination, the chemical state identification of one or more of the
elements in the sample, the binding energy of one or more electronic states,
the thickness of one or more thin layers (1-8 nm) of different materials
within the top 12 nm of the surface. Despite such advances, determining the
structure and composition of metal NPs, and in particular, the nature of the
interactions between the metal surface and the stabilizing agents, is still a
very complex task.

1.4 Transition-metal NPs in Catalysis

Transition metal NPs have been applied in a number of fields due to their
unique properties.”” They are particularly interesting as catalysts due to their
exceptional combination of reactivity, stability and selectivity besides their
large surface.” The first metal-NPs (Ag) were reported in the middle of the
19th century in photography by Faraday to study the optical properties of
metals.’® Since the 1970’s, transition-metal NPs have been more frequently
used in catalysis.”

Highly dispersed mono- and bimetallic NPs have been used as catalyst
precursors in many processes. These NPs can be used directly in colloidal
solutions or immobilized onto a support. The chemical reactions catalysed
using transition metal nanocatalysts in colloidal solution include cross-
couplings, electron transfers, hydrogenations, oxidations, etc....”* Besides
their applications in powder technology, material science and chemical
catalysis, recent studies have examined the great potential of NPs as fuel cell
catalysts.?” Due to their special properties they have even been considered
as revolutionary catalysts.”? For instance, their much larger surface-to-
volume ratio compared to that of their bulk counterparts has attracted a
great deal of attention for catalytic applications.**

13
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Figure 1.4 Dependence of conversion (X) as a function of the reaction time (t)
in the rhodium-catalysed hydrogenation of 4-nitroaniline. Wilkinson’s
catalyst [RhCI(PPhs)s] (blue), Rhgo@TPP-DPA G4 (red), and Rhs,Fe,s@TPPDPA
G4 (green).

Over the last decade, the number of publications on the use of NPs has been
growing exponentially in several research fields from chemistry to physics®
and from laboratories to large industrial processes.?

Hydrogenation reactions have been widely studied using metal NPs as
catalysts. ¥ Several types of soluble nanocatalysts have been successfully
applied in the hydrogenation of arenes and stabilizers such as
poly(vinylpyrrolidone), surfactants and ionic liquids have proved to be
especially suitable for the production of highly active catalysts.?®

Lately, although new metal nanocatalysts based on Co, Pd, Ni and Fe have
shown promising results in hydrogenation reactions, Ru, Rh, Pt and Ir are still
currently the metals of choice for arene hydrogenation nanocatalysts.”
Recent studies by Nishihara and co-workers described efficient Ru/Fe
bimetallic NPs stabilized by fourth-generation (G4) phenylazomethine
dendrimers (TPP-DPAG4). These NPs were used as catalysts for the
hydrogenation of olefins and nitroarenes under relatively mild conditions
(Figure 1.4).*° The figure 1.4 shows that Rhs,Fe,s@TPPDPA G4 Nps resulted
more active than the monometallic NPs Rhgg@TPP-DPA G4 and Wilkinson’s

catalyst [RhCI(PPha)s].

14
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These catalysts are usually very active. Furthermore, highly selective
reactions were also achieved using these types of systems. For instance, the
well defined thiolate-stabilized gold NPs Au,s(SR):s were shown to catalyse
the chemoselective hydrogenation of o,B-unsaturated ketones and
aldehydes to unsaturated alcohols with complete (100%) selectivity to the
unsaturated alcohol.®® These studies determined that the core=shell
structure of the Auy(SR)ig particles (i.e. Auiz core/Aus, shell) and their
unique electronic properties (i.e. electron-rich Au,; core and low-coordinate
(N=3) surface gold atoms) is responsible for the observed -catalytic
performances (Scheme 1.5).

v X Auy; Y. X Y, X Y, X
— - + +
B RS OO
Z>_o§/—/ RT or 0°C HG g .
Select = Unsaturated  saturated saturated alcohol
alcohol ketone
100% 0% 0%

Scheme 1.5. Au,s(SR)is-catalysed hydrogenation of a range of substituted
o,B-unsaturated ketones and aldehydes.

Over the last decade, the hydrogenation of arenes catalysed by soluble
nanoparticles has attracted much interest from both academic and industrial
research groups due to the milder conditions and the interesting selectivities
achieved when compared to those obtained with classical heterogeneous
catalysts.”> These mild conditions also present potential in order to
overcome selectivity issues such as chemoselectivity when several functional
groups are present in the substrates and stereoselectivity for substituted
arenes.”’

Fernandez and co-workers reported the use of Au NPs as very selective
catalysts in the diboration of terminal and internal alkenes. ** They reported
a new gold-mediated diboration reaction, in which Binap-stabilized AuNPs
are responsible for the conversion of alkenes with complete chemoselectivity
to the 1,2-bis(boronate)esters.*

15
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Scheme 1.6 Au-NPs catalysed diboration of terminal and internal alkenes.

The intrinsic size—activity relationship and the particle shape are important
features of the NPs that have to be taken into account.* This effect was
reported by Somorjai et al.*®> which showed that hexagonal Pt(111) surfaces
are between 3 and 7 times more active for aromatization reactions than
cubic Pt(100) surfaces.>* Another interesting study was published by El-Sayed
and co-workers, who established that cuboctahedra particles are composed
of numerous (100) and (111) facets, while the tetrahedral NPS only contain
the more reactive (111) facets.*® The tetrahedrical NPs are thus more active
in catalysis. Controlling the particle morphology is therefore crucial to tune
their activity and selectivity.*’

The other group of reactions that frequently used metal NPs as catalysts is
38,36,18

the Pd-catalysed C-C bond formation reactions.
In the next sections, representative results reported in Pd-catalysed
asymmetric allylic substitutions, asymmetric Suzuki couplings and 1,4
conjugate addition reaction, which are the reactions studied in this thesis,
will be described.

1.4.1 Pd-catalysed allylic substitution reactions

Giants of the synthesis such as the pharmaceutical and food industries are
very influenced by the development of stereoselective approaches in organic
synthesis.®® The stereoselective reactions that lead to the formation of new
C-C or C-heteroatom bonds are the most required. In this context, the Pd
catalysed asymmetric allylic alkylation provides an efficient and versatile
method to obtain such products.** The Pd-catalysed asymmetric allylic
substitutions consist in the reaction of a nucleophile with a racemic substrate

16
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containing a leaving group (LG) in an allylic position (Scheme 1.7). The
nucleophile can include a carbon, nitrogen, and oxygen or phosphorus donor
species.”” The leaving group usually used is halide or acetate. A base is
required for the in-situ generation of the nucleophile.*

X
Pd cat. [T

RN NNy ——— Pd L
R/N§£Q

X = OAc, Cl, OC(=O)OR!, ect.
Scheme 1.7. Pd-catalysed allylic substitution reactions

Biologically active molecules such as Carbovir (VI) and Lycorane (IX) can be
obtained by Pd-catalysed asymmetric allylic alkylation reactions (Scheme
1.8). The compound VI is a carbocyclic nucleoside, which has potent in vitro
activity against the human immunodeficiency virus, and the compound IX is
an alkaloid isolated from the Amaryllidacae family that present an

interesting biological activity. ***

o~—™S Q
OAC 5Tpg "
.
AP HO
-
H N~ NH,
v v
o o
OBz
MeO N
H >
- Br -
OBz
Vil OBz v (+)-g-Lycorane IX

Scheme 1.8. Example of molecules with biological activity that can be
obtained by Pd-catalysed allylic substitution reactions.*

The most common substrates used in Pd-catalysed allylic substitution are
shown in the Figure 1.5. The benchmark substrates in the Pd-allylic alkylation
are the compounds X and XiIlI.
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OAc
Qhc OAc
R/&Qyj\\R jS; R/Q§//\OAC R/i\§7
n
R=PhX =1 XIl
R =Me XI 2 =2 Xl R = naphtyl XIV R = naphtyl XV

Figure 1.5. Substrates used in enantioselective Pd-catalysed allylic alkylation

1.4.1.1 Mechanism

The accepted mechanism of the Pd-asymmetric allylic substitution reaction is

4024164445 The catalytic cycle consists in four main

depicted in Scheme 1.9.
steps. The first step is the complexation of the substrate followed by
oxidative addition to form the cationic complex XVII or the neutral complex
XIX. The equilibrium between these two species is dependent on the
properties of the anion, the solvent and the ligand. With bidentate ligands,
which are the most common, the cationic complex usually dominates.*® For
several Pd/L systems, the oxidative addition and expulsion of the leaving
group LG is considered as the rate-determining step of the reaction.”’” The
product of the oxidative addition has two susceptible positions where to
receive a nucleophilic attack: the C-1 and C-3 positions (see green rectangle,
Scheme 1.9). From the nucleophilic attack, an unstable Pd(0)-oleofinic
complex is produced, which releases the final product and regenerates the
initial Pd(0) species. When the reaction is to be carried out in an
enantioselective manner, the structure of the ligand, usually bidentate, is
crucial to efficiently induce stereoselectivity.

18
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Scheme 1.9 Accepted catalytic cycle for Pd-catalysed allylic substitution
reactions.

The enantioselectivity of this reaction is determined by the external
nucleophilic attack at the most electrophilic allylic carbon terminus of the -
allyl intermediate XVIII. This intermediate was isolated and studied in the
absence of nucleophile, showing that several isomers can coexist in solution
(Figure 1.6).%

L, L L, L L,L L,L
HFd H HPdR RPdH RPdR
" ' ' |
R/S/kR R/S_//kH H)\\%\R H " H
H H
syn/syn syn/anti anti/syn anti/anti

Figure 1.6 Possible isomers of the Pd-allyl intermediate.

The most commonly used nucleophiles are carbanions or amines.*™®

In early
reports, sodium salts were used but they were not soluble in conventional
This solved by the use of N,O-

bis(trimethylsilyl)acetamide (BSA) and catalytic amounts of potassium

organic solvents. problem was

acetate (see gray part of Scheme 1.9).*® In this case, a carbanion is formed by
the transfer of a silyl group from the BSA to the acetate anion producing the
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N-(trimethylsilyl)acetamide anion, which abstracts the acidic proton of the
dimethyl malonate (Scheme 1.9).

1.4.1.2 Pd-catalysed allylic alkylation

The enantioselective allylic alkylation of symmetrical substrates with
identical substituents in the 1,3 positions such as X, has been carried out
using dimethyl malonate as benchmark nucleophile.

The ligands used in this reaction are often classified into two groups,
depending on whether they present C1- or C2-symmetry. “° In the following
sections, a selection of Cl- and C2-symmetry ligands reported in Pd-
catalysed asymmetric allylic substitutions is described.

C1-symmetry ligands
In the case of Cl-symmetry ligands, two isomeric syn/syn complexes,

designated endo and exo, can be formed. These species usually undergo fast
interconversion via n-c-m rearrangement (Figure 1.7).

endo exo
s+ 'Ll .+ -Ll
Pd Pd
L :
R/A\V/A\R R\V¢Q§V/R
syn/syn syn/syn

Figure 1.7 Possible isomers of the Pd-allyl intermediate using C;-symmetric
ligands.

Gilberson et al. introduced a combinatorial approach by building peptides
from the phosphine-containing amino acids 2 and up to 81% ee was achieved

for cyclic substrate VIIL.*°
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up to sg% ee X up to 98% ee X up to 91% ee Xl

Figure 1.8. C1 symmetric ligands used in enantioselective allylic alkylation.

Several phosphine ligands with axial chirality have been used in Pd-catalysed
asymmetric allylic alkylation.® Mechanistic and synthetic studies in the Pd-
catalysed allylic alkylation of X using the Pd/3 (Figure 1.8) catalytic system
were reported and excellent enantioinduction was achieved (ee up to 99%).
These reactions have been extensively explored using PHOX ligands (P,N
ligands).>” The phosphino-oxazoline ligand 4 was successfully applied in the
Pd-catalysed allylic substitution of X, with 95% ee (Figure 1.8). This type of
ligands is very efficient for this transformation and as a result, a wide
number of P,N ligands were synthesised and used in this reaction.’® Extensive
mechanistic investigations led to the development of very bulky ligands such
as 5, which induces excellent enantioselectivities (up to 89%) in the Pd-
catalysed asymmetric allylic alkylation of X (Figure 1.8).>*

P,S ligands are also interesting for these processes ligands such as 6 have
been reported to be highly enantioselective in the Pd-catalysed asymmetric
allylic alkylation of the substrate X with ee’s up to 98%. Moreover,
furanoside thioether-phosphite and phosphinite ligands have also been
tested in this reaction with several acyclic and cyclic substrates.”® The results
indicated that the enantioselectivity of the products strongly depends on the
steric and electronic properties of the substituents at the thioether moiety
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and on the substrate structure. By carefully selecting the ligand parameters,
good enantioselectivities were obtained for unhindered cyclic substrates XIlI
(ee.’s up to 91%, Figure 1.8).

C2-Symmetric ligands

Since Trost and co-workers discovered the application of diphosphine ligands
in Pd-catalysed allylic alkylation reactions, many bidentate ligands have been
designed and probed in this reaction. When C2-symmetric ligands are used,
three possible m-allyl intermediates can be formed: syn/syn, syn/anti, and
anti/anti as shown in Figure 1.6.

In this section, the best results obtained in enantioselective allylic
substitution reactions using Pd systems based on C2-symmetric ligands will
be summarised.

Ph

Ph/\)*\OAc

PAr, N
PPh, NH HN *
* PPh, O
PPh, Ph2P ArP Q
10
up to 97% ee up to 99% ee up to 99% ee up to 98% ee
R1
PAr,
PAI’Z R1
N z J’< y PPh2
R Rz
R 1
2 R2 R2
1 14 15
upto 99% ee  up to 86% ee VI up to 99% ee up to 99% ee up to 92% ee

Figure 1.9 C2-symmetry ligands used in enantioselective allylic alkylation
reactions.

Trost developed the diphosphine 8 and derivates (Figure 1.9), and achieved
high chiral discrimination in these processes.*” The use of axially chiral
phosphines such as BINAP 1,°” or 9 *® resulted in excellent asymmetric
induction, particularly in the Pd-catalysed allylic alkylation of X (ee’s up to
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97% and 99%, respectively). Other ligands such as the optically active C2-
symmetric diamine ligand 10°° and the bisoxazoline ligand 11%°, were
reported in this reaction with excellent enantioselectivity (ee up to 98% and
99%, respectively). Moreover, catalytic systems bearing C2-symmetry
bis(oxazolines) such as 12 (Figure 1.9) showed low activity, but good
asymmetric inductions, affording enantiomeric excesses up to 86% in the
asymmetric allylic alkylation of X.®* Bidentate phosphorus ligands with a
cyclobutane backbone 13°% and the bis phospholane 14% ligands(Figure 1.9)
also yielded high enantioselectivities (ee up to 99%) in the Pd-catalysed
asymmetric allylic alkylation of X. Another important class of ligands with
central chirality consists in the P-chiral diphosphine ligands based on a
ferrocenyl backbone.®® In the allylic alkylation of X at room temperature, the
use of this type of ligands gave up to 80% yield of the product. The steric
hindrance induced by the aryl substituents in the ligand 15 leads to large
variations in the enantiodiscrimination.

Nowadays, the Pd-catalysed allylic amination reaction can also be performed
with a high degree of efficiency and selectivity, and has become an
established procedure in organic synthesis.*®

1.4.1.3 Pd-catalysed asymmetric allylic amination

The Pd-catalysed asymmetric allylic amination consists in the reaction of an
amine nucleophile with a racemic substrate containing a leaving group (LG)
in an allylic position to form allylamines (Scheme 1.10), which are
fundamental building blocks in organic chemistry and important industrial
precursors.®®

X Pd/L-L NR',
+ R;NH ———»
Ph/\)\Ph Ph " ph

Scheme 1.10. General representation of the Pd-catalysed asymmetric allylic
amination reaction.

Several types of nucleophiles can be used in this reaction such as primary
and secondary alkyl and aromatic amines. However, ammonia does not
react. As a consequence, many ammonia synthons have been developed,
and protected primary allylamines are now readily available through the use
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of azide, sulfonamide, phthalimide, di-tert-butyl iminocarbonate ((Boc),NNa),
and dialkyl N-(tert-butoxycarbonyl)-phosphoramide anions as

6788 The substrates are usually allyl acetates, carbonates,

nucleophiles.
phosphates, and in some cases, even the un-reactive chlorides have been

used.®

In Scheme 1.11, a selection of chiral ligands used in Pd-catalysed allylic
amination of X using benzylamine XXII as nucleophile is shown. The allylic
amination reaction using Pd catalysts bearing the ferrocenyl ligands 16 was
the first example of a successful system in this reaction with ee’s up to
79%.”° Togni et al. reported high enantioselectivities (up to 99%) using Pd-
complexes containing the chiral ferrocenyl pyrazole ligands 17.”' The
sulfenylferrocene ligands 18 and 19, which exclusively possess planar
chirality, afforded 99% of enantioselectivity using benzylamine as

nucleophile.” "

Ph Ph
PhMOAc + BnNHy __PdL Ph/v*\NHBn

X XX XXI

N/fil\ Bu

@/‘\NR1R2 L Z N S O
Fe “PPh, Fe "PPh, = R %p

PPh, < <&

16 17 18 Q
79% ee 99% ee 99% ee Q
5 Ph
tBu
7/ —
qs OO O\}Ph
Fe ~P(a-CF3)CgH4 oP Bn

/

19 OO 20
Ph

99 % ee 94% ee

Scheme 1.11. Selected ligands used in enantioselective allylic amination.

Recently, the novel BINOL-based ligands 20 were reported to be effective in
this reaction for a large number of amine nucleophiles. Significantly, the
terminal olefin moieties proved to be essential for the observed high activity
and selectivity.”
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Nucleophiles such as activated amides, isocyanates, carbodiimides, azides,
sulphonamides, imides, heterocycles, oxygen nucleophiles and sulfur
nucleophiles were successfully used in these reactions. ’* Preliminary results
have been published on the use of silicon’® and phosphine nucleophiles,”
however, these have not yet been developed into general systems.

1.4.1.4 Pd-catalysed asymmetric allylic phosphination

The Pd-catalysed asymmetric allylic phosphination involves the nucleophilic
reaction of phosphine ligands to form allylphosphines (Scheme 1.12).This
type of reaction is of high interest for the synthesis of enantiomerically pure
phosphines.”’

Scheme 1.12. General representation of Pd-catalysed asymmetric allylic
phosphination reaction.

Togni recently reported the first enantioselective Pd-catalysed asymmetric
allylic phosphination of X with diphenylphosphine as nucleophile in the
presence of the Josiphos ligands 17 and 21-25 and achieved ee’s up to 96%."
However, the regio- and chemoselectivity of the reaction was low (Scheme
1.13), giving the allylic phosphine product XXIV, the product formed by
dehydrocoupling of the secondary phosphine, XXV and a small amount of the
vinyl isomer XXVI resulting from a 1,3-hydrogen shift (Scheme 1.13).
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OAc  Cat[Pd(dba),] XXl XXIV
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Fe PPh tBu  fFe “PPh, Fe P )
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CF3
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Fe PPh; Fe PPh; Fe “PPh,
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Scheme 1.13. First Pd-catalysed asymmetric allylic phosphination reaction

reported by Togni and co-workers.

Secondary phosphine-boranes were also used as nucleophiles in Pd-

catalysed asymmetric allylic phosphination reactions (Scheme 1.14). In this

case, an enantiopure secondary phosphine-borane was used as nucleophile

to produce allylic phosphines containing two chiral centres. The enantiopure

phosphine-borane anion was shown to partially orientate

stereoselectivity of the reaction.”® Using a Pd catalyst bearing the chiral

ligand DACH-naphtyl 26, total selectivity was observed for the cyclic

substrate XIII .

26



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T.

157-2012

Introduction

Ph

Qhc . HSB‘P;j [Pd(dba),), L gj HsB, §
Li” THF, r. t ;j
@ Ph n=123 @ Ph
X XXVII{S, S) XXVl

selectlwty 0/100
NH HN yield 45%
CO PPh PP OQ

Scheme 1.14. Allylic phosphination catalysed by chiral palladium complexes
with enantiopure phospholane.”

As a summary, catalytic systems bearing bidentate ligands provide excellent
ee’s in the Pd-allylic alkylation reaction. Usually, the catalytic systems have
been tested with the benchmark substrate X and dimethyl malonate as
nucleophile. Compared to carbon nucleophiles, the use of heteroatom
nucleophiles in Pd-catalysed allylic substitution reactions is more challenging.
To date, many efforts have been made in investigating the type of
heteroatom nucleophiles that can be used in these transformations.*

Finally, it is important to note that several reports on Pd-catalysed allylic
substitution reactions describe a kinetic resolution of the substrate during
the reactions.”” In a kinetic resolution, two enantiomers react at distinct
reaction rates in a chemical reaction, thereby creating an excess of the less
reactive enantiomer. This excess goes through a maximum and disappears
on full conversion of the most active enantiomer. Ideally, the maximum
conversion is thus 50% of the initial racemic mixture. In allylic substitution
reactions, the dynamic kinetic resolution (DKR) is more common.” In DKR
the starting substrate racemises under the reaction conditions. Thus, when
the most active enantiomer reacts, an equilibrium between both
enantiomers re-establishes the racemic mixture. The conversion can
therefore reach 100%. In Scheme 1.15, an example of such process is
described where 98% conversion is obtained with 92% ee.”
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OAc [ F|Jd(||)L2}

PN CH(CO.CHz),
> X %
CH,(CO,CHj3),
OAc XXX
XN 98%
92% ee

racemic XI

Scheme 1.15. Example of Pd-catalysed asymmetric allylic alkylation through
palladium-allyl complex with Dynamic Kinetic Resolution.

Only few studies have been reported about the use of PANPs applied to Pd-
catalysed allylic substitution reactions. In the next section, the most
important results obtained in these reactions using Pd NPs as catalysts will
be described.

1.4.2 Pd NPs as catalysts in allylic substitution reaction

While the use of NPs in catalysis is increasing by leaps and bounds, the
eternal debate persists about whether the catalysis is intrinsically
heterogeneous, if occurs via reactant adsorption on the surface of NPs, or
whether atoms leaching from the NPs promote the traditional homogeneous
path.

In 2004, PdNPs stabilized by the chiral xylofuranoside diphosphite 27
(Scheme 1.16), were used in the Pd-catalysed allylic alkylation of X with
dimethyl malonate, and experiments aiming at distinguishing these
observations from classical molecular catalysis were reported.® They
reported the successful reaction of X with dimethyl malonate under standard
conditions using as catalyst either Pd27 NPs or the molecular complex 28
generated in situ by reaction of [Pd(n*-C;Hs)(u-Cl)], and 27 (Scheme 1.16).
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Scheme 1.16.Pd-catalysed asymmetric allylic alkylation of X with dimethyl
malonate as nucleophile and Pd27 or the complex 28 as catalyst.

The enantiomeric excess obtained using the molecular catalyst matched the
published data,® whereas that found using the colloid catalyst was slightly
higher (ca. 97% (S) ee). However, these catalytic systems displayed some
important differences:

e When Pd27 NPs were used as catalyst, only ca. 55% product (XXXI)
was obtained after 24 h, and this value did not change after 168 h. In
contrast, using the molecular complex [Pd(n*-CsHs)(27)]PFs, 28 as
catalyst, quasi total conversion of the substrate was observed after
1.5 h.

e  When Pd27 NPs were used as catalyst, kinetic resolution®” of the
substrate was observed and 89% ee was measured for the remaining
substrate. With the molecular catalyst, no kinetic resolution was
observed.

The main difference between the colloidal and the molecular systems lay in
the relative rates of alkylation of the two enantiomers of the substrate. They
reported the apparent absence of reaction of one enantiomer using a sample
enriched in the (S) substrate for the colloidal catalyst. This apparent lack of
reactivity observed at 58-60% conversion was not due to catalyst
deactivation, as demonstrated by further addition of substrate, which led to
its alkylation at the same rate and with the same selectivity. At the end of
the reaction, both nearly enantiomerically pure substrate and product were
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obtained. The origin of this selectivity could be due to a particular
combination between the metallic surface, the substrate and the ligand.®

No differences in the NPs size could be observed when the TEM images were
recorded after catalysis. Later, further comparative studies were reported
using colloidal and molecular catalytic systems containing three diphosphite
ligands (Figure 1.10) and employing different types of allylic substrates. ®

tBu

Figure 1.10. Pd-catalysed asymmetric allylic alkylation using molecular
complex and NPs systems.

The chiral diphosphites 27 and 30, which only differ by their C-3
configuration of the carbohydrate backbone, gave significant differences in
catalytic behaviour. While the molecular system bearing the ligand 27 is
highly enantioselective (ee=90% for the allylic alkylation of X), the analogous
system with ligand 30 does not induce any enantioselectivity for the same
reaction (Table 1.1). In addition, palladium NPs stabilized with these ligands
(Pd27 and Pd30) show a remarkable difference in stability. Under catalytic
conditions using X, Pd30 NPs decompose into molecular species, whereas
Pd27 does not (Table 1.1).¥ When Pd30 NPs were used, an “induction
period” revealed to be necessary in order to observe conversion. During this
period, the leaching of molecular species was expected to take place. The
catalytic results obtained after this period were identical to those obtained
with molecular catalysts, thus confirming the leaching of homogeneous
catalysts from the NPs.

When the molecular catalytic system bearing the flexible ligand 31 was used,
high activity and excellent enantioselectivity were observed in the allylic
alkylation of X with dimethyl malonate as nucleophile. The Pd31 NPs
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constitute a highly active and selective system for the allylic alkylation of X,
similarly to the analogous molecular catalytic system. In summary, these
studies evidenced that the use of Pd NPs may be very effective in these
reactions in terms of enantioselectivity (Table 1.1).

Table 1.1. Pd-catalysed allylic alkylation of X using dimethylmalonate as
nucleophile.?

OAc CH(COOMe),
Ph/\/l\Ph + HC(COOMe), [P Ph~%~Ph
X CH,Cl, YXXI
Molecular NPs
L Conv.(%) eeX(%) eeXXXI(%) | Conv.(%) eeX(%) eeXXXI(%)
27 83 0 90 (S) 56 89 (S) 97 (S)
30 80 0 0 0 - -
31 100 - 94 (S) 88 >99 (S) 90 (S)

a. For the experimental conditions, see ref.[79]. b. Based on the substrate and determined by
'H NMR spectroscopy. ¢. Catalytic precursor generated in situ from [Pd(p—CI)(n3—C3H5)]2 and
the corresponding ligand. d. Preformed palladium NPs used as catalytic precursor.

Interesting mechanistic insights were later reported using Pd NPs stabilised
by the chiral ligands 32-35 as catalysts for this reaction. ® In this case, the Pd-
catalysed asymmetric allylic alkylation of X was carried out using a
continuous-flow membrane reactor, CFMR (Scheme 1.17). Using this
method, the authors established that the behaviour of the Pd NPs depends
on the stability of the Pd/ligand system. The Pd32 NPs were found to be
more resistant to leaching of molecular species than the Pd33 under the
same catalytic conditions.
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Scheme 1.17. Schematic representation of the oxazolinyl-phosphite ligands
32-35 and membrane reactor used by van Leeuwen and co-workers.®*

In the case of allylic amination, only one case has been reported using Pd NPs
as catalysts. ¥ This reaction was carried out using Pd NPs generated in situ
from palladium (II) chloride. A wide range of amines (cyclic, open chain,
aromatic) and allyl acetates were used.

In the next section, general aspects of the Suzuki-Miyaura coupling reaction
will be introduced with particular emphasis on the use of Pd NPs as catalysts
in this process.

1.4.3 Pd-catalysed Suzuki-Miyaura coupling reactions

The Pd-catalysed C-C bond coupling reactions constitutes one of the most
important tools in organic synthesis. In 1901, the first case of cross coupling
reaction was reported by Ullman and Bielecki. ¥ This reaction involved the
obtention of symmetric biaryls via copper-catalysed coupling. Subsequently,
new cross-coupling reactions appeared with Pd as the metal center and using
other organometallic partners such as Kumada (Mg), Stille (Sn), Hiyama (Si),
Neguishi (Zn) and Suzuki (B), among others.?’ (Scheme 1.18).
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Scheme 1.18. Pd-NPs catalysed C-C bond coupling reactions.

The Suzuki-Miyaura coupling reaction is an important approach for the
synthesis of biaryls compounds of industrial importance. This catalytic
reaction involves an organoboron reagent, an organic halide or triflate
(aryl/alkenyl halides as electrophilic cross-coupling partners) in the presence
of a base and a metallic catalyst (Scheme 1.19). In cross-coupling reactions,
new carbon-carbon bonds are formed, which is of high interest in organic
transformations.

Pd(0)/L
base '
R-X " (©OR)BR ——= RR
R= aryl/ alkenyl/ alkyl R' = aryl/ alkenyl/ alkyl

X=Cl, Br, I, OTf (SO3CF3) R"=H, CH; etc.

Scheme 1.19. General representation of the Pd-catalysed Suzuki-Miyaura
reaction.

For this reaction, the reagents are readily available, nontoxic, and usually air
and water stable. Furthermore, the reaction is usually carried out under mild
conditions and aqueous solvents, supercritical fluids or supported catalysts
can be used.®® The mechanism of the Suzuki reaction has been widely studied
by different methods such as NMR,® DFT,” and kinetics studies.”**** The
mechanism can be described as three elemental steps: oxidative addition,
transmetallation and reductive elimination (Scheme 1.20).
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Scheme 1.20. Proposed catalytic cycle for the Suzuki cross coupling reaction

Initially, a coordinatively unsaturated 14-electron species is formed and this
step depends on the nature of the palladium precursor. In the precursor, the
metal can be in the oxidation state 0 or Il. Although the latter requires
reduction prior to enter the catalytic cycle, it is usually preferred due to its
greater stability. In this reaction, the oxidative addition of the electrophiles
to a Pd(0) intermediate has been often described as the rate-limiting step.**

In the oxidative addition, an organic halide adds to the metal complex and as
a result, the R-X bond is broken and two new bonds are formed, Pd-X and Pd-
R. The oxidative addition of alkyl halides can proceed in different ways,
although the result is usually a trans species, independently of the
mechanism. Thus, the electron-rich metal nucleophile attacks the carbon
atom of the alkyl halide, the halide being the leaving group. With alkenyl
halides, this reaction proceeds with complete retention of configuration and
with inversion for allylic and benzylic halides.”® Aryl and 1-alkenyl halides can
be activated by the presence of electron-withdrawing groups that decreases
the electronic density. Thefore the organic halides, can be non-activated
(electron-neutral), deactivated (electron-rich) or activated (electron-
deficient). Senn and Ziegler®® reported a DFT (Density-Functional Theory)
study of the oxidative addition of phenyl halides to palladium (0) complexes
bearing bidentate phosphanes and concluded that, in agreement with other

results:
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a. Ligand dissociation from Pd(PPhs), to form the active species is the
first step for oxidative addition and in several cases may even be
rate-limiting.”’

b. The available kinetic data do not allow one to exclude the formation
of a pre-reaction complex [(L)Pd (nz—ArX)].98

c. Oxidative addition takes place at the coordinatively unsaturated
palladium complex.”

The oxidative addition step is therefore of crucial importance in cross
coupling reactions and is strongly influenced by the electron density and the
nature of the halide reagents. The transmetallation step involves the
catalytic intermediate R-PdXL, and the organoborane to yield a palladium
diaryl complex. In this step, the formal oxidation state of the palladium
species remains the same. The boron reagents have an important role, as
unhindered electron-rich organoboranes together with the electron-deficient
vinyl or aryl halides or triflates are the most reactive partners for the
reaction. The coordination of a negatively charged base to the boron atom
has been documented to be an efficient method of increasing its nucleophile
capacity to transfer the organic group from boron to the metal center (1,2-
migration reaction).

The reductive elimination is the last step of the catalytic cycle and provides
the organic product from a Pd(ll)-diaryl species and regenerates the Pd(0)
species. Punji reported the influence of the solvents in the coupling between
4-bromoacetophenone XXXI and phenylboronic acid XXXII, using a wide

100

range of systems (Scheme 1.21).” The more polar solvent (methanol)

provided high conversion due to the high solubility of the base (CaCO3). Non-
polar solvents such as toluene were shown to lead to slower reactions.

(@]
Pd(OAc),/ L O
Me K2CO3

XXX XXX XXXIV

Scheme 1.21.Suzuki cross-coupling reaction between 4-bromoacetophenone
and phenylboronic acid.
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The solvent was also shown to have an important role for the reductive

elimination step.'™

When a biaryl phosphine is used in Suzuki-Miyaura
coupling, an aryl-aryl interchange phenomenon can arise. Solvents such as
THF reduce the formation of by-products when these phosphines are used as
ligands. Less hydrophilic solvents such as methylene chloride (CH,Cl,)
increase the formation of these by-products.’® The selection of the base in
Suzuki coupling is also crucial since it reacts with the organoboron reagent to
form a boronate anion, which later acts as nucleophile in the

transmetallation step.

It was observed that stronger bases such as NaOH, TIOH, and NaOMe
performed well in THF/H,0 solvent systems, whereas weaker bases such as

102

K,CO3 and K3PO, were more successful in DMF. ~° The nature of the base has

a dramatic effect on the efficiency of the coupling, as reported by Cheng and

co-workers.'%

In the coupling reaction of p-iodoanisole and phenylboronic
acid, the use of bases such as K,COs;, Cs,CO3, or Na,CO; improved the yield of
the desired product, but side products were also produced in substantial
amounts. However, the use of CsF led to the formation of the product with
essentially no side products. A large number of ligands have been used in
Suzuki coupling reactions. A selection of these ligands is shown in Figure
1.11. It was demonstrated that both the rate and the selectivity of this
reaction are strongly influenced by the steric and electronic properties of the
101

ligands.”" They concluded that the active Pd complexes were stabilized by

only one bulky monodentate electron-rich ligand.

In the case of bidentate ligands, it is often supposed that in the catalytically
active palladium species, the metal atom is coordinated through both donor
atoms.*® Catalytic systems with high o-basicity ligands have been reported to
be very active in the cross-coupling of aryl chlorides.’®™ In general, it is
considered that the electronic properties of the ligands mainly influence the
oxidative addition step whereas their steric bulk is an important parameter
during the reductive elimination step.”® For instance, Pd-complexes that
contain bulky phosphines such as the tris(2,4,6-trimethoxyphenyl)phosphine
36 are highly reactive for the oxidative addition (Figure 1.11). Both mono-
and bidentate phosphorus-based ligands were reported in this reaction and
small structural differences within the ligands were shown to have strong
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effects on the outcome of the reaction. For instance, catalysts bearing PCy;
were found to be very effective in the Suzuki coupling of alkyl chloride
although their tricyclopentyl- and triisopropylphosphine analogues revealed
to only be poorly active (Figure 1.11).%

Buchwald and co-workers reported the use of the SPhos ligands and
derivatives 37 and 38 in Suzuki reactions of aryl chlorides at room
temperature (Figure 1.11).'% The performance of these systems strongly
depended on the Pd/P ratio and the nature of the palladium source. Others
bulky monophosphines such as 39-43 have been used in order to study the
stabilization that these ligands confer to the catalytic system (Figure 1.11).'%

- O O P(t-Bu)
o PPh, PPh,
i-Pr: i-Pr MeO ‘ OMe O O
~o 07 O Me,N

P i-Pr 39
38
36 37
PCy, PCy, P(t-Bu), (t-Bu),R
MeoN
40 41 42 43

MeO
= S a
Fe PPhy Fe PPhy QN NO
47

44 45 46

oC A,

o. R \
PN

SOMN
R1= R2 =CH3
R1= Rz =C;Hs

48 Ry=R,=iPr 50

Figure 1.11. Selection of ligands used in Suzuki cross coupling reactions

The influence of the bite angle of bidentate ligands on the catalytic reaction
was reported by van Leeuwen and co-workers, who showed that ligands with
large bite angles accelerate the rate of reductive elimination.®” The cross-
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coupling of alkylboronates involving iodoalkenyl or aryl halides proceeds in
moderate yields in the presence of TI,CO; and PdCl,(45).*"’

Xiao reported ferrocenyl monophosphine ligands synthetised by palladium-
catalysed Suzuki- Miyaura coupling. '® The modular procedure creates a
rapid synthesis of phosphines with diverse properties. Electron-rich
phosphines such as 44, have been successfully applied to the Suzuki-Miyaura
coupling of activated and deactivated aryl chlorides, with low catalyst
loading.

Andersson also reported the use of the bidentate phosphine ligand 46 that
gives stable palladium catalysts for Suzuki couplings, as no palladium black
formation was observed in the reactions of iodoarenes and bromoarenes. '*°
Nolan et al. reported interesting results for the coupling reaction of various
aryl bromides and activated aryl chlorides with arylboronic acid using
palladium (II) complexes bearing the bidentade diazabutadiene (DAB) ligand
47.'° The Pd(OAc),/DAB-R system was very efficient in the Suzuki-Miyaura
cross-coupling reaction of aryl bromides with aryl boronic acids in terms of
reactivity, reaction conditions. This system represents unprecedented
reactivity for a bis(nitrogen) ligand system with regard to reactivity with
unactivated and sterically encumbered substrates, as well as activated aryl
chlorides.'*°

Pd complexes bearing monodentate phosphoramidite ligands were reported
to catalyze the Suzuki coupling at room temperature in high yields.'*' Wan
reported a highly efficient palladium catalysed Suzuki coupling of aryl
bromides with arylboronic acids using the phosphoramidite ligand 48.''
Other ligands such as palladacycles based on phosphinite ligands such as 49
have also been used in Suzuki coupling of phenylboronic acid with aryl

bromides and chlorides.**?

These systems were extremely active for the
Suzuki coupling of aryl bromides but not particularly useful for the coupling
of aryl chlorides, probably due to the m-acidic properties of the phosphinite

ligand.

Recently, Pd catalysts bearing N-heterocyclic carbenes (NHCs) have also been
successfully reported in the Suzuki-Miyaura reaction. These ligands combine
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strong o-donating properties with a shielding steric pattern that allows both
stabilization of the metal center and enhancement of its catalytic activity.™"
For instance, Nolan reported the highly active Pd-catalysed Suzuki-Miyaura
reaction of aryl chlorides with phenylboronic acid derivatives using the NHC
ligand 50 (yield up to 99%)."**

1.4.3.1 Pd-NPS as catalysts in Suzuki-Miyaura coupling reactions

Among metallic NPs, the Pd NPs are the most frequently utilised to catalyze
the Suzuki coupling reaction.'> However Ru,"****” cu,'*” Au,'*® and bimetallic
NPs have also been used to a lesser extent. In 1996, the first use of Pd NPs as

119

catalysts in C-C coupling reactions was report by Beller and Reetz.”™ So far,

several mechanistic approaches to the modus operandi of the NPs have been

120
d.

reporte Parameters such as the size, the nature of the stabilizing agent,

substrate, etc influence the catalytic activity of the Pd NPs.

Liu reported the Suzuki cross coupling between bromobenzene and
phenylboronic acid.' In this study, the authors reported the recycling of the
nanocatalyst and looked at the “aging” effect on the size of these particles.
In the recycling process, small NPs were dissolved to form larger crystalline
NPs. This process is called the “Oswald ripening” and has often been
observed during NPs recycling (Scheme 1.22). The addition of PVP stabilizers
to the reaction mixture diminishes the process but also the catalytic activity

due to the lower adsorption of substrates at the metallic atoms.'*

o

. } W )
Sl A ) A Ay \
+ QD — AL O — D
20— &3 - & — TS
> DY
small NPs -

large NPs
Blackberry

Scheme 1.22 Representation of the Oswald ripening.

El-Sayed and co-workers have reported a study on the influence of these

parameters.'

For instance, Pd NPs stabilised by PVP with several sizes (3.0,
3.9, 5.2 and 6.6 nm) presented changes in the turn over frequencies (TOFs)

by more than a factor of two in this size range. They indicated that when the
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NPs are smaller the catalytic activity is lower due to the absorption of the
substrates at the NPs surface.

The nature of the stabilizing agents has an important role during the Suzuki
coupling reaction. In the case of PAPVP NPs (Figure 1.12), their size was
found to increase after each recycling.'**® However, when PAPAMAM NPs
(PAMA = Poly(amido amine)) were used, aggregation and precipitation of NPs

out the solution was observed but TEM analysis showed that smaller NPs
115c

were present in solution.

Before Reaction

C,=21201nm
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& & 1 &
Size (nm)
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Figure 1.12. TEM images and Gaussian fits of the size distributions of PVP—Pd
NPs before the Suzuki reaction (a, b), after the first cycle of the reaction (c,
d), and after the second cycle of the reaction (e, f).

This growth process was not observed when the NPs were only placed in
presence of iodobenzene. However, in the presence of both iodobenzene
and phenyl boronic acid, the NPs increased in size.
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The results obtained from the FTIR studies showed that the phenylboronate
anion does indeed bind to the nanoparticle surface through both B-O-
groups. Because no interaction was observed between iodobenzene and the
nanoparticle surface, the mechanism was proposed involve the
phenylboronic acid binding the nanoparticle surface in the form of
phenylboronate anion followed by its reaction with the iodobenzene present

123

in solution.”™ Then, it is proposed that the mechanism of the Suzuki coupling

involves phenylboronic acid binding to the nanoparticle surface and reacting
with the iodobenzene in solution.'****

The thorough study of the recycling and reuse of the catalysts monitored by
TEM gave support for important changes in nanoparticle size and shape
during the reaction. This observation, together with the lack of
homocoupling side reaction using the solid precatalysts, prompted the
authors to hypothesize that the active species in catalysis was a discrete
soluble Pd(ll) species in solution. Following the elimination of the coupled
product from the discrete Pd(ll) species, the resulting Pd(0) species could
oxidatively add another aryl halide to re-enter the catalytic cycle or could
cluster to reform Pd NPs or palladium black."*
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Reductive
Ar-Ar €limination Ar-X
llPd(O)ll
Discrete Pd(0) species . Oxidative
or Ar-AT addition
Pd(0) NPs Ar
)y A “x
Ar-Pd-X
L
XB(OH), Ar Leaching
Ar-B(OH), L'PE’(‘X

Discrete Pd(Il) species

Scheme 1.23. Proposed catalytic cycle using NPs as catalysts in Suzuki

coupling reaction

The proposed mechanism (Scheme 1.23) is similar to those described by

DuPont™® for nanoparticle catalysts in ionic liquids and by de Vries'?® for
catalysis by homoeopathic, “naked” palladium, although the intermediate
species are likely to be more accurately represented as anionic entities.

Gémez et al studied the effect of the metallic precursors used in the

synthesis of the NPs.'”” They observed that Pd(Il) precursors could not lead

to the formation of well-defined NPs, even for ligands containing N-donor

groups which should favour their coordination to the metallic surface. In this

study they observed that using NPs as catalysts, higher conversion was

obtained in the Suzuki-Miyaura coupling reaction of the deactives

bromoanisole than for the activated 4-bromobenzotrifluoride, which is in

contrast with the results reported for homogeneous catalyst. The authors

concluded that the oxidative addition step was favoured with bromoanisole

due to the interactions between the donor group of this substrate and the

organometallic surface (Figure 1.13).
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Catalytic
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Figure 1.13. Activation of 4-bromoanisole promoted by the metallic surface
of palladium NPs.*’

Recently, new water soluble Pd-poly(ethylene glycol) stabilised NPs displayed
good activity as catalysts in the Suzuki coupling of aryl iodides, and of the
more challenging bromides and chlorides in aqueous media. These NPs
provided good to excellent yields in the coupling of a range of aryl and
heteroaryl substrates. The use of water proved to be optimal for the coupling
of the XXXIV and for deactivated anisole derivatives XXV.

90% conv. of XXXVI

§ O
B(OH), * or
(OH), Br H,0
XXXl /©/ MeO
MeO

87% conv. of XXXVII

XXXV

Scheme 1.24. Water-soluble PdNPs as catalysts in Suzuki cross coupling
reactions in aqueous media.'*®

In this system, the recyclability of the NPs for aryl iodides and bromides was
also established (up to five cycles) giving rise to good isolated yields in
successive runs (Scheme 1.24).%
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Another important C-C bond formation reaction is the conjugate addition to
unsaturated substrates. In the next section, the conjugate addition of
boronic acids to unsaturated o- ketones will be introduced.

1.4.4 Asymmetric conjugate addition of arylboronic acids to
o, f—unsaturated ketones.

The catalytic enantioselective construction of quaternary stereocenters

129 Over the last decades,

remains a difficult problem in synthetic chemistry.
reliable approach towards this challenge has been the asymmetric conjugate
addition of carbon-based nucleophiles to suitable o,B-unsaturated carbonyl
acceptors. For the asymmetric version of this reaction, interesting results
were achieved using Pd based catalysts.”*® The Pd-catalysed asymmetric
conjugate addition of arylboronic acids to a,B-unsaturated ketones involves

the nucleophilic attack on an electrodeficient C=C alkene (Scheme 1.25).

Pd Ry O
A+ F BOHERs ——— L
R, R, R4 R,

Scheme 1.25. General representation of the Pd-catalysed asymmetric
conjugate 1,4-addition reaction with boronic acids

Initially, the majority of asymmetric conjugate additions for the synthesis of
quaternary carbon centers involved the use of highly reactive organometallic
reagents (e.g., diorganozinc,131 triorganoaluminum,132 and organomagnesium

13%) to a variety of unsaturated electrophiles in the presence of

reagents
copper catalysts.”>* In most of cases, the organometallic reagents were air
and moisture sensitive and extremely anhydrous reaction conditions were
required. As an alternative, Hayashi and Miyaura reported the first example
of air stable chiral rhodium catalysts together with easily handled
nucleophilic organoboron reagents with excellent yields and ee’s (Scheme

1.26)."*
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Ry O
Rh(acac)(CO), /L 1
+ R3B(OH
R 1/\)J\R2 3BOH) aqueous solvent Ra)\/U\R2

ee's up tp 96%

Scheme 1.26. 1,4-addition of o,B-unsaturated ketones using Rh(acac)(CO),
and several ligands.

The rhodium-catalysed 1,4-addition of organic boronic acids has several
advantages over other 1,4-additions: a) the organoboronic acids used are
relatively stable to oxygen and moisture compared with other
organometallic reagents, therefore allowing the reaction to be performed in
protic media or even in aqueous solution. b) The organoboronic acids are
much less reactive toward enones in the absence of a rhodium catalyst than
organometallic reagents such as organolithium reagents. ¢) Aryl and alkenyl
groups can be introduced at the B-position. Hayashi and co-workers reported
the characterization of the complex RhPh(PPhs)(binap), which is a key

1% The reaction of

intermediate in the rhodium-catalysed 1,4-addition.
phenylboronic acid with 2-cyclohexen-1-one catalysed by Rh/binap is shown

in Scheme 1.27.

o) B(OH), %
@ . @ Rh(acac)((S)-1) i‘)\
dioxane:H,O (10:1) Ph XXXIX
XXXVIII XXX 100°C, 5 h 93% yield
97% ee (S)

Scheme 1.27. 1,4-addition of phenylboronic acid to 2-cyclohexen-1-one
catalysed by the Rh/binap system

The conjugate addition of arylboronic acids and derivatives to enones with
palladium catalysis has been investigated for some time and resulted in the
development of addition reactions that produce enantioenriched tertiary B-
substituted ketones. In 2010, Lu reported the use of dicationic bipyridine
derived Pd catalysts for additions to B-substituted enones that yield products

containing a quaternary carbon center in high yield (Scheme 1.27).""1%®
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Scheme 1.28 Pd(ll)/bpy-catalysed conjugate addition of phenylboronic acid
to 3-methylcyclohex-2-enone reported by Lu.*

A plausible mechanism for the palladium catalysed conjugate addition was
reported and is described in Scheme 1.29."*° The authors suggested that the
transmetallation step yields the aryl Pd species XLII. Insertion of the olefin
into the carbon—palladium bond gives the palladium enolate XLIII or XLIV. -
H elimination of the C—Pd bond in XLIll is suppressed in the presence of the
ligand and protonolysis in water gives the corresponding conjugate addition
product XXXIX with the regeneration of initial palladium species.

(HO)B
o
L L
xxxmd
Ph 8 p L XL
Lo L Pd’

Scheme 1.29. Mechanism of the Pd(ll) catalysed conjugate addition reaction.

The enantioselective Pd-catalyzed construction of all-carbon quaternary
stereocenters via 1,4-addition of arylboronic acids to B-substituted cyclic
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enones was reported by Stoltz and co-workers.* In this case, reaction of a
wide range of arylboronic acids and cyclic enones using a catalyst prepared
from Pd(OCOCF;), and a chiral pyridinooxazoline ligand vyields
enantioenriched products bearing benzylic stereocenters. Notably, this
transformation was tolerant to air and moisture, providing a practical and
operationally simple method of synthesizing enantioenriched all-carbon
quaternary stereocenters.**

Tabatabaeian et al., reported the first work in the double conjugate 1,4-
addition of indoles to dibenzylacetones in one-pot with good yields using a
Ru(lll) catalyst.***
methanol instead of non-environment-friendly solvents such as acetonitrile,

This catalytic system presents the advantage of using
chlorinated solvents or toluene, which are usually used in this reaction.

Bedford et al. reported the 1,4-addition of phenylboronic acid to chalcone
catalysed by a platinocycle generated by ortho-platination of tri(2,4-di-tert-
butylphenyl)phosphate, showing a moderate activity."* Hu and co-workers
also reported the successful use of orthoplatinated triarylphosphites as
catalysts in the addition of aryl boronic acids to aldehydes.'*
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1.5 Objectives

The enantioselective formation of carbon-carbon bonds through catalysis is
of high interest for the synthesis of key molecules in fine chemicals and
pharmaceutical industry. This thesis focuses on the study of several C-C bond
formation reactions using new molecular complexes and NPs as catalytic
systems.

The objective of this study includes the synthesis and characterization of new
families of metal NPs stabilized by chiral phosphorus-based ligands and their
application in the following processes:

=

Pd-catalysed asymmetric allylic substitutions
2. Pd-catalysed asymmetric cross-coupling Suzuki-Miyaura reactions
3. Ni-catalysed Suzuki-Miyaura reactions.

4. Pt-catalysed conjugate 1,4 addition of boronics acids to

o,B—unsaturated ketones.
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Pd-catalysed asymmetric allylic substitution reactions

2.1, Background
2.1.1. Phosphite ligands in Pd-catalysed allylic substitution reactions

Catalytic systems bearing chiral phosphorus compounds such as phosphine
ligands have been widely studied because of their efficient stereo-
discrimination in asymmetric reactions.” Chiral diphosphite ligands have also
been successfully applied in metal-catalysed asymmetric reactions such as
allylic alkylation,’ asymmetric hydrogenation,? asymmetric
hydroformylation,* etc.

Over the last years, catalytic systems containing chiral diphosphite ligands
derived from carbohydrates have emerged as interesting and efficient
systems for Pd-catalysed asymmetric allylic substitution reactions.* Sugar
derived ligands have numerous advantages because they are readily
available, highly functionalised, and can be systematically modified. For
instance, the carbohydrate backbone can be modulated by varying the
diphosphite substituents in order to twice their steric and electronic
properties.4

Pd/Phosphite systems have been reported to be efficient in allylic
substitution reactions of several substrates. Figure 2.1 summarises the most
representative substrates used in these reactions.

OAc OAc
~ OAc
OO0~
X Xl Xl
OAc OAc
QOAC ©)\/ O =
Xl XIV XV

Figure 2.1. Common substrates in Pd-catalysed asymmetric allylic
substitution reactions.
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Dieguez and co-workers reported the design of a series of diphosphite
ligands varying the backbone, size of the chelating ring and the substituents
of the biphenyl moieties as shown in Scheme 2.1.°

Chelating ring —— \/\‘/

s e
"

Substituents on biphenyl moieties
Scheme 2.1. Modular diphosphite ligands (Figure taken from ref. 5).

They studied the scope of this type of ligand in the Pd-catalyzed asymmetric
allylic substitution reaction of several model substrates.® Good activity (TOF >
200 mol x (mol x h)™) and enantioselectivity (80% (R) ee) were reported in
the Pd-catalyzed asymmetric allylic alkylation of X using the ligand 30
(Scheme 1.2). This latter ligand 30, which only differs from ligand 54 by a
-CH, group in its backbone than ligand 54 (Scheme 2.2), provided the highest
activity (TOF > 1200 mol x (mol x h)™*) and enantioselectivity (94% (R)).

The results obtained with the ligand 55 indicated that the presence of the
two stereocenters in the backbone is necessary to obtain high
enantioselectivity (73 % of ee XLVII, Scheme 2.2). The catalysts bearing the
ligands 56-59, which form a nine-membered chelate ring with the metal,
were less active and enantioselective than ligands 30 and 55, which form an
eight-membered chelate ring (Scheme 2.2). In general, ligands containing a
more rigid backbone produced higher ee values.

The effect of the different substituents in ortho and para positions indicated
that both activities and enantioselectivities are higher when bulky tert-butyl
substituents are present at both ortho and para positions of the biphenyl
phosphite moieties (ligands 54 and 60, Scheme 2.2). In Pd-catalysed allylic
amination reactions, similar trends were observed using the ligands 54-60.
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Scheme 2.2. Chiral diphosphite ligands used in Pd-catalysed asymmetric
allylic substitution reactions.

In 2001, the first family of chiral diphosphite ligands derived from
carbohydrates was reported in Pd-catalyzed asymmetric allylic substitution
reactions.® The C1 symmetry backbone of these ligands can be modulated
due to the easy inversion of the configuration at C-3 and C-5 positions and
the possibility to introduce an R function at the C-5 carbon (Figure 2.2). Later,
a new family of modular furanoside diphosphite ligands was successfully
applied in the Pd-catalyzed asymmetric allylic substitution of several
substrates.’
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Figure 2.2. The diol carbohydrate in the furanose backbone.

Scheme 2.3 displays the results obtained with chiral diphosphite furanoside
derivative ligands applied in the Pd-catalyzed asymmetric allylic substitution
of several substrates. In the Pd-catalysed allylic alkylation reaction of X to
obtain XXXI, the enantioselectivities were affected by the substituent at C-5
and the phosphite moiety. Furthermore, they were also affected by the
configuration at C-3 and C-5 and at the biaryl moieties. Moreover, the
enantioselectivities were best (ee’s up to 98%) with the xylo- (27) and gluco-
furanoside (62) ligands containing bulky substituents at the ortho positions
of the biaryl moieties. Moreover, a cooperative effect between C-3 and C-5
was observed (Scheme 2.3).”

In the Pd-catalysed asymmetric allylic amination of X to obtain XXI, the
enantiomeric excesses were higher (ee’s up to 99% at room temperature)
with ligands 62 (-74% ee) and 64 (73% ee). Therefore, to obtain high
enantioselectivities, the ligand must contain a substituent at C-5. These
results also indicated that the configuration at C-5 controls the
enantioselectivity (Scheme 2.3).

68



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo
DL:T. 157-2012
Pd-catalysed asymmetric allylic substitution reactions

CH(COOMe), NHBn CH(COOMe),
XXXI XXI XLVI

d / O
P-0- O tBu tBu o} 0]
0] qu? 0 O
tBu O 0 o
tBu O Q O _,0 O ./
tBu O P ~ P ~
o) (0]
27 O 29 61
97% ee (XXXI) tBu tBu13% ee (XXXI) 45% ee (XXXI)
98% ee (XXI) 16% ee (XXI) 61% ee (XXI)
-28% ee (XLVI) -34% ee (XLVI) 50% ee (XLVI)

tBu

tBu tBu tBu
P\ \

P\o o5 © Bu

tBu {BU P oO
tBu Q o, o o2

A< tBu
64
98% ce ( XXX,) 29% ee xxxn 15% ee (XXXI)
tBu 13% ee (XXI) 55% ee (XXI)

99% ee (XXI) tB K
74% ee (XLVl) 40% ee XLVl) 73% ee (XLVI)

Scheme 2.3. Furanoside diphosphite ligands used in Pd-catalysed asymmetric
allylic alkylation and amination reactions.

Recently, a new series of Cl-symmetrical 1,3-diphosphite ligands with a
furanoside backbone, 65-69 was reported and used in the Pd-catalysed
asymmetric allylic alkylation of mono- and disubstituted linear substrates
(Scheme 2.4).2 The backbones of these diphosphite ligands were selectively
modified to study the effect of the ligand structure on the catalytic
performances.? Using the ligand 65, the product XXXI was formed with 53%
conversion and 95% ee. Furthermore, the enantiopure substrate X was
recovered (99.9% ee) (Scheme 2.4). High regioselectivities (up to 9/92%
linear/branched) and up to 94% ee was obtained with the catalytic system
containing the ligands 66, 68 and 69. The study of the 1,3-diphenyl Pd-m-allyl
intermediates by NMR spectroscopy indicated that the nucleophilic attack
takes place predominantly at the allylic terminal carbon atom located trans
to the phosphite moiety at the C-5 position of the carbohydrate backbone.
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However, the difference in enantioselectivity observed cannot be explained
by the reactivity of the nucleophile versus the different w-allyl intermediates.

CH(COOMe), CH(COOMe),

sagel ooy
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Scheme 2.4. Cl-symmetriy diphosphite ligands used in Pd-catalysed
asymmetric allylic alkylation and amination reactions.

It is usually assumed that although a symmetric ligand is no guarantee of
high enantioselection, the number of possible diastereomeric intermediates
or transition states in a catalytic process could be likely reduced, and thereby
increases the probability of a highly selective process. A bidentate C2-
symmetric ligand in a tetrahedral or square planar geometry (Figure 2.3)
renders the two remaining coordination sites equivalent (homotopic).’
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Figure 2.3 Geometry differences between C2- and C1-symmetry ligands.

Chiral carbohydrate diphosphite ligands with C2-symmetry have been used

with success in the Rh-catalysed asymmetric hydroformylation of
10,11

vinylarenes with high enantioselectivities.
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Figure 2.4. Modular chiral diphosphite ligands derived from carbohydrate
with C2-symmetry used in Rh-catalysed asymmetric hydroformylation of

vinylarenes.'®

Nevertheless, C2-symmetry chiral carbohydrate diphosphite ligands had not
been reported in the Pd-catalysed asymmetric allylic alkylation reactions. In
this chapter, we present the studies of the catalytic activity of the Pd systems
bearing C2-symmetry diphosphite ligands in the asymmetric allylic
substitution of X and XXI substrates using several nucleophiles. In addition,
parallel studies using NPs stabilised with these ligands will be presented. NPs
catalysts stabilised by C1-symmetry diphosphites were reported and used in
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the Pd-catalysed asymmetric allylic substitution of X, achieving high
conversion and enantiomeric excess (up to 97%) (Chapter 1).**
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2.2, Results and Discussion

As previously mentioned, the catalysts containing C1-symmetry diphosphite
ligands reported by Diéguez’ were shown to be efficient in Pd-catalysed
asymmetric allylic alkylation and allylic amination reactions.'® In this chapter,
our results in Pd-catalysed asymmetric allylic substitutions using the C2-
symmetry chiral diphosphite ligands 70 and 75 are presented.

TBDPSO -0 g,
\@L tBu o OTBDPS
OTBDPS

o- / TBDPSO

\
tBu tBu
tBu

Figure 2.5. Structure of the carbohydrate derived chiral diphosphite ligands
70 and 75.

Initially the ligands 70 and 75 and the corresponding cationic complexes

were synthesized following reported methods.'*?

2.2.1. Synthesis of palladium precursors

The cationic palladium complexes, [Pd(n*-CsHs)(70)]PFs, 79, and [Pd(n’-
CsHs)(75)]PFs, 80, were prepared from the palladium dimer
[Pd(n3-C3H5)(u-CI)2]2 with the ligands 70 and 75, respectively, and in the
presence of ammonium hexafluorophosphate (Scheme 2.5), following the
methodology previously described.” These complexes were characterized by
NMR spectroscopy and mass spectrometry (see experimental section). *
and *'P{"H} NMR spectra showed the presence of only one species in both
cases (Scheme 2.5).
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Scheme 2.5. *'P{*H} spectra of the palladium complexes 79 and 80 in CD,Cl,.

Due to difficulties to obtain crystals suitable for X-ray characterisation of the
Pd complexes 79 and 80, the analogue Pt complex containing the ligand 70,
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[PtCIy(70)], 81 was synthesised and monocrystals suitable for X-ray
diffraction were obtained by slow diffusion of OEt;, into a CH,Cl, solution of
the complex. The X-ray analysis show the presence of one diethyl ether
molecule (OEt,) per complex molecule, thus the complex should be
formulated Cg4H156Cl,049P,P1Si,.C4H100,. The complex is located on a
crystallographic two-fold axis passing through the metal and the
tetrahydrofuranyl oxygen O4.

Figure 2.7 Other view of the molecular structure of the complex 81.
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Figure 2.8 Simplified picture (methyl groups are omitted for clarity) of the
molecular structure of the 81 complex.

The metal presents a square planar geometry with coplanar donor atoms.
The Pt-P bond lengths (2.201(5) A) are slightly shorter than the Pt-Cl ones
(2.336(5) A). It is worth noting the difference between the Cl(1)-Pt-Cl(1') and
the P(1')-Pt-P(1) bond angle, likely induced by steric factors and the
geometry of the chelating ligand. The rings of the biphenyl moiety are tilted
by ca. 50°.

Table 2.1. Experimental X-ray diffraction parameters and crystal data for 81.

Empirical formula CogH136Cl5040P,P1Si,
Formula weight 1858.18
Temperature (K) 293(2)
Wavelength (A) 1.54178
Crystal system space group Monoclinic, C2
a=21.970(2) A alpha =90 deg.
Unit cell dimensions b=19.724(2) A beta=104.120(11)
deg.
c=13.1980(12) A gamma =90 deg.
Volume (A) 5546.4(10)
Z, Calculated density (Mg/m?) 2, 1.113
Absorption coefficient (mm™) 3.661
F(000) 1948
Theta range for data collection 3.05t046.16 deg
Reflections collected / unique 11510/ 4217 [R(int) = 0.0480]
Data>2sigma(l)/restraints/parameters 3875 /55 /522
Goodness-of-fit on F 1.114
Final R indices [I>2sigma(l)] R1=0.0536, wR2 =0.1416
Absolute structure parameter 0.021(14)
Largest diff. peak and hole (e/A’) 0.872 and -0.696
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Table 2.2 Selected bond lengths (A) and angles (°) for complex 81.

Bond lengths (A) Bond angles (°)
Pt-P(1) 2.201(5) CI(1)-Pt-CI(1)) 90.2(3)
pt-Cl(1) 2.336(5) P(1')-Pt-P(1) 101.9(2)
P(1)-0(1) 1.583(10) P(1')-Pt-Cl(1) 174.2(2)
P(1)-0(2) 1.580(9) P(1)-Pt-Cl(1) 83.95(14)
P(1)-0(3) 1.579(9)

These data can be compared with the analogue Rh complex
[Rh(70)(COD)]BF,, 82 reported by Castillén et al. (Figure 2.10). *° The
compound 82 crystallises with two independent cations in the elementary
cell (Figure 2.9 and Figure 2.10). The monocritaline structure indicates that
the independent cations detected in the crystal cell differ in their
conformation. In molecule A, the five-membered ring has a twisted
conformation and in molecule B this ring has an envelope conformation.

Figure 2.9 ORTEP diagram (ellipsoids at 50% probability level) of
[Rh(70)(COD)]BF, (82), molecule A. Counterions, solvates and hydrogen
atoms have been omitted for the sake of clarity.
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Figure 2.10 ORTEP diagram (ellipsoids at 50% probability level) of
[Rh(70)(COD)]BF, (82), molecule B. Counter-ions, solvates and hydrogen
atoms have been omitted for the sake of clarity.

The bond distances and angles measured for the Pt 81 complex were similar
to those of the reported Rh 82 complex.

2.2.2. Pd-catalysed asymmetric allylic alkylation of X using catalytic
systems bearing the chiral diphosphite ligands 70 and 75.

The results obtained in the Pd-catalysed asymmetric allylic alkylation of X
using the Pd complex containing the ligand 70 are shown in Table 2.3. The
reaction was carried out in dichloromethane as solvent at room
temperature, using N,O-bis-(trimethylsilyl) acetamide (BSA) and dimethyl
malonate as nucleophile and a catalytic amount of potassium acetate. When
the reaction was performed with 2 mol % of catalyst, total conversion was
reached in 10 minutes with 98% ee (entry 1, Table 2.3). Similar results were
achieved using the isolated complex 80 as catalytic precursor after 30
minutes, 98% ee (entry 2). When the X/Pd ratio was increased to 5000, 34%
conversion was obtained after 5 min of reaction (entry 3, TOF = 20,400);
after 1 h, 89% conversion was achieved (entry 4). In both cases, excellent
asymmetric induction was reached (ee > 96%). To the best of our knowledge,
this is the highest TOF value reported for Pd catalyzed asymmetric allylic
alkylation reaction at this level of enantioselectivity.

78



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo
DL:T. 157-2012
Pd-catalysed asymmetric allylic substitution reactions

Table 2.3 Pd-catalysed asymmetric allylic alkylation of X using the chiral
diphosphite Pd/70 system as catalyst and dimethyl malonate as nucleophile.?

OAc CH(COOMe),
[Pd /70]
PhA\/*LPh + H,C(COOMe), Ch.cL o PhYPh
212
X RT XXXI

Entry  Pd/70/X Time (min) Conv. (%)® Ee(X) (%)° Ee(XXXI) (%)°

1 1/1.25/50 10 100 - 98 (S)
¢ 1/1.25/100 30 100 - 98 (S)
3 1/1.25/5000 5 34 nd 96 (S)
4 1/1.25/5000 60 89 nd 96 (S)
5  1/1.25/10000 15 55 99 (S) 98 (S)
6  1/1.25/10000 30 55 99 (S) 98 (S)
7 1/1.25/10000 120 55 99 (S) 98 (S)
8% 1/1.25/10000 15 0 >98 (S) >98 (S)
9°  1/1.25/10000 1440 20 >98 (S) >98 (S)

a. Reaction conditions: 1 mmol of substrate, 3 mmol of dimethyl malonate, 3 mmol of N,O-
bis(trimethylsilyl)acetamide (BSA); Pd/70 = 0.5 [Pd(p.—CI)(r]3-C3H‘L;)]2 +1.25 eq. of 70, a pinch of
KOAc in 4 mL of CH,Cl, at room temperature. b. Conversion determined by '"H NMR analysis. c.
Enantiomeric excess determined by HPLC on a Chiracel-OJ column. Absolute configuration,
between brackets, determined by optical rotation. d. Catalyst precursor = 79. e. Mixture of X
and XXXI obtained from entry 7 used as substrate.

Interestingly, using a substrate to palladium ratio of 10,000, a maximum
conversion of 55% (entries 5-7) was reached with a TOF = 22,000 h™" after 15
minutes of reaction. These results are significantly higher than those
previously reported with other systems. For instance, very active Pd-catalyst
bearing modular chiral diphosphite derived from L-tartaric acid 83 and 84,
were used with the same substrate X and afforded 7200 h™ of conversion

rates and ee’s up to 68% (Figure 2.11)."

Figure 2.11. Modular chiral diphosphite derived from L-tartaric acid

The remaining substrate (S) was used to measure the differences of reaction
rates for both enantiomers. The resulting reaction mixture containing the
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enantiopure (S)-X, (S)-XXXI, was re-used as substrate under the same
catalytic conditions (entries 8 and 9). After 24h of reaction, only 20% of
conversion was observed. This fact evidences that the reaction rate for the
transformation of the (S)-X is more than 100 times slower than that of the
corresponding (R)-X enantiomer.

The Pd-catalysed asymmetric allylic alkylation of X was carried out with the
Pd catalyst system containing the chiral ligand 75 and using dimethyl
malonate as nucleophile under the conditions described in Table 2.3.
However, poor reproducibility and very low conversions were obtained. By
comparison with the catalytic system bearing the ligand 70, it can be
concluded that the different spatial disposition of the substituents at C2 and
C5 of the tetrahydrofuran backbone of the ligands have a strong influence on
the activity of the system. Such a remarkable remote effect was previously
reported for Rh catalysts bearing the ligands 70 and 75 and their
diphosphinite analogues (85 and 86) in other catalytic processes.”® The
increased steric hindrance induced by the ligand 75 at the metal centre could
explain these observations.

; < > - (j
TBDPSO o9 o' oteoPs
S 0f
©\ o  OTBDPS TBDPSO =

P’ 0

© 85 ©/P\© 86

Figure 2.12. Chiral carbohydrate diphosphinite ligands 85 and 86 with C2-
symmetry.

Next, the Pd-catalysed asymmetric allylic alkylation of the more challenging
cyclic substrate Xl was performed.

2.2.3. Pd-catalysed asymmetric allylic alkylation of the cyclic substrate XllI
using catalyst bearing the chiral diphosphite ligand 70.

The results of the Pd-catalysed asymmetric allylic alkylation of Xl with the
chiral ligand 70 and using dimethyl malonate as nucleophile are summarised
in Table 2.4. Moderate conversion (up to 27%) and ee (up to 42%) were
achieved after 5 min of reaction time with the catalytic system Pd/70 (entry
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1). However, total conversion was afforded after 90 min with 52% ee (entry
3). The unreacted substrate was found to be a racemic mixture, indicating
that both enantiomers had reacted at similar rates. At lower catalyst
concentration (Pd/XIll = 1/5000) the conversion dropped to 21% after 24h
although the ee increased to 66% (entry 4) under the same reaction
conditions.

Table 2.4. Pd-catalysed asymmetric allylic alkylation of rac-XIll with chiral
ligand 72 using dimethyl malonate as nucleophile.?

OA
c IPd/70| CH(COOMe),
+ H,C(COOMe),
CH,C,
R.T
X XLvii

Entry Pd/70/XIl  Time (min) Conv.(%)." Ee(XIll) (%)° Ee(XLVIN) (%)°

1 1/1.25/50 5 27 0 42 (S)
2 1/1.25/50 15 59 0 50 (S)
3 1/1.25/50 90 100 0 52 (S)
4 1/1.25/5000 1440 21 nd 66 (S)

a. Reaction conditions: 1 mmol of substrate, 3 mmol of dimethyl malonate, 3 mmol of N,O-
bis(trimethylsilyl)acetamide (BSA); [Pd/70]= 0.5 [Pd(p—CI)(n3—C3H5)]2 + 1.25 eq. of 70, neither
presented any representative conversion KOAc in 4 mL of CH,Cl, at room temperature; b.
Conversion determined by "4 NMR analysis; c. enantiomeric excess determined by HPLC on a
Chiracel-OD column. Absolute configuration, between parentheses, determined by optical
rotation.

The analogous catalytic system bearing the ligand 75 was not active in the
Pd-catalyzed allylic alkylation of this substrate. This could be due to the
increased steric hindrance induced by the ligand 75.

To conclude, the catalytic system containing the diphosphite ligand 70 was
tested in the Pd-catalyzed allylic alkylation of X and was highly active and
enantioselective. The highest turnover frequency reported to date for this
reaction was obtained (TOF = 22,000 h™') with excellent ee (up to >99%).
Surprisingly, the results obtained with the ligand 75 clearly demonstrate that
small changes in the ligand structure can significantly affect the catalytic
activity. The differences in reactivity of both enantiomers of the substrate
allow the isolation of both the pure product XXXI (ee 99%) and the
unreacted substrate X-(S) (ee 99%).
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2.2.4. Synthesis of Pd-NPs stabilized by the ligands 70 and 75.

The Pd70 and Pd75 NPs were synthesized from [Pd,(dba);-CHCI;] and the
appropriate chiral diphosphite ligand, using the methodology reported by
Chaudret and co-workers (Scheme 2.6)*

THF
Pdy(dba);CHCIl; + L —————— Pdy(THF)yLz
3 bar H,
R.T
L=70,75 Pd70NPs

Pd75 NPs
Scheme 2.6. Synthesis of the Pd NPs Pd70 and Pd75.

As a standard procedure, the decomposition of [Pd,(dba)s-CHCI;] was carried
out in a Fischer-Porter bottle under 3 bar of H, at room temperature and in
the presence of sub-stoichiometric amounts of the appropriate chiral ligand
in THF (Scheme 2.6). During the course of the synthesis, the initial purple
solution turned black, confirming the decomposition of the precursor.

Finally, the Pd NPs were isolated as black powders after precipitation with
pentane. The NPs were characterized by transmission electron microscopy
(TEM) and elemental analysis. The Figure 2.13 describes the results obtained
with the chiral ligand 70 using L/Pd ratios of 0.2, 0.4 and 0.6. In all cases, the
TEM revealed the presence of small spherical NPs.
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Figure 2.13. TEM micrographs and size histograms for Pd-NPs stabilized by
ligand 70.

The stabilization of the PdNPs using the ligand 70 was performed using
different Pd/P ratio to determine the effect of the ligand concentration on
the shape, size and activity of these colloidal entities. As shown in Figure
2.13, small NPs were obtained using different Pd/L ratio (1/0.2, 1/0.4 and
1/0.6). The mean diameter using Pd/70 = 1/0.2 was 2.3 + 0.9 nm. At higher
Pd/P ratios Pd700.4) NPs and Pd700 NPs had a mean diameter of 1.8 + 0.8
nm and 2.9 £ 1.1 nm, respectively.

As described in Figure 2.14, NPs were prepared using the ligand 75 as
stabiliser at different Pd/P ratios (Pd75 NPs, Pd75(.4) NPs and Pd75() NPs).
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In this case, the Pd75 NPs exhibited a mean diameter of 2.4 + 0.9 nm. The
Pd70.4 NPs and Pd70¢ NPs presented a mean diameter of 3.1 + 0.8 nm
1.3+ 1.1 nm respectively.

o

TBDPSO

e
O-R
0

O tBu

[Pd/75]=1/0.2
Pd75 NPs

Ne of NPs

i 3
D (nm)

[Pd/75]=1/0.4
Pd75(0'4) NPs s

Ne of NPs.

3 3
D (nm)

[Pd/75]=1/0.6
Pd75w5)NPS

Ne of NPs

4 6
D (nm)

Figure 2.14. TEM micrographs and size histograms for Pd-NPs stabilized by
ligand 75.

It is important to note that Pd75(0.4) were larger than Pd75 and that Pd75(
were smaller than Pd75. This is the opposite effect to that observed with the
NPs stabilized by the ligand 70 since Pd7004) were smaller than Pd70 and
that Pd70(06) were larger than Pd70. No clear trend could thus be deduced
for these results.
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Next, the Pd NPs stabilized by the diphosphite ligands 70 and 75 were used
as catalytic precursors in the Pd-catalysed asymmetric allylic alkylation of X.

2.2.5. Pd-catalysed asymmetric allylic alkylation of X in the presence of
Pd70 and Pd75 NPs.

Table 2.5 collects the results obtained in the Pd-catalysed asymmetric allylic
alkylation of X with dimethyl malonate as nucleophile in dichloromethane
using the preformed Pd70 and Pd75 NPs as catalyst precursors. When the
reaction was carried out in the presence of Pd70, no conversion was
observed (entry 1). However, after addition of 1.05 equivalent of the
corresponding ligand 70, 23% of conversion with 96% of ee was obtained
(entry 2). These results are in agreement with those reported by our group
using Pd27 NPs, where the presence of extra ligand was required to obtain
catalytic activity.” After 3, 5 and 9 hours (entries 3, 4 and 5) moderate to high
conversions were obtained (48%, 56% and 89%) with ee’s up to 98%.

The robustness stability of Pd70 under catalytic conditions was studied by
the addition of more substrate. After 5 hours of reaction, 45% of the
substrate X was consumed and 77% of enantioselectivity was obtained. At
this moment, 1 mmol of substrate was again added to the catalytic mixture
and after 24 hours, 70% of conversion was achieved with 83%
enantioselectivity (entry 7).

When the reaction was performed with Pd70,4) /70 as catalytic system, 58%
of conversion was achieved after 6 hours with 92% ee. In this case, the
substrate was found to be enantiopure (entry 10).
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Table 2.5. Pd-catalysed asymmetric allylic alkylation of X using the Pd70 and
Pd75 NPs.?

OAc CH(COOMe),
Ph/\)*\Ph + HyC(COOMe), %‘:JINEIS Ph™,~Ph
X R_ZT 2 XXXI
Entry [Pd/L] Time (h) Conv.(%)° Ee(X) (%) Ee(XXXI)(%)"

1 Pd70 /- 24 0 - -
2 1 23 13(S) -
3 Pd70/70 3 48 69(S) 96(S)
4 5 56 89(S) 96(S)
5 9 73 >98(S) >98(S)
6d pd70/70 5 gg 75 (S) 77 (S)
7 24 (70 total) 99 (9) 83 (S)
8 20 9(S) 95(S)
9 Pd70,0.4 /70 3 49 99(S) 98(S)
10 6 58 100 (S) 92(S)

a. Reaction conditions: 1 mmol of substrate, 3 mmol of dimethyl malonate, 3 mmol of
N,O-bis(trimethylsilyl)acetamide (BSA), Pd/X= 1/100, a pinch of KOAc in 4 mL of CH,Cl, at
room temperature. b. Conversion determined by *H NMR analysis. ¢. Enantiomeric excess
determined by HPLC on a Chiracel-OJ column. Absolute configuration, between brackets,
determined by optical rotation. d. After 5h of reaction, addition of 1 mmol of substrate.
The use of Pd/70 as molecular catalytic precursor in the Pd-catalysed allylic
alkylation of X afforded high ee (up to 98%). In the case of Pd70 NPs at 9 h of
reaction high conversion and ee, 73% and 98% respectively, were afforded
(entry 5, Table 2.5) while with the molecular system bearing ligand 70, only
10 minutes were necessary to reach total conversion 98% (entry 1,Table 2.3).
The use of Pd70.4 NPs provided a remarkable difference in the activity of
both enantiomer of the substrate, X. Similar behaviour was observed with
the molecular precursor at low concentrations of Pd catalyst
(Pd/X=1/10.000) in which (S)-X substrate remained unreacted. When the
Pd75 was used as catalyst low conversion and poor enantioselectivity were
obtained. Morover, low reproducibility was observed.

The post-catalysis TEM micrograph of Pd70 showed small and spherical and
well dispersed NPs with a mean diameter of 2.1 + 0.4 nm (Figure 2.15). Thus,
the mean diameter of Pd70 remained similar before and after the catalytic
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process (2.3 +£ 0.9 nm before and 2.1 + 0.4 nm after. Surprisingly, the width
of the size distribution of these NPs was narrower after catalysis.

TEM Post catalysis o
Pd70 3"
2.1+0.4 nm.

“D(nm)®

Figure 2.15. TEM micrographs and size histograms for Pd70 NPs after
catalysis.

It should be noted that when the cyclic racemic substrate XIll was used in the
Pd-catalysed asymmetric allylic alkylation using these NPs as catalysts, no
conversion was observed.

2.2.6. “Cross-system” experiments

In order to corroborate the robustness of the colloid Pd70 under catalytic
conditions, the nature of the system was studied through the use of cross-
system experiments. This method was reported by first time by Gomez and
co-workers. It consists in the use of two catalytic systems. The first one, L1 is
should be active and highly enantioselective with both molecular and
colloidal systems. The second one, L2, is highly active but not
enantioselective in molecular system and it is inactive in the colloidal system.
The active and enantioselective nanoparticles PdL1 are used with an
additional amount of the ligand L2 in the catalytic reaction. If the system is
not active, it can be concluded that the PdL1 NPs no produce leaching of
active molecular species and thus, the NPs system is stable and robust.

In these experiments, the free ligand 29 (and no 70) was added to the
catalytic reaction mixture (ratio Pd70 + 29 1.05 equiv.).”> The results
obtained of these experiments are shown in the Table 2.6. The molecular
system Pd/70 is active and enantioselective in the Pd-catalysed asymmetric
allylic alkylation of X with dimethyl malonate. However, the molecular
system Pd/29 is active but not enantioselective (entries 1, 2, Table 2.6). The
catalytic systems using Pd29 and Pd70 NPs were inactive (entries 3, 4, Table
2.6). However, the catalyst Pd70 became active and enantioselective after
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the addition of 1 equivalent of extra ligand (70 or 29) to the catalytic reaction
mixture (entries 5 and 6, Table 2.6). This fact can be related to the presence
of free ligand in solution, which prevents nanoparticles agglomeration,

favours their stabilization and/or leaching of molecular palladium species.
When the addition of 1 equiv of ligand 29 to the system Pd29 was carried out
(entry 6, Table 2.6), the catalytic mixture was active but only after long

reaction time, indicating that leaching of molecular species from the NPs had
occurred. When free ligand 29 was added to the catalytic system Pd70, no
conversion was obtained (entry 7, Table 2.6). One hypothesis to explain this
result is that ligand 29 does not interact with Pd70 NPs. However, the
absence of catalytic activity also suggests that the Pd70 NPs do not leach

molecular species.

Table 2.6. Cross-system experiment in Pd-catalysed asymmetric allylic

alkylation of X in presence of Pd70 NPs versus Pd29 NPs.®

OAc oo CH(COOMe),
Ph~~—~ph + H,C(COOMe), S~ Ph-,~Ph
CH,Cl,
X RT XXXI
tBu
tBu
O O tBu
0
i OF

tBu o
Q
ol 0nd o
! 29
(o]
O tBu

tBu

Entry Catalytic Active? ee? Conclusion
system
1 Pd/70 Ves Ves Molec.ular pr.ecursor Pd/70 is active and
enantioselective
) Pd/29 Yes No Molec.ular prgcursor Pd/29 is active but not
enantioselective
3 Pd70 NPs No No Colloidal system Pd70 is inactive
4 Pd29 NPs No No Colloidal system Pd29 is inactive
[Pd70] Colloidal system Pd70 with extra ligand 70 is
5 Yes Yes . . .
NPs +70 active and enantioselective
[Pd29] Colloidal system Pd29 with extra ligand 29 is
6 Yes No . . .
NPs +29 active and not enantioselective
[Pd70] Colloidal system Pd70 with extra ligand 29 is
7 No No . .
NPs +29 inactive.
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In conclusion, these experiments indicate that stable nanoparticles were
obtained using the ligand 70 as stabiliser and that no leaching of molecular
species occur under catalytic conditions.

To summarise the sections 2.1.3-2.1.6, the molecular system Pd/70 was
highly active and enantioselective in the Pd-catalysed asymmetric allylic
alkylation of the substrates X. As expected, lower ee’s were achieved for the
cyclic substrate Xlll. Moreover, the Pd70 NPs were also successfully used as
catalyst in this reaction and afforded high conversion and enantioselectivity.

In view of the good results obtained in terms of conversion and
enantioselectivity with both molecular and colloidal Pd systems bearing the
ligand 70, we decided to study the reaction using other nucleophiles such as
amines and phosphines.

2.2.7. Pd-catalysed asymmetric allylic amination of X using the chiral
diphosphite ligand 70.

The catalytic system Pd/70 was evaluated in the Pd-catalysed allylic
amination of X using benzylamine as nucleophile (Table 2.7). When the
reaction was performed at Pd/substrate 1/50 ratio (entry 1), complete
conversion was achieved within 1h with excellent ee (98%). When the
Pd/substrate ratio was increased to 1/2500 and monitored until 24 h (entries
2-6), the conversion was 16% after 1h of reaction. Indeed, the ee of the
product XLIX was constant throughout the reaction (299%) while that
corresponding to the substrate X was increasing during the reaction (entry
2), to reach 93% after 24h with a substrate conversion of 60% (entry 6). The
ratio of the reaction rates for the enantiomers (R)-X and (S)-X was found to
vary between 13 and 26%. Concerning the activity, the turn over frequency
of the reaction reached 400 h™ at 16% conversion (entry 2) and ca. 250 h™
for a substrate conversion of 40% (entry 4). To the best of our knowledge,
this is the highest activity reported for the asymmetric allylic amination with
such a high enantioselectivity.

However, when the reaction was repeated using the ligand 75, very low
conversions were obtained in the allylic alkylation of X (less than 5%
conversion after 1 h of reaction using X/Pd = 50).
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Table 2.7. Pd-catalysed asymmetric allylic amination of X using the ligand
70.°

OAc NHBn
Ph/\iPh + HyNBn :%:3)2]' Ph \XL:XPh
RT
Time Conv. ¢ Ee(XLIX)*  k(R-X)/
Entry Pd/70/X (h.) (%)b Ee(X) (%) (%) k(S-X)d
1 1/1.25/50 1 100 - 98 (R) -
2 1/1.25/2500 1 16 16 (S) >99 (R) 13.4
3 1/1.25/2500 2 26 31(S) >99 (R) 21.6
4 1/1.25/2500 4 40 58 (S) >99 (R) 25.8
5 1/1.25/2500 7 55 87 (S) >99 (R) 16.4
6 1/1.25/2500 24 60 93 (S) 99 (R) 13.8

a Reaction conditions: 1 mmol of substrate, 1 mmol of benzylamine; Pd/70 = 0.5 [Pd(p-
CI)(r13-C3H5)]2 + 1.25 eq. of 70, in 4 mL of CH,Cl, at room temperature. b. Conversion
determined by 'H NMR analysis. c. Enantiomeric excess determined by HPLC on a
Chiracel-OD column. Absolute configuration, between parentheses, determined by
optical rotation. d .kR/kS= In[(1-C/100)(1-ee/100)]/In[(1-C/100)(1+ee/100)] with C and ee
corresponding to rac-I.

In conclusion, these results in Pd-catalysed asymmetric allylic amination
reactions using diphosphite ligand 70 allowed to obtain the highest turn-over

frequency (TOF = 400 h™) in this processes with excellent ee values (99%)

In addition, the amount of nucleophile was observed to modify the rate of
the reaction, as previously observed in allylic alkylation. When a large excess
of dimethyl malonate in relation to the substrate (X/dimethyl malonate/BSA
= 1/20/20) was used, the catalytic activity dropped significantly (9%
conversion versus 89% obtained for X/dimethyl malonate/BSA = 1/3/3 (entry
4, Table 2.3)). This effect was even more remarkable for the allylic amination:
a higher excess of benzylamine (X/benzylamine = 1/3) led to 15% conversion
in comparison with the conversion (55%) obtained for X/benzylamine = 1/1
(entry 5, Table 2.7). This effect could be explained by the slow decomposition
of ligand 70 in the presence of a large excess of nucleophile and base. To
confirm this hypothesis, the reaction of the ligand 70 in the presence of 5
mmol of benzylamine was carried out and monitored by *'P NMR
spectroscopy (figure 2.6).
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Figure 2.16. *'P{'"H} NMR spectra of the ligand 70 in the presence of
benzylamine at various reaction time.

The presence of several new signals at 6 2.48, 2.35 and 5.98 ppm after 12 h
of reaction indicated that indeed, the ligand 70 slowly decomposes in the
presence of a large excess of amine nucleophile. This result could therefore
explain the lower conversion obtained when a higher excess of nucleophile
was used.

Interestingly, the significant difference in activity for both allylic substitution
reactions using identical substrate to nucleophile ratio clearly indicates that
the kinetics of the reaction highly depends on the nature of the nucleophile
used. The nucleophile does not only participate in the selectivity-determining
step, but could also be involved in the decomposition of the ligand.

To further investigate the effect of the nucleophile, several primary and
secondary amines were used in Pd-catalysed asymmetric allylic amination of
X using the ligand 70 in dichloromethane at room temperature. The results
are summarised in Table 2.8. When the racemic a-methylbenzylamine, L, was
used, 99% of conversion and for both diasteroisomers products 99% of ee
were obtained (entry 1). Thus, the presence of a chiral centre in the
nucleophile does not affect the enantioselectivity of the catalytic reaction.®.
In addition, when butylamine LI was used, good conversion and ee (99%,
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entry 2) were obtained. Using aniline LIl as nucleophile, 86% of conversion
and 70% of ee were achieved. When the secondary amine dibenzylamine LIII
was used as nucleophile, 50% of conversion and 97% of ee were obtained
(Entry 3)."” However, when the reaction was carried out using the
phthalimide LIV as nucleophile (entry 4), only 20% of the desired alkyl-amine
was obtained. It is important to note that again both the amount and the
nature of the nucleophile affected the rate of the allylic substitution.
Nevertheless, the use of morpholine as nucleophile led to total conversion
and 99% of ee under the same reaction conditions (entry 6).

Table 2.8. Pd-catalysed asymmetric allylic amination of VI using different
amines as nucleophile.?

QAc | PdI70] NHR1R;
Ph~~ph + HNR{R, TCH,C, | PhTYPh
X R.T o
S e QL QD) G 6
NHR,R, = Nk, NH,
L LI Ll Lim uv ° L
Entry HNR;R, Conv. (%)° Ee(X) (%)° Ee(L-LV) (%)
1 L 92 - <99(<99*)
2 LI 99 - 99
3 1] 84 nd 70
4 Li 50 89 97
5 LIV 20 33 nd
6 LV 99 - 99

a Reaction conditions: 1 mmol of substrate, 1 mmol of amine; Pd/70 = 0.5 [Pd(u-Cl)(n’-
CsHs)], + 1.25 eq. of 1, in 4 mL of CH,Cl, at room temperature. Pd/70/X = 1/1.25/50 b
Conversion determined by 'H NMR analysis. ¢ enantiomeric excess determined by HPLC
on a Chiracel-OD or AD-H column.

To conclude, the use of primary amines led to the production of alkylamines
in good conversion and high enantioselectivity except in the case of the less
nucleophile aniline. Secondary amines such as LIIl and LIV resulted less
reactive than primary amines in most cases due to their weaker nucleophile
character. However, excellent ee was also achieved using these nucleophiles
up to 99%, entry 6). In view of these results, it was concluded that the
nucleophile must be involved in the rate determining step of the catalytic
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cycle, both the nature and concentration of the nucleophile affects the
conversion in this process.

2.2.8. Pd-catalysed asymmetric allylic amination of the X using Pd70 Nps.

In this section, the results obtained in the Pd-catalysed asymmetric allylic
amination of X using the Pd70 NPs are described.

The reaction was carried out in dichloromethane during 48h (Table 2.9).
After 7h of reaction (entry 1), only 17% of conversion were obtained but with
high ee (98%). After 24 hours of reaction, 24% of the X substrate had been
converted into the product XLIX (entry 2) with high ee (up to 98 %). Even
after 48h the conversion was still moderate, 48% (entry 3). In all of cases, the
enantioselectivities were 98%.

Table 2.9 Pd-catalysed asymmetric allylic amination of X using the Pd70 NPs.?

OAc NHBn
Pd70 NP
Ph/\/l\Ph + HoNBn TCIS’ Ph/\)*\Ph
X RT XILIX
C
Entry  Pd70/70/X  Time(h.) Conv.(%)" Ee(X) (%) Ee(():/L)'X)
(1)
1 7 17 12 98 (R)
2 1/1.25/100 24 49 74 98 (R)
3 48 67 100 98 (R)

a Reaction conditions: 1 mmol of substrate, 1 mmol of amine, in 4 mL of CH,Cl, at room
temperature. b Conversion determined by 'H NMR analysis. ¢ enantiomeric excess
determined by HPLC on a Chiracel-OD or AD-H column. Absolute configuration, between
parentheses, determined by optical rotation.

The post-catalysis TEM micrograph of Pd70 showed small and well dispersed
NPs with a mean diameter of 2.3 + 0.5 nm (Figure 2.17), which is very similar
to that measured before the catalytic reaction (2.3 nm). This indicated that
no relevant change in the NPs structure occurs during the catalytic reaction.

To conclude, the Pd-catalysed asymmetric allylic amination of X with
benzylamine as nucleophile using colloidal Pd70 NPs was slower than the
analogous molecular system, although the enantioselectivities were similar.
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Figure 2.17 TEM micrographs and size histograms for Pd70 NPs after Pd-
catalysed asymmetric allylic amination of rac-I.

Next, the Pd/70 system was used in Pd-catalysed asymmetric allylic
phosphination reactions.

2.2.9. Pd-catalysed asymmetric allylic phosphination of X using molecular
catalysts bearing the diphosphite ligands 27 and 70.

In this study, the chiral diphosphites 27 and 70 were used. The diphosphite
27 was previously used with success in Pd-catalysed allylic alkylation
reactions.” Table 2.10 summarises the results obtained in the Pd-catalysed
asymmetric allylic phosphination of X using the Pd/70 and Pd/27 catalytic
systems. |Initially, the reaction was carried out in toluene with a
X/Nu/L/Pd=20/20/1.25/1 ratio, diphenylphosphine as nucleophile at 402 C
and [Pd,(dba)s]/70 as catalytic precursor. After 18 h of reaction, 19% of
conversion and no ee were obtained (entry 1). When the reaction was
carried out in dichloromethane as solvent, the conversion decreased to 12%,
but the ee increased to 15% (entry 2). At room temperature poor conversion
was afforded (entry 3). When [Pd(u-Cl)(n?-C3Hs)],/70 was used as catalytic
precursor the conversion was increased to 50% and 10% of ee was obtained.
Using [Pd(p-Cl)(n>-CsHs)]»/27 at 40° C no conversion was observed.
Nevertheless, [Pd(OAc),]/27 catalytic system at 802 C afforded moderate
conversion (25%, entry 5) and ee (-23% entry 6). In this case, the use of
[Pd(OACc),] afforded the opposite enantiomer.
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Table 2.10. Pd-catalysed asymmetric allylic phosphination of X using the
ligands 27 and 70.?

PPh, PPh,
Ph"™~"Ph  Ph">FPh

OAc XXl XXIV
P pn — P4 EPhy
X HPPh, PhP-PPh, o~ App,

XXV XXVI

Entry L Solvent Precursor Time T Conv.(XXI) ee.(XXI)

h (0 (%) (%)°
1 70 Toluene [Pd,(dba)s] 18 40 19 -
2 70 CH,Cl, [Pd,(dba)s] 18 40 12 15
3 70 CH,Cl, [Pd,(dba)s] 18 25 8 -
4 70 CH)Cl, [Pd(u-Cl)(n*CsHs)l, 6 25 50 10
5 27 Toluene [Pd(p-Cl)(n’-CsHs)l, 1 - - -
6 27 Toluene Pd(OAc), 24 80 25 -23

a Results from duplicated reactions. Reaction conditions: X/Nu/L/Pd = 20/20/1.25/1. b
Determined by 'H NMR. c. Determined by chiral SFC.

It is important to note that in the presence of BSA and/or potassium acetate
no conversion was observed, which is in contrast with the results previously
obtained in allylic alkylation (see Section 2.1.3).

Interestingly, comparing the results obtained in allylic alkylation and allylic
phosphination, the significant difference in conversion for these substitution
reactions using identical substrate to nucleophile ratio indicates a
dependence on the nature of the nucleophile used. This behaviour shows a
strong influence of the nucleophilic in the activity and suggests the
nucleophilic attack as the rate limiting step.

2.2.10. Pd-catalysed asymmetric allylic substitution of X in ionic liquids
using molecular Pd catalysts bearing the diphosphite ligands 27 and 70.

One of the remaining challenges in Pd-catalysed asymmetric allylic
substitution is the efficient recycling of the catalyst. In this context, the use
of a new reaction medium such as ionic liquids (IL) is an interesting approach.
To date, only a few studies on Pd-catalysed allylic substitutions in ILs have
been reported.’® Furthermore, most of these reports did not include the use
of chiral ligands and did not explore the possibility of reusing the catalyst."
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The use of ionic liquids provide advantages due to their physical properties
such as low vapour pressure, low toxicity, immiscibility with some organic
solvents and their ability to dissolve metal catalysts and organic compounds
that make them interesting as solvents. Due to the good results achieved
with the Pd/70 catalytic system in Pd-catalysed asymmetric allylic
substitutions in organic solvents, we decided to study the Pd-catalysed allylic
alkylation using ionic liquids as solvents and in a second stage, to recycle the
catalytic system.

It is now well established that imidazolium cations and their associated
anions form hydrogen bonds in solution, which can considerably slow down
allylic alkylation reactions. Furthermore, in dialkylimidazolium ionic liquids,
the anions are not efficient bases and thus, do not deprotonate the
nucleophile reagent, thus decreasing the rate of nucleophilic attack.?

First, the ligands 70 and 27 derived from carbohydrates were used in the Pd-
catalysed asymmetric allylic alkylation, amination and phosphination
reactions of X in neat imidazolium- and pyrrolidinium-based ionic liquids. The
two catalytic systems bearing the ligands 70 and 27 were generated in situ
from [Pd(p-Cl)(n*-CsHs)], in the presence of the appropriate ligand (L/Pd =
1.25/1). The Pd-catalysed asymmetric allylic alkylation and amination of X
were evaluated in 1-butyl-3-methyl imidazolium hexafluorophosphate (IL1)
and N-butyl-N-methyl pyrrolidinium bis(trifluoromethylsulfonylamide) (IL2)
using Pd bearing the ligand 70 as catalyst (Table 2.11).

Initially, the Pd-catalysed asymmetric allylic alkylation reaction was carried
out using IL1 as solvent, X/Nu/BSA=1/3/3 ratio, dimethylmalonate as
nucleophile at room temperature and [Pd(p-Cl)(n3-C5Hs)],/70 as catalytic
precursor. After 90 min of reaction, total conversion and 95% ee was
obtained (entry 1). When the reaction was carried out in IL2 as solvent, total
conversion and 92% ee was afforded (entry 2). Then, the Pd catalysed
asymmetric allylic amination was carried out using the X/Nu=1/1 ratio in IL1
under the same catalytic conditions. In this case, 69% of conversion and 91%
of ee were obtained (entry 3). When the IL2 was used, the conversion
increased to 69% but the ee decreased to 82% (entry 4). When
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dichloromethane was used as solvent, 83% of conversion and 90% of ee and
63% of conversion and 99% of ee in the amination reaction was afforded.

Table 2.11 Pd-catalysed asymmetric allylic alkylation and amination of X
using the ligand 70 in ILs.?

OAc Nu
Ph"Xx*ph + NuH [PIT_L] Ph/\)*\Ph
X tBu
e
NUH = H,C(COOMe), a @ XXXI: CH(COOMe),
HoNCH,Ph Po XILIXI:NHCH,Ph
HPPh, o E XXPPh,
0-R’
tButBu 70
tBu
IL= /N@N PFg @ NTf2-
Bu” ¥ “Me /N\
IL1 Bu Me IL2

Entry Solvent NuH Conv. (%)° Ee (%)°
1%¢ IL1 CH(COOMe), 100° 95(S)
2% IL2 CH(COOMe), 100° 92(S)
3f IL1 NHCH,Ph 69 91(R)
4 L2 NHCH,Ph 87 82(R)
58 CH,Cl, CH(COOMe), 83 90(S)
6 CH,Cl, NHCH,Ph 63 >99(R)

a Results from duplicated reactions. Reaction conditions: X/Pd = 100, 30 min at 40 °C. b
Determined by 'H NMR. ¢ Determined by HPLC. d X /BSA/Nu = 1/3/3 with addition of a
pinch of KOAc; BSA. e Reaction time = 5 minutes. f X/Nu = 1/1. g From reference *%:
reaction time = 90 min; X /Pd = 50.

Concerning the allylic alkylation, no remarkable differences were observed in
both ionic liquids (Table 2.11, entries 1 and 2). In the amination reaction,
higher activity was obtained in IL2 than IL1 (Table 2.11, entries 3 and 4). In
this case, the formation of hydrogen bonds between the imidazolium cation
and benzylamine could decrease its nucleophilic behaviour and thus explain
these results.”> However, more surprisingly, both allylic alkylation and
amination were more active in IL2 than in CH,Cl, (Table 2.11, entries 5 and 6).

To evaluate the catalytic activity of the systems bearing the ligands 27 and
70, allylic substitutions were performed in IL2 with different X /Pd molar
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ratios (Table 2.12). Only the pyrrolidinium-based ionic liquid IL2 was used in
the subsequent experiments due to the potential formation of carbene
species by activation of the C(2)-H bond of the imidazolium cation of IL1 in
basic medium.? The Pd-catalysed asymmetric allylic alkylation of X was
carried out in IL2, with a X/Nu/BSA=1/3/3 ratio, Pd/X=1/1000 ratio,
dimethylmalonate as nucleophile at 402 C and using [Pd(p-Cl)(n*-CsHs)1,/27
as catalytic precursor. In 30 min of reaction, 96% of conversion and 83% ee
were obtained (entry 1). When the reaction was carried out using the ligand
70, total conversion and 92% ee was afforded (entry 2). Then, the Pd/X was
increased to 1/10000, and in 15 minutes, 21% of conversion and 96% of ee
was obtained (entry 3). When the reaction was repeated in dichloromethane
at room temperature the conversion increased to 99% and 98% ee was
achieved (entry 4).

Table 2.12. Pd-catalysed asymmetric allylic alkylation of X using the ligands
27 and 70 in IL2 and CH,Cl,.?

OAc (Pd/L | CH(COOMe),
ph/\)*\ph + H,C(COOMe), ——— Ph~X*"Ph
IL or CH,Cl,
o X B XXXI

O tBu
tBu Bu
tBu o O /P\O
tBu O o -0 TBDPSO\\@C}L ®
\ 3 u - -
P 90 B 5 OTBDPS IL= / + \ PF6 / + \ NTf2-
o] N\/N\

Bu

1o o-R’ Bu" ' "“Me N
Bu O tBu 27% 'Bu'Bu 70 BLI/ Me
IL1 L2

tBu

Entry L X/Pd  Solvent Conv.(%)h Ee(X)(%) Ee(XXX1)(%)° TOF(h)

1 27 1000 IL2 96 - 83(S) -
2 70 1000 IL2 100 - 92(S) -
3 70 10000 IL2 21 20(S) 96(S) 8400
4 70 10000 CH,Cl, 55 99(S) 98(S) 22000

a. Reaction conditions: X/BSA/ dimethyl malonate = 1/3/3 with addition of a pinch of
KOACc at 40 °C. Reaction time for entries 1 and 2: 30 min and for entries 3 and 4: 15 min.
b. Determined by *H NMR. c. Determined by HPLC. d' Temperature reaction = 25 °C.

To conclude, the [Pd(p-Cl)(n3-C5Hs)],/70 catalyst showed higher activity and
enantioselectivity in IL2 than the [Pd(pu-Cl)(n*-CsHs)]»/27 catalytic system
(entries 1 and 2, Table 2.12). However, at high X /Pd ratio, the conversion
was lower than that achieved in dichloromethane (entry 3 vs. 4, Table 2.12).
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Actually, this fact can be related to the different reactivity of both
enantiomers of X in these solvents. The relative rate of (R)-X and (S)-X in IL2
was similar, in contrast to that observed in dichloromethane (in I1L2: k(R)/k(S)
= 8.6, data from entry 3 in Table 2.12; in CH,Cl,, k(R)/k(S) = 49, data from
entry 4 in Table 2.12).*

The results obtained in the Pd-catalysed asymmetric allylic amination of X
are summarised in the Table 2.13. The reaction was carried out in IL2, using
[Pd(p-Cl)(n*-C3Hs)],/70 as catalytic precursor, X/Nu=1/1 ratio, Pd/X=1/500
ratio, benzylamine as nucleophile at 402 C. After 1h of reaction, 72% of
conversion and 88% ee were obtained (entry 1). When the reaction was
carried out using the ligand 27, 75% of conversion and 91% ee were afforded
(entry 2). Using [Pd(p-Cl)(n*-CsHs)]o/70 in dichloromethane at room
temperature, 55% of conversion and 99% of ee were obtained in 15 minutes
(entry 3).

Table 2.13. Pd-catalysed asymmetric allylic amination of X using the ligands
27 and 70 in IL2 and CH,Cl,.?

OAc NCH,Ph
L [Pd/L]
Ph~X%Ph + HNCH,Ph ————— pp~~X~%"Ph
X IL or CH,Cl, XLIV
® tBu
ot
tBu O tBu q O Bu
tBu
By O O\P’O O TBDPSO OQ’P\O NTf2
O, : | u -
P Joo, M g \\?M\OT‘:DPS IL= /N/\-!-/_\NFFG (N")
O o 19 O\P\; Bu” ¥ “Me Bu/ \M
8 e 27A< tBu O O B ° ©
IL1 L2

Entry L X/Pd Solvent Time (min) Conv.(%)"’d Ee(XLIV)(%)* TOF(h'l)d
1 70 500 IL2 60 72(62)° 88(R) 3720°
2 27 500 IL2 60 75(53)° 91(R) 3180°
3 70 100 CH,Cl, 15 55 >99(R) 220

a. Reaction conditions: rac-1/ benzylamine = 1/1 at 40 °C. b. Determined by 'H NMR. c.
Determined by HPLC. d. In brackets, conversion at 5 min. e. Determined at 5 min. f.
Temperature reaction = 25 °C.

For amination reactions in IL2, both systems exhibited high activity (entries 1
and 2, Table 2.13).
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In contrast with the results obtained in allylic alkylation reactions, the
catalytic systems bearing the ligand 70 was more active in IL2 than in
dichloromethane (entries 1 wvs. 3, Table 2.13). However, the
enantioselectivities were slightly lower in IL2, which is in agreement with
those observed for the allylic alkylation (Table 2.12).

100 -+
¥ m % Conv
®50 ?
B %ee
O i .._...--'
1 2 3 4 5 6 7 8 9

10 11

Run
Figure 2.18 Catalyst recycling experiments in the Pd-catalysed asymmetric

allylic amination of X using the ligand 70 in IL2

In the Pd-catalysed asymmetric allylic amination of X, the catalytic system
[Pd(p-Cl)(n3-C3Hs)],/70 could be recycled up to nine times without activity
loss, preserving the enantioselectivity up to eleven times (Figure 2.18). The
product was quantitatively extracted with pentane after each run. It is
important to note that the palladium content in the extracted organic
product was less than 0.1 ppm (determined by ICP-MS) for the first two runs
and no palladium was detected for the next runs. The activity loss after the
ninth run is attributed to the catalyst deactivation.

The Pd-catalysed asymmetric allylic phosphination of X using
diphenylphosphine as nucleophile was also studied. [Pd,(dba)s], [Pd(p-Cl)(n*-
CsHs)], and [Pd(OAc),] were used as catalytic precursors in the presence of
ligand 70 (Table 2.14).

Initially, [Pd,(dba)s] was used as precursor  with  the
X/diphenylphosphine/70/Pd= 20/20/1.25/1 ratio, diphenylphosphine as
nucleophile at 402 C. After 24h of reaction, 65% of conversion and 5% ee was
obtained (entry 1). When the reaction was carried out using [Pd(OAc),]/70 as
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catalytic precursor, 95% of conversion without ee was afforded (entry 2).
Then, using [Pd(p-Cl)(n*-C5Hs)],/70, total conversion and no ee was obtained
(entry 3). When the X/diphenylphosphine/70/Pd = 200/200/2. 5/1 ratio was
used at room temperature 55% of conversion and 155 ee was obtained
(entry 4). The use of dichloromethane as solvent afforded 50% of conversion
and 10% ee (entry5). Remarkably, low chemoselectivities to the desired
phosphination product were obtained (< 60% in all cases). This is one of the
most commonly problems in this allylic phosphination reaction

Table 2.14. Pd-catalysed asymmetric allylic phosphination of X using the

ligand 70 in IL2 and CH,Cl,.? o
el
OAc PPh; PPh, 9 O By
PSPy — P o SN PR ppFopy  TeRos o O ol
X HPPh, - A

Entry Solvent Pd Time(h) T(°C) Conv(%)|J (XXITI(;(% )
1 IL2 [Pd,(dba)s] 24 40 65° 5
2 IL2 [Pd(OAC),] 24 40 95 0
3 IL2 [Pd(p-Cl)(n3-CsHs)], 24 40 100 0
4° IL2 [Pd(p-Cl)(n3-CsHs)], 6 25 100 13
5 IL2 [Pd(p-Cl)(n3-CsHs)], 6 25 55 15
6° CH,Cl,  [Pd(p-Cl)(n>-CsHs)l, 6 25 50 10

a. Reaction conditions: X/diphenylphosphine/70/Pd = 20/20/1.25/1. b. Determined by 4
NMR. c. Determined by chiral SFC. d. XXIII/XXVI = 70/30. e. X/ diphenylphosphine /70/Pd
=200/200/2.5/1.

In IL2 at 40 °C, the desired allylic phosphine XLIX was exclusively obtained
using palladium acetate and [Pd(u-Cl)(n>-CsHs)], as catalytic precursors
(entries 2 and 3). However using [Pd,(dba)s],
the formation of 1,3-diphenylpropyl)diphenylphosphine was again observed
(entry 1). Unfortunately, no enantioselectivity was induced in any case. At
lower temperature and shorter reaction time, the enantioselectivity
increased up to 13% (entry 4). The enantioselectivity remained unchanged
even at lower conversion using lower Pd loading (0.5 mol%) (Entries 5 vs. 4,
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Table 2.14). Interestingly, the catalytic results in dichloromethane were
similar to those observed in IL2 (entries 5 and 6).

The low asymmetric induction obtained could be explained the competition
between phosphines involved in the allylic phosphination, and the
diphosphite 75, in contrast to the robust catalytic system containing
Josiphos-type ligands reported by Togni.”
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2.3. Conclusions

TBDPSO o
ML Bu OTBD:’BSU
OTBDPS

o / TBDPSO

i
tBu tBu
tBu

The catalytic system containing ligand 70 is highly active in the Pd-catalysed
asymmetric allylic substitution reactions, reaching the highest turnover
frequency values reported for asymmetric allylic alkylation (TOF = 22,000 h™)
and allylic amination (TOF = 400 h™) reaction of the substrate X with
excellent ee values (up to >98%). Moreover, the effect of the
substrate/nucleophile ratio in the activity of these reactions indicates a
poisoning effect of the nucleophiles. Furthermore, the results obtained with
ligand 70 and 75 clearly show that small changes in the ligand structure can
drastically affect the catalytic activity.

The use of several nucleophilies (malonate, amines and phosphines) showed
a direct dependence of the activity of the catalytic system on the nature and
concentration of nucleophile. It can be concluded that the nucleophile is
involved in the rate limited step of the allylic substitution reaction of the
substrate X using Pd catalytic system bearing the ligand 70.

Palladium NPs were successfully synthesised in the presence of carbohydrate
derivative ligands (70 and 75) and the shape, size and dispersion of the
nanoparticles were shown to depend on the structure and amounts of the
stabiliser used.

Pd NPs bearing the ligands 70 and 75 were stabilized using different
palladium/ligand ratios and used as catalytic precursors in allylic substitution
reactions. Pd-asymmetric allylic alkylation using preformed NPs bearing the
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ligands 70 and 75 showed similar behaviour to that observed with the
corresponding molecular systems.

Pd70 and Pd75 NPs showed a remarkable difference in reactivity. Under
catalytic conditions using X or XllI as substrates, Pd70 was more active than
Pd75. It is also remarkable the excellent kinetic resolution shows by Pd70 in
the allylic alkylation of X, which has not been observed using Pd75. This fact
points to a key-lock matching between substrate and catalyst.

The reaction rate for the transformation of the (S)-X is more than 100 times
slower than that of the corresponding (R)-X enantiomer, showing a kinetic
resolution under these conditions.

In pyrrolidinium-based ionic liquid, the chiral palladium catalytic system
containing the diphosphite ligand 70 is highly active and induces high
enantioselectivities in the allylic alkylation and amination reactions. Its
activity even increases in relation to that obtained in dichloromethane for
the amination. Furthermore, using this medium, the Pd system bearing the
ligand 70 could be recycled for the first time up to nine times without activity
loss, preserving the enantioselectivity. The preliminary results obtained for
the allylic phosphination are very promising in terms of chemoselectivity,
and encourage us to look for suitable catalytic systems to induce
enantioselectivity.
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2.4. Experimental part
2.4.1. General

All compounds were prepared under nitrogen atmosphere using standard
Schlenk and vacuum-line techniques. The organic solvents were purified on
solvent purification system — 800 series or distilled over drying reagents and
were deoxygenated before use. Chemicals were purchased from Aldrich
Chemical Co and Fluka.

lonic liquids IL1 (1-butyl-3-methyl-imidazolium hexafluorophosphate) and IL2
(N-butyl-N-methyl pyrrolidinium bis-trifluoromethylsulfonylamide) were
supplied by Solvionic and were treated under vacuum at 602 C overnight
prior to use. Other chemicals were used as purchased. The deuterated
solvents for NMR measurements were dried over molecular sieves.

'H, ¢ {*H}, and *'P {*H} NMR spectra were obtained on a Varian Mercury

400 MHz spectrometer. Chemical shifts were calibrate relative to SiMe4 (*H
and *C NMR) as internal standard or 85% HsPO, as external standard (*'P
NMR). Assignments in NMR spectra of the complex were determined by
COSY and HSQC spectra. Coupling constants, J, are given in Hz. Multiplicities
of peaks in *H and *C NMR are given as: s (singlet), d (doublet), t (triplet), q
(quartet), qu (quintet), m (multiplet), and b (broad).

Enantiomeric excess were determined by HPLC at 252 C on a Waters Alliance
2695 HPLC separation module with a Waters 996 PDA Detector for allylic
alkylation, amination and phosphination.

Enantiomeric excesses were determined for allylic phosphination on PIC
solution Supercritical fluid chromatography SFC with a UV PDA detector at
352 C. ICP-MS were done by an independent analytical laboratory (Antellis)
from Toulouse (France).

TEM measurements were realized on a Zeiss 10 A electron microscope at
100 kW with a resolution of 3A; Pd NPs samples were prepared under Argon
atmosphere. A drop of the solution was placed on a carbon covered Cu grid.
Final drying of the sample was performed under vacuum for 12 hours.
Elemental analyses of carbon, hydrogen and phosphorus were realized on a
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Carlo Erba EA 1108 instrument. The NPs size and distribution were
determined by counting approximately 800 NPs from 4 enlarged TEM images
(approximately 200 NPs from each TEM image). The size distribution plots
were fit using a Gaussian model with Microcal Origin 6.1 graphing software
to determine the widths and centers of the size distributions.*®

Merck silica gel 60 (0.040-0.063 mm) was employed on flash
chromatography. The conversion of the reaction was measured by GC on a
Hewlett-Packard HP 5890 A instrument (split/splitless injector, J&W
scientific, HP5, 25 m column, internal diameter 0,25 mm, film thickness 0.33
mm, carrier gas: 150 kPa He, F.I.D. detector) equipped with a Hewlett-
Packard eHP3396 series Il integrator.

2.4.2. Synthesis of ligands

The synthesis of ligands was carried out following reported literature
procedures.

2,5-anhydro-D-mannitol (88) 2-amino-2-deoxy-D-glucose (20

HO OH
P O-
g, 0.11 mol) was added to a 140 ml of distilled water. The \‘EH—VLOH
88

solution was stirred for 24 h at room temperature. The

solution was cooled to -52 C and sodium nitrite was slowly
added (11.50 g, 0.167 mol). A solution of HCI (0.92 ml, 3.2 M) was dropwise
added at 02 C (1 hour). Later, 11.32 ml of HCI 3.2 M were added to the
solution and the mixture was stirred 3 hours at 02 C. The excess of nitrite
acid was eliminated by mean of nitrogen flow at room temperature. The pH
of the solution was regulated at pH ~ 6 using the resin poly(4-vinylpiridine).
The mixture was filtered and the solution was evaporated to give brown oil.
This oil was triturated with acetone (200 ml x 3) and methanol (15 ml). The
solution was decanted and cooled at 02 C in order to precipitate residual
salts in solution. The salts were filtered and the resulting solution left
Amberlite IRN-150 (H+, OH-) resin stirring 2 hours. The mixture was filtered
and the filtered was concentrated to dryness to afford 10.6 g of the aldehyde
A solution of the aldehide (8.34 g, 0.05 mol) in 100 ml of distilled water was
cooled at 02 C. NaBH, was slowly added (1.93 g, 0.05 mol). The mixture was
stirred for 7 hours and neutralized with Amberlite IR-120 (H+) resin. The
resin was filtered off and the filtrate was concentrated to dryness. The crude
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product was dissolved in methanol and dried (this procedure was repeated 3
times). The residue was dissolved in methanol and Amberlite IRN-150 (H+,
OH-) resin was added. The resin was filtered off through a Celite pad, and the
filtrate was concentrated to dryness. The alcohol 88 was obtained as black oil
(6.7 g, 63.6%). 'H NMR (CDCls, 400 MHz) & in ppm: 3.96 (m, 2H, Hs), 3.82 (m,
2H, Hy), 4.05 (dd, 2H, J; » = 11.1 Hz, J;, = 3.71 Hz, H,), 3.75 (dd, 2H, J;-; = 11.1
Hz, Jy, = 3.62 Hz, H;) "*C NMR (CDCls, 100.6 MHz) & in ppm: 85.14 (C,), 78.80
(Cs), 63.67 (Cy).

1,6-Di-O-(tert-butyldiphenylsilyl)-2,5-anhydro-D-

mannitol (89)” tert-Butyldiphenylsilyl chloride (3
mL, 11.66 mmol) was added dropwise to a solution
of 86 (0.87 g, 5.3 mmol) and imidazole (1.5 g, 22.28
mmol) in 12 ml of dry DMF at 0 °C. The reaction mixture was left to warm to

TBDPSO

\@HL
OTBDPS

OH
89

room temperature and stirred for 24 h. The solvent was then removed in
vacuum, and the residue was dissolved in CH,Cl, and washed with water. The
organic layer was dried with Na,SO,, concentrated, and purified by column
chromatography (hexane/ethyl acetate, 4:1) to afford 1.48 g (45%) of 89 as a
white solid. *"H NMR (CDCl;, 400 MHz) & in ppm: 7.85 — 7,27 (m, 20H, Ph),
4.36 (m, 2H, Hs), 4.24 (m, 2H, H,), 4.10 (d, 2H, Jon3 = 8.9 Hz, OH), 4.05 (dd,
2H, J11 = 11.1 Hz, J15 = 3.6 Hz, Hy), 3.75 (dd, 2H, Jy; = 11.1 Hz, Jy, = 2.4 Hz,
H,), 1.06 (s, 18H, CH;). °C NMR (CDCls, 100.6 MHz) & in ppm: 135.8-128-5
(Ph), 86.99 (C,), 79.70 (C3), 65.34 (C1), 26.72 (CH5), 19.02 (C(CH,)s).

3,4-Bis-O-(diphenylphosphino)-1,6-di-O-(tert-butyldiphenylsilyl)-2,5-anhydro-
(70) The
azeotropically dried with toluene (3x1 ml).
Then,0.32 g (0.5 mmol) of 89 was dissolved in
dry and degassed toluene (5 ml) dry pyridine o}
(0.2 ml, 2.4 mmol) was added. After the TBOPSO,  d

mixture was cooled to 0 °C, a solution of tBu \i_bLomops

D-mannitol alcohol 89 was

phosphorochloridite (2.2 mmol), synthesized 70
in situ by standard procedure, in dry and

degassed toluene (6 ml) and dry pyridine (0.7

ml, 2.0 mmol). The mixture was stirred

overnight at room temperature. The mixture was filtered to eliminate the
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pyridine salts, and the filtered was concentrated to dryness. The white foam
was purified by flash column chromatography with toluene as eluent and
0.15 g of the diphosphite 70 was afforded as a white solid (17%). 'H NMR
(CDCls, 400 MHz) & in ppm: 7.65 — 7.09 (m, 28H, Ph), 5.29 (br s,2H, Hs), 3.98
(brs, 2H, H;), 3.68 (m, 2H, H,), 3.40 (m, 2H, Hy), 1.41 (s, 18H, 0-C(CH3)3) 1.33
(s, 18H, p-C(CHs)s), 1.35 (s, 18H, p-C(CHs)s), 1.23 (s, 18H, 0-C(CHs)3), 0.99 (s,
18H, C(CHs)s). *C NMR (CDCls, 100.6 MHz) & in ppm: 147.02-124.7 (Ca),
82.39 (C,), 79.5 (broad, G;), 63.70 (C;), 35.4 (0-C(CHs)s), 34.6 (p-C(CHs)z),
34.4 (p-C(CHs)3), 31.7 (0-C(CHs)s), 31.4 (0-C(CHs)s) 31.2 (p-C(CHs)3) 31.0 (o-
C(CHs)3), 26.3 (C(CHs)3), 19.3 (C(CH,)s). *'P{*H} NMR (CDCls, 161.97 MHz) & in
ppm: 114.95 (s)

2,5-anhydro-1,3:4,6-di-O-isopropyliden-L-iditol  (90)  p- 00
Toluene sulfonic acid (0.3 g) was added to the solution of D- OJY—VN\
glucitol (103 g) in xilene (520 ml). In a Dean Stark distillator, )7,,0 90

the solution was refluxed 2 hours in order to give up the

water formed in the reaction (11 ml). Afterwards, the solution was left to
cool to room temperature and the solvent was decanted eliminating the

dianhydro-hexytols that are soluble in xilene. The residue was dissolved in
anhydrous acetone (41 ml) and 1 ml of sulfuric acid was added, the color
changed from brown to orange. The solution was stirred for 24 hours and
then a solution of KHCO; (8 g en 100 ml de H,0) was added, the color of the
solution change from orange to green. The mixture was filtered and the
solvent evaporated to obtain yellow syrup. This syrup was dissolved in
hexane (11 ml) and the solution was extracted in continuous with
hexane/H,0 (7:3) overnight. Then, the solvent was evaporated and the
residue was recrystallized in hexane (50 ml) to afford a white solid 9.5 g (12
%). "H NMR (CDCls, 400 MHz) & in ppm: 4.30 (d, 2H, J3, = 2.3 Hz, H3), 4.16 (m,
2H, H,), 4.01 (dd, 2H, J; 1 = 13.1 Hz, J;-, = 2.8 Hz, Hy), 3.98 (dd, 2H, J;.; = 13.1
Hz, )y, = 2.4 Hz, Hy), 1.42 (s, 6H, CHs), 1.34 (s, 6H, CHs). *C NMR (CDCls,
100.6 MHz) & in ppm: 96.9 (Cacetal), 77.13 (C,), 72.5 (broad, Cs), 62.72 (C4),
29.00 (CHs), 19.04 (CHs).

2,5-anhydro-L-iditol (91) 8.6 g of 90 was dissolved in 200 ml of

OH_oH
. _ + . O-
THF/H,0 (2:1) and then, IR-120 (H") resin (17 g) was added. How
The mixture was stirred for 24 hours and the resin was OH g4
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filtered off; the filtered was washed with THF and evaporated to dryness.
The alcohol 90 was obtained as syrup (4.3 g, 84%). NMR 'H (CDCls, 400 MHz)
& in ppm: 4.99 (s, 4H, OH), 4.20 (m, 2H, H,), 4.17 (m, 2H, H), 3.80 (dd, 2H, J;
=11.1Hz,, J;-, = 4.4 Hz, Hy), 3.75 (dd, 2H, Jy 1 =11.1 Hz,, J;-, = 7.4 Hz, Hy).
NMR *C (CDCls, 100.6 MHz) 8 in ppm: 82.1 (C,), 79.0 (Cs), 62.2 (C4).

2,5-anhydro-1,6-di-O-/(t-butyldophenyl)silyl [-L-iditol

(92) The diol 91 (0.45 g, 2.74 mmol) was dissolved in ;op;HrOTBDPS
anhydrous DMF (6.5 ml) at 02 C and imidazole (0.8 g, TBDPSO
11.75 mmol) was added under nitrogen atmosphere.
Then, the tert-butylsilyl chloride (1.6 ml, 6.15 mmol) was slowly added to the
solution. The mixture was stirred at room temperature during 48 hours. The

92

solvent was then evaporated under vacuum; the residue was dissolved in
CH,Cl, and washed with H,0. The resulting mixture was extracted with CH,Cl,
and the organic phase was dried with NaSO,. The residue was purified by
flash chromatography (hexane/ethyl acetate 4:1) and drying under vacuum.
92 were obtained as white crystals.

3,4-Bis-0-/(3,3’,5,5’-tetra-tert-butyl-1,1’-

biphenyl-2,2’-diyl)phosphite }1,6-di-O-(tert- Q Bu
butyl-diphenylsilyl)-2,5-anhydro-L-iditol (75) Bu O
. . . o
The synthesis of 75 was carried out according v-d' g
to reported procedure. To a solution of 0.30 g Jﬁ?;,/OTBDPS
. . TBDPSO
(2.28 mmol) of diol 92 in 20 ml of dry and a u

degassed toluene, 1 ml (10.4 mmol) of dry O o
pyridine was added. This solution was slowly |®BuY O Bu
added to a solution of 9.2 mmol of

corresponding phosphorochloridite formed in

situ, dissolved in 24 ml of toluene and 1 ml (10.4 mmol) of pyridine. The
mixture was stirred overnight, the salts were then filtered off and the white
foam was purified by flash column chromatography in toluene to afford 0.93
g of 92 (53%). '"H NMR (CDCls, 400 MHz) & in ppm: 7.15 — 7.64 (m, 28H, Ph),
5.10 (br sbr s,2H, Hs), 4.28 (br s, 2H, H,), 3.78 (m, 2H, H1), 3.67 (m, 2H, Hy),
1.43 (s, 18H, 0-C(CHas)3) 1.34 (s, 18H, 0-C(CHs)s'), 1.32 (s, 18H, p-C(CHs)s), 1.25
(s, 18H, p-C(CHs)3), 0.97 (s, 18H, C(CHs)s). **C NMR (CDCls, 100.6 MHz) § in
ppm: 146.2-124.3 (Ca,), 79.45 (C;), 77.3 (broad, C;), 62.50 (C,), 35.3 (o-
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C(CHs)3), 35.6 (p-C(CHs)z), 34.5 (p-C(CH3)s), 34.7 (0-C(CH3)s), 31.2 (0-C(CH3)s)
31.0 (p-C(CHs)y) 30.8 (0-C(CHs)3), 26.5 (C(CHa)s), 19.8 (C(CH,)s). **P{*H} NMR
(CDCl, 161.97 MHz) & in ppm: 148.2 (s)

2.4.3. General procedure for the preparation of [Pd(n>-CsHs)(L)]PFe
complexes

In a purged Schlenk tube, 9 mg (0.025 mmol) of [Pd(n3-C3H5)(u-CI)]2 and 75
mg (0.05 mmol) of ligand were dissolved in 5 ml of distilled dichloromethane.
The solution was stirred for 30 min at room temperature and 15 mg of
NH4PFs (0.09 mmol) dissolved in 1 ml of dichloromethane were then added.
After 24h of stirring, washings were performed with degassed water (4 x 5
ml). The organic phase was dried over anhydrous Na,SO,, filtered off and the
solvent removed under reduced pressure. The pale yellow solid obtained was
washed with diethyl ether (3 x 5 ml) and dried under reduced pressure.

Complex 79: '*H NMR (CDCls, 400 MHz) & in

ppm: 7.0 = 7.6 (m, Ph) , 5.66 (t, 1H, CH), ﬁ o
5.59 (t, 1H, CH), 5.26 (m, 1H, CH), 4.27 (br \ P\o

5,2H,), 3.98 (br's, 2H,), 3.71 (d, 2H), 3.33 (d, o, :

2H), 1.45 (s, 18H) 1.40 (s, 18H), 1.32 (s, 8u
18H), 1.25 (s, 18H), 0.95 (s, 18H); *'P{'H} ;'9

NMR (CDCl;, 101.3 MHz, 728 K) 138.77
ppm (s), -150.9 ppm (PF¢). Yields: 83%. LC/ESI-TOF/MS: m/z (100%)=
1663.7945 ([M-PF¢]*)

Complex 80: *H NMR (CDCl;, 400 MHz) & oravPs,

in ppm: 7.2 — 7.6 (m, Ph), 5.65 (br s, 1H, TBDPSO 2 O u
CH), 5.53 (br s, 1H, CH), 5.02 (m, 1H, CH),
4,61 (br s,2H), 4.68 (br s, 2H), 3.79 (m, Bu i HtB

2H), 3.76 (m, 2H), 1.46 (s, 18H) 1.37 (s,
18H), 1.33 (s, 18H), 1.26 (s, 18H), 0.95 (s,
18H);. *'P{"H} NMR (CDCl;, 101.3 MHz,
728 K) 140.32 ppm (s), -161.3 ppm (PFg). Yields: 85%. LC/ESI-TOF/MS: m/z
(100%)= 1663.7945 ([M-PF¢]*)

80
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2.4.4. General Procedure for the Synthesis of Pd Colloids

In a standard procedure, 160 mg of [Pd,(dba)s] (0.175 mmol) were dissolved
under argon at 1102 C (ethanol/N, bath) and under vigorous magnetic
stirring in a solution of 160 mL of THF containing 0.2 equiv./Pd of the chosen
ligand in a Fischer—Porter bottle. The mixture was then pressurized under
dihydrogen (3 bars) at room temperature. The colour of the solution turned
from purple to black in a few minutes. The vigorous stirring and the
dihydrogen pressure were maintained for 18 h at room temperature, leading
to black and homogeneous colloidal solutions. After depressurization, a drop
of each colloidal solution was deposited under argon on a holey carbon-
covered copper grid for TEM analysis. The colloidal solution was then
concentrated to ca. 5 mL. Addition of cold pentane allowed the precipitation
of the particles as black solids that were washed with pentane (2x40 mL) and
dried under vacuum. The colloids were characterized by TEM analysis,
elemental analysis and XPS.

Colloid Pd70 was synthesized according to the standard procedure from 160
mg of [Pd,(dba);*CHCI;] (0.175 mmol) and 74.7 mg of diphosphite 70 (0.070
mmol). TEM: mean size 4.2 nm; elemental analysis: 72.72% Pd, 0.17% P,
14.68% C, 0.94% H.

Colloid Pd75 was synthesised according to the standard procedure from 160
mg of [Pd,(dba)s;*CHCl;] (0.175 mmol) and 74.7 mg of diphosphite 75 (0.070
mmol). TEM: mean size 4.2 nm; elemental analysis: 72.97% Pd, 0.37% P,
13.99% C, 0.38% H.

2.4.5. General Procedure for Pd-catalysed allylic alkylation reactions

For molecular catalytic systems containing ligands 70 and 75, the catalytic
precursor was generated in situ from [Pd(n3—C3H5)(u-CI)]2 and the
appropriate ligand (0.02 mmol of Pd and 0.025 mmol of chiral ligand)
dissolved in 2 cm® of CH,Cl, and stirred for 30 min before adding the
substrate. For colloidal catalytic systems, 2.5 mg of preformed NPs, Pd70 and
Pd75, with 0.005 mmol of the appropriate ligand (for 1 and 2: 5.2 mg; for 3:
4.7 mg) were dissolved in 4 cm?® of CH,Cl, for 30 min before adding the
substrate. (1 mmol), dissolved in CH,Cl, (2 cm3), was then added to the
catalyst solution followed by dimethyl malonate (396 mg, 3 mmol), BSA (610

111



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T.

157-2012

Chapter 2

mg, 3 mmol), and a catalytic amount of KOAc. The mixture was stirred at
room temperature until total conversion of substrate (monitored by TLC).
Then, the solution was diluted with diethyl ether, filtered over celite, and
washed with saturated ammonium chloride solution (4x10 cm®) and water
(4x10 cm?). The organic phase was dried over anhydrous Na,SO,, filtered off,
and solvent removed under reduced pressure. Conversions were determined
by 'H NMR and enantiomeric excesses determined by HPLC.

2.4.6. General procedure for palladium-catalysed allylic amination
reactions

The catalytic precursor was generated in situ from [Pd(n3-C3H5)(u-CI)]2 and
the appropriate ligand (for 1 mol% of catalyst: 0.01 mmol of Pd and 0.0125
mmol of the corresponding chiral ligand) dissolved in 1 cm?® for 30 minutes
before adding the substrate (1 mmol) and amine (1 mmol). The mixture was
stirred at 40 °C. At the end of the reaction, the products were extracted with
pentane and filtered over celite. Then the solvent removed under reduced
pressure. Conversions were determined by 'H NMR and enantiomeric
excesses determined by HPLC

(R.E)-N-benzyl-1,3-diphenylprop-2-en-1-amine on a NHCH,Ph

Chiralcel OJ-H chiral column, using (0.6 mL/min, n- |ph—~~*-Ph
hexane/isopropyl alcohol 99:1,254 nm): (R)-XLIX Rt=19.5 XX
min, (S)- XLIX Rt=20.8 min.

(E)-N-(1,3-diphenylallyl)aniline _Chiralpak 1A column: n- ©\NH
hexane/i-PrOH: 99/1; flow rate: 0.55 ml/min; wavelength at

Ph™ Ph
254 nm; Rt(major)= 26.44 min, Rt(minor) = 31.78 min. LI
(R,E)-1,3-diphenyl-N-(1-phenylethyl)prop-2-en-1-amine
Chiralcel 0OJ-H chiral column, using (0.6 mL/min, n- Q/
hexane/isopropyl alcohol 99:1,254 nm): (R)-isomer =25.4 min, HN
; ; Ph-~—"Ph
(S)-isomer =29.0 min.
XLIV
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(R,E)-N,N-dibenzyl-1,3-diphenylprop-2-en-1-amine

Chiralcel AD-H column, hexane/2-propanol = 70/30, 0.5 EP

mL/min, 254 nm; 3% ee, (R)-isomer Rt = 6.7 min, (S)-isomer N/\©

Rt =7.0 min. Ph™>" "Ph
XLV

2-((R,E)-1,3-diphenylallyl)-3a,4-dihydro-1H-isoindole-1,3(2H)-

dione The enantiomeric excess was determined by HPLC on an R

ODH column (0.5 mL/min, n-hexane/isopropy! alcohol 98:2, O N0

254 nm): (S)-439 Rt=25.6 min, (R)-439 Rt=31.6 min Ph—~Ph
XLVI

(R,E)-4-(1,3-diphenylallyl)morpholine  Chiralpak IA column: n- [Oj

hexane/ i-PrOH: 99.5/0.5; flow rate: 0.8 ml/min; wave length N

at 254 nm; Rt(major) = 22.21 min, Rt(minor) = 24.37 min. Ph~~"Ph
XLVII

(R, E)-N-(1,3-diphenylallyl)butan-1-amine Chiralpak AD-H, N

hexane/2-propanol = 9:1, 1.0 mL/min, 254 nm, (R)-isomer Ph/\)\Ph

Rt = 10.5 min, (S)-isomer Rt = 14.1 min. XLV

2.4.7. General procedure for palladium-catalysed allylic phosphination
reactions

The catalytic precursor was generated in situ from [Pd(ng-C3H5)(u-CI)]2 and
the appropriated ligand (1.5x10% mmol of Pd and 3 x10® mmol of the
corresponding chiral ligand) dissolved in 1 cm? of IL or CH,Cl, for 30 minutes
before adding the substrate VI (63 mg, 0.25 mmol) and diphenylphosphine
(45 pL, 0.25 mmol). The mixture was stirred at 25 °C. At the end of the
reaction, diethylether and 10 mg of sulphur were added and stirred during 1
h. Then the organic phase was filtered over celite and the solvent removed
under reduced pressure. Conversions were determined by 'H NMR and
chemoselectivity by *'P NMR.

(R,E)-(1,3-diphenylallyl)diphenylphosphine Enantiomeric excesses were

PPh, determined by SFC on a Chiralcel AD-H column, MeOH 15% as
ph—~—~pn| eluent, in a flow of 4 cm®/min under 100 bar CO,. The by-

XLIX product coming from Xl was isolated from the mixture by
precipitation with diethyl ether.
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2.4.8. General procedure for the recycling

After each catalytic run (X/amine/Pd/L = 250/250/1/1.25, 1 cm® IL2, 1 h, 40
°C), the reaction mixture was cooled at room temperature and extractions
were carried out with pentane (3x5 cm?) in order to remove all the organic
compounds (substrate, amination product and benzylamine) from the ionic
liquid phase. Under these conditions, neither the ionic liquid nor catalyst
(palladium species and ligand) was extracted (checked by NMR and ICP-MS
analysis). Upon extractions, the catalytic ionic liquid phase was then treated
under vacuum in order to remove the volatiles. The corresponding amounts
of substrate (X) and nucleophile (BnNH;) were then added for starting a new
run.
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2.4.9. NMR spectra

3,4-Bis-0O-(diphenylphosphino)-1,6-di-O-(tert-butyldiphenylsilyl)-2,5-
anhydro-D-mannitol (70)
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3,4-Bis-0-(3,3’,5,5’-tetra-tert-butyl-1,1’-biphenyl-2,2’-diyl)phosphite-1,6-di-
O-(tert-butyl-diphenylsilyl)-2,5-anhydro-L-iditol (75)
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Complex 79
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Complex 81
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3.1 Background

The Suzuki-Miyaura reaction is the coupling of an aryl or vinyl halide or
triflate with an alkyl, aryl or vinyl boronic acid using a palladium catalyst
(Scheme 3.1). This powerful cross coupling method can be utilised for the
synthesis of conjugated olefins, styrene, and biaryl compounds, which are an

important class of organic compounds.>**
R1-X " R2-B(OR3), %. R1-R2
R1 = aryI/ aIkenyI/ alkyl R2 = ary” alkenyl/ alkyl

X =Cl,Br, I, OTf (SO;CF3) R3 =H, CHj; etc.

Scheme 3.1. General representation for Pd-catalysed Suzuki cross coupling
reaction

The Suzuki coupling reaction has many inherent advantages over other
methods such as the tolerance of broad range of functional groups, non-toxic
by-products, thermally stable organometallic partner (organoboronic acid
derivative) that is inert to air and water and unreactive to many of the
electrophilic functional groups.>®

Axially chiral biaryls (Figure 3.1) are very important structural motifs in
biologically active natural products or as ligands in homogeneous catalysis.
The chirality of these compounds arises from the restricted rotation around
the aryl-aryl bond. This type of chirality is called atropoisomerism.” The
rotation is usually restricted by the presence of three ortho substituents
(Figure 3.1) but in the case of binaphthalenes, only one ortho substituent is
required to obtain this type of chirality since the steric hindrance induced by
the fused aromatic rings also restricts the C-C rotation. The binaphthalenes
are the most representative compounds of the atropisomerism
phenomenon.
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R R2 R4

-y

o O ogJ”
Axial Chirality
(RorS)

Figure 3.1. Structures exhibiting atropisomerism (or axial chirality).

Several natural products contain biaryl or binaphthyl units with axial chirality
as central building blocks.® Figure 3.2 describes selected examples of such
compounds: vancomycin (LXIl), which is a clinically used glycopeptide
antibiotic,” steganacin (LXII), which is a cytotoxic tubulin-binding
dibenzocyclooctadiene Iignan,10 michellamine B (LXV), which is a
naphthylisoquinoline alkaloid anti-HIV ** and the compound 5-epi-4'-o-
demethylancistrobertsonine C LXVI that is use as an antimalarial

O,Sugar

OMe aR[* o
(LXIN) Steganacin OO
R =PPhy, (1)
R =0Me, (93)

(LXVI) 5-epi-4'-o-demethylancistrobertsonine C

(LXV) Michellamine B
naphthylsiquinoline alkaloid."

Figure 3.2. Examples of natural products containing a chiral biaryl unit.

Other applications of biaryl compounds in materials*® and supramolecular
chemistry® are also of interest. Moreover, chiral biaryl units are the
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structural base of many ligands such as BINAP (1),"> MOP (93)*° derived from
the BINOL LXIXV (Figure 3.2)"” which show remarkable enantioselectivities in
a number of transition metal catalyzed processes.’” In view of these
applications, the synthesis of optically active 1, 1- binaphthalenes has
received much attention. Nevertheless, the number of publications in
asymmetric Suzuki-Miyaura coupling of naphthalenes moieties remains
modest.’**®3° Another very important aspect in this reaction is the
selectivity, as by-products can be produced by homocoupling reaction

(Scheme 3.2).

B(OH),
Hes
oot Y IDOe: R1
X Seales e

"Cross-coupling "Homocoupling "Homocoupling
product” product from product from
halogenated sustrate" boronic acid"

Scheme 3.2. Coupling products that can be produced in Pd-catalysed Suzuki-
Miyaura cross-couplings.

The first report on the synthesis of axially chiral biaryls through
enantioselective Suzuki-Miyaura reactions was published independently by
Buchwald"® and Cammidge.™

Pd°/L OO
C,, - Co e
R1 CHj R
X B(OR2), OO
LXVII X=Br,R1=H LXXI R2=HH

LXVIIl X=I, R1=H LXXIl R2 = -C(CHj3),-C(CHjs),- LXXIV R=H
LXIX X=Br R1=CH; LXXIll R2 = -CH,CH,- LXXV R=CH;
LXX X=I, R1=CHj;

OO O Pth PPh; PPh,

PPh, OMe @OMez ©\<NMe2
PPh, NH2 H Me Fe f Ve Me

) = e

1 96 97
R)-(+)}BINAP - (S)- (+) BlNAM (S)- (R) PFOMe (SHR)-PFNMe  (S)(R)}-DPFNMe
25%ee LXXIV 0%ee LXXIV  g39ee LXXIV ~ 85%ee LXXV 17%ee LXXV

Scheme 3.3. Selected ligands reported in Pd-catalysed asymmetric Suzuki-
Miyaura coupling reactions.
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Cammidge et al. reported the Pd-catalysed asymmetric Suzuki-Miyaura
coupling of various naphthyl boronic partners and naphthyl halides. The
catalytic system bearing the BINAP ligand 1, yielded modest ee’s of 25%
(Scheme 3.3). It was observed that the use of different boronate esters
improved the selectivity to the cross coupling product. Furthermore, this
selectively was even further improved when monophosphine ligands 95 and
96 were employed (63% and 85% respectively, Scheme 3.3).

Buchwald reported the successful use of Pd catalytic systems containing the
binaphthyl ligands 98-99 in asymmetric Suzuki-Miyaura couplings. The Pd/98
catalyst was found to give the highest ee values for the reaction of LXXVI and
o-tolylboronic acid LXXVII (Scheme 3.4). Replacing the cyclohexyl group of
the ligand by an isopropyl, a phenyl or a tert-butyl group (ligands 99-101,
Scheme 3.4) had only a slight effect on the conversion and enantioselectivity
of the resulting products (86%, 75% and 81% ee of LXXVIII). However,
replacing the dimethylamino group with an n-butyl or trimethylsilyl group
(ligand 102, Scheme 3.4) resulted in a significant decrease in
enantioselectivity.

Br B(OH), BalL O
PO)XORY), o Pt Et
OO K3POy O O P(O)(OR®),

LXXVI
Lxxvii LXXVII
I NMe, I I NMe, I I NMe, I I NMe, I SiMe;
O % OO ooyt Tt
100 101 102
2%ee LXXVIII 6%ee LXXVIII 75%ee LXXVIII 81 %ee LXXVIII 23%ee LXXVII

Scheme 3.4. Pd-catalysed asymmetric Suzuki coupling reaction reported by
Buchwald.

In 2003, Johannsen and Jensen communicated the Pd-catalysed asymmetric
coupling reaction between the aryl halide LXVIII and aryl boronate LXX using
Pd catalysts bearing the dialkyl arylferrocenylphosphines ligands 103-105
(Scheme 3.5) and obtained moderate ee’s (46%, 54% and 45%
respectively).”
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Espinet and co-workers studied the microwave assisted Pd/106-catalysed
asymmetric Suzuki-Miyaura reaction of the naphthyl bromide LXVIII and the
boronic acid LXX and obtained reasonable to excellent yields (65-96%) and
fair to good enantioselectivities (43-70% ee, Scheme 3.5).%

Mikami et al reported successful results in the Suzuki-Miyaura coupling
reaction using the cationic chiral Pd complexes of the ligands 1 and 107,
which afford the coupling products in good yield and enantioselectivity (84%
and 58% respectively).”

Colobert and co-workers reported the catalytic asymmetric reaction
between 2-methoxy-1-naphthylboronic acid LXXXI and 1-bromo-2-
methoxynaphthalene LXXIX in the presence of the Pd/1 and Pd/108
catalysts. Moderate conversions and ee’s were obtained when these ligands
were used in the catalytic system (24% both cases, Scheme 3.5). Optimizing
the phosphine/Pd ratio, they observed that this parameter had an effect on
the catalysis but that could not be rationalised.”
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o (L,
+
R' R2
Br B(OH), OO

LXX R'=CH, LXXI =CHs LXXV R'=R%=CH;

LXXIX R'= OCHg LXXXI RZ—OCHg LXXXIII R1 RZ—OCH3
LXXX R'=NMe, LXXXIl RZ=H LXXXIV R'=OCH3 R2=H
LXVIl R'=H LXXXV R'=NMe, R2=H

LXXIV R'=H, RZ2=CHj,

T

Fe PCys Fe PCy, Fe PCy,
103 105 106
46% ee LXXV 54% ee LXXV 45% ee LXXV 46% ee LXXV
PPh, OO PPh,
pR2 2(SbFg) PPh, i l P(O)Ph,
R =Cy, 107 84% ee LXXXIV 108
R=Ph, 1complex 58% ee LXXXV 24% ee LXXXI" 24% ee LXXXII
f :Ph
Ph ( NNpy
N._.O P R ~N
P |
0 0 > CI CI |
N“ 0 (U
Ph>\Ph o<
i-Prt 109 110 \ 111 . 112
46% ee LXXV 30% ee LXXV 98% ee LXXV 40% ee LXXV

Q
sp—o | O nHN_C’(CHz)z‘Q/ N

PR,
PCy>
112 R = CgHs
111 113 R =tert-C4Hqg
94% ee LXXV 114 R = 0-CgHy4

Scheme 3.5. Ligands and complexes reported in Pd-catalysed asymmetric
Suzuki-Miyaura coupling reaction.
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The Pd/phosphoramidite—oxazoline 109 system was tested by Guiry and
Bronger in the asymmetric Suzuki-Miyaura coupling between 2-
methylnaphthylboronic acid LXXI and 1-bromonaphthalene LXXXI, leading to
a maximum of 46% ee and 54% isolated yield at room temperature (Scheme
3.5).

In 2008, Lassaletta and co-workers utilized the novel C,-symmetric nitrogen
donor ligands 110-112 and obtained up to 98% of ee in the Pd-catalysed
asymmetric Suzuki-Miyaura coupling reaction although reaction was
performed during 7 days.”” The authors proposed a reaction path through
several intermediates to explain the high enantioselection and the absolute
configurations observed (Scheme 3.6). w-stacking interactions between the
phenyl substituents of the ligands and the aromatic rings of the coupling
partners are suggested to be crucial for the enantiodiscrimination.

[ A
[N‘Pd EN\Pd -/
\f\l.lf Br \l}l/ \E)i(r
PhaN. Pha N,
‘\j' £y (&
A —— — e —
-~ ; 7 ; Ph —e7
I X 1 xk ! I
EN:Pd :N:Pd EN:Pd X [:N\Pd X,
A ; S
Ph PhaN< .., N PhaaNe
‘\J &= ~ ) F’h~\] > ) -
Io(A)-anti Iy(A)-syn 1,(B)-anti 1(B)-syn

N CCW Pd-C bond rotations Y
| 99
b

Propeller shaped Observed configuration

A
&
N?(\%\P dﬁ% Reductive elimination OO X

Scheme 3.6. Oxidative addition and transmetalation intermediates to
binaphthyls. Arrows indicate m-stacking interactions (Scheme from reference
25).
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Uozumi and co-workers developed the polymer-supported catalyst 111-114
(Scheme 3.7).%° The Pd/111 catalytic system was applied in the Pd-catalysed
asymmetric Suzuki-Miyaura coupling of the naphthyl boronic acid LXX and
the naphthyl halide LXVII, the catalyst was re-used 4 times and high
conversions and ee were obtained (up to 94%,Scheme 3.5). In this context,
the phosphonite ligands 115 - 117 promoted the asymmetric cross coupling
of aryl chlorides with low catalyst loading and short reaction times and good
ee were obtained (up to 78% ee , Scheme 3.7).%”
o

Pd°/L H3CO
o+ L v
H3;CO \) R
cl o B(OH), OO

LXXXVI LXXXII
LXXXV R?=0CH;

O~ CO L1 *rr)
ofs >

115 116 117
41% ee LXXXV ~ 74% ee LXXXV 78% ee LXXXV
Scheme 3.7. Ligands reported in Pd-catalysed asymmetric Suzuki-Miyaura
coupling reactions.

Recently, the first Pd-diene-catalyzed asymmetric Suzuki-Miyaura coupling
reaction was achieved (Scheme 3.8). % Using catalytic systems bearing the
ligands 118-125, high yields, and moderate to high enantioselectivities were
obtained (up to 90%). Interestingly, when 15 mol % of the ligand 121 was
added to the Pd/121 catalytic system, high ee was obtained and this system
was successfully applied to obtain several functionalized biaryls.?®
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COL, . OO e R
R’ R? R’
Br B(OH), OO

LXX R'=CHjg LXXXIl RZ=H

LXXIV R"=H, RZ2=CHj

O H,,,
Ot
118 F 119
60% ee LXXIV  Me 30% ee LXXIV

121 125
90% ee LXXIV 55% ee LXXIV 51% ee LXXIV

Scheme 3.8. Chiral dienes used as chiral ligands for the synthesis of axially
chiral compounds via Pd-catalyzed Suzuki-Miyaura coupling reaction

Buchwald and co-workers reported the enantioselective synthesis of axially
chiral biaryls including a large substrate scope and quantum mechanical
investigations.” The efficient syntheses of axially chiral biaryl amides in
yields ranging from 80-93%, and with enantioselectivity in the range 88-94%
ee employing a Pd-catalysed asymmetric Suzuki-Miyaura process with
Pd(OAc), and the KenPhos ligand 98 was reported (Scheme 3.9). These
studies demonstrate that electron-rich and electron-deficient o-
halobenzamides can be efficiently coupled with the 2-methyl-1-
naphthylboronic acid LXX. The yields and selectivities of the reactions are
independent of the nature of the halide and of the N-based substituents of
the substrate. Their investigations demonstrated that axially chiral
heterocyclic and biphenyl compounds could also be synthesized with this
methodology.
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NMeg

P(Cy)

s (e
. OO Pa/8 o
R! Me
X B(OH), R

LXX
LXXXVI R'=NEt, X=Br XCIV R'=NEty, 75% ee
LXXXVII R'=NEt, X=1 XCV R'=NEt, 73%ee
LXXXVIl R'=NEt, X=OTf XCVI R'=NEt,, 71% ee
LXXXIX R"=NjPry, X=Br XCVIl R" = NiPr,, 82% ee
XC R'=N(Me)Bu, X=Br XCVIII R' = N(Me)'Bu, 75% ee
Xcl R' = N(OMe)Me, X =Br XCIX R'=N(OMe)Me, 80% ee
XCli R'=N(H)!Bu, X =Br c R'=N(H)'Bu, 87% ee
Xci R' =N(H)C(Me),Ph, X =Br Cl R" =N(H)C(Me),Ph, 93% ee

Scheme 3.9 Enantioselective synthesis of axially chiral biaryls by Pd-catalyzed
Suzuki-Miyaura coupling.”

Buchwald and co-workers also performed computational studies to
determine the origin of stereoselectivity during the selectivity-determining
reductive elimination step of the related coupling of tolyl boronic acid with
naphthylphosphonate bromide that was reported in a previous publication.'®
These studies indicate that the stereoselectivity arises from a combination of
weak -(C)H--O interactions as well as steric interactions between the tolyl
and naphthylphosphonate addends in the transition state for C-C coupling.”
Recently, Song and Gong reported the use of the chiral PCN pincer Pd
complex 126 in the asymmetric Suzuki- Miyaura reaction with moderate ee
(~26%) (Scheme 3.10). *°
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MeO\Q\ - pr
Ny
&

pg—Cl

s (1)
i
OO + OO 126 O Pn
OMe R!
Br B(OH), OO
LXXIX LXXXI

LXXXIV R'= OMe, 26% ee
Scheme 3.10. Pd-catalysed asymmetric Suzuki-Miyaura reaction of 1-iodo-2-

methoxynaphthalene with 1-naphthaleneboronic acid catalyzed by chiral the
PCN pincer Pd complex 126.

To date, only two examples of utilisation of chiral Pd-NPs as catalysts in the
Pd-catalysed asymmetric Suzuki-Miyaura coupling can be found in the

*132 Fyjihara et al. achieved the room temperature Suzuki-Miyaura

literature.
cross-coupling reaction catalyzed by chiral phosphine-stabilized palladium
NPs with good conversion and ee (up to 74%).>* Although the chiral PdNPs
have similar diameters of 1.2-1.7 nm, they showed very different catalytic
activities and levels of enantioinduction. In this case, particularly, both
activity and selectivity decreased in the order 1 > 127 > 128 > 129 > 130 >
131. Although no clear explanation for this behaviour was reported (Scheme

3.11).%
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Br B(OH), OO
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LXX R'=CHj; LXXXII
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LXXIX R'= OCH; LXXIV R'=CH;
LXXXIV R'= OCH;3

E ‘ PPh, ‘ ‘ P(Tol), OO PPh,
OO PPh, OO P(Tol), OMe
1
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60% ee LXXIV
74%ee LXXXV  08%ee LXXXV 32% ee LXXXIV
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PPh, 0 PP, \ O PPh,
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I g
o
130

129 131
10% ee LXXXIV 12% ee LXXXIV  12% ee LXXXIV

Scheme 3.11. Metal NPs stabilized by chiral ligands reported as catalysts in

Suzuki—Miyaura cross-coupling reactions.

FePd NPs were synthesized via the thermal decomposition of iron carbonyl

[Fe(CO)s] and subsequent reduction of [Pd(acac),] in the presence of oleic
acid and oleylamine to produce FexOy-rich core and Pd-rich shell. ** These
bimetallic NPs were modified with chiral ligand 1 through the simple ligand
exchange procedure. These NPs were successfully used in Pd-catalysed
asymetric Suzuki—Miyaura reaction of 1-bromo-2-methylnaphthylene and 1-
naphthylboronic acid in DME/H,0 with 48% of ee (Figure 3.3). This catalytic
system could be recycled once without further addition of chiral modifier

(Figure 3.3).
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2 g .
Y - @
0]

/\/\/\/\/\/\/\/\)I\OH OO
@ - Oleic acid ‘ _ PPh,
PPh,

& NH
Oleylamine ’ O‘

Figure 3.3. FePd NP using a ligand exchange procedure between oleic acid/
oleylamine and chiral BINAP, 1.

Here, we report the study of novel catalytic systems containing chiral
phosphorus donor ligands such as phosphines, phosphinines,
phosphoramidites, phosphites and phosphonites in the Pd-catalysed Suzuki-
Miyaura coupling of naphthyl halides and substituted naphthyl boronic acids.
A comparative study using colloidal catalytic systems stabilised by the same
phosphorus ligands is also described.

Wﬁco@ @,ﬁ P@ 40 P
» D= oo " oo w QT

tBu

tBu tBu g tBu /\* tBu tBu O
o P Bu o ™ 1B
,P\o ﬁo “
p o) tBu 0— 0 tBu TBDPSO P-o
04 %% ;p/ -0 O /

\

0 Bu OTBDPS

1B
'D 1n

u

3@ Q @f@
% OTBDPS d‘owq%_?o

Figure 3.4. Chiral ligands used in this chapter.
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3.2 Results and discussion

Aryl or biaryl phosphines are the most often used ligands in Pd-catalysed
asymmetric Suzuki-Miyaura couplings. ** Other types of ligands based on
phosphorus such as phosphonite, phosphinite, phosphoramidate or
phosphite were less studied. In this chapter, the results obtained with
monodentate and bidentate ligands will be discussed. An overview of the
ligands employed in the first part of this study is presented in Figure 3.5.

VOSSN oS
Nw OO

OO Oovo Ol
O T SoM

Figure 3.5. Chiral monodentate ligands used in asymmetric Suzuki-Miyaura
coupling reaction

In the Suzuki-Miyaura coupling reaction, the influence of the parameters
such as solvent, base, temperature and the amount and nature of the boron
reagent have been widely studied to minimise the formation of
homocoupling products.® In the next section, the results of the optimization
reaction will be presented.

3.2.1 Synthesis of palladium precursors

The complex [PdCl,(132)], 140 was synthesised according to reported
methods and characterized by NMR spectroscopy. Due to the difficulties to
obtain monocrystals of the complex 140, the analogous Pt complex of this
especies was prepared, complex [PtCl,(132)], 141. Monocrystals of 141
suitable for X-ray diffraction were obtained by slow diffusion of OEt; into a
CH,Cl, solution of the ligand. The X-ray diffraction analysis showed the
presence of two half independent complexes in the unit cell, both located on
a crystallographic two-fold axis. However, in the former the two-fold axis is
oriented along the Cl1-Pt1-CI2 vector, while in the other it is passing through
the metal (Pt2) perpendicular to the P2CI2 coordination plane. These
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crystallographic features leads the cyclohexyl groups on different sides of the
coordination plane in complex Ptl1 and on the same side in complex Pt2 (see
Figures). The different conformation induces a bending in the P-Pt2-P angle
(167.40(15)°), that must be compared to the P-Pt1-P of 173.81(16)°, likely
promoted by steric reasons. The metal is coplanar with the donor atoms in
complex 1, while Pt2 is displaced by 0.176(2) A from the mean coordination

plane.

Table 3.1. Crystal data and details of refinement

Empirical formula
Formula weight
Temperature (K)
Wavelength (A)

Crystal system space group

Unit cell dimensions

Volume (A)

Z, Calculated density (Mg/m?’)
Absorption coefficient (mm™)
F(000)

Theta range for data collection

Reflections collected / unique
Data>2sigma(l)/restraints/parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

Absolute structure parameter

Largest diff. peak and hole (e/A%)

CasHssCl,040P,Pt

914.83

293(2)

1.54178

Orthorhombic, C2 2 21
a=13.380(2) A alpha =90 deg.
b =14.758(2) A beta =90 deg.
c=42.479(4) A gamma =90 deg.
8388(2) A’

8, 1.449

8.358

3712

2.08 to 63.37 deg

34952 / 6264 [R(int) = 0.0740]
5115/0/450

1.049

R1=0.0509, wR2 = 0.1268

-0.005(18)
0.873 and -1.064
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Table 3.2 Selected coordination bond lengths (&) and angles (°)

Pt(1)-Cl(1) 2.307(4) Pt(2)-CI(3) 2.306(2)
Pt(1)-Cl(2) 2.272(4) Pt(2)-P(2) 2.318(2)
Pt(1)-P(1) 2.323(2)

Cl(2)-Pt(1)-Cl(1) 180.00 Cl(3)-Pt(2)-Cl(3") 175.16(17)
Cl(1)-Pt(1)-P(1) 86.90(8) Cl(3)-Pt(2)-P(2") 93.88(9)
Cl(2)-Pt(1)-P(1) 93.10(8) Cl(3)-Pt(2)-P(2) 85.58(9)
P(1)-Pt(1)-P(1") 173.80(16) P(2")-Pt(2)-P(2) 167.36(15)

Symmetry codes : (') -x+2, y, -z+1/2; (") #2 x ,-y+2, -z+1.

Figure 3.6. Structure of the independent complex Ptl located on a two axis
passing through the CI-Pt-Cl atoms. P1’ is referred by -x+2, y, -z+1/2.
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Figure 3.7. Structure of complex Pt2 located on a two axis perpendicular to
the P2CI2 coordination plane. Primed atoms at x, -y+2, -z+1.

3.2.2 Pd-catalysed asymmetric Suzuki-Miyaura coupling using Pd
catalysts bearing monodentate chiral ligands

First, the catalytic system was optimised using Pd/132 catalytic system in Pd-
catalysed Suzuki-Miyaura reaction of 2-ethoxy-1-naphthylboronic acid Cll
and 1-iodonaphthalene LXVIII in presence of various Pd/L ratios, palladium
precursors, bases and solvents (Scheme 3.12).

e O
Pd cat./ L
! 9¢
Cll

LXviil cli

Scheme 3.12. Reaction conditions optimized in Suzuki-Miyaura reaction
using monodentate ligands.

The results are summarised in Table 3.1. Initially, the reaction was carried
out using [PdCl,(PhCN),] as catalytic precursor and CsF as the base, during 4
h at 70°C and in the absence of ligand. This system afforded 19% of
conversion (entry 1, Table 3.1). Using L/Pd = 2 ratio 24% conversion and 14%
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of ee was obtained (entry 2, Table 3.3). When the Pd/L ratio was decreased
to L/Pd = 1.5, the activity increased to 66 %, but the ee remained unchanged
(entry 3). Next, several Pd precursors were examined. Using [PdCI,(COD)]and
[Pd(dba),] as Pd sources, the conversions were 80% and 79%, respectively
(entries 4-5, , Table 3.3). When the reaction was carried out with the
[Pd(OACc);] as precursor, the conversion increased up to 89% (Entry 6, Table
3.3) The ee’s were of ca. 15% in all cases. The preformed [PdCl,(132),]
complex afforded 78% of conversion which is quite similar to the other
precursors (Entry 7, Table 3.3).

Next, several bases were tested. CsF and Ba(OH), provided high conversions
(up to 89%, entry 8, 9. Table 3.1). Other common bases such as K,COs;, KF,
Na3zPO, only afforded moderate conversions (up to 57%) (Entry 10-12 Table
3.1). Surprisingly, when Cs,CO; was used, the conversion dropped to 10%
under the same conditions. These results demonstrated that the nature of
the base used during the catalytic reaction strongly influences the rate of
reaction. Noteworthy, the selectivity of the system was ca. 95% in all cases.
The enantiomeric excess remained of ca. 15%. In view of these results, CsF
was used as base in the subsequent experiments.

To summarise, the use of CsF as base, with a L/Pd ratio of 1.5 and [Pd(dba),]
as catalytic precursor were the catalytic conditions that gave the best results
in terms of conversion and were used in the subsequent experiments. Similar
influence of the L/Pd ratio was previously reported by Fu and co-workers. *°
They described the use of the bulky trialkylphosphine P(t-Bu); as ligand
Suzuki-Miyaura coupling reactions. When the L/Pd ratio was superior to 1.5
they suggested that about half of the Pd contained no phosphine ligands and
half contained two ligands. As the complex containing two ligands did not
appear to be active under the reaction conditions, they observed the
decrease of the conversion. The authors assumed that small amounts of the
palladium-monophosphine adduct may represent the true catalytic species.
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Table 3.3 Pd-catalysed asymmetric Suzuki-Miyaura coupling using Pd catalyst
bearing monodentate chiral ligand 132, optimization. ®

LXVIIl @ ci

132

Entry Precursor Pd/L base Conv(%) ® sel(%)’”  ee(%)
1° [PACl,(PhCN),] - CsF 19 99 1
2 [PACL,(PhCN),]  1/2 CsF 24 97 14
3 [PACI;(PhCN);] 1/1.5 CsF 66 99 14
4 [PdCI,(COD)] 1/1.5 CsF 80 98 16
5 [Pd(dba),] 1/1.5 CsF 79 97 15
6 [Pd(OAC),] 1/1.5 CsF 89 97 15
7 [PdCI,y(132),] 1/2 CsF 78 98 15
8 [Pd(OAC),] 1/1.5 Ba(OH), 85 97 15
9 [Pd(OAC),] 1/1.5 K,CO3 50 93 15
10 [Pd(OAc),]  1/1.5 KF 48 95 13
11 [Pd(OACc);] 1/1.5 NazPO, 57 96 14
12 [Pd(OAc),]  1/1.5  Cs,CO; 10 98 12

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol base, 1.0 mol % Pd precursor, 1.5 mol% Ligand 132, 3 ml of THF, t = 24h. b.
Determined by GC. c. Determined by HPLC.

Next, the reaction was studied in various solvents and at various
temperatures. The results are summarised in Table 3.4. The coupling
reaction of 2-ethoxy-1-naphthylboronic acid CIl and 1-iodonaphthalene,
LXVIIl was first performed in THF with 2.5 equiv. of CsF per mol of boronic
acid and Pd(OAc),/132 catalyst (Entry 1). Under these conditions, 89%
conversion was achieved after 4 h at 70°C. In CH,Cl,, the conversion and the
enantioselectivity dropped to 10 and 8%, respectively (Entry 2). Surprisingly,
in the commonly used solvent system DME/H,0, only 5% of the binaphthyl
product was formed (entry 3). In view of these results, THF was used as
solvent in the subsequent experiments. The reaction was therefore carried
out at 509, 302 and 109 C. Lowering the reaction temperature resulted in a
decrease of the conversion from 88 to 32% and an increase in
enantioselectivity from 13% to 26% (Table 3.2, entries 5-7). Surprisingly, the
selectivity of the reaction also decreased from 98 to 92% when the
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temperature was lowered. It is important to note that the system remained
active even at 102 C.

Table 3.4 Pd-catalysed asymmetric Suzuki-Miyaura coupling using Pd catalyst
bearing monodentate chiral ligand 132 in different solvents.

OEt ” Pd cat/L
OO C( 0 700 >

ci LIl @ cil

132
Entry  Solvent Temp (2C) Conv(%) ° Sel(%)" ee(%)"
1 THF 70 89 97 14
2 CH,Cl, 70 10 92 6
3 DME/H,0 70 5 50 14
4 Toluene 70 60 98 14
5 THF 50 88 98 13
6 THF 30 71 97 15
7 THF 10 32 92 26

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol CsF, 1.0 mol % [PdCl,(PhCN),], 1.5 mol% Ligand NMDPP, 3 ml of THF, t = 4h. b.
Determined by GC. c. determined by HPLC.

In the following experiments, several boronic acids and aryl halides bearing
substituents in 2-position were tested using the Pd/132 catalytic system.
First, the asymmetric coupling of 1-bromo-2-methoxynaphthalene LXXIX and
2-ethoxynaphthalene-1-boronic acid Cll was carried out using 10 mol %of Pd,
THF as solvent at 702 C during 24 hours. In this case, 57% of conversion with
89 % of selectivity to the cross-coupling product was obtained (entry 1, Table
3.5 and 35% ee. The coupling reaction between 1-bromo-2-
methylnaphthalene LXX and 2-ethoxynaphthalene-1-boronic acid Cll
afforded the coupling product in 48% conversion, 80% of selectivity and 28%
of ee (entry 2, Table 3.5). When 1-bromo-2-methylnaphthalene LXX reacted
with 2-mehtylnaphthalene-1-boronic acid LXXI the conversion was 53%, the
selectivity 89% and 24% of ee (entry 3, Table 3.5). The coupling reaction
between 1-bromo-2-methoxynaphthalene LXXIX and 2-methylnaphthalene-
1-boronic acid LXXI afforded 65% of the coupling product. In this case, the
selectivity dropped dramatically to 50% and only 12% of ee was obtained
(entry 4, Table 3.5). The coupling reaction between 1-bromo-2-
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B(OH),

Pd/L

L

R

| ligand 132.

(
L
~ R
PR R
(
O )

methylnaphthalene LXX and pirene-1-boronic acid CIV afforded 67% of the
coupling product with 99% of selectivity and 26% of ee (entry 5, Table 3.5).
The coupling reaction between 1-bromo-2-methylbenzene CV and 2-
methylnaphthalene-1-boronic acid LXXI afforded 65% of the coupling
product with 87% of selectivity and 10% of ee (entry 6, Table 3.5).

Table 3.5. Pd-catalysed asymmetric Suzuki-Miyaura coupling of various
substrates using Pd catalyst bearing monodentate chira

N
1
+ ~o?

(/A\
L
N
@ CVI-CX
132
Entry X [-B(OH),] Conv(%)™  sel(%)®  ee(%)“
II II OMe | ' OEt 57 89 35
Br B(OH),
LXXVIII a
l I Me I ' OFEt 48 80 28
Br B(OH),
LXVIIl a
I I Me Me 53 89 24
Br B(OH),
LXVIIl LXX
I ! OMe I l Me 65 50 12
Br B(OH),
LXXVIII LXX
I I Me OO 67 99 26
Br
LXVIIl B(OH),
cil
; CHs I ' Me 65 87 10
Br B(OH),
cv LXX

147

Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol CsF, 10 mol % [Pd(PhCN),Cl,], 15 mol% Ligand 132, 3 ml of THF, t = 24h. a.
Determined by GC. b. Selectivity to the cross-coupling product c. determined by HPLC.
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To summarise, the Pd system bearing the ligand 132 was successfully used in
asymmetric Suzuki-Miyaura coupling reaction of several halides and boronic
acids. Conversions up to 67% and moderate ee’s (up to 35%) were obtained.
The highest ee was obtained when 2—0OEt-naphthyl boronic acid was used as
coupling partner (Entry 1 and 2, Table 3.5).

Next, the catalytic systems bearing the ligands 132-136 were evaluated in
the Pd-catalysed asymmetric Suzuki-Miyaura reaction of bromo-
naphthalene with naphthalene boronic acids bearing methoxy- (LXXIX),
ethoxy- (Cll) and benzyloxy (CXI) substituents in 2-position (Figure 3.8).

B(OH), B(OH), B(OH)2
CIY™ ooy’
LXXIX Cll CXI g}

Figure 3.8. Boronic acids used in Pd-catalysed asymmetric Suzuki-Miyaura
coupling reactions.

First, the catalytic system bearing the ligand 132 was evaluated in the
coupling of bromonaphthalene LXVII with LXXIX, Cll and CXI in the presence
of CsF as a base at 702 C during 4 hours (Table 3.6). The reaction between 1-
bromonaphthalene LXVIl and the 2-methoxynaphthalene-1-boronic acid
LXXIX afforded 76% of conversion and 10% of ee (Entry 1, Table 3.7). When
2-ethoxynaphthalene-1-boronic acid Cll was used the conversion dropped to
56%, and 14% of ee was obtained (entry 2, Table 3.7). The use of 2-
benzyloxynaphthalene-1-boronic acid CXI produced 80% of product, but a
racemic mixture was obtained (entry 3). The coupling reactions using the
catalytic system bearing the ligand 133 with the substrate LXXIX and ClI
afforded 76% and 49% of conversion and 10% and 9% ee, respectively
(entries 4-5). Using the ligand 134, 15% of conversion, and 24% of ee with 2-
methoxynaphthalene-1-boronic acid LXXIX was obtained (entry 6, Table 3.7).
Under the same catalytic conditions, 21% and 9% ee of the coupling product
with 2-ethoxynaphthalene-1-boronic acid Cll was achieved (entries 7, Table
3.7). The use of 2-benzyloxynaphthalene-1-boronic acid CXI produced 11% of
product without any enantioinduction (entry 8). In the case of the catalytic
system containing ligand 135, 19%, 15% and 3% of conversion and ee up to
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17% were obtained with the substrates LXXIX, CIl and CXI respectively
(entries 9-11, Table 3.7). Finally using the phosphoramidite ligand 136, the
reaction between 1-bromonaphthalene LXVII and 2-methoxynaphthalene-1-
boronic acid LXXIX afforded 23% of conversion and 10% of ee (entry 12,
Table 3.7). When 2-ethoxynaphthalene-1-boronic acid Cll was used 33% of
conversion and 12% of ee was obtained (entry 13, Table 3.7). With 2-
benzyloxynaphthalene-1-boronic CXI acid, 50% conversion was obtained but
without enantioselectivity (Entry 3).

Table 3.6. Pd-catalysed asymmetric Suzuki-Miyaura coupling using Pd
catalysts bearing monodentate chiral ligands with different substrates.?
B(OH),

S ) e OO
+ _— >
CO :
: 1)

R = OMe LXXIX LXVII R = OMe LXXXIV
R=OEt ClI R=OEt Cli
R=0Bn CXI R =0Bn CXIl
o )
RGO FLOT P 0,
cy, Con, QU
@ 132 133 134 135 136
Entry Ligand -B(OH), Conv(%)" sel(%)" ee(%)¢
1 LXXIX 76 98 10
2 132 cl 56 98 14
3 CXl 80 99 <1
4 LXXIX 76 99 10
5 133 cl 49 99 9
6 LXXIX 15 94 24
7 134 cl 21 98 9
8 CXI 11 99 <1
9 LXXIX 19 98 7
10 135 ci 15 99 17
11 CcXi 3 - <1
12 LXXIX 23 97 10
13 136 cl 33 98 12
14 CXI 50 99 <1

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol base, 10 mol % Pd precursor, 1.5 mol% Ligand, 3 ml of THF, t = 24h. b. Determined
by GC. c. determined by HPLC.

149



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T.

157-2012

Chapter 3

To summarise, the monodentate ligands 132-136 were successfully used in
the Pd-catalysed asymmetric Suzuki-Miyaura coupling reactions of
bromonaphthalene and 2-substituted naphthalene boronic acids.
Conversions up to 80% were obtained although only moderate lo low ee’s
could be achieved.

Next, these catalytic systems were evaluated in the Pd-catalysed asymmetric
Suzuki-Miyaura reactions of iodonaphthalene with the boronic acids LXXIX,
ClIl and CXI in the presence of CsF as a base at 702 C during 4 hours (Table
3.7). The reaction between 1-iodonaphthalene LXVIIl and 2-
methoxynaphthalene-1-boronic acid LXXIX afforded 80% of conversion and
22% of ee (entry 1, Table 3.7). When 2-ethoxynaphthalene-1-boronic acid Cll
was used, the conversion dropped to 66%, and 14% of ee was obtained
(entry 2, Table 3.7). The use of 2-benzyloxynaphthalene-1-boronic acid CXI
produced 83% of product, but without enantioinduction (entry 3). The
coupling reaction using the catalytic system bearing the ligand 133 with the
substrate LXXIX and CIlI afforded 73% and 60% of conversion and 15% and
7% respectively (entries 4-5). Using the ligand 134, 63% of conversion and
12% of ee were obtained in the coupling of 2-methoxynaphthalene-1-
boronic acid LXXIX (entry 6, Table 3.7). With 2-ethoxynaphthalene-1-boronic
acid (Cll), 17% conversion and 9% ee was achieved (entries 7, Table 3.7). The
use of 2-benzyloxynaphthalene-1-boronic acid (CXl) led to 73% conversion
and 4% ee (entry 8). In the case of the catalytic system containing ligand 135,
3%, 67% and 73% of conversion and ee up to 12% were obtained with the
substrates LXXIX, CIl and CXI respectively (entries 9-11, Table 3.7). Finally,
using the phosphoramidite ligand 136, the reaction between 1-
iodonaphthalene LXVIIl and 2-methoxynaphthalene-1-boronic acid LXXIX
afforded 64% conversion and 16% of ee (entry 12, Table 3.7). When 2-
ethoxynaphthalene-1-boronic acid Cll was used the conversion dropped to
54%, and 7% of ee was obtained (entry 13, Table 3.7). The use of 2-
benzyloxynaphthalene-1-boronic acid CXI led to 40% conversion as a racemic
mixture (entry 3).
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Table 3.7. Pd-catalysed asymmetric Suzuki-Miyaura couplings using
monodentate chiral ligands.?

B(OH)2 O
_ PdL
OO O R

R = OMe LXXIX LXVII R = OMe LXXXIV
R=O0Et ClIl R =OEt Clil
R =0Bn CXI R=0Bn CXIi

i
OO CO OO OO

Entry Ligand -B(OH), Conv(%)" sel(%)° ee(%)"
1 LXXX 80 98 22
2 132 cl 66 99 14
3 CXI 83 99 1
4 LXXX 73 93 15
5 133 cl 60 96 7
6 LXXX 63 98 12
7 134 Cl 17 99 9
8 (9(] 73 99 4
9 LXXX 3 - -
10 135 Cl 67 98 14
11 CXI 73 99 3
12 LXXX 64 98 16
13 136 cl 54 99 7

14 (0(] 40 99 2

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol base, 10 mol % Pd precursor, 1.5 mol% Ligand, 3 ml of THF, t = 4h. b. Determined
by GC. c. Determined by HPLC.

As expected, the activity of these catalytic systems was higher with
iodonaphthalene than for bromonaphthalene analogues. However, no
significant differences in enantioselectivity were observed and in both cases,
low to moderate ee’s were obtained.

In view of the poor enantioinduction that was achieved with monodentate
ligands, it was decided to probe the use of bidentate ligands and in the
following section, our results in the asymmetric Suzuki-Miyaura coupling
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using various bidentate ligands including diphosphine, diphosphinite and
diphosphite ligands are described.

3.2.3 Pd-catalysed asymmetric Suzuki-Miyaura coupling using Pd
catalysts bearing bidentate chiral ligands

The bidentate ligands used in this study are presented in Figure 3.9. As
previously mentioned in Chapter 2, the ligands 27, 70, 137 and 139 were
used in several asymmetrical transformations affording high
enantioselectivities. *’The phosphinite ligand, 85, has the same backbone
than the ligand 70. This ligand was reported in the enantioselective Rh-and
Ir-catalysed asymmetric hydrogenation of unsaturated substrates.*

P/O

tBu tBu
tBu Q
Oy ) O O
P
o Bu J tBu TBDPSO\%\ P
i \ O P-0— O
P P-o Q\ OTBDPS < —0?
O ° o 0o tBu 0
tBu tBu 0
137 OA< 85 138

Q0 O
O srty SERGS

131 139

Figure 3.9. Chiral bidentate ligands used in Pd-catalysed asymmetric Suzuki-
Miyaura coupling reactions.
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A screening of Pd precursors at different L/Pd ratios was performed using the
ligand 70 in the Pd-catalysed asymmetric Suzuki-Miyaura coupling of 1-
iodonaphthalene LXVIII and 2-ethoxy-1-naphthyl boronic acid Cll are shown
in Table 3.8. All the systems were found to yield high chemoselectivity
towards the desired cross coupling product (>97%). The coupling reaction
between 1-iodonaphthalene LXVIII and 2-ethoxynaphthalene-1-boronic acid
Cll was carried out with a [PdCl,(PhCN),]/70 ratio of 1/1. After 4 h at 70 ° C,
52% conversion of the cross-coupling product was obtained without any
enantioselectivity (entry 1, Table 3.8). When the Pd/L ratio was increased to
1/1.5 both the conversion and enantioselectivity increased to 65% and 11%,
respectively (entries 2, Table 3.8). When the Pd/70 ratio = 1/2, lower
conversion and ee were obtained (entry 3, Table 3.8 ). However, when
[Pd(OAc),] was used, the enantioselectivity increased to 19% although the
conversion decreased to 24% under the same reaction conditions (entry 4,
Table 3.8 ). Therefore, higher conversions were obtained with [PdCl,(PhCN),]
precursor although higher ee’s was obtained with [Pd(OAc),]. The optimum
Pd/L ratio was 1/1.5.

Table 3.8. Pd-catalysed asymmetric Suzuki-Miyaura coupling using the chiral
ligand 70.?

B(OH),

O
3
+
| s OO
o tBu

tBU o, cii
TBDOPSO-_ (0
tBu & -oTBDPS
® R 70
tBu O tBu
tBu
Entry Pd L/Pd Conv(%)° Sel(%)°  ee(%)°
1 [PACl,(PhCN),] 1 52 97 1
2 [PACI;(PhCN);] 1.5 65 98 11
3 [PACl,(PhCN),] 2 57 99 3
4 [Pd(OAC), ] 15 24 98 19

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol CsF, 1.0 mol % Pd precursor, 1.5 mol% Ligand 70, 3 ml of THF, t = 4 h. b.
Determined by GC. c. Determined by HPLC.
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Next, the ligands 27, 67, 70, 85, 131, 137, 138 and 139 were evaluated in the
Suzuki-Miyaura reaction of iodonaphthalene with 2-methoxy and 2-ethoxy
substituted naphthylboronic acids.

First, Pd-catalysts bearing the diphosphite ligands 27, 67, 70 and 137 were
used in the Pd-catalysed asymmetric Suzuki-Miyaura coupling reaction.
Initially, the reaction between iodonaphthalene LXIX and 2-
ethoxynaphthalene-1-boronic acid Cl was carried out using the Pd/60
catalytic system in presence of CsF as a base at 702 C during 4 hours. In this
case, good conversion (90%) and 37% ee were obtained (entry 1, Table 3.9).
The reaction between 1-iodonaphthalene LXIX and 2-methoxynaphthalene-
1-boronic acid LXXX using the Pd / 68 system afforded 50% conversion and
poor ee (entry 2, Table 3.9). When 2-ethoxynaphthalene-1-boronic acid CI
was used, 48% of conversion and 19% of ee was obtained (entry 3, Table
3.9). Then, the coupling reaction using the catalytic system bearing the ligand
70 with the substrate LXXX and Cl afforded 65% and 56% of conversion and
2% and 11% respectively (entries 4-5, Table 3.9). Using the ligand 137 and 2-
methoxynaphthalene-1-boronic acid LXXX as substrate, 58% of conversion
and 8% ee was obtained (entry 6, Table 3.9). Under the same catalytic
conditions, 43% conversion and 12% ee was achieved with 2-
ethoxynaphthalene-1-boronic acid Cl (entries 7, Table 3.9). In all cases, high
selectivity to the desired product was afforded (up to 99%).

154



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T. 157-2012 . L . .
Asymmetric Suzuki-Miyaura coupling reaction

Table 3.9 Pd-catalysed asymmetric Suzuki-Miyaura reaction using
Pd/diphosphite ligands, 60, 68, 70 and 137.7

CC
+ _— R
| ¢

R = OMe LXXIX LXVII R = OMe LXXXIV
R=O0Et Cll R =OEt Cll
tBu tBu

tBu B
0.5-0 tBu d {Bu
TBDPSO o { \
0] P P-o
OTBDPS O0— Q. tBu

Entry  Ligand -B(OH), Conv(%)®  Sel(%)° ee(%)°
1 27 (o] 96 99 37
2 67 LXXIX 50 98 4
3 cn 48 99 19
4 70 LXXIX 65 98 2
5 Cll 56 98 11
6 LXXIX 58 99 8
7 137 Cll 43 98 12

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol CsF, 1.0 mol % [PdCI,(PhCN),], 1.5 mol% Ligand, 3 ml of THF, t = 4 h. b. Determined
by GC. c. determined by HPLC.

As a conclusion, several catalytic systems bearing diphosphite ligands were
active in the Pd-catalysed asymmetric Suzuki-Miyaura. When the catalytic
system bearing the ligand 27 was used, high conversion (up to 96%) and
moderate ee (37%) were obtained (entry 1, Table 3.9) in the coupling of 1-
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iodonaphthalene LXXIX and 2-ethoxy-1-naphthyl boronic acid CII. This is the
first report on the use of chiral phosphite ligands in this asymmetric reaction.

Next, the chiral diphosphinite ligands 85 and 138 were tested in this reaction
under the same catalytic conditions. The results are summarised in Table
3.8). The reaction between 1-iodonaphthalene LXVIIl and 2-
methoxynaphthalene-1-boronic acid LXXIX using Pd catalyst bearing the
ligand 85 afforded 36% of conversion and 22% ee (entry 1, Table 3.10). When
2-ethoxynaphthalene-1-boronic acid Cll was used, 56% of conversion and
17% of ee was obtained (entry 2, Table 3.10). Then, the coupling reaction
using the catalytic system bearing the ligand 138 with the substrate LXXIX
and CllI afforded 14% and 73% of conversion, respectively and 30% and 21%
ee, respectively (entries 3-4, Table 3.10). In all cases, high selectivities to the
desired product were obtained (up to 99%).

Table 3.10. Pd-catalysed asymmetric Suzuki-Miyaura reaction using
Pd/diphosphinite ligands, 85 and 138.°

CC
L) e
+ - =
R
| )
R = OMe LXXIX LXVvII R = OMe LXXXIV
R=0Et Cll R=0OEt Cli

_P

TBDPSOQO‘?\\ P—
OTBDPS ¢ > ( 0
Q 0 o]
P
138 A<

e

Entry  Ligand -B(OH), Conv(%)° sel(%)° ee(%)"
1 85 LXXIX 36 99 22
2 (d]} 56 97 17
3 LXXIX 14 98 30
4 138 (o]} 73 99 21

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol CsF, 1.0 mol % [PdCl,(PhCN),], 1.5 mol% Ligand, 3 ml of THF, t = 4 h. b. Determined
by GC. c. determined by HPLC.
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To conclude, these Pd catalysts bearing diphosphinite ligands were more
active when the boronic acid Cll was used although the ee’s were slightly
higher with LXXIX (Table 3.10). This is the first report on the use of chiral
diphosphinite ligands in this asymmetric reaction.

Next, the diphosphine ligands 131 and 139 were used in this reaction under
the same catalytic conditions. The reaction between 1l-iodonaphthalene
LXVIII and 2-methoxynaphthalene-1-boronic acid LXXIX using Pd catalyst
bearing the ligand 131 afforded 32% of conversion without ee (entry 1, Table
3.11). When 2-ethoxynaphthalene-1-boronic acid Cll was used, 40% of
conversion and 4% of ee was obtained (entry 2, Table 3.11). Then, the
coupling reaction using the catalytic system bearing the ligand 139 afforded
50% and 31% of conversion and 17% and 3% respectively with the substrate
LXXIX and Cll (entries 3-4, Table 3.11). In all cases, high selectivities to the
desired product were obtained (up to 99%).

Table 3.11. Pd-catalysed asymmetric Suzuki-Miyaura reaction using
Pd/diphosphinite ligands, 131 and 139.?

B(OH),

L0 U
+ C
R
| 1)
R = OMe LXXIX LXVII R = OMe LXXXIV
R=0Et Cll R=0Et Clil

.0 00
Ol ohrre

13

Entry  Ligand -B(OH), Conv(%)° Sel(%)° ee(%)"
1 LXXIX 32 99 3
2 131 Cll 40 99 4
3 LXXIX 50 97 17
4 139 ci 31 98 3

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol CsF, 1.0 mol % [PdCI,(PhCN);], 1.5 mol% Ligand, 3 ml of THF, t = 4 h. b. Determined
by GC. c. determined by HPLC.
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To conclude, the Pd catalysts containing the diphosphine ligands 131 and 139
were active in asymmetric Suzuki-Miyaura reaction but gave rather
disappointing results both in terms of conversion and in terms of ee. In
general, the catalytic systems bearing the diphosphite and diphosphinite
ligands were more active and gave higher ee’s than those containing the
phosphine ligands.

The chiral ligands used in the Pd-catalysed asymmetric Suzuki-Miyaura
coupling were also utilised in the stabilization of Pd NPs in order to study the
use of these colloidal entities as catalysts in this reaction.

3.2.4 Synthesis of Pd-nanoparticles using chiral ligands

The PdNPs Pd132, Pd133, and Pd134 were synthesized from
[Pd,(dba)s-CHCIs] in the presence of the chiral monophosphine ligands 132-
134 using a previously reported method.** As a standard procedure, the
decomposition of the palladium precursor was realized in THF in a Fischer—
Porter bottle at room temperature under H, atmosphere (3 bars), in the
presence of the selected ligand (P/Pd =0.2). These Pd nanoparticles were
soluble in THF and were isolated as black powders after pentane
precipitation. In the case of the the phosphoramidite ligand 136, only the
presence of Pd black was observed. It was therefore deduced that the
properties of this ligand were not appropriate to stabilise PANPs.

0 g@ TR0
. oo

Figure 3.10. Chiral monodentate ligands used in PANPs stabilization.

The transmission electron microscopy (TEM) images with the mean diameter
and size distribution of the Pd132, Pd133 and Pd134 NPs are shown in Figure
3.11. Mean diameters of 3.4 + 0.8, 3.0 + 0.4 and 3.4 + 0.5 nm were measured
for the Pd132, Pd133 and Pd134 NPs, respectively. Thus, no strong effect of
the structure of these ligands on the mean diameter and the size distribution
of the resulting NPs were observed.
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Figure 3.11. TEM images and size distributions of the Pd NPs stabilised by
monodentate ligands 132-134.

The NPs stabilised by bidentate ligands were synthesised by the method
described in the section 3.2.4. The TEM micrograph, mean diameter, and size
distribution of the Pd137, Pd67, Pd138 and Pd85 NPs are shown in Table
3.10. The TEM micrograph of Pd137 revealed nanoparticles with a mean
diameter of 4.3 £ 0.5 nm. The Pd67 and Pd138 were found to be colloids
with a mean diameter of 3.8 £+ 0.6 nm and 5.1 + 0.6 nm. Agglomerates
consisting of small groups of individual NPs were also observed in the TEM
micrograph of Pd67 and Pd138 NPs. In the case of Pd85, well-dispersed NPs
were observed, with a mean diameter of 4.3 + 1.0 nm.
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Figure 3.12 TEM micrographs and size distributions of the Pd NPs stabilised
by diphosphite (Pd137 and Pd67) and diphosphinite (Pd138 and Pd85)
ligands

The TEM micrograph, mean diameter and size distribution of Pd131 and
Pd139 NPs stabilised by phosphine ligands 131 and 139 are shown in Figure
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3.13. In the TEM micrograph of Pd131 small and aggregated NPs were
observed. The mean diameter of these NPs was 3.4 = 0.5 nm. In the TEM
micrograph of Pd139, an elevated degree of agglomeration was observed.
The mean diameter of these NPs was 3.2 £ 0.4 nm.

O T
Sty

Ne of NPs

0 8 10
Pd131

20

16

&12

P, P % 8

JrTo
Pd139 0 8 10

Figure 3.13. TEM micrographs and size distribution of the Pd NPs stabilised
by phosphine ligands (Pd131 and Pd139).

To conclude, the Pd70 NPs stabilised with C2 symmetry diphosphite ligand
70 were smaller than the Pd27, Pd67 and Pd137 NPs stabilised by C1
symmetry diphosphite ligands. A subtle effect was observed in the mean
diameter between Pd27, Pd67 and Pd137 NPs. The Pd131 and Pd139
stabilised by phosphine ligands were quite similar in diameter and size
distribution. In terms of aggregation, the NPs stabilised by monophosphine
ligands presented a lower level of aggregation than the NPs stabilised by the
bidentate ligands.

Moreover, with monophosphines as stabilisers, the mean diameter was ca.
3.2 nm. In the case of NPs stabilised by diphosphite and diphosphinite
ligands the mean diameter was superior to 3.8 nm and ca. 3.2 nm in the case
of diphosphines.
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In the next section, the Pd132-134 NPs stabilised by monodentate ligands
were used as catalysts in Pd-catalysed asymmetric Suzuki-Miyaura coupling
reactions.

3.2.5 Pd-catalyzed asymmetric Suzuki-Miyaura coupling reaction using
NPs stabilized by chiral monodentate ligands

First, preliminary optimization of the temperature, solvent and base were
realized in the coupling of iodonaphthalene LXVIII with 2-
ethoxynaphthalene-1-boronic acid Cll using the preformed Pd132 NPs as
catalytic system.

OH)2

LXVIIl
(1]}

Figure 3.14. Pd-catalysed asymmetric Suzuki-Miyaura coupling reaction using
Pd NPs.

These catalytic systems afforded in all cases high chemoselectivity towards
the desired cross coupling product (>94%) (Table 3.12). When the reaction
was carried out at 702C, 86% of conversion but no ee was obtained. At room
temperature, 62% of conversion was achieved in 24h with a slight increase in
ee (10%) (Entry 2). At 02C, the conversion decreased to 42% and 12% of ee
was afforded (entry 3). When the reaction was repeated at room
temperature with Ba(OH), as a base (entry 6), the conversion was found to
be 60% and 10 % of ee was obtained. Using Cs,COs, the conversion dropped
to 28% and 8% of ee was obtained under the same reaction conditions (entry
8). Moreover, when the toluene and DME solvents were used for this
reaction, the conversion dropped to 34% and 10 %, and the ee to 12% and
13%, respectively (entries 8 and 9).

162



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T.

157-2012

Asymmetric Suzuki-Miyaura coupling reaction

Table 3.12. Pd-catalysed asymmetric Suzuki-Miyaura coupling using
preformed Pd132 NPs.?

soll L
‘* "ﬁ CLoC

Clll

Entry solvent base Temp. (2C) Conv(%)b Sel(%)b ee(%)°

1° THF CsF 70 86 98 3
2 THF CsF rt 66 96 10
3 THF CsF 0 42 93 12
6 THF Ba(OH), rt 60 98 10
7 THF CsCO; rt 28 96 8
8 Toluene CsF rt 34 96 12
9 DME CsF rt 10 95 13

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol base, 1.0 mol % PdNPs, 1.5 mol% Ligand 132, 3 ml of THF, t = 24 h. b. determined
by GC, c. Determined by HPLC.
To conclude, the best results in the asymmetric Suzuki-Miyaura coupling
catalysed by the Pd/132 system were obtained in THF, with CsF as the base
and at room temperature.

The results obtained in the asymmetric Suzuki-Miyaura coupling reaction
catalysed by Pd132, Pd133 and Pd134 NPs under the previously optimised
conditions are summarised in Table 3.13 and Table 3.14. The reactions of
iodonaphthalene LXVIIl and bromonaphthalene LXVII with the boronic acids
LXXIX, Cll, and CXI were carried out. First, the Pd132 NPs were used in the
coupling of bromonaphthalene LXVII and 2-methoxynaphthalene-1-boronic
acid LXXIX afforded 70% of conversion and 3% of ee (entry 1, Table 3.13).
When 2-ethoxynaphthalene-1-boronic acid Cll was used, the conversion
dropped to 40%, and but an increase in ee to 15% was observed (entry 2,
Table 3.13). The use of 2-benzyloxynaphthalene-1-boronic acid, CXI,
produced 80% of product and 12% ee was obtained (entry 3). Using the
Pd134 NPs, the coupling reaction of bromonaphthalene LXVII with 2-
methoxynaphthalene-1-boronic acid LXXIX and 2-ethoxynaphthalene-1-
boronic acid Cll afforded 21% and 25% of conversion, and 5% and 11% ee
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respectively (entries 4-5). With 2-benzyloxynaphthalene-1-boronic acid, CXI
11% of conversion and 11% of ee was obtained (entry 6, Table 3.13).

Table 3.13. Pd-catalyzed asymmetric Suzuki-Miyaura coupling reactions
catalysed by Pd Pd132 and Pd134 NPs.?

B(OH),

o,
+ (L
R
‘ 0

R =0OMelLXXIX  LXVi R = OMe LXXXIV
R=OEt Cll R =OEt Cll
R =0Bn CXI R =0Bn CXII

X0 O 79
W @ 132 OO 134

Entry Catalyst B(OH), Conv(%)b Sel(%) ee(%)"|

1 Pd132 LXXIX 70 98 3
2 Pd132 (o]l 40 95 15
3 Pd132 CXI1 80 99 12
4 Pd134 LXXIX 21 99 8
5 Pd134 cll 25 93 5
6 Pd134 CXI 11 94 11

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol base, 1.0 mol % PdNPs, 3 ml of THF, t = 24 h, room temperature. b. determined by
GC, c. Determined by HPLC.

As conclusion, the NPs stabilised by the monophosphine ligand 132 were
very active at room temperature but low ee values were obtained.

Using the catalytic system Pd132 NPs in the coupling of 1-iodonaphthalene
LXVIIl and 2-methoxynaphthalene-1-boronic acid LXXIX in THF at room
temperature, 26% of conversion was obtained after 24h of reaction but no
enantioinduction was achieved (entry 1, Table 3.14). When 2-
ethoxynaphthalene-1-boronic acid Cll was used, 66% of conversion and 10%
of ee was obtained (entry 2,Table 3.14). The wuse of 2-2-
benzyloxynaphthalene-1-boronic acid CXI, produced 38% of product and 16%
ee (entry 3). When Pd133 NPs were used as catalysts with 2-
ethoxynaphthalene-1-boronic acid Cll as substrate, 58% of conversion and
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11% ee were obtained. The coupling reaction using the Pd134 NPs with the
2-methoxynaphthalene-1-boronic  acid  LXXIX  substrate and 2-
ethoxynaphthalene-1-boronic acid Cll afforded 24% and 62% of conversion
and 3% and 6% ee respectively (entries 5-6). With Pd134 NPs as catalyst in
the coupling of l-iodonaphthalene and 2-benzyloxynaphthalene-1-boronic
acid, CXl, 49% conversion and 24% ee were obtained (entry 7, Table 3.14).

Table 3.14. Pd-catalyzed asymmetric Suzuki coupling reactions catalysed by
Pd132-Pd134 NPs.?

B(OH),

;0w CC
+ —_—
R
! I

R = OMe LXXIX LXVII R = OMe LXXXIV
R=0OEt Cll R =0OEt CIll
R=0Bn CXI R=0Bn CXIl

\£1£1?2f3100p<)
. S o

Entry Catalyst -B(OH), Conv(%)b Sel(%)b ee(%)°

1 Pd132 LXXIX 26 96 3
2 Pd132 cll 66 92 10
3 Pd132 CXI1 38 99 16
4 Pd133 o]l 58 99 11
5 Pd134 LXXIX 24 93 3
6 Pd134 cll 62 90

7 Pd134 CXI 49 99 24

a. Reaction conditions: 1.0 mmol iodonaphthalene, 2.0 mmol naphthylboronic acid, 5
mmol base, 1.0 mol % Pd precursor, 1.5 mol% Ligand, 3 ml of THF, t = 24h. b. determined
by GC, c. Determined by HPLC.

In terms of conversion, the results obtained were found to vary considerably
depending on the substituent attached to the naphthyl moiety of the boronic
acid. The highest conversion was obtained with the boronic acid containing
an -OEt group in 2 position (66%, Table 3.13). The activities of the PdNPs
were quite similar in all cases. Surprisingly in the case of Pd132 NPs, the
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conversion of the bromonaphthalene LXVII substrate was higher than when
iodonaphthalene, LXVIII, was the substrate.

Next, the Pd27, Pd67, Pd70, and Pd137 NPs stabilised by bidentate ligands
were also tested as catalysts in the asymmetric Suzuki-Miyaura coupling
reaction of 2-ethoxynaphthalene-1-boronic acid Cll and iodonaphthalene
LXVIII.

3.2.6 Pd-catalyzed asymmetric Suzuki-Miyaura coupling reactions using
NPs stabilized by chiral bidentate ligands

First, the coupling of iodonaphthalene LXVIIl and 2-ethoxynaphthalene-1-
boronic acid Cll was performed in 24h. The results are shown in Table 3.15.
When the preformed NPs Pd70 were used in the presence of CsF as base at
702 C, high conversion (62%) but poor ee were obtained (entry 1, Table
3.15). At 502 C, 60% of conversion without ee was observed (Entry 2, Table
3.15). When the reaction was carried out at room temperature, 20%
conversion but no ee was again obtained (entry 3). When only one
equivalent of boronic acid was used, 23% of conversion and no ee were
observed (Entry 4). With 5 equivalents of boronic acid, the conversion
decreased to 21% (entry 5). When the reaction was repeated with two
equivalents of boronic acid at room temperature but with Ba(OH), as a base
(entry 6), the conversion was 12%. Using Cs,COs, the conversion increased to
32% under the same reaction conditions (entry 7).
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Table 3.15 Pd-catalysed asymmetric Suzuki-Miyaura coupling using
preformed Pd70 NPs.?

B(OH),

o0
99 P
+
| H Ty
cll LXVIl ) O
By o0 Bu cil

TBDPSO~_ 0
tBu & -oTBDPS

OR Pd70
tBu O tBu

tBu
Entry base B(OH)2 Temp.(2C) Conv(%)° Sel(%)° ee(%)

1 CsF 2 70 62 98 4
2 CsF 2 50 60 97 4
3 CsF 2 rt 20 94 1
4 CsF 1 rt 23 90 2
5 CsF 5 rt 21 93 4
6  Ba(OH), 2 rt 12 96 2
7 Cs,CO; 2 rt 32 90 1

a. Conditions: 0,25 mmol iodonaphthalene, 2-ethoxynaphthylboronic acid, 1,25 mmol
CsF, 1 mol% PdNPs, at room temperature, 5 ml THF as solvent, t = 24h. b. Determined by
GC. c. Determined by HPLC.

Although distinct reaction conditions were tested in this reaction, using Pd70
NPs as catalysts, only low to moderate conversions were obtained and no
enantioinduction could be achieved.

Next, the coupling of 1-iodonaphthalene LXVIII and 2-ethoxynaphthalene-1-
boronic acid Cll using performed NPs stabilised by diphosphite ligands (the
Pd27, Pd67, Pd70, and Pd137 NPs) as catalysts at room temperature, with
CsF as a base and two equivalents of boronic acid was carried out (Table
3.16). In all cases at room temperature, conversions of ca. 20% were
obtained after 24h of reaction (Table 3.15). Although the selectivity was high
(292%), no ee (<4%) could again be obtained. When 1-bromonaphthalene
LXVIlI was used as substrate, no conversion was obtained with these 4
catalytic systems.
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Table 3.16. Pd-catalysed asymmetric Suzuki-Miyaura coupling using
preformed NPs.?

@ ) .
oEt *
B(OH), i O

cll LXVII

Bu  tBu
e
tBu O Bu O
tBu
0.0 o Y O .
/
TBDPSO, G L b g
J No_ ¢
. 3 OTBDPS O oL tBU
O-R tBu tBu

Entry Ligand Conv.(%)° sel.(%)° ee(%)"
1 Pd27 26 96 2
2 Pd67 22 92 0
3 Pd70 20 97 2
4 Pd137 20 98 2

a. Conditions: 0,25 mmol iodonaphthalene LXVIII, 2-ethoxynaphthylboronic acid, Cll 1,25
mmol CsF, 1 mol% PdNPs, at room temperature, 5 ml THF as solvent 24h b. Determined
by GC. c. Determined by HPLC.

To summarise, the PdNps stabilised by the diphosphite ligands derived from
carbohydrate 27, 67, 70 and 137 presented a moderate activity and poor
ee’s in the Pd-catalysed asymmetric Suzuki-Miyaura coupling reaction of 1-
iodonaphthalene with 2-ethoxy-1-naphthyl boronic acid CIl.
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3.2.7 Summary of the catalytic experiments in Pd-catalysed asymmetric
Suzuki-Miyaura coupling

In terms of activity, the colloidal catalytic systems used in this study revealed
more active than the molecular catalysts since at room temperature, higher
conversion was achieved with NPs.

In terms of selectivity towards the cross coupling product, excellent results
were obtained in all cases.

In terms of ee, although several catalytic conditions were tested, the results
obtained in Pd-catalysed asymmetric Suzuki-Miyaura coupling reaction in
both molecular and NPs systems were moderate to low. Interestingly, in the
Pd-catalysed asymmetric Suzuki-Miyaura coupling of naphthyl halides with 2-
R-1-naphthyl boronic acids, the ee’s obtained with colloidal precursors were
slightly higher than those achieved with molecular catalysts.

3.2.8 TEM studies of the nanoparticles along the reaction

The micrographs of these NPs were acquired after the catalytic reactions and
compared to those before catalysis. The TEM micrograph of the Pd132
before and after catalysis is presented in Figure 3.15. The Pd132 NPs after
catalysis presented a mean diameter of 3.8 + 0.6 nm. This size was quite
similar to their initial size (3.4 = 1.74 nm) although they slightly increased in
size and their size distribution became narrower.

Postcatalysis.

@=332%1.74 nm @ = 3.87 +0.565 nim

Figure 3.15. TEM images of Pd132 NPs before and after the catalytic
reaction.
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It was therefore concluded that no aggregation or important structural
changes had occurred to these nanocatalysts during the catalytic reaction.

Next, the influence of the substrates in the surface of the NPs was analysed
by TEM micrograph. First, the preformed NPs stabilised by the ligand 132,
Pd132, were stirring during 4h in presence of 1-iodonaphthalene. The TEM
micrograph shown small and disperse NPs (Figure 3.16). Then, to this
solution was adding 2-ethoxy-1-naphthyl boronic acid and stirring during 4 h.
TEM micrograph of this solution shown large nanospheres (Figure 3.16).

entry Additives ‘ TEM
1
! Lxvn
B(OH),
00
2 T
cn I LXVIHI

249 + 61 nm
Figure 3.16 Influence of substrates over nanoparticle surface

To corroborate the effect of the boronic acid over the Pd surface, the
synthesis of PANPs stabilised by boronic acids Cll and LXXXII was carried out.
TEM images of PdCIl and PdALXXXII revealed nanospheres with a diameter
around to 40.8 + 15.1 nm for and 92.7 £20.0 nm respectively. NPs.

40.8 +15.1 nm
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B(OH),

LXXXII

150 200

S0m

92.7 £20.0 nm

Figure 3.17. Nanoparticles stabilized by boronic acid reagent in absence of
ligand.

Taking into account these results, it was to concluded that the nanospheres
obtained below when the boronic acid was added to the system
Pd132/CII/LXVIIl were originated by the interaction of the boronic acid with
the surface of the

Next, the PdCIl and PALXXXIl NPs were used as catalyst in Pd-catalysed
asymmetric Suzuki-Miyaura coupling. The reaction using boronic acid
nanoparticles were carried out on optimized reaction conditions. The PdCII
NPs system was not active in the reaction of the reaction of 1-
iodonaphthalene LXVIII with 2-methoxy-1-boronic acid LXXIX at room
temperature (entry 1, Table 3.17).

Table 3.17. Pd-catalysed Suzuki-Miyaura coupling using nanoparticles
stabilised by boronic acids.?

B(OH),

OMe OO
OO Pd cat. O OMe
LXXIX LXVIII g

LXXXIV
Entry NPs Conv(%) ™ Sel(%)
1 PdCll 0 0
2 PdALXXXII 18 99

a.Conditions: 0,25 mmol iodonaphthalene, 2-ethoxynapthylboronic acid, 1,25 mmol CsF,
1 mol% Pd NPs, at room temperature, 5 ml THF as solvent. b. Determined by GC. c.
Determined by HPLC.

Surprisingly, the reaction of these substrates in presence of preformed
PALXXXIl NPs afforded 18% of conversion under the same reaction
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conditions. Interestingly, the coupling product of 1-iodonaphthalene and
LXXXII from the NPs surface was not detected.
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3.3 Conclusions

Several molecular Pd catalytic systems bearing the monodentate ligands 132-
136 were used in asymmetric Suzuki-Miyaura coupling reactions of iodo- and
bromonaphthalene and several naphthalene boronic acids. The use of the
neomenthyl phosphine ligand 132 in this reaction provided the highest
activities (98%) with excellent selectivities to the cross coupling product (up
to >99%) and moderate enantioselectivities (up to 35%). The bidentate
ligands 27, 67, 70, 85, 131, 137, 138 and 139 were successfully used in the
Pd-catalysed asymmetric Suzuki coupling reactions of the same substrates.
Excellent conversions and good ee’s were obtained using the Pd/70 system
(96% and 37% respectively).

The new well dispersed Pd NPs Pd132, Pd133 and Pd134 stabilised by
monodentate ligands were successfully synthesised and characterised by
TEM, XPS and elemental analysis. These NPs were used as catalysts in
asymmetric Suzuki coupling and good activities were obtained at room
temperature (62%) with excellent selectivities to the cross coupling product
(up to >99%) and moderate enantioselectivities (ee up to 24%). The Pd NPs
Pd70, Pd27, Pd67 and Pd137 stabilised by bidentate ligands were
synthesised and characterised by TEM, XPS and elemental analysis. These
NPs were poorly active at room temperature in the asymmetric Suzuki
coupling. Interestingly, the enantioselectivity was found to be low with these
systems and even lower than the obtained with PdNPs stabilised by chiral
monodentate ligands.

To corroborate the hypothesis that the boronic acids used in catalysis could
interact with the metallic surface of the NPs, the stabilization of new Pd NPs
using boronic acids as stabiliser was carried out and the resulting
nanospheres were characterised by TEM microscopy. The formation of these
nanospheres evidenced that interactions of the boronic acid with the surface
of the colloids occurs.
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3.4 Experimental Part

3.4.1 General methods

All air- or water-sensitive reactions were performed using standard Schlenk
techniques under a nitrogen atmosphere. Chemicals were purchased from
Aldrich Chemical Co and Fluka. All solvents were distilled over drying
reagents and were deoxygenated before use. The precursors [PdCl,(COD)]*
(COD=1,5-cyclooctadiene) and [PdCl,(PhCN),]*! were prepared following
previously described methods. The nanoparticle syntheses were performed
using a 200 ml Fisher-Porter bottle and pressurized using a high-pressure
line.

The deuterated solvents for NMR measurements were dried over molecular
sieves prior to use. 'H, *C{1H}, and *'P{1H} NMR spectra were obtained on a
Varian Mercury 400 MHz spectrometer. Chemical shifts were calibrated
using SiMe, (*H and *C NMR) as internal standard or 85% H;PO, as external
standard (*'P NMR). Assignments in NMR spectra of the complexes were
determined by COSY and HSQC spectra. Coupling constants, J, are given in
Hz. Multiplicities of peaks in 'H and *C NMR are given as: s (singlet), d
(doublet), t (triplet), g (quartet), qu (quintet), m (multiplet), and b (broad).

TEM measurements were realized on a Zeiss 10 CA electron microscope at
100 kW with a resolution of 3A; Pd nanoparticles samples were prepared
under nitrogen atmosphere. A drop of the solution was placed onto a carbon
covered Cu grid. Final drying of the sample was performed under vacuum for
12 hours. Elemental analyses of carbon, hydrogen and phosphorus were
realized on a Carlo Erba EA 1108 instrument. The nanoparticles size and
distribution were determined by counting approximately 800 nanoparticles
from 4 enlarged TEM images (approximately 200 nanoparticles from each
TEM image). The size distribution plots were fit using a Gaussian model with
Microcal Origin 6.1 graphing software to determine the widths and centres
of the size distributions.

Merck silica gel 60 (0.040-0.063 mm) was employed on flash
chromatography. The conversion of the reaction was measured by GC on a
Hewlett-Packard HP 5890 A instrument (split/splitless injector, J&W
scientific, HP5, 25 m column, internal diameter 0,25 mm, film thickness 0.33
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mm, carrier gas: 150 kPa He, F.I.D. detector) equipped with a Hewlett-
Packard eHP3396 series Il integrator.

3.4.2 Synthesis of naphthyl boronic acids

Synthesis of 2-Methoxy-1-naphthylboronic acid: Under

argon, in a flame-dried vessel, a solution of 1-bromo-2-
methoxynaphthalene (7.67 g, 32.36) in THF (50 ml) was "o 1

added dropwise to the magnesium (0.905 g, 37.2 mmol) H?_;X:SH

in THF (15 ml). The reaction mixture was stirred at room

temperature for 2 h then at 50°C for 1h. It was then cooled to -78°C and
trimethylborate (11.4 ml, 101.7 mmol) was slowly added. After 2 h at -78°C,
the mixture was allowed to warm to room temperature and stirred
overnight. After addition of water (40 ml), THF was removed under reduced
pressure. The mixture was extracted with dichloromethane; the combined
organic phases were dried over MgSQ,, filtered and concentrated.
Recrystallization from dichloromethane gave the boronic acid as a white
powder (80% yield). NMR *H (400.14 MHz, CDCl3): d = 4.08 (s, 3H), 6.22 (s, 2
H), 7.28 (d, J = 9.1 Hz, 1H), 7.34-7.43 (m, 1H), 7.47-7.56 (m, 1H), 7.80 (d, J =
8.1 Hz, 1H), 7.98 (d, J = 8.9 Hz, 1H), 8.86 ppm (d, J = 9.1 Hz, 1H); NMR “*C{*H}
(75.47 MHz, [Dg]DMSO): d = 56.1, 113.7, 121.8, 122.7, 125.8, 127.4, 127.8,
128.5,129.4, 135.6, 159.0

Synthesis of 1-Bromo-2-(benzyloxy)naphthalene:

. Br
To a suspension of 1-bromo-2-naphthol (15.0 g, o\/©
67.3 mmol) and K,CO; (18.6 g, 135 mmol) in DMF O
(100 mL) was added benzyl bromide (9.6 mL, 81 cxm

mmol), and the mixture was stirred at 60 °C for 5 h. After cooling to room
temperature, the solvent was evaporated in vacuo and the residue, dissolved
in a small amount of CH,Cl,, passed through a thin pad of flash silica.
Fractions containing the product were evaporated in vacuo to give an off-
white solid. Crystallization from CH,Cl,/petroleum ether gave the title
compound 50 as a white crystalline solid (16.0 g, 76%). The mother liquor
was concentrated and purified by flash chromatography (petroleum
ether/CH,Cl,, 2/1) to give an additional amount of the product 50 (3.7 g,
17%; total yield: 93%). NMR *H (400.14 MHz, CDCl5) & 5.35 (s, 2H), 7.32 (d, J
9.0 Hz, 1H), 7.38-7.50 (m, 4H), 7.57-7.66 (m, 2H), 7.79-7.86 (m, 3H), and 8.31
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(d, J) 8.5 Hz, 1H). NMR “*C{*H} (63 MHz, CDCl;) & 1.81, 110.0, 115.6, 124.6,
126.3,127.2,127.8,128.1 (2C), 128.7, 128.9, 130.1, 133.2, 136.7, and 153.0.

2-(Phenylmethoxy)-1-naphthaleneboronic Acid: To O‘
a suspension of aryl bromide 50 (6.26 g, 20.0 mmol) o/\O

in Et,0 (75 mL) at -78 °C was added n-BulLi (8.0 mL, B(OH),

2.5 M, 20 mmol) in hexanes, and the mixture was el

stirred at 0 °C for 1 h. After recooling to -78 °C, the mixture was treated with
trimethyl borate (2.5 mL, 22 mmol) and allowed to warm to room
temperature overnight. The resulting mixture was quenched with 1 M HCI
(50 mL) and stirred at room temperature for 45 min. The phases were
separated, and the extraction was completed with CH,Cl,. The combined
organic extracts were dried (MgS0O,) and evaporated in vacuum to give the
title compound 51 as a white powder (4.62 g, 83%), which was used in the
next step without further purification. For analytical purposes, a small
amount of the product was recrystallized from MeOH/H,0: mp 133.0-135.0
°C. 'H NMR (400.14 MHz, D4-MeOD) 5.20 (s, 2H), 7.28-7.60 (m, 9H), and
7.56-7.88 (m, 2H). “C{'"H} NMR (63 MHz, D4-MeOD) 71.95, 115.4, 124.8,
127.7 (2C), 128.4, 128.9, 129.5, 129.6, 130.7 (2C), 131.8, 137.2, 139.0, and
159.7.

3.4.3 Synthesis of Pd and Pt complexes

Synthesis of the complex [PdCI,(132),] , 140: A

solution of 0.053 g of [PdCl,(COD)] (0.13 mmol) in @/Q <

toluene (10 ml) were added a solution of the ligand

132 (0.2 mmol) in toluene (5 ml). The clear solution dc/'

was stirred at room temperature for approximately >

3 h. The yellow solution was then concentrated

under vacuum to 2 ml and hexane (20 ml) was added in order to precipitate
the product as a yellow solid. The solid was washed with hexane (2x5 ml) and
dried under vacuum at room temperature for 2 h (0.220 g, 75%). Yield: 85 mg
(48%). *H NMR (CD,Cl,, 400.14 MHz, ppm): 6 0.7 (d, JHH= 8 Hz, CH3), 1.04 (d,
JHH= 8 Hz, CH3), 1.21 (d, JHH= 8Hz, CH;), 1.1 (m, CH,), 1.3 (br s, CH,), 1.4 (m,
CH,), 1.6 (m, CH,), 1.9 (brs, CH), 2.70 (br s, CH), 2.78 (br s, CH), 3.60 (pseudo
t, JHH= 12 Hz, CH), 7.36-7.78 (m, Ar). *C{*H} NMR (THF-d8, 100.63 MHZ,
ppm): & 17.9 (m, CH,), 20.46 (d, JPC= 12.1 Hz, CH,), 20.9 (s, CHs), 24.6 (s,
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CHs), 27.9 (d, JPC= 9.1 Hz, CH), 28.5 (s, CH,), 29.7 (s, CH,), 31.7 (d, JPC= 5.1
Hz, CH), 32.1 (br s, CH,), 35.6 (brs, CH), 36.1 (br s, CH), 40.2 ( br s, CH), 117.1
(s, Ar), 127.5 (d, JPC= 11.1 Hz, Ar), 128.7 (d, JPC= 12.1 Hz, Ar), 131,2 (m Ar),
131,5 (m Ar), 132. 7 (d, JPC= 9.1 Hz, Ar), 135.5 (d, JPC= 9.1 Hz, Ar). *'P{"H}
NMR (CD,Cl,, 161.98 MHZ, ppm): & 38.9 (s).

Synthesis of the complex [PtCl,(132),], 141 The synthesis of the isolated Pt
complex was achieved according to reported to
the reported method with some cl @

modifications.* PtCl,(COD) previously @/P/Fgl\P‘b

=

—

synthesized (0.13 mmol) was dissolved in 8 ml
of degassed CH,Cl,. Solid ligand (0.13 mmol) 7
was added to the solution and the resulting pale

141

yellow solution was stirred for 4 h at room temperature. The solution was
brought to dryness in vacuum and the solid residue was thoroughly washed
with stirring using a small volume of toluene. The solid was filtered via
cannula and then, washed with hexane and ether and dried in vacuum.
Complex 95: *H NMR (CD,Cl,): & in ppm 1.64-1.78 (m, 2H), 1.91-2.04 (m, 2H),
2.26-2.29 (m, 2H), 2.88-2.91 (m, 1H), 7.01-7.25 (m, 5H). *C-NMR (CD,Cl,): &
in ppm 26.11, 33.34, 41.61, 45.29, 49.37, 127.07, 127.13, 129.11, 145.24,
211.18.%'P-NMR & 16.25 (*Jp_p; = 2460 Hz). Yields: 85%. LC/ESI-TOF/MS: m/z
(100%) = 919,39 ([M-CH5CN]*Cl)

3.4.4 General procedure for asymmetric Suzuki-Miyaura coupling
reaction

A Schlenk tube was charged with 0.25 mmol of naphthyl halide, 0.05 mmol of
Pd precursor, 0.075 mmol of the appropriate chiral ligand, 0.5 mmol of
boronic acid, and 1.25 mmol of base. Anhydrous solvent was added, the flask
was sealed and the mixture was stirred and heated at the corresponding
temperature. The conversion and selectivity was monitored by gas
chromatography. To determine the ee, the reaction mixture was treated
with 10 mL of distilled water, extracted with 3 x10 mL of CH,Cl,, dried over
MgS0,, and purified by flash chromatography to obtain the corresponding
products. The ee values were determined by High Performance Liquid
Chromatography using a Daicel AD-H column.
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2-ethoxy-2'-methoxy-1,1'-binaphthalene: [0]* , +50.1 (c

O,
0.9, CHCl5) OO

OEt

SV

2-ethoxy-2'-methyl-1,1'-binaphthalene:[a]* ; -5.4 (c 1.63, O
CHCls)
Ccvil

(S)-2,2'-dimethyl-1,1'-binaphthalene: Chiralpac  AD-H OO Me
column, eluent; n-hexane:i-PrOH = 100:1, flow rate; 0.5 OO Me
mL/min, retention times; major isomer 65.4 min and minor XX

89.8 min.

(R)-2-methoxy-2'-methyl-1,1'-binaphthalene: Chiralpac AD- OO OMe
H, eluent column; n-hexane: i-PrOH = 95:5, flow rate; 0.5 Me
mL/min, retention times; major isomer 42.3 min and minor OO

54.9 min. cvin

(R)-2-methyl-1-(o-tolyl)naphthalene: Daicel Chiralcel OJ-
column, eluent; hexane/i-PrOH = 98/2, flow rate = 1.0

Me
Me

@
)

mL/min, A = 254 nm, retention times = 9.45 min (major) and

14.4 min (minor). e

3.4.5 General procedure for the synthesis of chiral PANPs

The synthesis of the Pd NPs used in this work was performed using the
method previously described by Chaudret and co-workers.(ref) The solvent
(THF) was freshly distilled over Na prior to use and degassed using the
freeze-pump-thaw method. The corresponding monodentate ligand (0.2
mmol) and the palladium precursor [Pd,(dba)s.CHCl;] (1 mmol) were
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dissolved in THF (40 ml) in the Fisher Porter bottle. Then, the Fisher-Porter
bottle was pressurized with H, (3 bar) and vigorously stirred during 18 hours
and the initial purple solution rapidly became black. The hydrogen pressure
was removed and the colloids were concentrated under vacuum and
precipitated with pentane. After several washing with pentane, the NPs were
dried under vacuum. The colloids were characterized by TEM, XPS and
elemental analysis. In all cases, the yields were ca. 56%.

Monodentate ligands

v Pd 3d
nanoNeo, H2

caurtsparsecard(@a)

330 336 342 348
BE (eV)

65,0% Pd1,4P

Pd132

D (nm)

Pd133

65,0% Pd0,6 P

Pd134

330 335 340 345
BE (eV)

Elementary analysis : 64,8% Pd1,2P
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Bidentate ligands

Elementary analysis
68,5% Pd0,7% P

Bu

68,5% Pd0,7% P

78,1 %Pd 0,8 %P

"0
\
(o]
Ne of NPs

e

P—Q 9 55,5 %Pd 2,2 %P

0&<
Pd85
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coupling reaction




UNIVERSITAT ROVIRA I VIRGILI

NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T. 157-2012



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T.

157-2012

Table of contents

4.1.

4.1.1.

4.1.2.

4.2.

4.2.1.

4.2.2.

4.2.3.

4.3.

4.4.

4.5.
4.4.

4.6.1.
4.6.2.
4.6.3.

4.7

Background

Suzuki- Miyaura cross-coupling reactions using Ni based
catalysts

Phosphinine ligands in catalyst

Results and discussion

Ni-catalysed Suzuki-Miyaura coupling: optimization of reaction
conditions using the ligand 149

Ni-catalysed Suzuki-Miyaura reaction using the ligands 149-
153

Pd-catalysed Suzuki-Miyaura coupling reaction using the ligands 149-
153

Synthesis and characterization of Ni and Pd nanoparticles stabilized by
ligands 149-153

Suzuki-Miyaura coupling reaction in presence of PdNPs stabilized by
ligands 149-151

Conclusions

Experimental Part

General methods

Synthesis of metal NPs

General procedure for Suzuki coupling reaction

References

189

189
194
197

197

199

201

203

205
208
209
209
210
211
212



UNIVERSITAT ROVIRA I VIRGILI

NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T. 157-2012



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T.

157-2012

Ni-Catalyzed Suzuki-Miyaura coupling reaction

4.1 Background

4.1.1 Suzuki- Miyaura cross-coupling reactions using Ni based catalysts

In the 80's, the first cases of arylboron, alkenylboron and alkylboron reaction
with aryl halides catalyzed by Pd were reported.! Since then, this reaction
has become an important approach in the synthesis of novel organic
compounds. For instance, at industrial scale, Clariant’s synthesis produces
the coupling product CXVI as starting material for the industrial production
of Losartan (Scheme 4.1).2

5 -b-d

CXIvV CX
CXVi

Losartan structure

Scheme 4.1. Clariant’s Suzuki approach for the production of losartans.

Pd catalysts bearing phosphine ligands are the most commonly studied
catalytic system in Suzuki-Miyaura cross-coupling reaction.® Nevertheless,
the replacement of Pd by cheaper metals such as Ni is of high interest. For
instance, Ni catalysts are used for the homocoupling of aryl halides.*

In some cases, nickel catalysts have been shown to be more effective than
their palladium analogues as Ni(0) is more reactive towards oxidation than
the Pd(0) species.” In other words, Ni(0) is a stronger nucleophile than Pd(0).
However, the Ni-catalyzed Suzuki cross-coupling reaction is rarely reported
due to the difficulty of reducing Ni(ll) to Ni(0) during the catalytic cycle.
Usually, Zn or BuLi have been used as additives in Ni-catalysed C-C coupling
reactions in order to reduce in situ the Ni(ll) precursor to Ni(0).

The use of phosphine ligands such as the tricyclohexylphosphine 142
(Scheme 4.2) has been reported by several authors in this reaction. For
instance, the groups of Garg,® Snieckus,” and Shi® introduced independently
the use of aryl carbamates and/or sulfamates as electrophilic coupling
partners for Ni-catalyzed Suzuki-Miyaura cross-coupling reactions (Scheme
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4.2). These coupling protocols are highly attractive from the synthetic point
of view. In all three reports the commercially available and air/moisture
stable [NiCl,(142),] catalyst was employed.®’?

OR /;\' Ar
N B\
| . Q9 NiCly(142) | X
Bo.B., —————————~
x/ = A" TS0 TAr KgPO, or K,COs x/ Z
or toluene
R= OSO,NMe, CXVIl  Ar-B(OH), R= OSO,NMe, CXX

R= OCONEt, CXVIII CXIX Q /O R= OCONEt, CXXI
142 = P

Scheme 4.2. Ni-catalyzed Suzuki-Miyaura cross-couplings of aryl carbamates
and sulfamates with aryl boronic acids.

Kappe and co-workers developed a highly efficient microwave-assisted
procedure using Ni/142 catalyst in the Suzuki-Miyaura cross-coupling of aryl
carbamates and sulfamates with boronic acids (Scheme 4.2).° Compared to
the originally published methods,®”? this protocol features reaction times of
only 10 min at low catalyst loading and boronic acid stoichiometry and high

coupling efficiency (Scheme 4.3).°

o
X 0.1.0
X o7 Al
Ej/ $ B(OH),
7 NE L NiCIy(140), KsPO4 =

+ [, | “Mw, 180°C 10 min x/ z

X|\\ O\(O 2 toluene
S 0,0
142 = P

Scheme 4.3. Ni-catalyzed Suzuki-Miyaura cross-couplings of aryl carbamates

and sulfamates utilizing microwave.

Diphosphine ligands have also been reported in Ni-catalyzed Suzuki-Miyaura
cross-coupling reactions. Han and co-workers reported high conversions in
this reaction using 1.0 mol% of a catalyst bearing the ligand 143 and without
the need of extra supporting ligands (Scheme 4.4).° Moreover, this
transformation tolerated a wide variety of aryl bromide and chloride
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electrophiles, as well as boronic acid nucleophiles, including activated, non-
activated, deactivated, heterocyclic and sterically hindered substrates. The
potential application of this methodology was further demonstrated by the
elaboration of two core motifs of commercialized sartan-type drugs and a
fungicide in gram-scale operations such as Boscalid®."!

R B(OH), RO
cl L NiCI,(143), (0.4 -1.0%) ~
©/ + [ KaPOs ( 3.0 equiv.) ©/
“W” toluene
R=CN CXXl R=CN CXXIV
R=CHO CXXlll CXV R = CHO OXXV

- $ Y
shats

Scheme 4.4. Synthesis of biphenyls using Suzuki-Miyaura reaction with
Ni/143 as catalyst.

Miyaura and co-workers reported the first case of Ni(0)-catalyzed cross
coupling of aryl chlorides with arylboronic acids using the dppf ligand 45
(Scheme 4.5).? In this report the reaction of phenylboronic acid with
chloroarenes containing an electron-withdrawing or -donating group was
described. When electron-deficient chloroarenes were used, the biaryl
product was obtained in high yields. In the case of substrates containing
electron-donating groups, even if the yields were slightly lower, they
remained higher for the nickel catalyst than for the palladium ones.*
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[ NiCI,(45)10 mol % FG
BuLi O
noBoy  KePOa3Eq dioxane O Yield in biaryl
PPh
CXV C )/ 2 FG= CN 74% CXXVI
CHO 93% CXXVII

Fe COMe 98% CXXVII

@Pphz NHAc 81% CXXIX

Me 69% CXXX
OMe  83% CXXXI

Scheme 4.5. Ni-catalyzed cross coupling of aryl chlorides with arylboronic
acids using Ni/45 as catalyst.

Other types of ligands such as carbenes or nitrogen based ligands have also
been reported in this reaction. For instance, the Ni catalyst 144 bearing a
NHC-phosphine ligand was reported as highly efficient catalysts for Suzuki
coupling reactions of aryl chlorides and bromides under mild conditions
(Scheme 4.6).2

+
=\ 2
>\/Nw.\N
pth/Ni\Pth 2Cr
AN N-T~
\—/ 144 OMe
e -
B(OH), \©\ 80° C, K3PO,
OMe 91%
XXX CXXXII XXXVII

Scheme 4.6. Nickel (Il) complexes bearing bidentate N-heterocyclic carbeno-
phosphine ligands in the Suzuki-Miyaura coupling of aryl chlorides.

In this reaction, the phenanthroline derivative 145 was used as ligand by
Zhou and Fu, who described the efficient Ni-catalysed cross-coupling of non-
activated secondary alkyl bromides and iodides with aryl boronic acids
(Scheme 4.7).**
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RakyBr -+ (OH);B-Rgy > RogyrRary
4% Ni(COD),
—

CQO

44% 67% 63%
CXXXVII CXXXVII CXXXIX

Scheme 4.7. Ni-catalyzed Suzuki coupling of secondary alkyl bromides using
the ligand 145.

Nil,/trans-2-aminocyclohexanolin in isopropanol (IPA) was reported as active
catalyst for Ni-catalysed Suzuki couplings of unactivated secondary alkyl
bromides with arylboronic acids (Scheme 4.7)." The authors demonstrated
that the Ni-catalysed Suzuki-Miyaura coupling reaction of unactivated
primary and secondary alkyl halides (including challenging alkyl chlorides)
can be accomplished through the use of nickel/amino alcohol-based
catalysts.”” Recently, various phenol derivatives such as aryl sulfonates,™

ethers,” esters,”® carbamates,” carbonates,’® sulfamates,™ phosphates,20
phosphoramides,”* and phosphonium salts were also used as substrate in Ni-

catalysed Suzuki couplings.”

To summarise, the Ni-catalysed Suzuki-Miyaura reaction have been mainly
studied using catalytic systems bearing phosphine ligands. However, the
successful use of ligands such as bipyridine derivatives demonstrated that
strong o-donor ligands are not required for this process.

As was mentioned in the chapter 1, metallic NPs have emerged as a potential
alternative as catalyst in several transformations. In the case of Ni-catalysed
Suzuki-Miyaura coupling reaction, only a few studies have been reported.”®
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2NiNPs stabilised by dendritic phosphine ligands, 146 were reported as a
highly active and recyclable catalysts. (Scheme 4.8)

Ni146
NO
L e -
B(OH), \©\NO 60°C, *%PFOA-Hzo O
XXXIll eXL 2 97% cxul
CH,PPh,
146
o) o)

e golh

Scheme 4.8 Ni-catalysed Suzuki-Miyaura coupling reaction of using Nil46
NPs.

Moreover, these NPs are magnetically separable under N, and were recycled
up to six times without loss of activity. Nevertheless, the authors conclude
that the true catalytic species could be formed by leaching from the NPs. 2

Pd-Ni nanoalloys catalysts with tuneable composition were reported to be
active in Miyaura-Suzuki coupling reaction.” These catalysts showed better
catalytic activity than that of palladium nanoparticles under the same
reaction conditions.

NiNPs have been also reported as highly active catalysts in hydrogenation
reactions and reductions of a variety of organic compounds,® highly
selective in conjugate reduction of a,B-unsaturated carbonyl compounds® as
well as in the stereoselective cis semihydrogenation of internal alkynes and
the semihydrogenation of terminal alkynes under mild reaction conditions.”’

4.1.2 Phosphinine ligands in catalysis
Phosphinines are planar, aromatic phosphorus heterocycles, which are more
similar to their pyridine analogues than trivalent phosphines (Figure 4.1). In

comparison to pyridines, they are much better m-acceptor, but less good o-
donor ligands. Moreover, they are relatively inert to electrophilic attack.”*
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O L0, O .

Figure 4.1. Pyridine, phosphinine and trivalent phosphorus based ligands.

The synthetic route of these ligands starts from substituted benzaldehydes
and acetophenones. The key intermediate is the formation of the pyrylium
salt, which is converted in the corresponding phosphinines by reaction with a
highly nucleophilic phosphorus source, PHs-analogues P(CH,0OH); or
P(SiMes);. %

X
| <R
=
10) P Source
+ o) -
X
Y ° | JR 1R +R
P Z . S
R R BFa R
Pyrylium salt Phosphinine

Scheme 4.9. Modularity of the synthesis of phosphinines

Phosphinine ligands have two different coordination sites, the phosphorus
lone pair and the aromatic system. The coordination through these
coordination sites leads to different coordination modes, the most common
ones are represented in Figure 4.2. Generally, the most commonly observed
coordination mode is through the lone pair of the phosphorus atom (n'
coordination), which is observed with late transition metals in low oxidation
states (for example Rh(l)) ), due to the strong m-acceptor properties of the
phosphinine ligand.
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o - mode; ' 7 - mode; n° o/n-mode; n'm® o -mode; p?

Figure 4.2. Common coordination modes of phosphinines

The interest in phosphinine-based ligands as alternative phosphorus source
has been growing over the last years.>*. Phosphinine based systems have
been successfully applied in Fe-catalyzed cyclotrimerizations and
cyclodimerizations,® Rh-catalyzed hydroformylation®® and Rh- and Ir-
catalyzed hydrogenation.**In view of their particular electronic and steric
properties, they are expected to efficiently stabilize Pd(0) and Ni(0) species.

In 2004, the first NPs stabilized by sp’>-based phosphinine ligands with gold as
metal centre were reported.>>*® These NPs were synthesized and
characterized using phosphinines 147 and 148 ligands (Figure 4.3). *'P NMR
studies of gold NPs stabilised by phosphinine ligands led to the observation
of metal-bound phosphinine units as well several surface-bound species that
are formed by chemical transformation of the original ligands. Other possible
fact is that phosphinines can be oxidized more easily than pyridines and form

in fact rather stable radical monocations.?”®
L b Lt
O O AuCI(SMe), N v
- . L
| t M, (, \P_ AU ‘P/ \. f‘ L— Au —L
R PR THF,RT 7/ Ny
/O —P N
R=H 147 \,NP\ P— Hp, 3 atm L
R=Ph 148 <

Figure 4.3. Synthesis of phosphinine-based Au nanoparticles

Here, in the framework of collaboration with Prof. Dieter Vogt group in TUE
University preliminary studies on the synthesis and characterization of new
phosphinine-based Ni and Pd catalysts are described. Both molecular and
NPs precursors were applied as catalysts in the in Suzuki-Miyaura coupling
reactions.
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4.2 Results and discussion

The phosphinine ligands 149, 150 were reported by Vogt and co-workers®
phosphinine 151 and pyridine derivatives 152 and 153 were synthesised by
Leen Broeckx in the TUE University (Figure 4.4).%

Figure 4.4. Phosphinine and pyridine derived ligands used in Suzuki-Miyaura
coupling reaction.

As mentioned in the last section, the use of less expensive Ni-based catalyst
systems instead of the classical Pd catalysts could significantly decrease the
costs of the cross-couplings reactions. Here we report the use of novel Ni
catalysts bearing the ligands 149-153 in Suzuki-Miyaura coupling reactions.

4.2.1 Ni-catalysed Suzuki-Miyaura coupling: optimization of reaction
conditions using the ligand 149.

The base plays a very important role in C-C coupling reactions, in particular in
the transmetallation step. Here, various bases were used in the Suzuki-
Miyaura coupling of 1-bromo-4-methylbenzene CXLIl and phenylboronic acid
XXXIII using [Ni(COD);]/149 in order to optimize the reaction conditions. The
results obtained are described in Table 4.1. Initially, the reaction was carried
out in the presence of K;PO, as base, toluene as solvent during 18 hours at
80°C and afforded 36% conversion (entry 1). When KOH was used as base
under the same conditions, the conversion decreased to 23% (entry 2).
When K,CO; was used, the conversion dropped to 18 % (entry 3). Using
Cs,CO3 the conversion decreased to 14% (entry 4). When CsF was used as
base, the conversion was 23% (entry 5).The lowest conversion was observed
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with NaOAc (2%, entry 6). The selectivity to the cross coupling product was
99% in all cases. Next, using K3PO, as a base, various solvents were tested in
this reaction. The presence of water in the solvent mixture increased the
conversion to 53% (entry 7). When other solvents (DMF, DME and xylene)
were used, the conversions were between 19% and 37% (entries 8, 9 and
10). Surprisingly, when the reaction was carried out without ligand only the
homocoupling product from bromobenzene was observed (90% of
conversion, entry 11)

Table 4.1 Suzuki-Miyaura coupling reaction using [Ni(COD),]/149. Study of
the reaction conditions.®

B(OH
O 0
* —_—
Br “'E]
I
exLI base, Solvent O XXX

XXX CXLIll

Entry Solvent Base Conv.(%)" sel(%)”
1 Toluene KsPO, 36 99
2 Toluene KOH 23 99
3 Toluene K,CO4 18 99
4 Toluene Cs,CO3 14 99
5 Toluene CsF 23 99
6 Toluene NaOAc 2 -
7 Toluene/H,0 K5PO, 53 99
8 DMF K3PO, 19 99
9 DME K3PO,4 37 99
10 Xylene KsPO,4 25 99
11° Toluene KsPO, 90 0

a. Reaction conditions: 1 mmol bromotoluene, 0,5 mmol phenyl boronic acid, 3 mmol
base,5 mol% Ni(COD),, 5 mol% Ligand 149, T= 802C, 3 ml of solvent, t=18h. b.
Determined by GC using internal standard. c. Reaction without ligand. d. Homocoupling
product CXXX.

In summary, the best results using [Ni(COD),]/149 as precursor were
obtained in a toluene/H,0 mixture, with K;PO, as the base at 802 C during 18
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hours. The use of water in the solvent system increased significantly the
conversion (entry 7).The increment of the activity when toluene/H,0 could
be explained by the greater solubility of the base in the catalytic medium.

Next, the ligands 149-153 were evaluated in the Ni-catalysed Suzuki-Miyaura
reaction.

4.2.2 Ni-catalysed Suzuki-Miyaura reaction using the ligands 149-153

The reaction was carried out with 1-bromo-4-methylbenzene CXLII and
phenylboronic acid XXXIII using the optimized conditions. The results are
shown in Table 4.2. Initially, [Ni(COD),]/150 as precursor, toluene/H,0 as
solvents, KsPO, as base at 802 C during 18 hours were used obtaining quasi
total conversion (99%, entry 1). When the catalytic system [Ni(COD),]/151
was used 73% conversion was obtained. When the catalytic system
[Ni(COD),]/152 bearing the pyridine derivate ligand was used, the conversion
dropped dramatically to 2% (entry 3). In the case of [Ni(COD),]/153, only
traces of the product was obtained (entry 4). The selectivity of this system to
the desired product was 99% in all of cases.

Table 4.2. Ni-catalyse Suzuki-Miyaura using the ligands 150-153.?

B(OH
e AR
Br |Il:

base, Solvent
CcXLn XXX CXLI

Entry Ligand Conv.(%)b Sel(%)b
1 150 99 99
2 151 73 99
3 152 2 -
4 153 1 -

a. Reaction conditions: 1 mmol bromotoluene, 0,5 mmol phenyl boronic acid, 3 mmol
K3PO,4 5 mol% Ni(COD),, 5 mol% Ligand, T= 802 C, 3 ml of toluene/H,0=(2/1), t =18h b.
Determined by GC using internal standard.
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In summary, the catalytic systems containing phosphinine ligands exhibited
excellent activity in this coupling reaction. The system bearing the ligand 150
and 151 gave moderate to high conversion. However, the catalytic system
bearing pyridine ligands 152 and 153 were inactive.

Using the active system [Ni(COD);]/150 as catalytic precursor various Ni/Br
ratios were used (Table 4.3). When 5 mol% of catalyst was used, high
conversion was afforded at only 1 hour of reaction (entry 1). Similar results
were obtained when the amount of Ni catalyst was decreased to 2.5 mol%
(entry 2). At lower concentrations, 1 mol%, decreased the conversion (40%)
under the same reaction conditions (entry 3). When the ligand to Ni ratio
was incremented from 1 to 2, the conversion increased to 88% (entry 1
versus entry 4).

Table 4.3 Study of the Ni-catalysed Suzuki-Miyaura reaction using the
phosphinine ligand 150.°

B(OH
jedeaaipus
Br C

base, Solvent
CXLi XXX CcXLhi

Conv. (%)'J

. . b
Entry  L/Ni Ni/Br ™ 2h 18h Selec. (%)
1 1 0.05 72 73 74 99
2 1 0.025 78 80 80 99
3 1 0.01 40 39 39 99
4 2 0.05 88 92 96 99

a. Reaction conditions: 1 mmol bromotoluene, 0,5 mmol phenyl boronic acid, 3 mmol
KsPO,, [Ni(COD),], Ligand 150, T= 802 C, toluene/H,O b. Determined by GC using
internal standard.

The [Ni(COD),]/150 system exhibited higher activities in comparison to the
other ligands 149 and 151-153. Consequently, the catalytic behaviour of the
[Ni(COD),]/150 catalyst was further examined by performing the cross-
coupling of aryl chlorides. These substrates are more appealing as coupling
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partner that the analogous aryl bromides and iodides due to these lower cost
and greater availability."> However, the notoriously unreactive nature of aryl
chlorides makes their coupling reactions considerably more challenging. The
Suzuki—Miyaura cross-coupling of 1-chlorotoluene CXLIV with the arylboronic
acid XXXIII afforded 34% of product after 72h of reaction.

B(OH),
N + ©/ Ni(COD), /150
e
CXLIV XXX toluene/H,0 O

K3PO,, 72h CXLINl

Scheme 4.10. Suzuki—Miyaura cross-coupling of 1-chlorotoluene with
phenylboronic acid.

As conclusion the [Ni(COD);]/150 catalyst is a promising system that can be
used in Suzuki coupling reaction of several substrates, including aryl
chlorides.

In the next section, we reported comparative studies of the use of
phosphinines Pd-catalyzed Suzuki—Miyaura cross-coupling.

4.2.3 Pd-catalysed Suzuki-Miyaura coupling reaction using the ligands

149-153

In order to optimize the reaction conditions, 1-bromo-4-methylbenzene CXLII
and phenylboronic acid XXXIIl were used as substrates (Scheme 4.11).

feflo gl Ip0S
+
Br O

base, Solvent
CXLII XXX CXLII

Scheme 4.11. Pd-catalysed Suzuki-Miyaura coupling reaction.

The influence of the base, ligand, solvent, Pd precursor was studied (Table
4.4.). The reaction was initially carried out in presence of [Pd(OAc),]/149 as
catalytic system, Na,CO; as base, THF/H,0 as solvent during 7 h at 60°C. In
this case the conversion was 39% (entry 1). When Cs,CO; was used as base,
the conversion decreased to 35% (entry 2, Table 4.4) under the same
conditions. When CsF was used as base, the conversion dropped to 10 %
(entry 3). Using Cs,CO3 as base and THF or toluene instead of THF/H,0 as
solvent the conversion decreased to 20% and 22% respectively (entry 1
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versus entry 4 and 6, Table 4.4). With Na,CO; similar results were observed.
The THF/H,0 solvent afforded better results (entry 2 versus entry 5 and 7,
Table 4.4). This could be due to the low solubility of the base in organic
solvents. When [Pds(dba),-CHCIs] was used as Pd precursor the conversion
was 40% (entry 1 versus entry 8, Table 4.4).

Table 4.4 Suzuki-Miyaura reaction using Pd/149 catalysts.?

/@/ ©/ Pd/L|gand l O

base, Solvent

CXLII XXX CXLhi

Entry Base Solvent Conv.(%)" Sel.(%)
1 Na,CO; THF/H,0 39 99
2 Cs,CO3 THF/H,0 35 99
3 CsF THF/H,0 10 99
4 Na,CO3 THF 20 99
5 Cs,CO3 THF 18 99
6 Na,CO; Toluene 22 99
7° Cs,C0O4 Toluene 15 99
g° Na,CO3 THF/H,0 40 99

a. Reaction conditions: 1 mmol bromotoluene, 0,5 mmol phenyl boronic acid, 3 mmol
base, 1 mol% [Pd(OAc),], 1 mol% Ligand 149, 3 ml of solvent T= 602C or, t = 7h. b.
Determined by GC using internal standard. c. 802 C, d. [Pd,(dba);-CHCIl;] was used as
precursor.

It is important to note that the selectivity of this system to the desired
product was 99% in all of cases. In summary, low to medium conversions
were obtained, the highest conversion was obtained using [Pd(OAc),]/149
and 150 as catalytic precursors in the presence of Na,COs; as base and
THF/H,0 as solvent.

Next, the ligands 150-153 were utilized in the Suzuki coupling reaction of 1-
bromo-4-methylbenzene CXLIl and phenylboronic acid XXXIIl. The results of
this reaction are described in Table 4.5. When the catalytic system
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[Pd(OACc),]/150 was used (entry 2) the conversion was found to increase
considerably (52%). When the reaction was repeated with the catalytic
system [Pd(OAc);]/151 bearing the pyridine derivate ligand (entry 3), the
conversion was incremented to 69%. When catalytic systems containing the
ligands 152 and 153 were used, the conversions were 35% and 54%
respectively.

Table 4.5 Reaction conditions for optimized Suzuki-Miyaura reaction using
different phosphinine and pyridine derivate ligands.?

B(OH
/©/+ ©/ ( )ZPd/Ligand ‘
Br O

CXLII

CXLII XXXl base, Solvent

Entry Ligand % Conv. (%)b Sel(%)b
1 149 39 99
2 150 52 99
3 151 69 99
4 152 35 99
5 153 54 99

a. Reaction conditions: 1 mmol bromotoluene, 0,5 mmol phenyl boronic acid, 3 mmol
base, 1 mol% [Pd(OAc),], 1 mol% Ligand, 3 ml of solvent T= 602C t = 7h. b. Determined
by GC using internal standard.

Therefore, under these conditions, the Pd catalytic system containing the
pyridine derived ligands 150 and 153 were more active in Suzuki-Miyaura
reaction than their phosphinine analogues. These results could be explained
by the differences in the electronic properties of these ligands/metals.
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4.3 Synthesis and characterization of Pd and Ni nanoparticles stabilized
by ligands 149-153

Pd Nanoparticles

The PdNPs were generated from the decomposition of [Pd,(dba)s;*CHCIs] in
the presence of the phosphinine and pyridine ligands 149-153.*' It is
important to note that no stabilization was obtained using the pyridine-
based ligands 151 and 153. In this case, only Pd black precipitation was
observed (Figure 4.5). It was thus concluded that these ligands were not
suitable for the stabilization of PANPs and that therefore, the presence of the
phosphorous atoms is crucial in this type of molecules in order to efficiently
stabilize PANPs.

Figure 4.5. Stabilizations metal phosphinine NPs.

The transmission electron microscopy (TEM), mean diameter and size
distribution of the Pd151 and Pd151 NPs are shown in Figure 4.6. The
solutions resultin from the work-up of these syntheses were analysed by 'H
and *'P NMR. The 'H NMR showed the presence of dibenzylidenacetone
(dba) and products corresponding to the partial reduction of dba.

TEM micrographs corresponding to Pd151 and Pd152 showed the formation
of small NPs with mean diameters of 3.01 £ 0.4 and 1.92 + 0.35 respectively.
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301‘ 0.4 nrp';;

Pd150

No of NPs

) B
Mean diameter (nm)

Figure 4.6. PANPs stabilised by phosphinine ligands 151, 150.

Ni Nanoparticles

The NiNPs Ni149 and Ni150 were synthesized from [Ni(COD),] precursor with
phosphinine ligand 149, using the reported method.*’ The decomposition of
the Ni precursor was carried out in CH,Cl, at low temperature in N, bath
under H, atmosphere (3 bars) using a Fischer—Porter bottle, in the presence
of ligand (P/Pd=0.2). The black powder was obtained after pentane
precipitation. The transmission electron micrograph (TEM), mean diameter
and size distribution of the Ni149 and Ni150 NPs are shown in Figure 4.7. The
mean diameter was measured to be 7.0 £ 0.4 nm and 3.4% 0.7 respectively.
These NPs thus exhibit in a larger mean diameter than those of analogous
PdNPs..

No of NPs

ssssssssssss
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Figure 4.7. NiNPs stabilized by phosphinine ligand 149.

Once synthesized and characterised the phosphinine PdNPs, the activity of
these NPs were studied in Suzuki-Miyaura coupling reaction.

4.4 Suzuki-Miyaura coupling reaction in presence of PdNPs stabilized
by ligands 149-151

The catalytic reaction between 1-bromo-4-methylbenzene CXLII and
phenylboronic acid XXXIII was carried out in the presence of Na,CO; as base,
THF as solvent during 18h at 60°C. The results are summarized in Table 4.6.
When the catalytic system was Pd149, the reaction afforded 21% of
conversion after 18h (entry 1). When the reaction was repeated in the
presence of Pd150 NPs, the conversion was found to increase to 31%.
However, when Pd151 was used as catalytic precursor (entry 3) the
conversion decreased to 18%. When THF/H,0 (2/1) and Pd149 were used,
the conversion increased to 71% (entry 4). However, lower conversion (26%),
was obtained with THF/H,0 (2/0.5) (entry 5). This effect could be due to the
incomplete dissolution of the base in water. When the reaction was carried
out in DMF or EtOH/DMF, the conversion of the reaction decreased to 17%
and 37% respectively (entries 6 and 7). In the case of Pd149 NPs, the use of
THF/H,0 (2/1) as solvent also had a positive effect (61% of conversion, entry
8). In all of cases the selectivity of this system to the desired product was
99%.
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Table 4.6. Suzuki-Miyaura reaction using phosphinine NPs.?

B(OH), Pd
JON o] J
Br —_— >
CXLI XXX base, Solvent

CXLIl

Entry NPs Solvent % Conv. (%)’ Sel. (%)’
2h 18h
1 Pd149 THF 3 21 99
2 Pd150 THF 4 31 99
3 Pd151 THF 3 18 99
4 Pd149 THF/H,0 (2/1) 12 71 99
5 Pd149 THF/H,0 (2/0.5) 11 26 99
6 Pd149 DMF 4 17 99
7 Pd149 EtOH/DMF 13 37 99
8 Pd150 THF/H,0 (2/1) 12 61 99

a. Reaction conditions: 1 mmol bromotoluene, 0,5 mmol phenyl boronic acid, 3 mmol
Na,CO;, 0.01 mol% PdNPs (4 mg), T= 602C, 3 ml of solvent. b. Determined by GC using
internal standard.

In terms of activity, the preformed Pd149 NPs using the mixture of the
THF/H,0 (2/1) as solvents afforded the best results in the Suzuki coupling
reaction. When these PdNPs were used as catalyst using 1-chloro-4-
methylbenzene CLXIV as substrate no conversion was obtained.

Ni- and Pd-catalyst bearing the ligands 149-153 resulted as efficient systems
in the Suzuki coupling reaction of 1-bromo-4-methylbenzene CXLI and
phenylboronic acid XXXIIl. New Pd and NiNPs were synthesised and
characterized using phosphinine ligands. Pyridine-derivate ligands does not
stabilised PANPs.
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4.5 Conclusions

The Ni-catalysed Suzuki-Miyaura coupling of bromobenzene with aryl
boronic acids was studied in the presence of the phosphinine and pyridine
ligands 149-153. The systems bearing the phosphinine ligands gave good to
excellent conversions even at low catalyst loading while those bearing the
analogous pyridine ligands were inactive under the conditions used. It is
noteworthy that the Ni/150 system was able to transform the inactive p-
tolyl-chloride in the presence of phenyl boronic acid. The analogous Pd
systems provided moderate to good activities using optimised conditions.
Interestingly, the Pd/pyridine systems were also active in the Suzuki-Miyaura
coupling of bromobenzene with phenyl boronic acid.

The ligands 149-151 were also used to successfully stabilise PANPs, which
were subsequently used in Pd-catalysed Suzuki-Miyaura coupling reactions
of bromobenzene at room temperature and provided moderate to good
conversions. Surprisingly, the analogous pyridine ligands did not provide
stabilisation for PANPs and only bulk metal was formed.

The ligands 139-150 were also used to stabilise NiNPs from decomposition of
[Ni(COD),] under H, pressure. These NPs were found to be magnetic and
were characterised by TEM microscopy.
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4.6 Experimental Part

4.6.1 General methods

All air- or water-sensitive reactions were performed using standard Schlenk
techniques under a nitrogen atmosphere. Chemicals were purchased from
Aldrich Chemical Co and Fluka. All solvents were distilled over drying
reagents and deoxygenated before use. Nanoparticles syntheses were
performed using a 200 ml Fisher Porter and pressurized on a high pressure
line.

The deuterated solvents for NMR measurements were dried over molecular
'H, Bc{*H}, and *P{*H} NMR spectra were obtained on a Varian
Mercury 400 MHz spectrometer. Chemical shifts were calibrate relative to
SiMe4 (*H and *C NMR) as internal standard or 85% Hs;PO, as external
standard (P NMR). Assignments in NMR spectra of the complex were

sieves.

determined by COSY and HSQC spectra. Coupling constants, J, are given in
Hz. Multiplicities of peaks in 'H and *C NMR are given as: s (singlet), d
(doublet), t (triplet), q (quartet), qu (quintet), m (multiplet), and b (broad).
TEM measurements were realized on a Zeiss 10 CA electron microscope at
100 kW with a resolution of 3A; Pd nanoparticles samples were prepared
under nitrogen atmosphere. A drop of the solution was placed on a carbon
covered Cu grid. Final drying of the sample was performed under vacuum for
12 hours. Elemental analyses of carbon, hydrogen and phosphorus were
realized on a Carlo Erba EA 1108 instrument. The nanoparticles size and
distribution were determined by counting approximately 800 nanoparticles
from 4 enlarged TEM images (approximately 200 nanoparticles from each
TEM image). The size distribution plots were fitted using a Gaussian model
with Microcal Origin 6.1 graphing software to determine the widths and
centers of the size distributions.

Merck silica gel 60 (0.040-0.063 mm) was employed a flash chromatography.
The conversion of the reaction was measured by GC on a Hewlett-Packard
HP 5890 A instrument (split/splitless injector, J&W scientific, HP5, 25 m
column, internal diameter 0,25 mm, film thickness 0.33 mm, carrier gas: 150
kPa He, F.I.D. detector) equipped with a Hewlett-Packard eHP3396 series |l
integrator.
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4.6.2 Synthesis of metal NPs:

Synthesis of PdNPs: The systems of NPs were prepared using the method
previously described by Chaudret and co-workers.** For these synthesis the
solvent (THF) was freshly distilled over Na and degassed using the freeze-
pump-thaw method. The corresponding ligand (0.2 mmol) and the palladium
precursor [Pd,(dba)s;-CHCIs] (1 mmol) were dissolved in THF (40 ml) in the
Fisher Porter bottle. Then, the Fisher-Porter bottle was pressurized with H,
(3 bar) and vigorously stirred during 18 hours. The initial purple solution
became black in few minutes. The hydrogen pressure was removed and the
colloids were concentrated under vacuum and precipitated with pentane.
After several washing with pentane, the NPs were dried under vacuum. The
NPs were characterized by TEM, XPS and elemental analysis.

Diameter: 3.0 £ 0.4 nm
83.0% Pd, 3.0% P

Diameter: 1.9+ 0.4 nm
82.4% Pd, 5.7% P
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Synthesis of NiNPs: The corresponding phosphinine ligand (0.2 mmol) and
the nickel precursor [Ni(COD),] (1 mmol) were dissolved in cooled CH,Cl, (40
ml) in the Fisher Porter bottle. Then, the Fisher-Porter bottle was pressurized
with H, (3 bar) and vigorously stirred (overnight) the initial yellow solution
became black after few minutes. The hydrogen pressure was removed and
the colloids were concentrated under vacuum and precipitated with
pentane. After several washing with pentane, the NPs were dried under
vacuum. The colloids were characterized by TEM microscopy.

Diameter: 7.0+ 0.4 nm

Diameter: 3.4+ 0.7 nm

4.6.3 General procedure for Suzuki coupling reaction

A Schlenk tube was charged with 1 mmol of bromotoluene, 0.05 mmol of Pd
or Ni precursor, 0.05 mmol of ligand, 1.5 mmol of boronic acid, and 3 mmol
of base. Anhydrous solvent was added, the flask was sealed and the mixture
was stirred and heated at the corresponding temperature. The conversion
was monitored by gas chromatography.
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5.1 Background

5.1.1 Pt-catalysed 1,4-addition of phenylboronic acid to 2-cyclohexen-1-
one

The conjugate addition is usually constituted by the nucleophilic addition of a
carbanion or another nucleophile to a o, unsaturated carbonyl
compounds.’ The 1,4-addition of arylboronic acids to enones (Scheme 5.1)
and related substrates is a versatile method for the formation of new C-C
bonds. To date, the enantioselective 1,4 addition of arylboronic acids to
enones has been principally dominated by rhodium-based systems, reaching
high levels of enantioselectivity (>99%) .2

(0]

(0]
(JL\ [cat] .
| SR+ ARBOH):  Tpaco . \V;—Rn

Scheme 5.1. 1,4-conjugate addition of arylboronic acids to enones.

However, only a few reports were published on the use of Pt catalysts for
this process. Bedford et al.? reported a range of metals such as palladacyclic,
platinacyclic, and pincer-based catalysts (Scheme 5.2) in 1,4-conjugate
addition reactions.’ The m-acidic palladacycles showed excellent activity at
room temperature in the reaction of enones with arylboronic acids.
Reasonable activity was also achieved when the arylboronic acids were
replaced by arylsiloxanes. The authors compared the results obtained with
palladacyclic and platinacyclic catalysts and observed that the palladacyclic
catalyst was much active than its platinacyclic analogue. Furthermore, the
use of palladacyclic 154 afforded high conversion (up to 99%, Scheme 5.2) in
the Pd-catalysed conjugate addition of several boronic acids to chalcone
whereas the use of platinacyclic 155 afforded poor conversions in this
process.
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Scheme 5.2 Results from the use of Pd-metallacycles in the coupling of
phenylboronic acid with chalcone.

Nevertheless, Hu and co-workers reported that the readily available
air/moisture-stable orthoplatinated triarylphosphite 156 was a highly
efficient catalyst for the addition reactions of arylboronic acids to aldehydes,
even at low catalyst loading and obtained high activities (up to 86%
conversion).*

220



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T.

157-2012

Pt-catalysed 1,4-addition of phenylboronic acid to 2-cyclohexen-1-one

ArBH(OH), + /\)]\ _ > J\/[]\

»__OPh
’P\OPh
86% 66%
cLviil cux cLX
H3CO @/\)k
57% 63%
CLXI CLXI

Scheme 5.3. Conjugated adition of arylboronic acids to aldehides catalyzed
by orthoplatinated triarylphosphite 90.

Finally, Hayashi and Sasaki reported the Pt-catalysed 1,4-addition of
arylboronic acids to o,p-unsaturated ketones using Pt salts such as K;[PtCl],
PtCl,, [PtCl,(COD)], [PtCl,(BINAP)],157 and [PtCl,(PPhs),], 158 under mild
conditions.‘I5 The conditions of a standard 1,4-addition reaction of
phenylboronic acid to 2-cyclohexen-1-one were: 1.0 equivalent of KOH, Pt
(3mol%), dioxane/H,0 (10:1), 702C and 4 h.
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R O
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Scheme 5.4. Platinum-catalyzed 1,4-addition of arylboronic acids to a-
unsaturated ketones.

The authors reported that K,PtCl, is an efficient catalyst, and quantitative
yield was obtained for 3-phenylcyclohexanone as the 1,4-addition product
(>98%). The best results were obtained using the phosphine free salt
K,[PtCl;]. When the reaction was performed using Pt species bearing
phosphine ligands, no activity was obtained with bidentate ligands while 70%
conversion was achieved with the monophosphine based complex
[PtCl,(PPhs3),], 158. The authors concluded that the lower conversion
obtained with this latter catalyst when compared to that using K,[PtCl,] was
due to the presence of the ligand and that the real active specie was
phosphine free. Furthermore, the formation of a black precipitate during the
reaction suggested that NPs were formed and could play a role in the
catalytic process.

The work presented in this chapter is based on this hypothesis, and deals
with the synthesis and study of the catalytic activity of Pt NPs stabilised by
phosphorus based ligands in this reaction in the context of a collaboration
with the group of Prof. Hayashi (Japan).

PtNPs stabilised by several ligands were used as catalysts in several reactions
such as ethylene hydrogenation,® hydrogenation of nitrobenzenes’ and
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electron-transfer reaction.® Moreover, PtNPs were recently used for the

medical treatment of oxidative stress diseases.’

223



UNIVERSITAT ROVIRA I VIRGILI
NOVEL MOLECULAR AND COLLOIDAL CATALYSTS FOR C-C BOND FORMATION PROCESSES
Angelica Balanta Castillo

DL:T. 157—20121apter5

5.2 Results and discussion

To carry out the study, a series of PtNPs were synthesized and characterised
by TEM microscopy. To probe the effect of the ligand structure on the size
and the shape of the NPs, a series of chiral monodentade and bidentate
phosphines, phosphite and phosphoramidite were used as stabilizers. For
comparison purposes, the molecular Pt complexes [PtCl,L,] bearing the same
ligands were synthesised, characterised and tested in this reaction.

OO PPh, ﬁC(P/C OO P/@
OO 1 2 @ 132 OO 134

tBu
O PPh,
() e,
tBu N

B 0.0 Fe  CH,
TBDPSO J =
Bu J OTBDPS

e

O~R

e
tBu O tBu

tBu

Figure 5.1. Chiral ligands used in the platinum-catalyzed 1,4-addition of
arylboronic acids to cyclohexen-1-one.

5.2.1 Synthesis of Pt precursors

The platinum species [PtCl,(COD)]* and [Pt,(dba)s]"" were synthesised
according to previously reported methods and used as precursors for the
synthesis of complexes bearing phosphorus ligands and for the synthesis of
Pt NPs, respectively.

5.2.1.1 Synthesis of the Pt complexes

The platinum complexes [PtCl,(1)] 157, [PtCl,(70)] 160, [PtCl,(132)] 141,
[PtCl;(134)] 161, and [PtCl»(159)] 162, were prepared from [Pt(COD)Cl,],
following a previously described methodology.”> These complexes were
characterized by 'H and *'P{'H}, **C, and 'H NMR spectroscopy and mass
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spectrometry (see experimental section). The *'P{'H} spectra of these
species are show in the Figure 5.2.

a.
.
.Q Qg
I L
5 16.25 (Yp_p = 2460 Hz).
b.
OO PPh2
59.81 (Up_py = 3178 Hz).
C.
P@ 0
QU =~
5 26.35 (Up_py = 3563 Hz).
d- OTBDPS }

8
Bu \/ OTBDPS P
Bu (‘;l o tBu

5 74.60 (Yp_py = 5948 Hz).
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52\
PhP—Pic|
PPhy

Fe  CH,

6 16.69 (Yp_p = 4049 Hz).
Figure 5.2 *'P{"H} NMR spectra of the Pt complexes [PtCl,(L),] IN CD,Cl,.

As expected, the *'P{'H} spectra of the compounds exhibited a singlet as the
only signal. The detection of Pt satellites confirmed the coordination of these
ligands to the metal center and it was reported that the magnitude of “J(PtP)
is indicative of the cis/trans geometry of the complexes: for the cis isomers,
!J(RP) is typically greater than 3000 Hz while for the trans isomers J(PtP) is
usually less than 2500 Hz:*****

As expected, the Pt complexes 157, 160 and 163 bearing bidentate ligands
exhibited Ypp constants that clearly indicated a cis configuration (>3500 Hz).
However, for the Pt complexes 141 and 162 containing two monodentate
ligands, the values for the “J(PtP) constants were not as conclusive. In the
case of complex 141, the 1o was low (2460 Hz), which suggest the expected
trans arrangement that was observed in the molecular structure of this
species obtained by X-ray crystallography (see Chapter 3). However, for
complex 157, the YJpip Was 3178 Hz, which indicates a cis configuration. This
result is surprising due to the high steric hindrance induced by this
monodentate ligand, which should favour a trans arrangement.

5.2.1.2 Synthesis of PtNPs stabilized by the chiral ligands

The PtNPs were prepared from decomposition of Pt,(dba); under H,
atmosphere according to the Chaudret’s method.'® Pt,(dba); and were
synthesised following a published method."” The synthesis of the NPs was
performed at room temperature in THF in the presence of the appropriate
chiral ligand under 3 bar of H, for 18 hours (Figure 5.3)
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] — St

Pt(dba)y(THF),Ly | + dba-H,

Figure 5.3. Synthesis of Pt nanoparticles.

The NPs were then dried overnight under vacuum and stored in a glove box
under N, atmosphere. During the course of the synthesis, the initial purple
solution was observed to turn black, confirming the decomposition of the
precursor. Finally, the Pt NPs were isolated as black powders after
precipitation with pentane. The NPs were characterized by transmission
electron microscopy (TEM) and elemental analysis. The Figure 5.4
summarises the results obtained.

All these PtNPs were found to have a mean diameter inferior to 2.5 nm, with
a spherical shape and narrow distribution. A few agglomerates consisting of
small groups of individual nanoparticles were also observed. Mean diameters
of 24+ 0.9 nm, 2.0+ 0.3 nm,1.3+1.1nm, 2.1 +0.2 nmand 2.1 + 0.4 nm
were found for the Ptl, Pt70, Pt9132, Pt134 and Pt159, respectively.
Interestingly, the diameter of the NPs stabilised by the bidentate ligand 9
was smaller than the PtNPs stabilised by monodentate ligands.

Nods iy
@ Pt132 NPs

No of NPs

G0
OO Pt134 NPs

. MNeolNBs x  x
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Figure 5.4 TEM micrographs and size histograms of the PtNPs stabilized by

the chiral ligands.

The main objective of this study was to probe the catalytic activity and
selectivity of these Pt NPs stabilised by chiral ligands in the enantioselective
Pt-catalysed conjugated 1,4-addition reaction

5.2.2 Conjugated 1,4-addition reactions
5.2.2.1 Molecular catalysts

In this section, the results obtained in the Pt-catalyzed conjugate 1,4-
addition of phenylboronic acid to 2-cyclohexen-1-one using molecular
precursors are presented. First, the catalytic reactions were performed using
the conditions described by Hayashi and coworkers,?! in order to reproduce
the results and set up the experimental conditions in our lab. The reaction
was also carried out using in situ molecular systems bearing the ligands Pt1,
Pt70, Pt9132, Pt134 and Pt159.
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Initially, K,PtCl, was used as catalytic precursor and the conversion was 74%
(entry 1, Table 5.1), which is a bit lower than that reported by Hayashi and
co-workers. When the reaction was performed in presence of Pt/1, Pt/70,
Pt/132, Pt/134 and Pt/159 catalytic systems, no conversion was observed.

Table 5.1 Pt-catalysed 1,4-addition of phenylboronic acid to 2-cyclohexen-1-
one using molecular systems.?

0 o
@ + PhB(OH), Pteatalyst é\
(1.5 equiv) Ph
XXXV XXX XXXIX
5 X
PPh, p~
ﬁ @ OO PPhy Fe  GH, o OTBDPS
132 134 OO 1 159 C\/P\O 70
Entry Precursor Conv(%)b
1 K,PtCl, 74
2 Pt/132 0
3 Pt/134 0
4 Pt/1 0
5 Pt/159 0
6 Pt/70 0

a. Reaction conditions: 9 umol Pt,(dba);, 100uL KOH 3M, dioxane (1 mL), 0.30mmol 2-
cyclohexen-1-one, 0.45mmol PhB(OH),, time = 4 h.T = 702 C b. Determined by GC.

These results are in agreement with those reported by Hayashi. The Pt-
catalysed 1,4-addition of phenylboronic acid to 2-cyclohexen-1-one in
dioxane was also carried out using the preformed Pt complexes 141, 157,
160, 161, 162 as catalysts (Table 5.2). When the reaction was carried out in
presence of the complex 141, 15% of conversion was obtained (entry 1).
However, the only product detected was CLXX. When the complex 157 was
used as catalyst precursor, 49% of conversion was obtained. When the
reaction was performed with 160 and 162 as catalytic system, all the
substrate was converted (entry 3 and 5). Nevertheles, the use of the complex
161 as catalyst afforded only the homocoupling product. In all cases, no
enantioselectivity was induced.
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Table 5.2 Pt-catalysed 1,4-addition of phenylboronic acid to 2-cyclohexen-1-
one using isolated Pt complexes system.?

(e} O 0 0
ij + PhB(OH), —>I PtCIZ(L)l é\ + ij:ij
Ph

XXXV XXXHI XXXIX CLXXIV

OTBDPS

OO PPh i O B
J pph\CI tBu / OTBDPS P
CO °
tBu é|CI Bt

Q thpﬂy’t\u
o S

PPhy

CI =
OO <
e

161 162
Entry Precursor Conv(%) b Selec.(%) b ee(%) €
1 141 15 99 2
2 157 49 99 -
3 160 100 99 3
4 161 100* 0 0
5 162 100 99 0

a. Reaction conditions: 9 umol Pt,(dba);, 100uL KOH 3M, dioxane (1 mL), 0.30mmol 2-
cyclohexen-1-one, 0.45 mmol PhB(OH),, time = 24 h. T = 702 C b. Determined by GC. *
the only product was the byproduct CLXXIV c. Determined by HPLC.

Therefore, the Pt complex 141, 157, 160, and 162 were active in the Pt-
catalysed 1,4-addition of phenylboronic acid to 2-cyclohexen-1-one and
afforded very high conversions but no enantioselectivity (ee <3) was induced
under these conditions.

5.2.2.2 Colloidal catalysts

The Pt-catalysed 1,4-addition of phenylboronic acid to 2-cyclohexen-1-one
using the preformed PtNPs as catalyst was performed in dioxane with a
solution of KOH 3M during 24h at room temperature (Table 5.3). When the
reaction was carried out in presence of Pt132, 56% of conversion was
observed (entry 1). When the reaction was performed with Pt134 as catalytic
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system, the conversion decreased to 19%. The use of Pt159 led to 59%
conversion. Finally the Pt70 NPs stabilised with the carbohydrate derivate
ligand 70 afforded 36% of conversion. In all cases, no enantioselectivity was
induced.

Table 5.3. Pt-catalysed 1,4-addition of phenylboronic acid to 2-cyclohexen-1-
one using Pt132, Pt1, Pt159 and Pt70 system.?

(0] o (0] (0]
+
+ PhB(OH), Pt catalyst
i Ph

1.5 equiv
( auiv) XXXI

N

Pth 0.p-0
Pph TBDPSO Iof
PPh, \\§_0_~pL
@ PPh, Ha 0 OTBDPS
OO O-R
Pd132 Pd1 Pd159 u Pd70

Entry  Precursor Conv(%) ® Selec.(%) ° ee(%)°
1 Pt132 56 99 0
2 Ptl 19 99 0
3 Pt159 59 99 2
4 Pt70 36 99 2

a. Reaction conditions: 9 pmol Pt, 100uL KOH 3M, dioxane (1 mL), 0.30 mmol 2-
cyclohexen-1-one, 0.45mmol PhB(OH),, time = 24 h. Room temperature b. Determined
by GC. c. Determined by HPLC.

The PtNPs stabilised by chiral ligands were thus active in the Pt-catalysed 1,4-
addition of phenylboronic acid to 2-cyclohexen-1l-one giving moderate
conversions. It should be noted that the PtNPs were active even at room
temperature. Nevertheless, as for the molecular system, no
enantioselectivities were obtained.
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5.3 Conclusions

The complexes 141, 157, 160, 161 and 162 bearing the ligands 1, 70, 132,
134 and 159 were successfully synthesised and characterised by NMR
spectroscopy and HR-MS. These ligands were also used as stabilisers in the
synthesis of the corresponding Pt NPs. These colloids were characterised by
TEM microscopy.

The study of the 1,4-addition of phenylboronic acid to 2-cyclohexen-1-one
using molecular complexes provided very distinct results whether the
reactions were carried out using “in situ” formed catalysts or with the
preformed complexes 141, 157, 160, 161 and 162. Indeed, no conversion
was obtained using the in situ systems while moderate to good activities
were achieved with the isolated complexes. This behaviour indicates that
phosphine containing Pt species are active catalysts in this transformation
and that the active species is not formed when Pt,(dba); is used as precursor
in the presence of the free ligand.

Using PtNPs as catalyst precursors, moderate conversions were achieved.
However, with both molecular and colloidal systems, no enantioinduction
could be obtained, suggesting that the active species did not contain the
chiral ligand.

The platinum nanoparticles were found to be active in the 1,4-addition of
phenylboronic acid to 2-cyclohexen-1-one. To the best of our knowledge,
there are no examples of the use of platinum nanoparticles as catalysts in
this reaction.
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5.4 Experimental part

5.4.1 General methods

All compounds were prepared under nitrogen atmosphere using standard
Schlenk and vacuume-line techniques. The organic solvents were purified on
solvent purification system — 800 series or distilled over drying reagents and
were deoxygenated before use. Chemicals were purchased from Aldrich
Chemical Co and Fluka.

'H, C {*H}, and *'P {*H} NMR spectra were obtained on a Varian Mercury

400 MHz spectrometer. Chemical shifts were calibrated relative to SiMe, (*H
and 3 NMR) as internal standard or 85% Hs;PO, as external standard (31P
NMR). Assignments in NMR spectra were determined by COSY and HSQC
spectra. Coupling constants, J, are given in Hz. Multiplicities of peaks in 'H
and *C NMR are given as: s (singlet), d (doublet), t (triplet), q (quartet), qu
(quintet), m (multiplet), and b (broad).

TEM measurements were realized on a Zeiss 10 CA electron microscope at
100 kW with a resolution of 3A; Pt nanoparticles samples were prepared
under nitrogen atmosphere. A drop of the diluted solution was placed on a
carbon covered Cu grid. Final drying of the sample was performed under
vacuum overnight. The nanoparticle size and distribution were determined
by counting approximately 600 nanoparticles from four enlarged TEM
imaged (ca. 150 nanoparticles from each TEM image). The size distribution
plots were fitted using a Gaussian model with Origin 8.0 graphing software in
order to determine the widths and centers of the size distributions.mm,
carrier gas: 150 kPa He, F.I.D. detector) equipped with a Hewlett-Packard
eHP3396 series Il integrator.

GC-MS spectrums were achieved on a Hewlett-Packard HP 6890 Series
GC System coupling to a 5973 Mass Selective Detector, with automatic
injector Hewlett-Packard HP 7683 Series Injector. The chromatographic
column: HP 5MS de 30 m, internal diameter 0.25 mm and film thickness
0.25um.
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The conversion of the reactions were measured by GC on a Hewlett-Packard
HP 5890 A instrument (split/splitless injector), J&W scientific, HP%, 25 m.
column, internal diameter 0.25 mm, film thickness 0.33 mm, F.I.D. detector)
equipped with a Hewlett-Packard HP3396 series Il integrator. Conditions in
order to determine the conversions: temperatures from 70 to 180 9C, rate
109C, detector and injector temperature: 250°C.

5.4.2 General procedure for the preparation of [PtCl,(L)] complexes

Synthesis of [PtCl,(COD)]

The synthesis of the isolated Pt complex was achieved according to reported
methods.”® K,PtCl, (250 mg, 0.6 mmol) was dissolved in 4 ml of H,0 and
250uL (2 mmol) of 1,5-cyclooctadiene was added. Then, 6.0 ml of glacial
acetic acid was added and the mixture heated at 902C. The solution turned
yellow and a pale yellow solid was formed. The solution volume was reduced
under vacuum. The solid was washed with H,0, ethanol and ether and then
dried to at 1002C for 1 hour.

5.4.3 Synthesis of the Pt complexes.

The synthesis of the isolated Pt complex was achieved according to reported
to the reported method with some modifications.'® PtCl,(COD) previously
synthesized (0.13 mmol) was dissolved in 8 ml of degassed CH,Cl,. To the
solution solid ligand (0.13 mmol) was added and the resulting pale yellow
solution was stirred for 4 h at room temperature. The solution was brought
to dryness in vacuum and the solid residue was thoroughly washed with
stirring using a small volume of toluene. The solid was filtered via cannula
and then, washed with hexane and ether and dried in vacuum. The cPt
complex bearing the ligand 132 was described in the chapter 3.

Complex 157: '"H NMR (CDCls): 7.80 (4H, m, H), 7.60 (4H,

br, H), 7.56 (2H, m, H), 7.50 (2H, m, H), 7.40~7.44 (6H, m, QO PP
H), 7.33-7.37 (4H, m), 7.11 (2H, m, H), 6.82 (2H, m, H), T
6.74 (2m, H), 6.66 (4H, m, H) ppm; *C NMR (CDCls): OO
138.76 (C, or C3), 135.59 (Cy,), 134.82 (C,,'), 133.88 (C, or

Cs), 133.06 (Cg), 130.43 (Cu4'), 131.05 (Cya), 129.06 (Co), 128.14 (Cs or Cq),
128.05 (Cyo), 127.71 (C4 or Cy), 127.62 (C4 or C;), 127.54 (Cy3), 127.31 (Co3),
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126.67 (Cs or Cg), 122.41-121.69 (C11, C11', C1) ppm; **P{*H} NMR (CDCl5): 9.81
ppm (satellite bands at -1.50 and 21.12ppm, J p.»=3178 Hz) LC/ESI-TOF/MS
(CHsCN): 852.13 (88.88%), 853.13 (100%), 854.13 (58.70%), 855.13 (45.34%),
856.13 (16.99%) calcd for CasH3,CIP,Pt; Yields: 85%.

Complex 134: *H NMR (400MHz, CDC5): & =

8.08 (d, J = 8.4 Hz, 1H), 8.00 (d, J = 8.2 Hz, OO Q OO
P /CI

1H), 7.90 (s, 1H), 7.79 (d, J = 8.2 Hz, 1H), 7.60 o

(d,J = 8.4 Hz, 1H), 7.51 — 7.32 (m, 3H), 7.28 — OO R OQ
6.98 (m, 8H), 6.87 (t, J = 7.3 Hz, 2H), 6.60 (d, J @

= 8.4 Hz, 1H), 3.50 — 2.99 (m, 2H), 2.82 (d, J =

11.2 Hz, 1H). 13C NMR (100.6MHz, CDCI,): 8= 30.3 (d, J = 16.2 Hz, CH2);
32.2,124.8,125.0, 125.8, 125.9, 126.6, 126.7; 127.4, 127.5; 128.0; 128.1—
128.7; 131.6; 132.2; 131.9, 132.3, 132.7, 132.8; 133.5, 133.7; 134.3; 137.5.
*1p{*H} NMR (CDCls): 26.35 ppm (satellite bands at 15.35 and 37.35 ppm, J ».
p=3563 Hz). LC/ESI-TOF/MS (CH5CN): 1083.21 (100%), CssHasCl,NP,Pt; Yield:

82%.
Complex 160: *H NMR (CDCls, 400 MHz) f—
din ppm: 7.50 — 6.74 (m, Ph) , 5.68-5.37 tBu N7 tBu O o
(m, 1H, CH) , 5.59 (t, 1H, CH), 3.50 (s, u O o\/P OTBDQP\’O

O

1H, CH), 3.37 (d, J = 9.9 Hz, 2H,), 2.72 (d '\Pd/ o O

s, 2H, d, J = 11.1 Hz), 2.62 (d, 2H), 2.20 O 8
(d, 2H J = 8.7 Hz), 1.57 (s, 18H) 1.47 (s,

18H), 1.34 (s, 18H), 1.05 (s, 18H), 0.95 (s, 18H); *'C NMR (CDCI3, 100.6 MHz)
8 in ppm: 146.8, 82.2, 77.4, 32.8, 35.0, 34.9, 3.9, 31,8, 30.2, 11.5 *'P{*"H} NMR
(CDCl3, 101.3 MHz) 74.65 ppm (satellite bands at 56.35 and 92.95 ppm, J p.
p=5948 Hz)Yields: 83%. LC/ESI-TOF/MS: m/z (100%)= (CHsCN): 1735.71
(98%), CagH120Cl,NOoP,PdSi5, Yield: 90%.

Complex 163: 'H NMR (CDCl5): & (ppm) 7.9-7.2 (m, 10H, — o
CeHs); 4.64 (br, s, 1H, CsHs), 4.31 (br, s, 1H, CsHs), 4.24 (br, s, Phap—Pigy
1H, CsHs), 4.23 (s, 5H, Cp), 3.47 (m, 1H, CHMe), 2.4-1.1 (m, @\/P/th
25H, C—CH; and —Cy). *'P{"H} NMR (CDCl;, 101.3 MHz) 26.78

Fe éH3
ppm (satellite bands at 2.22 and 33.08 ppm, J pp=4049 =
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Hz)Yields: 67%. LC/ESI-TOF/MS: m/z (100%)= (CHsCN): 900.16 (100%),
C38H47C|2FeNP2Pt, Yleld 90%.

5.4.3.1 General Procedure for the Synthesis of Pt Colloids

Synthesis of [Pty(dba);] The synthesis of the Pt complex was achieved
according to reported methods with some modifications. The platinum salt
K,PtCl; (1.11 g, 2.7mmol) was introduced in an inert schlenk tub and
solubilised in previously degassed distilled water (2 ml). A limpid bright
orange solution was obtained. In the meantime, dibencylidenacetonate (dba,
1.69 g, 7 mmol) and sodium acetate (CH;COONa, 1.7 g, 20mmol) were
introduced in a 250 ml schlenk and kept under vacuum for 45 min. Then,
degassed ethanol (10 ml) is added. The two solutions were mixed and heated
at 80 9C for 2 hours under nitrogen. The previously orange reaction mixture
turned black very quickly. After decantation, a black precipitate is retrieved
by filtration, thoroughly washed with water and dried under vacuum for 10
hours, before being washed with pentane to remove dba. The obtained
product is kept under nitrogen. Yield: 79%

Synthesis of PtNPs In a standard procedure, 160 mg of [Pt,(dba)s] (0.175
mmol) were dissolved under argon at 1102 C (ethanol/N, bath) and under
vigorous magnetic stirring in a solution of 160 mL of THF containing 0.2
equiv./Pd of the chosen ligand in a Fischer—Porter bottle. The mixture was
then pressurized under dihydrogen (3 bars) at room temperature. The colour
of the solution turned from purple to black in a few minutes. The vigorous
stirring and the dihydrogen pressure were maintained for 18 h at room
temperature, leading to black and homogeneous colloidal solutions. After
depressurization, a drop of each colloidal solution was deposited under
argon on a holey carbon-covered copper grid for TEM analysis. The colloidal
solution was then concentrated to ca. 5 mL. Addition of cold pentane
allowed the precipitation of the particles as black solids that were washed
with pentane (2x40 mL) and dried under vacuum. The colloids were
characterized by TEM analysis, elemental analysis and XPS.
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5.4.4 General procedure for 1,4-addition reaction

In-situ systems: To a solution of PtCl,(COD) (9 mmol), phenylboronic acid
(54.9mg, 0.45mmol), phosphine ligand (9umol for ratio Pt:ligand 1:1 and
18umol for ratio Pt:ligand 1:2) and 1,4-dioxane (1.0ml) was added 100uL
KOH 3M as additive, and 28.8 mg (0.30 mmol) of 2-cyclohexen-1-one. Then,
the mixture was stirred at ambient temperature or 702C for 4 hours. The
reaction mixture was passed though a celite pad with Et,0. The conversion
was determined by GC.

Colloidal systems: To a solution of colloid (4mg), phenylboronic acid (54.9
mg, 0.45 mmol) and of 1,4-dioxane (1.0 ml) was added100uL KOH 3M as
additive, and 28.8 mg (0.30 mmol) of 2-cyclohexen-1-one. Then, the mixture
was stirred at ambient temperature or 709C for 4 hours. The reaction
mixture was passed though a celite pad with Et,0. The conversion was
determined by GC.

Attempts of separation and purification of the products detected by GC:
After evaporation of the solvent of the reaction mixture, the residue was
diluted with ethyl acetate. The solution was washed with a saturated
solution of sodium bicarbonate (3 times) and dried over magnesium
sulphate. Although the expected reaction product 3-phenylcyclohexanone
was isolated by flash chromatography (eluent hexane: ethyl acetate 4:1), the
second product could not be isolated and was obtained as a mixture of two
products.

3-phenylcyclohexanone: Obtained as colorless oil. '"H NMR 0

(CH,Cl,): & in ppm 1.64-1.78 (m, 2H), 1.91-2.04 (m, 2H), 2.26-

2.29 (m, 2H), 2.88-2.91 (m, 1H), 7.01-7.25 (m, 5H). *C-NMR

(CH,CL,): 8 in ppm 26.11, 33.34, 41.61, 45.29, 49.37, 127.07,

127.13, 129.11, 145.24, 211.18. m/z= 174(100.0%), 131(68.8%), 117(81.7%),
104(60.5%), 91 (27.5%), 78 (17.4%) and 42 (11.9%).

Di-cyclohexenone: m/z=192 (100.0%), 175 (11.0%), 164 o o
(17.4%), 149 (23.9%), 136 (49.5%), 121 (30.3%), 108 éﬁ
(39.5%), 91 (28.4%), 79 (41.3%), 66 (15.6%), 55 (22.9%) and

41(16.5%)
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Chapter. 2. Pd-catalysed asymmetric allylic substitution reactions using C2-
symmetry diphosphite carbohydrate derived ligands

This work was carried out in the context of collaboration with the group of
Prof. M. Gomez in Toulouse (France)

The synthesis of the chiral palladium complexes containing the C2-symmetric
ligands 70 and 75 was successfully carried out and these species were fully
characterised by NMR spectroscopy and HR-MS.

The palladium NPs Pd70 and Pd75 were also successfully synthesised using
the chiral carbohydrate derived diphosphite ligands 70 and 75. The shape,
size and dispersion of the nanoparticles were observed to depend on the
structure of the stabilising ligand used. Different palladium/ligand ratios
were used to stabilise the Pd NPs with the ligands 70 and 75.

In the Pd-catalysed asymmetric allylic substitution reactions of the substrate
X, the catalytic system containing the ligand 70 was found to be highly active,
showing the highest turnover frequency values reported for asymmetric
allylic alkylation (TOF = 22,000 h-1) and allylic amination (TOF = 400 h-1)
processes with excellent ee values (up to >98%). Moreover, the effect of the
substrate/nucleophile ratio on the activity of these reactions indicates a
poisoning effect of the nucleophiles. When the Pd system with the ligand 77
was probed, no reproducible results could be obtained. These results clearly
show that small changes in the ligand structure can drastically affect the
catalytic activity. The preliminary results obtained for the asymmetric Pd-
catalysed allylic phosphination were moderate in terms of chemoselectivity
and enantioselectivity.

The NPs Pd70 and Pd75 were tested as catalytic precursors in Pd-catalysed
allylic substitution reactions and showed similar behaviour to that of the
analogous molecular system. Under -catalytic conditions using X as
substrates, the Pd70 were active and gave excellent results in terms of
conversion and enantioselectivity (up to 99%). In contrast, the use of Pd75
NPs as precursors did not provide reproducible results. It is noteworthy that
Pd70 was used in the allylic alkylation of the racemic substrate VI, a large
difference in reactivity between the two enantiomers of VI was observed.
This fact pointed to a key-lock matching between substrate and catalyst.
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The catalytic performances of the chiral palladium catalytic system
containing the diphosphite ligand 70 in pyrrolidinium-based ionic liquid were
also studied. This system was highly active and induced high
enantioselectivity in the allylic alkylation and amination reactions in this
medium and was even more active than in dichloromethane for the
amination. For the first time, the Pd system bearing the ligand 70 could be
recycled up to nine times without activity loss and preserving the
enantioselectivity. The preliminary results obtained for the asymmetric Pd-
catalysed allylic phosphination are very promising in terms of
chemoselectivity, although only moderate enantioselectivity was obtained in
this reaction.

Chapter. 3. Asymmetric Suzuki-Miyaura coupling reaction using Pd
nanoparticules, parallel studies with the molecular system

Several molecular Pd catalytic systems bearing the monodentate ligands 132-
136 were used in asymmetric Suzuki-Miyaura coupling reactions of iodo- and
bromonaphthalene and several naphthalene boronic acids. The use of the
neomenthyl phosphine ligand 132 in this reaction provided the highest
activities (98%) with excellent selectivities to the cross coupling product (up
to >99%) and moderate enantioselectivities (up to 35%). The bidentate
ligands 27, 67, 70, 85, 131, 137, 138 and 139 were successfully used in the
Pd-catalysed asymmetric Suzuki coupling reactions of the same substrates.
Excellent conversions and good ee’s were obtained using the Pd/44 system
(96% and 37% respectively).

The new well dispersed Pd NPs Pd132, Pd133 and Pd134 stabilised by
monodentate ligands were successfully synthesised and characterised by
TEM, XPS and elemental analysis. These NPs were used as catalysts in
asymmetric Suzuki coupling and good activities were obtained at room
temperature (62%) with excellent selectivities to the cross coupling product
(up to >99%) and moderate enantioselectivities (ee up to 24%). The Pd NPs
Pd70, Pd27, Pd67 and Pd137 stabilised by bidentate ligands were
synthesised and characterised by TEM, XPS and elemental analysis. These
NPs were poorly active at room temperature in the asymmetric Suzuki
coupling. Interestingly, the enantioselectivity was found to be low with these
systems and even lower than those obtained with Pd NPs stabilised by chiral
monodentate ligands.
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To corroborate the hypothesis that the boronic acids used in catalysis could
interact with the metallic surface of the NPs, the stabilization of new Pd NPs
using boronic acids as stabiliser was carried out and the resulting
nanospheres were characterised by TEM microscopy. The formation of these
nanospheres evidenced that interactions of the boronic acid with the surface
of the colloids occurs.

Chapter 4. Ni-Catalyzed Suzuki coupling reactions containing phosphinine
ligands.

This work was carried out in the context of collaboration with the group of
Prof. D. Vogt, The Netherlands.

The Ni-catalysed Suzuki-Miyaura coupling of bromobenzene with aryl
boronic acids was studied in the presence of the phosphinine and pyridine
ligands 149-153. The systems bearing the phosphinine ligands gave good to
excellent conversions even at low catalyst loading while those bearing the
analogous pyridine ligands were inactive under the conditions used. It is
noteworthy that the Ni/150 system was able to transform the inactive p-
tolyl-chloride in the presence of phenyl boronic acid. The analogous Pd
systems provided moderate to good activities using optimised conditions.
Interestingly, the Pd/pyridine systems were also active in the Suzuki-Miyaura
coupling of bromobenzene with phenyl boronic acid.

The ligands 149-151 were also used to successfully stabilise Pd NPs, which
were subsequently used in Pd-catalysed Suzuki-Miyaura coupling reactions
of bromobenzene at room temperature and provided moderate to good
conversions. Surprisingly, the analogous pyridine ligands did not provide
stabilisation for Pd NPs and only bulk metal was formed.

The ligands 139-150 were also used to stabilise Ni NPs from decomposition
of [Ni(COD),] under H, pressure. These NPs were found to be magnetic and
were characterised by TEM microscopy.
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Chapter 5. Pt-catalysed 1,4-addition of phenylboronic acid to 2-cyclohexen-1-
one

In this chapter, our preliminary results in the Pt-catalysed 1,4-addition of
phenylboronic acid to 2-cyclohexen-1-one are described. This work was
carried out in the context of collaboration with the group of Prof. Hayashi,
Japan.

The complexes bearing the ligands 1, 70, 132, 134 and 159 were successfully
synthesised and characterised by NMR spectroscopy and HR-MS. These
ligands were also used as stabilisers in the synthesis of the corresponding Pt
NPs Pt1, Pt70, Pt9132, Pt134 and Pt159. These colloids were characterised
by TEM microscopy, XPS and elemental analysis.

The study of the 1,4-addition of phenylboronic acid to 2-cyclohexen-1-one
using molecular complexes provided very distinct results whether the
reactions were carried out using “in situ” formed catalysts or with the
preformed complexes [PtCly(1)] 157, [PtCl,(70)] 160, [PtCl,(132)] 161,
[PtCl;(134)] 162, and [PtCl,(159)] 163. Indeed, no conversion was obtained
using the in situ systems while moderate to good activities were achieved
with the isolated complexes. This behaviour indicates that phosphine
containing Pt species are active catalysts in this transformation and that the
active species is not formed when Pt,(dba); is used as precursor in the
presence of the free ligand. Using Pt NPs as catalyst precursors, moderate
conversions were achieved. However, with both molecular and colloidal
systems, no enantioinduction could be obtained, suggesting that the active
species did not contain the chiral ligand.
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Besides the applications of NPs in powder technology, material science and
as advantageous fuel cell catalysts, the use of metal NPs in catalysis has
recently received a great deal of interest from both academic and industrial
research groups.! Metallic nanoparticles (NPs) have special properties that
allowed them to be considered a revolutionary catalyst.” The much larger
surface-to-volume ratio of nanoparticles compared to their bulk
counterparts has attracted a great deal of attention for catalytic
applications.>

Highly dispersed mono- and bimetallic colloids can be used as precursors for
a new type of catalyst that is at the frontier between homogeneous and
heterogeneous catalyst. Several chemical reactions have been successfully
catalyzed by transition metals in colloidal solution including cross-coupling,
electron transfer, hydrogenation, and oxidation reactions.”*

In organic synthesis, one of the most important challenge remains the
stereoselective formation of C-C bonds through efficient catalysis. Therefore,
asymmetric reactions such as the Pd- and Ni-catalysed Suzuki-Miyaura
coupling, the Pd-catalysed allylic substitution and conjugate addition are of
high interest.

In this context, this thesis focuses on the study of several transition metals
catalysed C-C bond formation reactions using both molecular complexes and
metallic NPs as catalyst precursors.

In this thesis, the following reactions were studied:

1. Pd-catalysed asymmetric allylic substitution reactions

2. Pd-catalysed asymmetric Suzuki-Miyaura coupling reactions

3. Ni-catalysed Suzuki-Miyaura coupling reactions

4. Pt-catalysed 1,4-addition of phenylboronic acid to 2-cyclohexen-1-one

For each reaction, the synthesis and characterization of metal complexes and
NPs stabilized by several types of ligands were performed and both types of
catalytic systems were tested in the appropriate reactions.
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Chapter. 2. Pd-catalysed asymmetric allylic substitution reactions using C2-
symmetry diphosphite carbohydrate derived ligands

In this chapter, the diphosphite carbohydrate derived ligands 70 and 75 were
used in Pd-catalysed asymmetric allylic alkylation, amination and
phosphination reactions. These reactions were carried out using molecular
complexes and colloidal NPs as catalytic precursors.

TBDPSO N P/O \Bu
o OTBDPS
OTBDPS
tBu tBu O
tBu

Figure 7.1. Ligands used in this work in Pd-catalysed asymmetric allylic
substitution reactions.

The asymmetric allylic alkylation reaction using the molecular Pd/70 system
showed the highest turnover frequency values reported for asymmetric
allylic alkylation (TOF = 22,000 h™) and allylic amination (TOF = 400 h™)
processes with excellent ee values (up to >98%). Moreover, the effect of the
substrate/nucleophile ratio on the activity of these reactions indicates a
poisoning effect of the nucleophiles. When the Pd system with the ligand 75
was probed, no reproducible results could be obtained. The preliminary
results obtained for the asymmetric Pd-catalysed allylic phosphination were
moderate in terms of chemoselectivity and enantioselectivity.

Pd NPs were stabilized by the ligands 70 and 75 using various
palladium/ligand ratios and were used as catalytic precursors in allylic
substitution reactions. The NPs Pd70 and Pd 75 were tested as catalytic
precursors in Pd-catalysed allylic substitution reactions and showed similar
behaviour to that of the analogous molecular system. Under catalytic
conditions using linear 1,3-diphenylallyl acetate and cyclic 2-cyclohexylen
acetate substrates, the Pd70 were active and gave excellent results in terms
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of conversion and enantioselectivity (up to 99%). In contrast, the use of Pd75
NPs as precursors did not provide reproducible results. It is noteworthy that
Pd70 was used in the allylic alkylation of the racemic substrate, a large
difference in reactivity between the two enantiomers of 1,3-diphenylallyl
acetate was observed.

To summarise, in the Pd-asymmetric allylic substitutions, similar behaviour
was observed when preformed NPs stabilised by the ligands 70 and 75 and
when the molecular systems Pd/70 and Pd/75 were used, suggesting that
molecular species could be the real active catalysts in this process.

The use of the chiral molecular Pd/70 catalysts was also studied in ionic
liquids. This system was highly active and induces high enantioselectivities in
the Pd-catalysed asymmetric allylic alkylation and amination reactions in
pyrrolidinium-based ionic liquid. Its activity even increases in relation to that
obtained in dichloromethane for the amination. For the first time, the Pd
bearing the ligand 70 system could be recycled up to nine times without
activity loss and preserving the enantioselectivity

Chapter. 3. “Asymmetric Suzuki coupling reaction using Pd nanoparticules,
parallel studies” describes the use of novel Pd-catalysts bearing several types
of chiral ligands in asymmetric Suzuki coupling reactions.

First, the use of the monodentate chiral ligands 132-136 (Figure 7.2) was
probed in asymmetric Suzuki coupling reactions.

CRBRB
OO OO OO

Figure 7.2. Monodentate ligands synthesised for the Pd- catalysed
Asymmetric Suzuki coupling.

The catalytic system Pd/132 in this reaction provided the highest activity
with excellent selectivities to the cross coupling product (up to >99%) and
moderate enantioselectivities (ee up to 35%).

New well dispersed Pd132, Pd133 and Pd134 NPs were successfully
synthesised and characterised. These NPs were used as catalysts in
asymmetric Suzuki coupling at room temperature and good activities with
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excellent selectivities to the cross coupling product and moderate
enantioselectivities were obtained.

Next, the bidentate ligands 27, 67, 70, 85, 131, 137, 138 and 139 (Figure 7.3)
were used in asymmetric Suzuki couplings.

tBu

tBu O tBu O

‘ o] P\O d Y TBDPSO
P-0_ O tBu \\ﬁb\\
/ %
o ji_? {Bu A OTBDPS
tBu O -
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Bu 8y TBDPSO oF P

Q O !

o O \w\ P—0— O
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O O Mo 0 Y
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Figure 7.3. Bidentate ligands synthesised for the Pd- catalysed asymmetric
Suzuki coupling.

Excellent conversions and good ee’s were obtained with Pd/70 as catalytic
system.

The well dispersed 27, 67, 70, 85, 131, 137, 138 and 139 were synthesised
and characterised using these bidentate ligands as stabilizers. Small and well
dispersed NPs were obtained and observed by TEM microscopy. These NPs
were active at room temperature in the asymmetric Suzuki coupling of aryl
iodides. However, moderate conversions and low ee were obtained. The
stabilization of new nanospheres stabilised by boronic acids evidence that
these compounds are able to stabilise metallic surfaces and as such, can
affect the activity of NPs during catalysis.
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The Chapter 4 entitled “Ni-catalyzed Suzuki coupling reaction using
phosphinine ligands” describes the utilization of the phosphinine ligands and
pyridine analogues 149-153 (Figure 7.4) in the Ni-catalyzed Suzuki coupling
reaction of several aryl substrates. This work was completed in the context of

a collaboration with the group of Prof. D. Vogt, The Netherlands.

Figure 7.4. Phosphinine ligands used in Pd- catalysed Suzuki coupling
reaction.

The systems bearing the phosphinine ligands gave good to excellent
conversions even at low catalyst loading while those bearing the analogous
pyridine ligands were inactive under the conditions used. It is noteworthy
that the Ni/150 system was able to transform the inactive p-tolyl-chloride in
the presence of phenyl boronic acid. The analogous Pd systems provided
moderate to good activities using optimised conditions. Interestingly, the
Pd/pyridine system was also active in the Suzuki-Miyaura coupling of
bromobenzene with phenyl boronic acid.

The ligands 149-151 were also used to successfully stabilise Pd NPs, which
were subsequently used in Pd-catalysed Suzuki-Miyaura coupling reactions
of bromobenzene at room temperature and provided moderate to good
conversions. Surprisingly, the analogous pyridine ligands did not provide
stabilisation for Pd NPs and only bulk metal was formed.

The ligands 149-150 were also used to stabilise Ni NPs from decomposition
of [Ni(COD),] under H, pressure. These NPs were found to be magnetic and
were characterised by TEM microscopy.
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The Chapter 5 entitled “Pt-catalysed asymmetric 1,4-addition of
phenylboronic acid to 2-cyclohexen-1-one”

describes our preliminary results in the Pt-catalysed asymmetric 1,4-addition
of phenylboronic acid to 2-cyclohexen-1-one are described. This work was
carried out in the context of collaboration with the group of Prof. Hayashi,
Japan. The chiral ligands used in this study are described in Figure 7.5.

D TP
o SIS ol

PPh,
tBu O‘P/O tBu Fe éHg
TBDPSO\\ﬁcéL . = 150
tBu 3 OTBDPS

Figure 7.5. Chiral ligands used in the Pt-catalysed asymmetric 1,4-addition of
phenylboronic acid to 2-cyclohexen-1-one

The complexes [PtCl,(1)] 157, [PtCI,(70)] 160, [PtCl,(132)] 161, [PtCl,(134)]
162, and [PtCl,(159)] 163 bearing these ligands were successfully synthesised
and characterised by NMR spectroscopy and HR-MS. These ligands were also
used as stabilisers in the synthesis of the corresponding Pt NPs. These
colloids were characterised by TEM microscopy, XPS and elemental analysis.

The study of the 1,4-addition of phenylboronic acid to 2-cyclohexen-1-one
using molecular complexes provided very distinct results whether the
reactions were carried out using “in situ” formed catalysts or with the
preformed complexes. Indeed, no conversion was obtained using the in situ
systems while moderate to good activities were achieved with the isolated
complexes. This behaviour indicates that phosphine containing Pt species are
active catalysts in this transformation and that the active species is not
formed when Pt,(dba)s; is used as precursor in the presence of the free
ligand. Using Pt NPs as catalyst precursors, moderate conversions were
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achieved. However, with both molecular and colloidal systems, no
enantioinduction could be obtained, suggesting that the active species did

not contain the chiral ligand.
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Entre les moltes aplicacions de les nanoparticules en la nanotecnologia,
ciencia dels materials i en cel-les de combustible, I'Us de nanoparticules en
catalisis ha estat un tema de gran interes tant en la recerca a nivell industrial
com a nivell académic.’ Les nanoparticules metal-liques tenen propietat
especials i son considerades com uns catalitzadors revolucionaris.” La gran
superficie activa de les nanoparticules en comparacié a altres métodes
heterogenitzacid ha centrat I'atencid en totes les seves possibles aplicacions
industrials.’

Col-loides mono- o bimetalics d’alta dispersié poden ser utilitzats com a
precursors de nous tipus de catalitzadors aplicables tant en catalisis
homogénia com heterogénia. Moltes reaccions quimiques han pogut ser
catalitzadors amb éxit amb I'Us de nanocatalitzadors en forma de solucié
col-loidal incloent reaccions d’acoblament, de transferéncia d’electrons,
d’hidrogenacid i d’oxidacions entre altres.*

Dintre de la sintesis organica, un dels reptes més importants continua sent la
formacid esteroselectiva de enllacos C-C. Per exemple, reaccions
asimetriques d’acoblament Suzuky-Miyaura catalitzades per pal-ladi i niquel,
la substitucié al-lilica o I'addicié conjugada catalitzades per pal-ladi, son
algunes de les reaccions que tenen gran interes.

Dintre d’aquest context, en aquesta tesis hem realitzat 'estudi de diverses
reaccions catalitzades per metalls de transicid per la formacié de nous
enllagos carboni-carboni utilitzant sistemes moleculars i sistemes de
col-loidals com a precursors dels catalitzadors.

En aquesta tesis, les seglients reaccions son estudiades:

1. Alquilacid al-lilica asimetrica catalitzada per pal-ladi

2. Reaccié d’acoblament asimétric Suzuky-Miyaura catalitzada per pal-ladi
3. Reaccié d’acoblament Suzuky-Miyaura catalitzades per niquel

4. Reacci6 d’addicié 1,4 de I’acid fenilboronic a 2-ciclohexen-ona

Per cada reaccid, s’ha realitzat la sintesis de lligands i caracteritzacié dels
complexes metallics i s’han estabilitzat les nanoparticules analogues
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estabilitzades amb corresponents lligands. Els dos sistemes catalitics han
estat provats en les reaccions corresponents.

Capitol. 2. Reaccié de substitucio al-lilica asimétrica catalitzada per pal-ladi
utilitzant difosfits derivats de carbohidrats amb simetria C2

En aquest capitol, els lligants difosfit derivats de carbohidrat amb 70 i 75 han
estat utilitzat per les reaccions d’alquilacié al-lilica, aminacidé i fosfinacid
asimetriques catalitzada per pal-ladi. En aquestes reaccions han estat
utilitzats complexes molecular i sistema col-loidals de nanoparticules com a
precursors catalitics.

b
~o

TBDPSO o &l P9 e
o O _OTBDPS
Bu OTBDPS -
TBDPSO
7 tBu

loN
O
/
O-R

e " o-p® 78
tBu tBu |'D o
tBu Qih tBu
tBu
tBu

Figura 7.1. Lligants difosfits derivats de carbohidrat amb simetria C2 utilitzats
amb alquilacio al-lilica.

El sistema molecular Pd/70 mostra el TOF mes alt publicat a dia
d’avui per la reaccié alquilacié al-lilica (TOF = 22,000 h™) i per la reaccié
d’aminacié al-lilica (TOF = 400 h™) amb excel-lents enantioselectivitats
(superiors al 98%). D’altra banda, I'efecte de la relacié substrat/nucleofil amb
I'activitat del catalitzador indica un efecte d’enverinament per part dels
nucleofils sobre el catalitzador. Quan el sistema de pal-ladi amb el lligand 75
va ser utilitzat es van obtenir resultants no reproduibles. També s’ha estudiat
la reaccid fosfinacié al-lilica asimetrica, els resultats en quan a selectivitat |
enantioselectivitat son moderats.

Les nanoparticules de pal-ladi estabilitzades amb lligants 70 i 75
utilitzant diferents relacions de pal-ladi/lligant han estat utilitzades com a
precursors catalitics en la reaccié de alquilacio allilica. Les NPs Pd70 i Pd 75
tenen un comportament molt similar al seus analegs moleculars. Sota les
condicions catalitiques dels substrats VI i VIII, les Pd70 son actives i donen
resultants excel-lents en termes de conversié i enantioselectivitat (fins a
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99%). Per altre banda, I’is de Pd75 NPs com a precursor donar una serie de
resultants no reproduibles. Pd70 ha estat utilitzat en alquilacié al-lilica del
substrat racémic VI, ja que s’ha observant una gran diferencia de reactivitat
d’un enantiomer a 'altre

En resum, en la substitucié al-lilica asimeétrica catalitzada per pal-ladi,
ha estat observat un comportament similar en els sistemes molecular Pd/70 i
Pd/75 i entre els sistemes col-loidals Pd70 i Pd75. Suggerint que les especies
moleculars poden ser les especies catalitiques reals d’aquest procés.

L’Us del sistema catalitic quiral Pd/70 ha estat estudiat amb liquids
ionics com ha solvent. Aquest sistema es molt actiu i indueix alta
enantioselectivitat en les reaccions de alquilacié al-lilica | aminacid
catalitzades per pal-ladi quan el liquid ionic format amb I'esquelet de I'anié
pirrolidina. Per la reaccié d’aminacio, I'activitat pot arribar a ser superior que
en els solvents convencionals com diclorometa. Per primera vegada, el
sistema de pal-ladi modificat amb el lligant 70 pot ser reciclat fins a nou
vegades sense perdre ni activitat ni enantioselectivitat.

Capitol 3 “Reaccidé d’acoblament Suzuky-Miyaura utilizant nanoparticules de
pal-ladi” descriu I'Gs de nous catalitzadors quirals de pal-ladi i la seva
aplicacié en la reaccio d’acoblament de Suzuky.

Primer, els catalitzadors modificats amb els seglients lligants quirals
monodentats 132-136 (Figura 7.2) van ser provats en la reaccié asimeétrica
d’acoblament Suzuky-Miyaura.

oG D G40 o;p@o\?/}
IAPSESs Biiecile s siae ook

Figura 7.2. Lligands monodentat utilitzats en la reaccié d’acoblament Suzuky

El sistema catalitic Pd/132 en aquesta reaccié dona l'activitat més elevada i
selectivitat excel-lents per el producte d’acoblament (superiors al 99%) pero
enantioselectivitats moderades (ee fins al 35%).

Noves nanoparticules Pd132, Pd133 i Pd134 amb els lligands quirals
monodentats van ser sintetitzades i caracteritzades. Aquestes nanoparticules
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van ser utilitzades com a catalitzadors en la reaccié de Suzuky asimétrica a
temperatura ambient amb bones activitats i selectivitats perd0 novament
nomes enantioselectivitats moderades van ser obtingudes.

Despreés, lligants bidentats 27, 67, 70, 85, 131, 137, 138 i 139 (Figura 7.3) van
ser utilitzats en la reaccio:
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Figura 7.3. Lligands bidentats utilitzats en la reaccié de Suzuky catalitzada

Conversions excel-lents i bons excessos enantiomerics van ser obtinguts amb
el sistema catalitic Pd/70.

Nanoparticules formades amb els lligands bidentats 27, 67, 70, 85, 131, 137,
138 i 139 com a estabilitzants van ser sintetitzades i caracteritzades. Petites i
ben disperses nanoparticules es van obtenir i observar amb el microscopi
electronic de transmissido (TEM). L'ds de nanoparticules en catalisis es
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tradueix en una activitat major a temperatura ambient de la reaccié
asimetrica d’acoblament amb iodurs d’aril. Malauradament, es van obtenir
enantioselectivitats baixes. L'estabilitzaci6 de noves nanoesferes per mitja
dels acids boronics evidencia que aquest compost es pot estabilitzar a la
superficie metal-lica, i conseqientment pot afectar a l'activitat de les
nanoparticules durant la catalisis.

Capitol 4 “Reaccid d’acoblament Suzuky-Miyaura catalitzada per sistemes de
niquel modificats per lligands fosfinines” en aquest capitol es descriu la
utilitzacio dels sistemes de niquel modificats amb lligands fosfinina i analegs
piridinics 149-153 (Figura 7.4). Aquest treball esta fet amb la col-laboracio del

grup del Prof. D. Vogt, Holanda.

Figure 7.4. Lligands fosfinina i analegs utilitzats en la reaccié d’acoblament
Suzuky-Miyaura utilitzant niquel i pal-ladi com a metall de transicid.

Els sistemes modificats amb lligants fosfinina donen excel-lents conversions
fins i tot amb baixes concentracions de catalitzadors. Els analegs piridinics
van ser inactius. El sistema Ni/150 es capag¢ de transformar el inactiu p-clorur
de tolil en la presencia del acid fenilbornic. Els sistema analeg de pal-ladi va
donar bones activitats utilitzant les condicions optimitzades.
Afortunadament el sistemes Pd/piridina son actius en la reaccid
d’acoblament creuat de Suzuky-Miyaura entre el bromobenze i el acid
fenilboronic.

Els ligands 149-151 van ser exitosament utilitzats per la estabilitzacié de les
corresponents nanoparticules, que conseqiientment van ser utilitzades per
I’'acoblament creuat de Suzuki-Miyaura utilitzant bromobenze a temperatura
ambient donant bones conversions. Sorprenentment, els derivats
piridinimics no van ser capacos de estabilitzar les nanoparticules.

Els ligands 149-150 poden estabilitzar les nanoparticules de Ni a partir de la
descomposicio del [Ni(COD),] sota pressido de H,. Aquestes nanoparticules
son magnetiques i van ser caracteritzades mitjangant el microscopi TEM .
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Capitol 5 “Reaccié d’addicié 1,4 asimétrica de I'acid fenilboronic a la 2-
ciclohexen-1-ona catalitzada per Pt” aquest capitol descriu els resultats
preliminars de I'addicié 1,4 asimetrica de I'acid fenilboronic catalitzada per
plati i utilitzant la 2-ciclohexen-1-ona com a substrat model. Aquest treball
s’ha fet amb col-laboracié del grop del Prof. Hayashi, Japan. Els lligands
quirals utilitzats es mostren a la Figura 7.5.

OO PPh, ﬁCfp@ OO P/@
OO 1 2 @ 132 ‘O 134

Bu tBu
O PPh,
\ K _ren,
tBu z
tBu [N P/O Fe CHj
TBDPSO g -
tBu P OTBDPS
O~R,

Figure 7.5. Lligands quirals utilitzats per la addiccié 1,4 asimeétrica catalitzada
per Pt

Els complexos [PtCl,(1)] 157, [PtCl,(70)] 160, [PtCl,(132)] 161, [PtCl,(134)]
162, i [PtCl,(159)] 163 van ser sintetitzats i caracteritzats amb éxit per NMR i
HR-MS. A més a més, aquest ligands van ser capacos d’estabilitzar les
corresponents NPs de plati. Aquestes van ser caracteritzades per TEM, XPS i
analisis elemental.

L'estudi de la addicié 1,4 del acid fenilboronic a la cetona a,p-insaturada
utilitzant sistemes molecular va donar resultants molt diferents segons si es
sintetitzava el catalitzador “in situ” o es feia la catalisis amb els complexos
aillats. No es va aconseguir transformar el substrat quan els catalitzadors es
formaven “in situ”, m’entres que els sistemes amb complexos aillats donaven
activitats moderades. Aquest comportament indica que les especies de plati
modificades amb fosfina son les especies actives i que les especies de plati
sense fosfina son inertes en el sistema catalitic. Utilitzant nanoparticules de
plati com a precursor, s’han obtingut conversions moderades. Malgrat tot,
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independentment del sistema (col-loidal o molecular) no s’ha pogut induir
excés enantiomeric, suggerint que les especies actives no contenen lligand
quiral o ve que la quiralitat en aquests sistemes es troba molt lluny del lloc
on es produeix la enantiodescriminacio.
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